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 Speciation and distribution of chromium (Cr) in rice root tip and mature 1 

zone: the importance and impact of root exudation and iron plaque in Cr 2 

bioavailability   3 

Abstract 4 

Evidence on the contribution of root regions with varied maturity levels in iron plaque (IP) formation 5 

and root exudation of metabolites and their consequences for uptake and bioavailability of chromium 6 

(Cr) remains unknown. Therefore, we applied combined nanoscale secondary ion mass spectrometry 7 

(NanoSIMS) and synchrotron-based techniques, micro-X-ray fluorescence (µ-XRF) and micro-X-ray 8 

absorption near-edge structure (µ-XANES) to examine the speciation and localisation of Cr and the 9 

distribution of (micro-) nutrients in rice root tip and mature region. µ-XRF mapping revealed that the 10 

distribution of Cr and (micro-) nutrients varied between root regions. Cr K-edge XANES analysis at 11 

Cr hotspots attributed the dominant speciation of Cr in outer (epidermal and sub-epidermal) cell 12 

layers of the root tips and mature root to Cr(III)-FA (fulvic acid-like anions) (58-64%) and Cr(III)-Fh 13 

(amorphous ferrihydrite) (83-87%) complexes, respectively. The co-occurrence of a high proportion 14 

of Cr(III)-FA species and strong co-location signals of 52Cr16O and 13C14N in the mature root 15 

epidermis relative to the sub-epidermis indicated an association of Cr with active root surfaces, where 16 

the dissolution of IP and release of their associated Cr are likely subject to the mediation of organic 17 

anions. The results of NanoSIMS (poor 52Cr16O and 13C14N signals), dissolution (no IP dissolution) 18 

and µ-XANES (64% in sub-epidermis >58% in the epidermis for Cr(III)-FA species) analyses of root 19 

tips may be indicative of the possible re-uptake of Cr by this region. The results of this research work 20 

highlight the significance of IP and organic anions in rice root systems on the bioavailability and 21 

dynamics of Cr. 22 

  23 

Keywords: Cr-speciation, Iron-plaque dissolution, NanoSIMS analysis, phytometabolites, root 24 

morphology  25 

Environmental Implications 26 



3 

 

Considering how different root regions with varied iron plaque presence, dissolution rate, and 27 

diverse root metabolites and their exudations may affect the fate of Cr uptake and bioavailability in 28 

rice plants, the present study has, for the first time, set the stage for holistic investigation of two 29 

critical parts of the root (tip/mature root) system at a molecular level using combined NanoSIMS and 30 

synchrotron-based (µ-XRF/ µ-XANES) techniques. The findings of this study appear to be significant 31 

for current and future studies on suppressing heavy metal bioavailability in contaminated paddy soil 32 

systems. 33 

 34 

1. Introduction 35 

Soil contamination with heavy metals, especially chromium (Cr), is a widespread problem that 36 

poses threats to human health risks through the food chain (Yang et al., 2019a; Ali et al., 2022). 37 

In China, Cr is one of the eight heavy metals most strongly affecting agricultural soils, with a 38 

contamination rate exceeding 1.1% (Zhao et al., 2015). Based on the China National Food Hygiene 39 

Standard (GB 2762-2017), the bioaccessibility of Cr in rice grain should not exceed the Cr threshold 40 

value of 1.0 mg·kg-1 (Geng et al., 2020; Ali et al., 2022) to avoid adverse health complications (e.g., 41 

oxidative stress and DNA damage) associated with dietary Cr intake (Nickens et al., 2010; Khan et al., 42 

2012). Therefore, controlling Cr transfer in the soil-rice system is crucial for food safety.  43 

Root uptake in rice is considered to be the major entry route of soil Cr into edible rice grains. The 44 

root system of rice plants consists of seminal, nodal (primary), and lateral roots (Gu et al., 2017). 45 

Among them, primary roots are classified into root tips and mature root regions according to the level 46 

of development (Seyferth et al., 2010; Zandi et al., 2022). Root tips have underdeveloped vascular 47 

systems, lacking the complete formation of the aerenchyma and Casparian bands (CBs). They account 48 

only for a small fraction of the overall mineral element uptake in rice plants, while mature rice roots 49 

have a fully developed anatomical structure with the cortex (exodermis, aerenchyma, endodermis) and 50 

stele (xylem) that support the influx and transport of mineral nutrients (Yamaji and Ma, 2007; 51 

Coudert et al., 2010; Fukao et al., 2019).  52 

https://www.sciencedirect.com/topics/chemistry/oxidative-stress
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Similarly to many aquatic or semi-aquatic plants, rice is a hydrophyte species grown in flooded 53 

paddy fields. Rice has to cope with anaerobic conditions by radial oxygen diffusion from the root 54 

aerenchyma towards the root surface and adjacent rhizosphere (Deng et al., 2010; Xu et al., 2018), 55 

where it mediates iron oxidation [Fe (II) to Fe (III)] and development of an amorphous coating of iron 56 

(hydr)oxides (known as iron plaque, IP) on the root surface (Cheng et al., 2014; Tripathi et al., 2014; 57 

Zandi et al., 2022). Moreover, continuous flooding was indicated to create a favourable rhizosphere 58 

environment for IP formation (Xiao et al., 2021). The physical barrier of IP has been proposed to 59 

serve as a natural protection mechanism against excess heavy metal concentration in plant parts (Khan 60 

et al., 2016). 61 

There is consensus that root capacity for aerobic respiration is the main factor in the oxidising 62 

power of the rhizoplane zone (Wu et al., 2012; Holzschuh et al., 2014), and consequently the degree 63 

of IP formation (Zandi et al., 2022). Rice root tips with no discernible aerenchyma structures were 64 

found to have a higher oxygen discharge in comparison to the basal part of the root (Nishiuchi et al., 65 

2012). Nonetheless, IP was shown to be less frequent around the root tips (Williams et al., 2014) due 66 

to their rapid development (Nishiuchi et al., 2012), possibly affecting heavy metal speciation and 67 

mobility in this region compared to the basal root region. 68 

Many studies concerning the whole root system have shown that iron (hydr)oxides have a strong 69 

binding affinity for metal(loid) ions on the root surface and reduce their mobility and bioavailability, 70 

thereby inhibiting the uptake and transport of toxic metals, including Cr (Hu et al., 2014; Cao et al., 71 

2018; Zandi et al., 2022). Previous studies have shown that in the absence or weak presence of IP, 72 

higher concentrations of Cr were accumulated in root cells rather than in shoots of rice (Xu et al., 73 

2018; Zandi et al., 2020, 2021), suggesting that Cr mainly deposited in root cell walls hindered its 74 

transport to the aerial organs (Zeng et al., 2011). The hydroponic and soil culture experiments have 75 

demonstrated that an appropriate amount of IP on root surfaces could effectively adsorb Cr(III) and 76 

Cr(VI) species and reduce their transfer to the rice roots and shoots, thus decreasing Cr concentrations 77 

in rice tissues (Xu et al., 2018; Yu et al., 2017; Zandi et al., 2020).  78 

In addition to the inhibition of iron (hydr)oxides, other factors such as root exudates, which 79 

mainly consist of low or fairly low molecular weight (LMW) organic anion metabolites, with various 80 
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chemical functional groups (e.g., –COOH, –OH) (Seal et al., 2004), have been proposed to interact 81 

with iron (hydr)oxides during sorption and chelation of heavy metals in the soil (Zhang et al., 2020) 82 

and plant systems (Wang et al., 2019). Moreover, earlier studies have shown that these metabolites 83 

can enhance the dissolution of iron (hydr)oxides bound to heavy metals, leading to their release into 84 

the rhizosphere (Sebastian and Prasad, 2016; Luo et al., 2017; Saad et al., 2017). Studies on the entire 85 

root system in environments contaminated with cadmium (Cd), aluminium (Al) and Cr have indicated 86 

that organic anion secretions are highly associated with increased heavy metal tolerance through their 87 

efflux into the rhizosphere (Yang et al., 2013; Saad et al., 2017; Yang et al., 2019b; Bali et al., 2020). 88 

This efficient exclusion mechanism reduces metal uptake and accumulation in plants (Montiel-Rozas 89 

et al., 2016). 90 

In the rice root system, these metabolites may also act as a defensive barrier for the roots by 91 

forming stable complexes with Cr (Uren, 2000; Zeng et al., 2008) or affecting their reduction and 92 

immobilisation in the root (Xiao et al., 2023). Therefore, the contribution of root exudates to increased 93 

Cr accumulation in rice roots could be related to the tolerance mechanism through chelation (Hayat et 94 

al., 2012; Agnello et al., 2014). The rate and composition of metabolites released in response to Cr 95 

stress correlate with plant genotype (Zeng et al., 2008) and metal speciation of Cr (Pradas del Real et 96 

al., 2014).  97 

Previous studies on the importance of IP or root exudation in suppressing the bioavailability of 98 

heavy metal Cr in rice plants mainly focused on the evaluation of the entire root system (Zandi et al., 99 

2020; Xiao et al., 2023). This study has addressed for the first time how individual root regions with 100 

varied maturity levels (e.g., less developed tips) may differ in the degree of IP formation or in the 101 

secretion of organic anions in response to Cr stress. Further, the issues concerning the correlation of 102 

these secretions with IP dissolution and Cr release, and whether IP dissolution mediated by root 103 

metabolites can alter Cr mobility and bioavailability have also been analysed. Moreover, it remains 104 

unclear whether the main root regions vary in their contribution to Cr chelation and immobilisation, 105 

and reduced Cr accumulation in tissues under the influence of iron plaque and root exudation. 106 

To bridge the gap, the present study explicitly proposed the combined application of state-of-the-art 107 

high-sensitivity ion mass spectrometry (NanoSIMS) and synchrotron-based microprobe techniques, 108 
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such as micro-X-ray absorption near-edge structure spectroscopy (μ-XANES) and micro-beam X-ray 109 

fluorescence (μ–XRF), to investigate the distribution and/or speciation of elements of interest (X) in 110 

different root regions (root tips/ mature root) of rice at submicro- and microspatial scales, and their 111 

association with 13C-labelled root exudates on the active root surface. 112 

The objectives of this study were to (1) explain/assess the interaction between Cr and Fe and its 113 

effect on Cr uptake and translocation in rice plants, (2) elucidate the molecular speciation of Cr and 114 

binding mechanisms of Cr species in different root regions, and (3) to localise the active root surface 115 

with exudate release and its impact on Cr uptake by different root regions. We expected that these 116 

results would provide a theoretical basis for understanding heavy metal sequestration and dynamics 117 

on iron plaques and their benefits to human health by reducing rice contamination. We expected that 118 

these results would provide a theoretical basis for understanding heavy metal sequestration and 119 

dynamics on iron plaques and their benefit to human health by reducing rice contamination. 120 

 121 

2. Materials and methods 122 

2.1. Plant culture, treatments and metal extraction  123 

Rice seed (Oryza sativa L. Var. Xiangzaoxian 31) germination (7 days on moist gauze in plastic 124 

Petri dishes in the dark at 28°C) and initial growth (21 days in black plastic containers) were 125 

conducted under controlled sterile conditions in half-strength nutrient solution (Table Supplementary 126 

(S) 1-S1), as previously described (Zandi et al., 2021). The variety was a high-quality, early-maturing, 127 

hybrid-based (Chen et al., 2000; Yu, 2018) model crop for bioremediation studies used at the Institute 128 

of Environment and Sustainable Development in Agriculture, Chinese Academy of Agricultural 129 

Sciences in Beijing.  130 

The seedlings of the first group, intended for iron plaque (IP) formation (Fe80-CK; Fig. S1), 131 

were transferred to solutions spiked with 80 mg L−1 ferrous iron (FeSO4·7H2O), incubated for 24 h 132 

and subsequently transferred into quarter strength and total strength nutrient solution for 2 and 3 days, 133 

respectively. The second group (Fe0-Cr(III)) was not subjected to IP induction, but was grown in a 134 

nutrient solution containing 1.0 mg L−1 CrCl3·6H2O for 3 days, and then transferred to a quarter-135 
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strength nutrient solution for 2 days. The first two groups were exclusively designed for 136 

bioavailability analysis and were not included in the follow-up investigations described in sections 2.2, 137 

2.3 and 2.4. The third group (Fe80-Cr(III)) was a combination of the two aforementioned treatments, 138 

where seedlings with IP were exposed to Cr(III)-spiked solutions for 3 days. Each treatment was 139 

performed in three replicates. Replenishment of depleted nutrients in culture solutions was carried out 140 

every three days, and manual adjustment of the solutions to a suitable pH of 5.5 was done using 0.1 M 141 

HCl and NaOH (Zandi et al., 2020). All seedlings were grown in a controlled plant growth chamber 142 

(PGX-350D, NSEI Co., Ltd., China) with a relative humidity of 70% dedicated to predetermined 143 

periodic dark (10 h, 20 °C ) and light (14 h, 28 °C, 300-350 µmol m-2s-1) regimes. The selected Fe and 144 

Cr concentrations were based on recommendations and results of earlier studies (Hu e al. 2014; Li et 145 

al., 2015; Yu et al., 2017; Zandi et al., 2020). 146 

The seedlings were collected, split into roots and shoots and rinsed with deionised water. Fresh 147 

roots with IP were initially divided into the tip (from the root cap to the zone without root hair; ⁓2-3 148 

cm) and mature (from the root hair zone to the base of primary roots) sections, and subsequently 149 

incubated for 30 min at room temperature (25°C) in 30 mL of cold DCB (dithionite–citrate–150 

bicarbonate) solution containing NaHCO3 (0.125 M), Na3C6H5O7 (0.03 M) and Na2S2O4 (0.5 g) (Liu 151 

et al., 2004). After incubation, the sections were thoroughly washed with deionised water and 152 

removed from incubation tubes. The remaining extracts were initially filled up with deionised water to 153 

a volume of 50 mL and subsequently passed through a 0.45-µm filter to remove root debris.  154 

The digestion of plant materials was carried out according to Hu et al. (2014) with some 155 

modifications. Briefly, plaque-free root sections were oven-dried (similar to shoot samples) and 156 

homogenised, pre-digested overnight in heat-proof tubes (100 mL) in 5 mL of concentrated HNO3 157 

(~65-68%). Digestion was completed in a digester heating block at 160°C for ~3 h and after cooling 158 

to room temperature, diluted in 25 mL of deionised water and filtered. A reagent blank and a series of 159 

external standard solutions (e.g., GBW07605) from certified reference materials in China were 160 

utilised to validate the quality control and accuracy of the entire digestion procedure. Fe and Cr 161 

contents in the digestion solutions and DCB extracts were quantified using ICP-OES (Agilent 5110, 162 

Agilent Technologies, Inc., USA).  163 



8 

 

2.2. Synchrotron-based microprobe analysis 164 

Freshly sectioned root specimens were stored at –30°C until synchrotron-based microprobe 165 

analyses. For μ-XRF imaging of root surfaces using the VESPERS beamline at the Canadian Light 166 

Source (CLS), the roots were sectioned and flatly fixed on a Kapton tape. For μ-XRF/μ-XANES 167 

analyses of root cross sections using the 15U beamline at the Shanghai Synchrotron Radiation Facility 168 

(SSRF, Shanghai), the corresponding root sections were cut into 60-μm-thick slices by a microtome, 169 

and subsequently mounted onto a Kapton tape for freeze-drying and stored at –20°C (Tian et al., 2010; 170 

Lu et al., 2017). As described in previous studies (Yang et al., 2015; Wang et al., 2021), the μ-XRF 171 

method of both beamlines was similar, except that the data in VESPERS were analysed using SMRK 172 

software, thus here we have only reported the experimental details for the 15U beamline at the SSRF. 173 

 X-rays with an incident energy of 10 keV were monochromatised using a Si (111) double-crystal 174 

monochromator. The spot size of the X-ray beam was micro-focused to 10 μm ⅹ 5 μm using a 175 

Kirkpatrick-Baez (K-B) mirror system for scanning. The root samples were placed at an angle of 45° 176 

to the beam incidence perpendicular to a 7-element Si(Li) detector (e2v, USA). After selecting the 177 

region of interest by the microscope, the region was scanned step by step by moving the sample stage 178 

with a step size of 5 and 10 μm for x and y direction, respectively. First, the whole fluorescence 179 

spectrum was acquired, and then the fluorescence signals of the elements of interest, including K (3.3 180 

keV), Ca (3.6 keV), Cr (5.4 keV), Mn (5.9 keV), Fe (6.4 keV) were selected and applied to all pixel 181 

spectra to obtain multi-elemental 2D mapping with a dwell time of 1.5 s per pixel. After analysing the 182 

μ-XRF images using Igor Pro 6.0 software (IGOR), the spots of interest were selected for Cr K-edge 183 

μ-XANES spectra collection in the fluorescence mode at 25°C. The energy range and step were set to 184 

5931-6080 eV and 0.5 eV, respectively. Several scans were collected from each spot and later 185 

averaged to obtain a merged spectrum with a better signal-to-noise ratio. At least 2 hotspots from 186 

cross-sections of the root tips and mature root regions were considered for μ-XANES spectrum 187 

collection. Cr foil was also used to calibrate the beamline (X-ray) energy. 188 

Cr K edge μ-XANES spectra of Cr(III) adsorbed on ferrihydrite (Cr(III)-Fh) and organo-Cr(III) 189 

complexes (Cr(III)-FA) (synthesised by the interaction of CrCl3 with fulvic acid) (Yang et al., 2020) 190 

were acquired in the fluorescence mode and Cr(III) acetate in the total electron yield mode, and were 191 
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referred to as Cr reference standards. Since root iron plaques induced in a short 24-h period were 192 

poorly crystallised and mostly amorphous (Xu and Yu, 2013), ferrihydrite, a typical amorphous iron 193 

(hydr)oxide formed during iron hydrolysis (Yang et al., 2020), was considered as the principal sorbent 194 

for Cr (III) sequestration in rice root IP in this study. Athena software (Ver. 2.1.1) was used for 195 

fingerprint and linear combination fitting (LCF) analysis of sample μ-XANES spectra (Ravel and 196 

Newville, 2005).  Cr speciation and the percentage of each Cr species were determined based on the 197 

LCF of Cr K-edge μ-XANES spectra of the hotspots using the spectra of the reference compounds as 198 

end-members (Peng et al., 2015). The goodness of data fitting was assessed using the R-factor. 199 

It should be noted that the limited root samples (one sample/ root section) and spots (2 hotspots/ 200 

root cross-sections) measured during the μ-XRF and μ-XANES analyses may not be representative of 201 

the whole root samples. However, earlier studies used a similar method and have demonstrated that 202 

the output result could account for most of the sample variation (Lombi and Susini, 2009; Seyfferth et 203 

al., 2010; Frommer et al., 2011; Li et al., 2015; Yang et al., 2015). 204 

  205 

2.3.13CO2 labelling of rice and NanoSIMS analysis 206 

The procedure for uniform 13CO2 labelling of rice was as described earlier (Ge et al., 2012; Yuan et al., 207 

2016) with some modifications. Briefly, rice seedlings belonging to the third treatment group (Fe80-208 

Cr (III)) were first exposed to CrCl3 treatment for 24 h and subsequently transferred to normal (Cr-209 

free) nutrient solution and kept in transparent airtight perspex 13CO2-labelling and non-labelling 210 

control boxes (40 cm long × 50 cm wide × 60 cm high; Fig. S2) for 24 h. During this period, the 211 

concentration of 13CO2 inside the labelling box atmosphere was maintained at approximately 212 

400 μL L−1 (ppm) by controlled injection of 0.1 M Na2
13CO3 solution (13C-enriched > 99%) into 1 M 213 

HCl solution. A CO2 detector spectrometer (IRMS, RS-CO2WS-N01-2, Shandong Renke Control 214 

Technol. Co., Ltd., China) was used to monitor CO2 concentration inside the labelling boxes (Kaiser 215 

et al., 2015). Isotopic labelling of rice seedlings with 13C was performed by photosynthetic fixation of 216 

13CO2 in the aforementioned labelling boxes. Seedlings incubated in unlabelled control boxes served 217 

as the reference factor for excess 13C in shoots and roots after DCB extraction. The environmental 218 

growth conditions in the perspex boxes were identical to those described in section 2.1.  219 
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Rice seedlings were harvested and separated into roots and shoots before IP dissolution could 220 

occur, e.g., as a result of the secretion of 13C-labelled and/or unlabelled metabolites by the roots. 221 

Afterwards, root and shoot samples from both labelled and unlabelled control seedlings were ground 222 

to determine 13C abundance in the respective plant samples using a C/N element analyser coupled to 223 

an isotope ratio mass spectrometer to verify successful labelling with 13C (Isoprime 100, Elementar’s 224 

PYE cube, UK). Freshly sectioned root specimens were immersed in a tissue freezing medium 225 

(SAKURA Tissue-Tek OCT) for rapid freezing at −30°C. Root sections were then axially frozen-cut 226 

into 60-μm-thick slices using a microtome (Reichert-Jung, Germany). The slices were collected and 227 

mounted onto a Si3N4 wafer and coated with gold (20 nm thick) for NanoSIMS analysis.  228 

Cross-sections of mature roots and root tips were imaged using Cameca NanoSIMS 50 installed at 229 

the Museum National d’Histoire Naturelle, Paris, France. The surfaces of the root samples were 230 

scanned with a 16 keV Cs+ (caesium) primary beam, set to 1 pA, leading to a spatial resolution of 231 

approximately 150 nm. Secondary ions were collected in multicollection mode: 12C‒, 16O‒, 12C14N‒ 232 

and 13C14N‒ in the first run (for C isotope and N/C mapping), and 16O‒, 12C14N‒, 13C14N‒, 52Cr16O‒ and 233 

56Fe16O‒ in the second run (to determine associations of organic matter and heavy metals). Image 234 

processing and data analysis were carried out using the freeware package OpenMIMS (multi-isotope 235 

imaging mass spectrometry, freely available at http://nrims.harvard.edu). In total, more than eight 236 

NanoSIMS images were acquired from the labelled samples. More detailed information on 13C 237 

isotopic maps and NanoSIMS image processing are provided in Supporting Information (SI)-A. 238 

 239 

2.4.Fe plaque dissolution experiment  240 

The function of root exudates in the dissolution of iron (hydr)oxides and release of their associated 241 

Cr into the medium was investigated in a time-lapse experiment. To this end, another set of plaque-242 

bearing rice seedlings was exposed to Cr treatment (Fe80 × Cr(III)) and allowed to grow in the same 243 

nutrient solution for another 16 days. The sampling schedule was established for days 1, 3, 7, 10 and 244 

16. Root samples at each sampling stage were subjected to DCB extraction for ICP readings of Fe, Cr 245 

and calcium (Ca). 246 

  247 
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2.5.Data analysis and statistics 248 

All Cr-based computations were based on previously described equations (Liu et al., 2004; Zandi 249 

et al., 2020). The R statistical package (ver. 2.12.1) was used for all statistical analyses, and statistical 250 

differences between treatment means were assessed using the least significant difference (LSD) test at 251 

the 0.05 probability level (Data presented here are means ± SD, n=3). 252 

 253 

3. Results 254 

3.1.Fe and Cr concentrations in different root regions 255 

Regardless of the examined root regions, the quantities of Fe and Cr adsorbed on IP (DCB extracts) 256 

in the roots treated with Cr were significantly higher than in the non-treated roots (p < 0.05) (Fig.1a,b). 257 

The observed discrepancies between Cr concentrations in DCB solutions extracted from different root 258 

sections were statistically significant (p < 0.05; DCB-Cr in mature root > root tip). Similarly, Cr 259 

concentrations in root tissues were in the following order: Root-Cr mature > Root-Cr tip (p < 0.05) 260 

(Fig.1b). Seedlings treated with Cr (+Cr seedlings) had higher Fe and Cr contents in their root tissues 261 

compared to non-treated counterparts, with markedly increased Fe accumulation in both the tip (2.25-262 

fold) and mature root (1.72-fold) sections. It was also found that the overall Fe sequestration in IP 263 

(DCB-Fe) on the mature root surface was significantly higher compared to the tip region both under 264 

stress (Fe80-Cr(III)) and stress-free (Fe80-CK) conditions. Fe content in the root tip was significantly 265 

higher than in the mature root under Cr stress conditions (Fig.1a). 266 

  267 

3.2. Fe and Cr concentrations/proportions in different rice parts 268 

The respective concentrations of Cr and Fe in shoots, plaque-free roots, and DCB extracts differed 269 

in their distribution pattern. While the concentration (or relative proportion) of Cr in roots (53%) was 270 

significantly higher than that accumulated in IP (⁓37%) and shoots (⁓10%), the relative 271 

concentration of Fe in individual rice components was in the following order: DCB-extractable Fe > 272 

Root-Fe > Shoot-Fe (Table 1). Fe mainly accumulated in IP on the root surface under both stress 273 

(⁓89%) and stress-free (⁓91%) conditions. Irrespective of Cr levels applied, Fe concentration in 274 
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shoots did not show any significant differences, whereas Fe concentration in IP and roots of Cr-275 

treated seedlings (Fe80-Cr(III)) was significantly (⁓1.52 to 1.98 times, respectively; p <0.05) higher 276 

compared to non-Cr treated seedlings (Fe80-CK) (Table 1; Fig. S5a). Only 1.5% of the total Cr 277 

contents in roots translocated to shoots, with an 8.8% root-to-shoot Fe translocation efficiency 278 

observed in rice exposed to Cr treatment (Table 1). 279 

 280 

3.3. Elemental distribution in rice root 281 

3.3.1.Two-dimensional surface view of the root tip and mature root sections 282 

The results of in vivo scanning of Fe and Cr deposits on the epidermal surface of the root tip (Fig. 283 

2a1-2) and mature root (Fig. 2a4-5) sections were partially consistent with ICP-OES analyses 284 

concerning elemental distribution (Fig.1). The distribution patterns of Fe, Cr, and Ca fluorescence 285 

signals in the root tips after Fe80-Cr(III) treatment were relatively weak (low-intensity spots), with 286 

their hotspots scattered and located in slightly distant positions (Fig. 2a4-6). Such distribution of 287 

elemental intensities was considerably different from that observed in the mature section of the root, 288 

where the intensity of elemental distribution mostly ranged from moderate (green), upper-moderate 289 

(yellow) to high (red) levels.  290 

According to the results of correlation analysis, the element Cr showed a slightly low (R2= 0.57) to 291 

rather high (R2= 0.77) associations with high Fe intensities (⁓45-80 kilo-counts s-1) and a range of 292 

low to moderate associations with Ca (⁓0.2-2.3 kilo-counts s-1) intensities, respectively, in IP 293 

deposited in the tip zone of rice roots (Fig. 2b4-5). Ca distribution pattern appeared to be similar to that 294 

of Fe in the mature root zone, signifying a strong linear association between Fe (⁓ 5-55 kilo-counts s-1) 295 

and Ca (⁓ 0.15-25 kilo-counts s-1) concentration intensities (R2= 0.90; Fig. 2b3). Similarly, Cr 296 

concentration was the highest in the mature root zone (Fig. 2a1), and greatly co-localised with Ca (R2= 297 

0.91) and Fe (R2= 0.90) intensities observed in the same root zone (Fig. 2b1-2). The majority of Cr 298 

deposits in the mature zone of rice root was strongly correlated with a wide range of moderate (>50 299 

kilo-counts s-1) to high Fe intensities (<550 kilo-counts s-1). Therefore, Cr was suggested to have a 300 

strong association with Fe concentration intensities in the mature zone of rice roots, and this mostly 301 

occurred in the Cr intensity range of ⁓10-38 kilo-counts s-1 (Fig. 2b1).  302 
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For Cr signals emitted from the upper surface of the root tip and mature root sections, several 303 

hotspots of moderate to high intensity were found, which were thought to be related to significant 304 

fractions of Cr sequestered in IP. As outlined above, the concentrations of Cr, Fe and Ca tended to be 305 

more intense in the mature root zone than in root tips. The majority of low to high Cr counts (⁓1.3 to 306 

32.5 kilo-counts s-1) correlated mostly with a low to moderate (⁓0.2-2.6 kilo-counts s-1) counts of Ca 307 

intensities in the tip zone of rice roots after Cr treatment (Fig. 2b5). Ca was mainly distributed on the 308 

epidermal surface of the mature root zone and this signal was reproduced by the element Fe. The 309 

lower correlation of Cr with Fe (Fig. 2b4) to Ca (Fig. 2b5) could also be attributed to the co-310 

distribution of these two elements at hotspots, with no apparent correlation (or overlap) in their 311 

moderate-intensity spots. The result indicated that the correlation between the intensities of Fe and Ca 312 

fluorescence counts in root tips (R2= 0.37) was considerably lower than that in mature roots (R2= 0.90) 313 

under Fe80-Cr(III) treatment (Fig. 2b3-6). The low correlation between Fe and Ca counts in root tips 314 

could be explained by a partial overlap of Fe hotspots in root tips in regions where Ca fluorescence 315 

intensity was high. 316 

 317 

3.3.2.Two-dimensional cross-section views of the root tip and mature root tissues 318 

Cr was mainly localised in the epidermal and exodermal layers of both rice root sections. A higher 319 

concentration of Cr was observed in the internal portion of sclerenchyma cells in the root tips in 320 

comparison to the mature root section (Fig. 3a1-2). In other words, Cr was enriched (with more 321 

noticeable Cr spots) in the outer epidermis of mature roots. As shown in Fig. 3b1, high-intensity Fe 322 

spots could be observed on the most distal sides of epidermal and exodermal cells, while moderate-323 

intensity Fe spots were dispersed in sclerenchyma cells. In contrast, the inner portions of the 324 

exodermal layer in the tip section showed a higher Fe content than the epidermis (Fig. 3b2). Moreover, 325 

Fe distribution was visible in root tip vessels, which likely corresponded to the vascular tissues of the 326 

root, implying that Fe could penetrate the root tip surface into the stele and move upward. However, 327 

there was no clear signal of Fe presence in the inner tissues of the mature root zone. Higher Fe 328 

concentrations were recorded on the epidermal surface of the mature root zone, as opposed to the root 329 
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tip zone after Fe80-Cr(III) treatment. This result was consistent with our root surface µ-XRF analysis, 330 

where an Fe-enrichment zone was observed on the dorsal surface of the mature root zone. 331 

The co-occurrence of Fe and Cr in the epidermal and sclerenchyma cells was found in both root 332 

regions (Fig. 3a1-2, b1-2). The correlation of Fe and Cr deposition was more pronounced in the mature 333 

zone than the root tip zone, where, unlike the moderate amounts of Fe present in the root stele, no Cr 334 

was located in this region (Fig. S3). It can be suggested based on the overlapping Fe and Cr signals 335 

that there was a close correlation between Cr and Fe deposits in the epidermal and exodermal cell 336 

layers in both sections of rice roots.  337 

 Fig. 3c1-2 illustrates the effect of Cr on S distribution in the root tip and mature root cross-sections. 338 

It is shown in Fig. 3c1 that S was mainly dispersed in the outer cell layers (along the epidermis and 339 

exodermis), in the ground tissues (across the cortex and endodermis) and the stele (pericycle and 340 

vascular bundles) of the rice root. With the exception of the middle and central tissues, moderate-341 

intensity S spots in the epidermis and exodermis layers correlated well with Fe hotspots (Fig. 3b1-2; 342 

not marked), followed by Cr moderate-intensity spots. In comparison to Fig. 3c1, a significant 343 

decrease in S accumulation was found across the epidermis and exodermis tissues of rice root tips 344 

(Fig. 3c2). However, S distribution in the endodermis, pericycle, and stele of root tips was more 345 

extensive than in the mature root zone. This suggested that a considerable proportion of S could 346 

penetrate the stele in both sections of rice roots. Fig. 3a2,b2,c2 demonstrated that S distribution did not 347 

follow the pattern observed for Fe and Cr in the outer cell layers of the root tip cross-section.  348 

Potassium (K) and Ca primarily accumulated in the internal cell layers of both root sections, 349 

including endodermis, pericycle and vascular cylinder, as determined by high K and Ca fluorescence 350 

intensities (Fig. 3e1-2,f1-2). This observation suggested successful penetration of both elements into the 351 

root xylem and their subsequent possible translocation to the shoot. Images e1,f1 and e2,f2 in Fig. 3 352 

clearly demonstrated that the cortex tissue in the mature root of Cr-exposed rice contained a limited 353 

degree of an irregular radial dispersion/gradient of K and Ca relative to the root tip zone. This result 354 

suggested that K and Ca tended to accumulate in vascular tissues. The distribution pattern of K was 355 

analogous to that of Ca in rice roots from both regions. Regardless of the Mn-free region in the cortex 356 

and Mn-enriched region in the stele, Mn concentration in the outer cell layers approximately 357 
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resembled Cr concentration in the rice root maturation region (Fig. 3a1,d1). Mn distribution in the rice 358 

root tip region was not only limited to the outer cell layers and stele, but also included parts of cortical 359 

tissues (Fig. 3d2). 360 

 361 

3.4. Cr K-edge μ-XANES analysis 362 

One main peak and two shoulders, resolved at ~5999.0 eV (peak- 1), ~6005.0 eV (shoulder- 2) and 363 

~6015.0 eV (shoulder- 3), respectively, were recorded in the Cr K-edge XANES spectra associated 364 

with spots of interest (SOIs) in the mature and tip region of the root (Fig. 4a). These features were 365 

more similar to Cr(III)-Fh and Cr(III)-FA standards rather than the Cr(III) acetate standards with a 366 

broader peak 1. The first derivative spectrum of Cr(III) acetate showed an apparently lower energy 367 

position of peak b compared to other standards and samples (Fig. 4b). In addition, peak b for all 368 

hotspot first derivative spectra displayed a similar shape to Cr(III)-Fh. However, peak c, which 369 

appeared in the first derivative spectra of Cr(III)-FA and all hotspots, was absent in Cr(III)-Fh. 370 

Therefore, Cr could co-exist and/or form complexes with fulvic acid-like (⁓FA) substances as an 371 

organic metabolite with more diverse functional groups (Qin et al., 2016; Wang et al., 2019; Zhang et 372 

al., 2020) and/or ferrihydrite as a typical amorphous form of iron (hydr)oxide in the outer cell layers 373 

of rice roots (Tripathi et al., 2014; Zandi et al., 2020).  374 

 LCF analysis based on spectral features (Fig. 4a) revealed that Cr(III) bound to FA-like anions 375 

accounted for 58-64% (spot 2-spot 1) and 13-17% (spot 2-spot 1) of total Cr in the tip and mature 376 

regions of rice roots, respectively (Fig. 4c). In other words, the epidermal layer (spot 1) of the mature 377 

root and the sub-epidermal layer (spot 1) in the root tip contained the highest proportion of Cr(III)-FA 378 

species compared to spot 2 in the corresponding layers. The outer cell layers of the root tip (spot 1 and 379 

spot 2) contained mainly Cr(III)-FA species, whereas Cr was mainly present as Fh-bound Cr(III) in 380 

the IP of the mature root outer cell layers (83-87% of total Cr). This result suggested that the 381 

immobilisation of Cr through complexation with ferrihydrite in IP on the outer cell layers of the 382 

mature root was more important than the immobilisation of Cr species by complexation with phyto-383 

/organic metabolite compounds. More than 83% of total Cr was present as Cr(III)-Fh species in spot 1 384 
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and spot 2 of the mature root zone, which was considerably higher compared to spot 1 and spot 2 of 385 

the root tip zone.  386 

 387 

3.5. Carbon isotope results 388 

 The mean δ13C values showed a remarkable disparity between the plaque-free 13C-labelled (515.04‰) 389 

and non-labelled (-30.00‰) root samples (Table S2), indicating that the downward flux of 390 

photosynthetically processed 13CO2 was significant (successful 13C labelling) during the short period 391 

of our experiment. However, in terms of C concentrations in labelled/non-labelled roots, this 392 

discrepancy was not that robust since ~1.1% 13C in the C pool of the non-labelled root samples was 393 

partially similar to ~1.7% 13C in the C pool of the 13C-labelled roots. The results demonstrated that 394 

plants with IP on their roots tended to assimilate less 13C out of 13CO2 than plants devoid of plaque. 395 

We therefore found small differences between the 13C abundance values in 13C-enriched root cells 396 

with or without IP induction. The severe reduction in C mass percentage (C%) in plaque-bearing roots 397 

compared to plaque-free roots was likely caused by the contribution of Fe (III) precipitates to the 398 

mass balance disturbance, regardless of whether roots were labelled or not. 399 

The labelled shoot samples had a 3 times higher 13C/12C ratio (and 13C abundance) compared to the 400 

non-labelled shoot samples. It should be noted that the existing differences in δ13C and 13C abundance 401 

between the labelled root and shoot samples did not significantly affect the mass percentage of C in 402 

the corresponding samples. In comparison with shoot tissues, root tissue (with or without IP) samples 403 

exposed to isotopically labelled 13CO2 showed a lower proportion of 13C isotope abundance, ranging 404 

from 49.9% to 51.9%. Another noteworthy aspect to consider was whether the presence of IP on the 405 

root surface altered C content in 13C-labelled roots. In this regards, our results demonstrated a 406 

substantial decrease (to about 49%) in C content of the plaque-bearing roots (Fe13C-root) compared to 407 

plaque-free roots (13C-root). It was assumed that the observed differences between the above samples 408 

could be associated with the release of metabolites into the culture medium, or even their lower 409 

production in the aerial parts, and thus decreased metabolic activity when IP was present. 410 

 411 

3.6. Distribution mapping of metals and 13C by NanoSIMS 412 



17 

 

NanoSIMS was used to map the relationship between metabolically active 13C-enriched root 413 

epidermal cells and metal complexes such as CrO and FeO (hereinafter referred to as iron (oxy) 414 

hydroxide mineral) in both the tip and mature root regions. Two selected areas of root tips (Fig. 5b) 415 

and mature roots (Fig. 5a) were analysed and colour composite images specifically showed the 416 

epidermal cell layer of the roots treated with ferrous-spiked solutions and Cr(III). Regions of interest 417 

in the two sections were defined based on whether iron (oxy) hydroxide minerals were present on (or 418 

within) the epidermal cell membrane. Comparison of the tip with the mature region allowed for 419 

accurate tracking of 13C-enriched metabolites in these two areas. The presence of 13C-enriched cells 420 

was more abundant in the epidermal cell layers of mature roots than in the root tips (Fig. 5).  421 

Based on composite images showing relative locations of species, such as 52Cr16O, 13C14N and 422 

56Fe16O, metabolically active epidermal cells in the mature root region were more enriched in 13C 423 

metabolites compared to the root tip. The location of 13C-enriched metabolites was confined to the 424 

epidermal cell walls (area 1 in Fig. 5a,b) and apoplastic spaces (area 2 in Fig. S4a1). It was also 425 

established that 13C-labelled metabolites in the above-specified spots co-localised with Fe and Cr. 426 

Moreover, 56Fe16O hotspots were always associated with a somewhat similar accumulation of 52Cr16O. 427 

The 56Fe16O signal indicated that Fe was mainly located on the root epidermal surface, irrespective of 428 

the root zone. This phenomenon was more pronounced in the mature than in the immature (tip) region 429 

of the root, with the outer (excluding epidermis) and inner cell (ground tissues and stele) layers of the 430 

latter zone markedly associated with strong 56Fe16O signals (Fig. 3b2). 431 

The distribution of 56Fe16O in the two studied zones was heterogeneous with distinct regions of 432 

accumulation along the outer edge of the root epidermis (area 2 in Fig. 5a,b). The 16O images in the 433 

two analysed zones clearly demonstrated that O signals were more evident in the mature root zone 434 

than in the root tips (Fig. S4). The general pattern of O distribution in 16O images resembled the 435 

distribution observed in 56Fe16O and 52Cr16O images. Regardless of the root zone, the strongest 436 

56Fe16O and 16O signals originating from the outer epidermal cell wall layer were tightly linked with 437 

each other, implying that Fe was likely associated with oxide or oxy-hydroxide on the root surface. 438 

The presence of overlapping signals of 56Fe16O and 13C14N or 12C14N (organic carbons, OCs) in 439 
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specific locations on the root surface suggested the occurrence of organo-Fe oxyhydroxide co-440 

precipitates (OFC) complexes in the examined root regions (SI-B). 441 

 442 

3.7. Cr release during iron plaque dissolution 443 

The mature root region appeared to have a lower Cr to Ca ratio compared to the root tips, 444 

regardless of the sampling time (Fig. 6). This discrepancy was attributed to the higher intensity of Ca 445 

distribution on the mature root surface (Fig. 2a3-6). Fluctuations in the Fe/Ca ratios observed in the 446 

root tip were not statistically significant (p > 0.05), while a significant difference between the Fe/Ca 447 

ratios in the mature root zone (initial sharp decrease from day 1 to day 3) was recorded. The decrease 448 

in this region was followed by a slight insignificant increase (day 3-day 7) and then another decrease 449 

(day 7-day 10). This decline continued for the next 6 days (day 10-day 16). The trends in changes in 450 

the Cr/Ca ratios in each of the root sections were identical to those observed for the Fe/Ca ratios, 451 

suggesting that the release of immobilised Cr into the medium solution was consistent with IP 452 

dissolution. 453 

 454 

 4. Discussion 455 

The results of the present work supported the hypothesis that plant exposure to Cr stress further 456 

stimulated Fe2+ exclusion and oxidisation on the root surface (i.e., iron (hydr)oxide(s)/ IP formation) 457 

due to elevated root oxygen release or enzymatic oxidation (Table 1 ; Fig. S5a) (Briat et al., 2010). 458 

This effect was more confined to the mature zone of the rice root surface (Fig. 1a), presumably due to 459 

the more developed structure (Nishiuchi et al., 2012). Thus, this region could better limit Cr's 460 

bioavailability and mobility than immature root tips (Fig. 1b). 461 

Iron (hydr)oxides serve not only as a physical barrier with a metal-sequestering ability (Amaral et 462 

al. (2017) but also as metal-chelating ligands (e.g., DMA: 2′-deoxymugenic acid), which can bind 463 

heavy metals (Banakar et al., 2017). This may explain why Fe accumulation in the tip zone was 464 

slightly higher than in the mature root zone under Cr stress (Fig. 1a).  465 
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Root Cr content was higher than in DCB extracts and shoots (Fig. 1b; Fig. S5b). This suggests that 466 

IP formation in conditions similar to flooded cultivation and its inhibitory effect on Cr uptake (Xiao et 467 

al., 2021) is not necessarily limited to the root epidermal surface (Fig. 2a2-5). This condition most 468 

likely involves the apoplastic space in the outer layers of root cells (Fig. 3b1-2) (Khan et al., 2016). It 469 

appears that Cr-induced increased aerenchyma-rhizosphere oxygen outflux, coinciding with higher Fe 470 

concentrations (Fig. 3b1-2) (Becker et al., 2020), resulted in an increased amount of Cr precipitated on 471 

the outer cell layers compared to internal cell tissues in the tip and mature zone of rice roots (Fig. 3a1-472 

2). It’s worth noting that increased Cr retention in outer cell layers of plaque-bearing roots compared 473 

to plaque-free roots was not associated with aerial uptake (Fig. S5b). This underlines the significance 474 

of IP in Cr immobilisation (Zandi et al., 2020, 2021). 475 

The observed correlation between Cr and Ca concentration intensities in surface μ-XRF imaging 476 

of overlapping areas (Fig. 2a1-3, a4-6, b2-5) indicated the importance of Ca as a critical factor in 477 

rigidifying cell walls and providing structural integrity to cellular membranes (Hepler, 2005; Pathak et 478 

al., 2021) in Cr cell wall sequestration by binding to it (Zeng et al., 2011). This effect was particularly 479 

restricted to the outer surface (i.e., epidermal layer) of the mature root zone, where similar Cr (Fig. 480 

2a1), Fe (Fig. 2a2) and Ca (Fig. 2a3) concentration intensities indicated the co-precipitation of Fe with 481 

Ca and Cr on epidermal root surfaces. It has been shown by sorption experiments that Ca (Gunnars et 482 

al., 2002; van Genuchten et al., 2014) and Cr (Yu et al., 2017) can react with surface hydroxyl groups 483 

and adsorb on iron oxides. 484 

In the present study, Cr accumulation in the outer cell layers (except for the epidermis) was not 485 

associated with Cr deposition on cell walls (Fig. 3a1-2), as indicated by the low correlation between Ca 486 

and Cr intensities (R2= 0.01) in both root regions (Fig. S3). In contrast to our finding, in their research 487 

on arsenic (As) and Cr (VI), respectively, Xu et al. (2022) and Zeng et al. (2011) attributed the 488 

inhibitory role of cell walls to the entire root tissue. This difference might be related to the higher 489 

mobility of metal species used in their studies.  490 

The formation of Fe and Mn plaque on rice roots is indeed a ROL (radial oxygen loss)-mediated 491 

exclusion strategy for limiting the absorption of potentially toxic elements (Yu et al., 2017; Li et al., 492 

2019). Consistently with Crowder and Coltman (1993), Ye et al. (2001) and Zhang et al. (2015), the 493 
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concentration of Fe deposits in the outer cell layers of both root regions in this work was also more 494 

intense compared to Mn deposits (Fig. 3b1-2,d1-2). Therefore, it was not surprising that the co-495 

occurrence of Fe and Cr deposits in hotspot and non-hotspot regions was more pronounced than that 496 

of Mn and Cr deposits in both regions of the root (Fig. 3; Fig. S3). It is generally accepted that the 497 

functional groups in IP have the potential to form a more active substrate for metal sequestration (Cao 498 

et al., 2018; Xu et al., 2018) than those in Mn plaque with its unique catalytic capacity and surface 499 

activity (Ye et al., 2001; Liu and Zhu, 2005). In addition to Fe and Mn plaques, sulphur (S) containing 500 

metabolites are also effective in Cr chelation and subcellular sequestration (Holland and Avery, 2011; 501 

Zandi et al., 2021), as was evident in simultaneous S and Cr depositions in the examined root regions 502 

(Fig.3a1-2, c1-2). 503 

Exclusion and chelation mechanisms seem to co-occur in rice roots during Cr stress exposure, 504 

which may lead to decreased Cr entry into the inner layers of root cells and hence lowered Cr uptake, 505 

as seen in Fig. 3a1-2 and Fig. S5b. This would confirm the hypothesis that root exudation of organic 506 

metabolites effectively reduces heavy metal uptake by rice at the root-rhizosphere interface (exclusion 507 

strategy) (Wang et al., 2019;  Zhang et al., 2020). 508 

The results of the XANES spectra of spots of interest (SOIs) in Cr µ-XRF mapping showed that 509 

phytometabolites involved in Cr chelation and detoxification were likely LMW fulvic acid-like (⁓FA) 510 

anions (Fig. 4c) (Wang et al., 2019; Zhang et al., 2020) which have not been reported for soil-free 511 

plant systems. These compounds are supposed to form stable chelate compounds with certain heavy 512 

metals (chelation strategy), such as Cd (Rashid et al., 2018) and Cr (Pradas del Real et al., 2014), 513 

enabling plants to withstand Cr-induced toxicity (Chen et al., 2017). Besides, reports indicated the 514 

high affinity of these metabolites for Fe(III) and other structurally similar trivalent metal cations, 515 

including Mn (III) (Tang et al., 2010; Saad et al., 2017). 516 

The proportion of Cr(III)-FA complexes varied between individual SOIs (spot 1 and spot 2) in 517 

both root regions, proposing two different models (Fig. 4c). On the one hand, a higher percentage of 518 

phytometabolites or FA-like anions was bound to Cr(III) species adjacent to the root surface compared 519 

to the more internal tissues in the mature root (17% vs 13%), suggesting the existence of a resistance 520 

mechanism through exclusion (Osmolovskaya et al., 2018; Bali et al., 2020). On the other hand, a 521 
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reverse trend (58% and 64% for epidermal and subepidermal layers, respectively) was observed for 522 

organically bound Cr(III) in the root tip, suggesting the occurrence of a tolerance mechanism through 523 

inclusion and chelation. The proposed models were consistent with our IP dissolution results (Fig. 6). 524 

For instance, in the root tip zone with its unique trend of organo-Cr(III) species, neither IP dissolution 525 

nor Cr release was found to occur (Figs. 4c and 6; SI-C), reinforcing the possibility of Cr re-uptake 526 

from the root tip zone in the rhizosphere. Combining the proposed models with our ICP analysis (Fig. 527 

S5b), it can be inferred that the binding of FA-like anions to Cr(III) species did not lead to increased 528 

Cr mobility and accumulation in shoot tissues. 529 

The limited IP build-up on the root surface (Fig. 2a5) is assumed to have resulted in increased 530 

binding of FA-like anions relative to Fh species to Cr ions at the adsorbing sites in the root tip 531 

epidermis (58% vs 42%; T-Spot 2 in Fig. 4c). Consequently, the formed organo-Cr(III) species 532 

transferred to the immobilising sites in the outer cell layers of the root tip (Fig. 3a1). This assumption 533 

was consistent with our carbon isotope results, where the absence (or scarcity) of root plaques 534 

increased the biosynthesis and transport of 13C-labelled organic metabolites (isotopic organic carbons- 535 

Ocs) to the root system (Table 2), thereby increasing the possibility of their binding to Cr. In a study 536 

by Tao et al. (2020), it was demonstrated that a small portion of assimilated 13C was incorporated in 537 

forming organic anion metabolites involved in Cd complexation. 538 

The reduced abundance of isotopic OCs in rice roots with IP, compared to those stored in rice 539 

roots without IP, indicated that root plaques effectively prevented the assimilation and transfer of 540 

shoot-derived metabolites (Table 2) by Cr retention and stress alleviation. Studies on plaque-free roots 541 

revealed that heavy metal stress increased the content of organic acid anions in the roots and root 542 

exudates (Yang et al., 2000; Mariano Eduardo et al., 2005). 543 

In contrast to being a more active site of organic anion metabolism and biosynthesis (Mariano 544 

Eduardo et al., 2005), only a small fraction of total Cr in individual SOIs in the outer cell layers of the 545 

mature root could be chelated (13-17%) or exuded by these metabolites compared to iron 546 

(hydr)oxides (Fig. 4c). There was an obvious dominance of the Cr(III)-Fh complexes relative to 547 

Cr(III)-FA complexes in individual SOIs in the mature root zone, indicating the substantial role 548 

played by Fh composition of iron (hydr)oxides in conferring higher tolerance to Cr toxicity through 549 
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chelation and immobilisation (Yu et al., 2017; Zandi et al., 2020) in this region. The reduced 550 

proportion of Cr(III)-Fh complexes in the epidermal layer of the mature root, relative to the 551 

subepidermal layer of the mature root (83% vs 87%; Fig. 4c), could be explained by a higher IP 552 

dissolution and its associated Cr under the influence of the supposed metabolites in this region (Fig. 6) 553 

(Sebastian and Prasad, 2016; Saad et al., 2017). 554 

Root surface NanoSIMS imaging demonstrated how Fe oxyhydroxide (FeO) and Cr-induced 555 

isotopic/non-isotopic OCs were closely adherent to the epidermal surface and to each other (Fig. 5). 556 

This proximity in turn indicated adsorption of organic anion metabolites or occlusion in the interstices 557 

between amorphous Fh aggregates (Zeng et al., 2008). This co-occurrence not only inhibits the 558 

growth of Fh, but also tends to form smaller amorphous aggregates, and is therefore believed to affect 559 

aggregation behaviour, surface properties and solubility/accessibility of Fh (Eusterhues et al., 2014), 560 

contributing to Fh removal and its associated Cr from the root epidermal layer (Fig. 6). Previous 561 

dissolution studies showed that organic anion metabolites adsorbed on or co-precipitated with iron 562 

(hydr)oxides were likely to weaken Cr(III)-Fe(III)-(oxy)hydroxide compositional bonds under 563 

anaerobic conditions. This phenomenon enhanced the solubility and dissolution kinetics of iron 564 

(hydr)oxides and associated dissolved Cr (Saad et al., 2017).  565 

It is worth noting that the relationship between the secretion/exudation rate of organic anions and 566 

their root concentrations is attributed to heavy metal-activated organic anion transporter channels in 567 

the plasma membrane of root cells (Yang et al., 2012). The observed varied patterns of Cr-induced 568 

secretion of phytometabolites (Fig. 5) and IP dissolutions (Fig. 6) between the examined root regions 569 

(mature root > root tip) could be due to the fact that root exudates, regardless of their role in heavy 570 

metal chelation (Montiel-Rozas et al., 2016), are secreted to promote solubility and absorption of 571 

poorly available nutrients in the rhizosphere (Jones et al., 2004; Gojon, 2013). Indeed, the mature 572 

zone of the root system is responsible for the majority of nutrient uptake in crop plants (Jones et al., 573 

2004; Wirth et al., 2007; Gojon, 2013), which in turn explains the absolute predominance of root 574 

exudates and dissolution rate of iron (hydr)oxides in this region compared to the root tip region (Figs. 575 

5 and 6). In other words, the increased secretion of organic anions from the mature region compared 576 

to the immature (tip) region of the root, in addition to destabilising iron (hydr)oxides (Yang et al., 577 
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2012, 2013) and possible release of their co-precipitated Cr ions (Fig. 6), can also be considered an 578 

essential mechanism reducing the physical resistance of root plaques to nutrient absorption.  579 

Considering the absence of IP dissolution and release of its Cr co-precipitates (Fig. 6) and limited 580 

secretion of organic anions (Fig. 5) in the root tip region, the relatively higher proportion of organo-581 

Cr(III) species in more internal than external tissues (64% vs 58%) of the outer cell layers in this 582 

region (Fig. 4c), likely reflected the importance of organic anions (i.e., FA-like anions) in capturing 583 

and transferring the absorbed Cr in the form of organo-Cr(III) species to the root tip sub-epidermis. 584 

The proposed model can also be construed as a possible direct or indirect re-uptake of Cr from the 585 

solution medium after release from the mature region of rice roots (as outlined earlier) and its 586 

subsequent immobilisation by a combination of Fh and FA-like chelators. The strong presence of 587 

organo-Cr(III) (58-64%) complexes in relation to Cr(III)-Fh (36-42%) complexes in the root tip outer 588 

cell layers (Fig. 4c) was an indirect reference to the reinforcing role of FA-like anions in Cr chelation 589 

and immobilisation when the Fh chelator pool was insufficient. As indicated earlier, the accumulation 590 

of 13C-labelled organic metabolites was more intense in plaque-free roots (13C-root) than in plaque-591 

bearing roots (Fe13C-root) under Cr stress, regardless of the root section (Table 2). This indirectly 592 

underscored the role played by these anions as complementary factors for Cr immobilisation.  593 

 594 

5. Concluding remarks 595 

The present study concludes that root plaques have a central role in Cr chelation and 596 

immobilisation, especially in the mature root region. The uptake inhibiting function of IP was not only 597 

confined to root epidermal surfaces but also stretched across the entire root outer cell layers. It 598 

strongly suggested that an integration of both Cr resistance (exclusion) and tolerance (chelation) 599 

strategies was directly involved in the mature region of the root, where iron (hydr)oxide precipitates 600 

alone accounted for over 83% of total Cr (Cr(III)-Fh) species at Cr hotspots in the epidermal and sub-601 

epidermal layers of root cells. An uneven partnership in root Cr retention and inactivation was 602 

actively present in root tissues; as such, none or limited IP coated roots contained an increased amount 603 

of isotopic OCs or a higher percentage of Cr(III)-FA species (58-64% for root tips), respectively. The 604 
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proposed model concerning the outflow (Pos. mature root) or inflow (Neg. root tips) of metabolites 605 

carrying Cr (organo-Cr (III)) in outer cell layers of both root regions was well consistent (positive- 606 

Pos./ negative- Neg. effect) with signal intensities of 13C-labelled spots as active nano-scaled spots of 607 

root exudates and iron (hydr)oxide dissolution. 608 

 609 
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 Speciation and distribution of chromium (Cr) in rice root tip and mature 1 

zone: the importance and impact of root exudation and iron plaque in Cr 2 

bioavailability   3 

Abstract 4 

Evidence on the contribution of root regions with varied maturity levels in iron plaque (IP) formation 5 

and root exudation of metabolites and their consequences for uptake and bioavailability of chromium 6 

(Cr) remains unknown. Therefore, we applied combined nanoscale secondary ion mass spectrometry 7 

(NanoSIMS) and synchrotron-based techniques, micro-X-ray fluorescence (µ-XRF) and micro-X-ray 8 

absorption near-edge structure (µ-XANES) to examine the speciation and localisation of Cr and the 9 

distribution of (micro-) nutrients in rice root tip and mature region. µ-XRF mapping revealed that the 10 

distribution of Cr and (micro-) nutrients varied between root regions. Cr K-edge XANES analysis at 11 

Cr hotspots attributed the dominant speciation of Cr in outer (epidermal and sub-epidermal) cell 12 

layers of the root tips and mature root to Cr(III)-FA (fulvic acid-like anions) (58-64%) and Cr(III)-Fh 13 

(amorphous ferrihydrite) (83-87%) complexes, respectively. The co-occurrence of a high proportion 14 

of Cr(III)-FA species and strong co-location signals of 52Cr16O and 13C14N in the mature root 15 

epidermis relative to the sub-epidermis indicated an association of Cr with active root surfaces, where 16 

the dissolution of IP and release of their associated Cr are likely subject to the mediation of organic 17 

anions. The results of NanoSIMS (poor 52Cr16O and 13C14N signals), dissolution (no IP dissolution) 18 

and µ-XANES (64% in sub-epidermis >58% in the epidermis for Cr(III)-FA species) analyses of root 19 

tips may be indicative of the possible re-uptake of Cr by this region. The results of this research work 20 

highlight the significance of IP and organic anions in rice root systems on the bioavailability and 21 

dynamics of Cr. 22 

  23 

Keywords: Cr-speciation, Iron-plaque dissolution, NanoSIMS analysis, phytometabolites, root 24 

morphology  25 

Environmental Implications 26 
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Considering how different root regions with varied iron plaque presence, dissolution rate, and 27 

diverse root metabolites and their exudations may affect the fate of Cr uptake and bioavailability in 28 

rice plants, the present study has, for the first time, set the stage for holistic investigation of two 29 

critical parts of the root (tip/mature root) system at a molecular level using combined NanoSIMS and 30 

synchrotron-based (µ-XRF/ µ-XANES) techniques. The findings of this study appear to be significant 31 

for current and future studies on suppressing heavy metal bioavailability in contaminated paddy soil 32 

systems. 33 

 34 

1. Introduction 35 

Soil contamination with heavy metals, especially chromium (Cr), is a widespread problem that 36 

poses threats to human health risks through the food chain (Yang et al., 2019a; Ali et al., 2022). 37 

In China, Cr is one of the eight heavy metals most strongly affecting agricultural soils, with a 38 

contamination rate exceeding 1.1% (Zhao et al., 2015). Based on the China National Food Hygiene 39 

Standard (GB 2762-2017), the bioaccessibility of Cr in rice grain should not exceed the Cr threshold 40 

value of 1.0 mg·kg-1 (Geng et al., 2020; Ali et al., 2022) to avoid adverse health complications (e.g., 41 

oxidative stress and DNA damage) associated with dietary Cr intake (Nickens et al., 2010; Khan et al., 42 

2012). Therefore, controlling Cr transfer in the soil-rice system is crucial for food safety.  43 

Root uptake in rice is considered to be the major entry route of soil Cr into edible rice grains. The 44 

root system of rice plants consists of seminal, nodal (primary), and lateral roots (Gu et al., 2017). 45 

Among them, primary roots are classified into root tips and mature root regions according to the level 46 

of development (Seyferth et al., 2010; Zandi et al., 2022). Root tips have underdeveloped vascular 47 

systems, lacking the complete formation of the aerenchyma and Casparian bands (CBs). They account 48 

only for a small fraction of the overall mineral element uptake in rice plants, while mature rice roots 49 

have a fully developed anatomical structure with the cortex (exodermis, aerenchyma, endodermis) and 50 

stele (xylem) that support the influx and transport of mineral nutrients (Yamaji and Ma, 2007; 51 

Coudert et al., 2010; Fukao et al., 2019).  52 

https://www.sciencedirect.com/topics/chemistry/oxidative-stress
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Similarly to many aquatic or semi-aquatic plants, rice is a hydrophyte species grown in flooded 53 

paddy fields. Rice has to cope with anaerobic conditions by radial oxygen diffusion from the root 54 

aerenchyma towards the root surface and adjacent rhizosphere (Deng et al., 2010; Xu et al., 2018), 55 

where it mediates iron oxidation [Fe (II) to Fe (III)] and development of an amorphous coating of iron 56 

(hydr)oxides (known as iron plaque, IP) on the root surface (Cheng et al., 2014; Tripathi et al., 2014; 57 

Zandi et al., 2022). Moreover, continuous flooding was indicated to create a favourable rhizosphere 58 

environment for IP formation (Xiao et al., 2021). The physical barrier of IP has been proposed to 59 

serve as a natural protection mechanism against excess heavy metal concentration in plant parts (Khan 60 

et al., 2016). 61 

There is consensus that root capacity for aerobic respiration is the main factor in the oxidising 62 

power of the rhizoplane zone (Wu et al., 2012; Holzschuh et al., 2014), and consequently the degree 63 

of IP formation (Zandi et al., 2022). Rice root tips with no discernible aerenchyma structures were 64 

found to have a higher oxygen discharge in comparison to the basal part of the root (Nishiuchi et al., 65 

2012). Nonetheless, IP was shown to be less frequent around the root tips (Williams et al., 2014) due 66 

to their rapid development (Nishiuchi et al., 2012), possibly affecting heavy metal speciation and 67 

mobility in this region compared to the basal root region. 68 

Many studies concerning the whole root system have shown that iron (hydr)oxides have a strong 69 

binding affinity for metal(loid) ions on the root surface and reduce their mobility and bioavailability, 70 

thereby inhibiting the uptake and transport of toxic metals, including Cr (Hu et al., 2014; Cao et al., 71 

2018; Zandi et al., 2022). Previous studies have shown that in the absence or weak presence of IP, 72 

higher concentrations of Cr were accumulated in root cells rather than in shoots of rice (Xu et al., 73 

2018; Zandi et al., 2020, 2021), suggesting that Cr mainly deposited in root cell walls hindered its 74 

transport to the aerial organs (Zeng et al., 2011). The hydroponic and soil culture experiments have 75 

demonstrated that an appropriate amount of IP on root surfaces could effectively adsorb Cr(III) and 76 

Cr(VI) species and reduce their transfer to the rice roots and shoots, thus decreasing Cr concentrations 77 

in rice tissues (Xu et al., 2018; Yu et al., 2017; Zandi et al., 2020).  78 

In addition to the inhibition of iron (hydr)oxides, other factors such as root exudates, which 79 

mainly consist of low or fairly low molecular weight (LMW) organic anion metabolites, with various 80 
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chemical functional groups (e.g., –COOH, –OH) (Seal et al., 2004), have been proposed to interact 81 

with iron (hydr)oxides during sorption and chelation of heavy metals in the soil (Zhang et al., 2020) 82 

and plant systems (Wang et al., 2019). Moreover, earlier studies have shown that these metabolites 83 

can enhance the dissolution of iron (hydr)oxides bound to heavy metals, leading to their release into 84 

the rhizosphere (Sebastian and Prasad, 2016; Luo et al., 2017; Saad et al., 2017). Studies on the entire 85 

root system in environments contaminated with cadmium (Cd), aluminium (Al) and Cr have indicated 86 

that organic anion secretions are highly associated with increased heavy metal tolerance through their 87 

efflux into the rhizosphere (Yang et al., 2013; Saad et al., 2017; Yang et al., 2019b; Bali et al., 2020). 88 

This efficient exclusion mechanism reduces metal uptake and accumulation in plants (Montiel-Rozas 89 

et al., 2016). 90 

In the rice root system, these metabolites may also act as a defensive barrier for the roots by 91 

forming stable complexes with Cr (Uren, 2000; Zeng et al., 2008) or affecting their reduction and 92 

immobilisation in the root (Xiao et al., 2023). Therefore, the contribution of root exudates to increased 93 

Cr accumulation in rice roots could be related to the tolerance mechanism through chelation (Hayat et 94 

al., 2012; Agnello et al., 2014). The rate and composition of metabolites released in response to Cr 95 

stress correlate with plant genotype (Zeng et al., 2008) and metal speciation of Cr (Pradas del Real et 96 

al., 2014).  97 

Previous studies on the importance of IP or root exudation in suppressing the bioavailability of 98 

heavy metal Cr in rice plants mainly focused on the evaluation of the entire root system (Zandi et al., 99 

2020; Xiao et al., 2023). This study has addressed for the first time how individual root regions with 100 

varied maturity levels (e.g., less developed tips) may differ in the degree of IP formation or in the 101 

secretion of organic anions in response to Cr stress. Further, the issues concerning the correlation of 102 

these secretions with IP dissolution and Cr release, and whether IP dissolution mediated by root 103 

metabolites can alter Cr mobility and bioavailability have also been analysed. Moreover, it remains 104 

unclear whether the main root regions vary in their contribution to Cr chelation and immobilisation, 105 

and reduced Cr accumulation in tissues under the influence of iron plaque and root exudation. 106 

To bridge the gap, the present study explicitly proposed the combined application of state-of-the-art 107 

high-sensitivity ion mass spectrometry (NanoSIMS) and synchrotron-based microprobe techniques, 108 
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such as micro-X-ray absorption near-edge structure spectroscopy (μ-XANES) and micro-beam X-ray 109 

fluorescence (μ–XRF), to investigate the distribution and/or speciation of elements of interest (X) in 110 

different root regions (root tips/ mature root) of rice at submicro- and microspatial scales, and their 111 

association with 13C-labelled root exudates on the active root surface. 112 

The objectives of this study were to (1) explain/assess the interaction between Cr and Fe and its 113 

effect on Cr uptake and translocation in rice plants, (2) elucidate the molecular speciation of Cr and 114 

binding mechanisms of Cr species in different root regions, and (3) to localise the active root surface 115 

with exudate release and its impact on Cr uptake by different root regions. We expected that these 116 

results would provide a theoretical basis for understanding heavy metal sequestration and dynamics 117 

on iron plaques and their benefits to human health by reducing rice contamination. We expected that 118 

these results would provide a theoretical basis for understanding heavy metal sequestration and 119 

dynamics on iron plaques and their benefit to human health by reducing rice contamination. 120 

 121 

2. Materials and methods 122 

2.1. Plant culture, treatments and metal extraction  123 

Rice seed (Oryza sativa L. Var. Xiangzaoxian 31) germination (7 days on moist gauze in plastic 124 

Petri dishes in the dark at 28°C) and initial growth (21 days in black plastic containers) were 125 

conducted under controlled sterile conditions in half-strength nutrient solution (Table Supplementary 126 

(S) 1-S1), as previously described (Zandi et al., 2021). The variety was a high-quality, early-maturing, 127 

hybrid-based (Chen et al., 2000; Yu, 2018) model crop for bioremediation studies used at the Institute 128 

of Environment and Sustainable Development in Agriculture, Chinese Academy of Agricultural 129 

Sciences in Beijing.  130 

The seedlings of the first group, intended for iron plaque (IP) formation (Fe80-CK; Fig. S1), 131 

were transferred to solutions spiked with 80 mg L−1 ferrous iron (FeSO4·7H2O), incubated for 24 h 132 

and subsequently transferred into quarter strength and total strength nutrient solution for 2 and 3 days, 133 

respectively. The second group (Fe0-Cr(III)) was not subjected to IP induction, but was grown in a 134 

nutrient solution containing 1.0 mg L−1 CrCl3·6H2O for 3 days, and then transferred to a quarter-135 
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strength nutrient solution for 2 days. The first two groups were exclusively designed for 136 

bioavailability analysis and were not included in the follow-up investigations described in sections 2.2, 137 

2.3 and 2.4. The third group (Fe80-Cr(III)) was a combination of the two aforementioned treatments, 138 

where seedlings with IP were exposed to Cr(III)-spiked solutions for 3 days. Each treatment was 139 

performed in three replicates. Replenishment of depleted nutrients in culture solutions was carried out 140 

every three days, and manual adjustment of the solutions to a suitable pH of 5.5 was done using 0.1 M 141 

HCl and NaOH (Zandi et al., 2020). All seedlings were grown in a controlled plant growth chamber 142 

(PGX-350D, NSEI Co., Ltd., China) with a relative humidity of 70% dedicated to predetermined 143 

periodic dark (10 h, 20 °C ) and light (14 h, 28 °C, 300-350 µmol m-2s-1) regimes. The selected Fe and 144 

Cr concentrations were based on recommendations and results of earlier studies (Hu e al. 2014; Li et 145 

al., 2015; Yu et al., 2017; Zandi et al., 2020). 146 

The seedlings were collected, split into roots and shoots and rinsed with deionised water. Fresh 147 

roots with IP were initially divided into the tip (from the root cap to the zone without root hair; ⁓2-3 148 

cm) and mature (from the root hair zone to the base of primary roots) sections, and subsequently 149 

incubated for 30 min at room temperature (25°C) in 30 mL of cold DCB (dithionite–citrate–150 

bicarbonate) solution containing NaHCO3 (0.125 M), Na3C6H5O7 (0.03 M) and Na2S2O4 (0.5 g) (Liu 151 

et al., 2004). After incubation, the sections were thoroughly washed with deionised water and 152 

removed from incubation tubes. The remaining extracts were initially filled up with deionised water to 153 

a volume of 50 mL and subsequently passed through a 0.45-µm filter to remove root debris.  154 

The digestion of plant materials was carried out according to Hu et al. (2014) with some 155 

modifications. Briefly, plaque-free root sections were oven-dried (similar to shoot samples) and 156 

homogenised, pre-digested overnight in heat-proof tubes (100 mL) in 5 mL of concentrated HNO3 157 

(~65-68%). Digestion was completed in a digester heating block at 160°C for ~3 h and after cooling 158 

to room temperature, diluted in 25 mL of deionised water and filtered. A reagent blank and a series of 159 

external standard solutions (e.g., GBW07605) from certified reference materials in China were 160 

utilised to validate the quality control and accuracy of the entire digestion procedure. Fe and Cr 161 

contents in the digestion solutions and DCB extracts were quantified using ICP-OES (Agilent 5110, 162 

Agilent Technologies, Inc., USA).  163 
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2.2. Synchrotron-based microprobe analysis 164 

Freshly sectioned root specimens were stored at –30°C until synchrotron-based microprobe 165 

analyses. For μ-XRF imaging of root surfaces using the VESPERS beamline at the Canadian Light 166 

Source (CLS), the roots were sectioned and flatly fixed on a Kapton tape. For μ-XRF/μ-XANES 167 

analyses of root cross sections using the 15U beamline at the Shanghai Synchrotron Radiation Facility 168 

(SSRF, Shanghai), the corresponding root sections were cut into 60-μm-thick slices by a microtome, 169 

and subsequently mounted onto a Kapton tape for freeze-drying and stored at –20°C (Tian et al., 2010; 170 

Lu et al., 2017). As described in previous studies (Yang et al., 2015; Wang et al., 2021), the μ-XRF 171 

method of both beamlines was similar, except that the data in VESPERS were analysed using SMRK 172 

software, thus here we have only reported the experimental details for the 15U beamline at the SSRF. 173 

 X-rays with an incident energy of 10 keV were monochromatised using a Si (111) double-crystal 174 

monochromator. The spot size of the X-ray beam was micro-focused to 10 μm ⅹ 5 μm using a 175 

Kirkpatrick-Baez (K-B) mirror system for scanning. The root samples were placed at an angle of 45° 176 

to the beam incidence perpendicular to a 7-element Si(Li) detector (e2v, USA). After selecting the 177 

region of interest by the microscope, the region was scanned step by step by moving the sample stage 178 

with a step size of 5 and 10 μm for x and y direction, respectively. First, the whole fluorescence 179 

spectrum was acquired, and then the fluorescence signals of the elements of interest, including K (3.3 180 

keV), Ca (3.6 keV), Cr (5.4 keV), Mn (5.9 keV), Fe (6.4 keV) were selected and applied to all pixel 181 

spectra to obtain multi-elemental 2D mapping with a dwell time of 1.5 s per pixel. After analysing the 182 

μ-XRF images using Igor Pro 6.0 software (IGOR), the spots of interest were selected for Cr K-edge 183 

μ-XANES spectra collection in the fluorescence mode at 25°C. The energy range and step were set to 184 

5931-6080 eV and 0.5 eV, respectively. Several scans were collected from each spot and later 185 

averaged to obtain a merged spectrum with a better signal-to-noise ratio. At least 2 hotspots from 186 

cross-sections of the root tips and mature root regions were considered for μ-XANES spectrum 187 

collection. Cr foil was also used to calibrate the beamline (X-ray) energy. 188 

Cr K edge μ-XANES spectra of Cr(III) adsorbed on ferrihydrite (Cr(III)-Fh) and organo-Cr(III) 189 

complexes (Cr(III)-FA) (synthesised by the interaction of CrCl3 with fulvic acid) (Yang et al., 2020) 190 

were acquired in the fluorescence mode and Cr(III) acetate in the total electron yield mode, and were 191 
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referred to as Cr reference standards. Since root iron plaques induced in a short 24-h period were 192 

poorly crystallised and mostly amorphous (Xu and Yu, 2013), ferrihydrite, a typical amorphous iron 193 

(hydr)oxide formed during iron hydrolysis (Yang et al., 2020), was considered as the principal sorbent 194 

for Cr (III) sequestration in rice root IP in this study. Athena software (Ver. 2.1.1) was used for 195 

fingerprint and linear combination fitting (LCF) analysis of sample μ-XANES spectra (Ravel and 196 

Newville, 2005).  Cr speciation and the percentage of each Cr species were determined based on the 197 

LCF of Cr K-edge μ-XANES spectra of the hotspots using the spectra of the reference compounds as 198 

end-members (Peng et al., 2015). The goodness of data fitting was assessed using the R-factor. 199 

It should be noted that the limited root samples (one sample/ root section) and spots (2 hotspots/ 200 

root cross-sections) measured during the μ-XRF and μ-XANES analyses may not be representative of 201 

the whole root samples. However, earlier studies used a similar method and have demonstrated that 202 

the output result could account for most of the sample variation (Lombi and Susini, 2009; Seyfferth et 203 

al., 2010; Frommer et al., 2011; Li et al., 2015; Yang et al., 2015). 204 

  205 

2.3.13CO2 labelling of rice and NanoSIMS analysis 206 

The procedure for uniform 13CO2 labelling of rice was as described earlier (Ge et al., 2012; Yuan et al., 207 

2016) with some modifications. Briefly, rice seedlings belonging to the third treatment group (Fe80-208 

Cr (III)) were first exposed to CrCl3 treatment for 24 h and subsequently transferred to normal (Cr-209 

free) nutrient solution and kept in transparent airtight perspex 13CO2-labelling and non-labelling 210 

control boxes (40 cm long × 50 cm wide × 60 cm high; Fig. S2) for 24 h. During this period, the 211 

concentration of 13CO2 inside the labelling box atmosphere was maintained at approximately 212 

400 μL L−1 (ppm) by controlled injection of 0.1 M Na2
13CO3 solution (13C-enriched > 99%) into 1 M 213 

HCl solution. A CO2 detector spectrometer (IRMS, RS-CO2WS-N01-2, Shandong Renke Control 214 

Technol. Co., Ltd., China) was used to monitor CO2 concentration inside the labelling boxes (Kaiser 215 

et al., 2015). Isotopic labelling of rice seedlings with 13C was performed by photosynthetic fixation of 216 

13CO2 in the aforementioned labelling boxes. Seedlings incubated in unlabelled control boxes served 217 

as the reference factor for excess 13C in shoots and roots after DCB extraction. The environmental 218 

growth conditions in the perspex boxes were identical to those described in section 2.1.  219 
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Rice seedlings were harvested and separated into roots and shoots before IP dissolution could 220 

occur, e.g., as a result of the secretion of 13C-labelled and/or unlabelled metabolites by the roots. 221 

Afterwards, root and shoot samples from both labelled and unlabelled control seedlings were ground 222 

to determine 13C abundance in the respective plant samples using a C/N element analyser coupled to 223 

an isotope ratio mass spectrometer to verify successful labelling with 13C (Isoprime 100, Elementar’s 224 

PYE cube, UK). Freshly sectioned root specimens were immersed in a tissue freezing medium 225 

(SAKURA Tissue-Tek OCT) for rapid freezing at −30°C. Root sections were then axially frozen-cut 226 

into 60-μm-thick slices using a microtome (Reichert-Jung, Germany). The slices were collected and 227 

mounted onto a Si3N4 wafer and coated with gold (20 nm thick) for NanoSIMS analysis.  228 

Cross-sections of mature roots and root tips were imaged using Cameca NanoSIMS 50 installed at 229 

the Museum National d’Histoire Naturelle, Paris, France. The surfaces of the root samples were 230 

scanned with a 16 keV Cs+ (caesium) primary beam, set to 1 pA, leading to a spatial resolution of 231 

approximately 150 nm. Secondary ions were collected in multicollection mode: 12C‒, 16O‒, 12C14N‒ 232 

and 13C14N‒ in the first run (for C isotope and N/C mapping), and 16O‒, 12C14N‒, 13C14N‒, 52Cr16O‒ and 233 

56Fe16O‒ in the second run (to determine associations of organic matter and heavy metals). Image 234 

processing and data analysis were carried out using the freeware package OpenMIMS (multi-isotope 235 

imaging mass spectrometry, freely available at http://nrims.harvard.edu). In total, more than eight 236 

NanoSIMS images were acquired from the labelled samples. More detailed information on 13C 237 

isotopic maps and NanoSIMS image processing are provided in Supporting Information (SI)-A. 238 

 239 

2.4.Fe plaque dissolution experiment  240 

The function of root exudates in the dissolution of iron (hydr)oxides and release of their associated 241 

Cr into the medium was investigated in a time-lapse experiment. To this end, another set of plaque-242 

bearing rice seedlings was exposed to Cr treatment (Fe80 × Cr(III)) and allowed to grow in the same 243 

nutrient solution for another 16 days. The sampling schedule was established for days 1, 3, 7, 10 and 244 

16. Root samples at each sampling stage were subjected to DCB extraction for ICP readings of Fe, Cr 245 

and calcium (Ca). 246 

  247 
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2.5.Data analysis and statistics 248 

All Cr-based computations were based on previously described equations (Liu et al., 2004; Zandi 249 

et al., 2020). The R statistical package (ver. 2.12.1) was used for all statistical analyses, and statistical 250 

differences between treatment means were assessed using the least significant difference (LSD) test at 251 

the 0.05 probability level (Data presented here are means ± SD, n=3). 252 

 253 

3. Results 254 

3.1.Fe and Cr concentrations in different root regions 255 

Regardless of the examined root regions, the quantities of Fe and Cr adsorbed on IP (DCB extracts) 256 

in the roots treated with Cr were significantly higher than in the non-treated roots (p < 0.05) (Fig.1a,b). 257 

The observed discrepancies between Cr concentrations in DCB solutions extracted from different root 258 

sections were statistically significant (p < 0.05; DCB-Cr in mature root > root tip). Similarly, Cr 259 

concentrations in root tissues were in the following order: Root-Cr mature > Root-Cr tip (p < 0.05) 260 

(Fig.1b). Seedlings treated with Cr (+Cr seedlings) had higher Fe and Cr contents in their root tissues 261 

compared to non-treated counterparts, with markedly increased Fe accumulation in both the tip (2.25-262 

fold) and mature root (1.72-fold) sections. It was also found that the overall Fe sequestration in IP 263 

(DCB-Fe) on the mature root surface was significantly higher compared to the tip region both under 264 

stress (Fe80-Cr(III)) and stress-free (Fe80-CK) conditions. Fe content in the root tip was significantly 265 

higher than in the mature root under Cr stress conditions (Fig.1a). 266 

  267 

3.2. Fe and Cr concentrations/proportions in different rice parts 268 

The respective concentrations of Cr and Fe in shoots, plaque-free roots, and DCB extracts differed 269 

in their distribution pattern. While the concentration (or relative proportion) of Cr in roots (53%) was 270 

significantly higher than that accumulated in IP (⁓37%) and shoots (⁓10%), the relative 271 

concentration of Fe in individual rice components was in the following order: DCB-extractable Fe > 272 

Root-Fe > Shoot-Fe (Table 1). Fe mainly accumulated in IP on the root surface under both stress 273 

(⁓89%) and stress-free (⁓91%) conditions. Irrespective of Cr levels applied, Fe concentration in 274 
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shoots did not show any significant differences, whereas Fe concentration in IP and roots of Cr-275 

treated seedlings (Fe80-Cr(III)) was significantly (⁓1.52 to 1.98 times, respectively; p <0.05) higher 276 

compared to non-Cr treated seedlings (Fe80-CK) (Table 1; Fig. S5a). Only 1.5% of the total Cr 277 

contents in roots translocated to shoots, with an 8.8% root-to-shoot Fe translocation efficiency 278 

observed in rice exposed to Cr treatment (Table 1). 279 

 280 

3.3. Elemental distribution in rice root 281 

3.3.1.Two-dimensional surface view of the root tip and mature root sections 282 

The results of in vivo scanning of Fe and Cr deposits on the epidermal surface of the root tip (Fig. 283 

2a1-2) and mature root (Fig. 2a4-5) sections were partially consistent with ICP-OES analyses 284 

concerning elemental distribution (Fig.1). The distribution patterns of Fe, Cr, and Ca fluorescence 285 

signals in the root tips after Fe80-Cr(III) treatment were relatively weak (low-intensity spots), with 286 

their hotspots scattered and located in slightly distant positions (Fig. 2a4-6). Such distribution of 287 

elemental intensities was considerably different from that observed in the mature section of the root, 288 

where the intensity of elemental distribution mostly ranged from moderate (green), upper-moderate 289 

(yellow) to high (red) levels.  290 

According to the results of correlation analysis, the element Cr showed a slightly low (R2= 0.57) to 291 

rather high (R2= 0.77) associations with high Fe intensities (⁓45-80 kilo-counts s-1) and a range of 292 

low to moderate associations with Ca (⁓0.2-2.3 kilo-counts s-1) intensities, respectively, in IP 293 

deposited in the tip zone of rice roots (Fig. 2b4-5). Ca distribution pattern appeared to be similar to that 294 

of Fe in the mature root zone, signifying a strong linear association between Fe (⁓ 5-55 kilo-counts s-1) 295 

and Ca (⁓ 0.15-25 kilo-counts s-1) concentration intensities (R2= 0.90; Fig. 2b3). Similarly, Cr 296 

concentration was the highest in the mature root zone (Fig. 2a1), and greatly co-localised with Ca (R2= 297 

0.91) and Fe (R2= 0.90) intensities observed in the same root zone (Fig. 2b1-2). The majority of Cr 298 

deposits in the mature zone of rice root was strongly correlated with a wide range of moderate (>50 299 

kilo-counts s-1) to high Fe intensities (<550 kilo-counts s-1). Therefore, Cr was suggested to have a 300 

strong association with Fe concentration intensities in the mature zone of rice roots, and this mostly 301 

occurred in the Cr intensity range of ⁓10-38 kilo-counts s-1 (Fig. 2b1).  302 
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For Cr signals emitted from the upper surface of the root tip and mature root sections, several 303 

hotspots of moderate to high intensity were found, which were thought to be related to significant 304 

fractions of Cr sequestered in IP. As outlined above, the concentrations of Cr, Fe and Ca tended to be 305 

more intense in the mature root zone than in root tips. The majority of low to high Cr counts (⁓1.3 to 306 

32.5 kilo-counts s-1) correlated mostly with a low to moderate (⁓0.2-2.6 kilo-counts s-1) counts of Ca 307 

intensities in the tip zone of rice roots after Cr treatment (Fig. 2b5). Ca was mainly distributed on the 308 

epidermal surface of the mature root zone and this signal was reproduced by the element Fe. The 309 

lower correlation of Cr with Fe (Fig. 2b4) to Ca (Fig. 2b5) could also be attributed to the co-310 

distribution of these two elements at hotspots, with no apparent correlation (or overlap) in their 311 

moderate-intensity spots. The result indicated that the correlation between the intensities of Fe and Ca 312 

fluorescence counts in root tips (R2= 0.37) was considerably lower than that in mature roots (R2= 0.90) 313 

under Fe80-Cr(III) treatment (Fig. 2b3-6). The low correlation between Fe and Ca counts in root tips 314 

could be explained by a partial overlap of Fe hotspots in root tips in regions where Ca fluorescence 315 

intensity was high. 316 

 317 

3.3.2.Two-dimensional cross-section views of the root tip and mature root tissues 318 

Cr was mainly localised in the epidermal and exodermal layers of both rice root sections. A higher 319 

concentration of Cr was observed in the internal portion of sclerenchyma cells in the root tips in 320 

comparison to the mature root section (Fig. 3a1-2). In other words, Cr was enriched (with more 321 

noticeable Cr spots) in the outer epidermis of mature roots. As shown in Fig. 3b1, high-intensity Fe 322 

spots could be observed on the most distal sides of epidermal and exodermal cells, while moderate-323 

intensity Fe spots were dispersed in sclerenchyma cells. In contrast, the inner portions of the 324 

exodermal layer in the tip section showed a higher Fe content than the epidermis (Fig. 3b2). Moreover, 325 

Fe distribution was visible in root tip vessels, which likely corresponded to the vascular tissues of the 326 

root, implying that Fe could penetrate the root tip surface into the stele and move upward. However, 327 

there was no clear signal of Fe presence in the inner tissues of the mature root zone. Higher Fe 328 

concentrations were recorded on the epidermal surface of the mature root zone, as opposed to the root 329 
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tip zone after Fe80-Cr(III) treatment. This result was consistent with our root surface µ-XRF analysis, 330 

where an Fe-enrichment zone was observed on the dorsal surface of the mature root zone. 331 

The co-occurrence of Fe and Cr in the epidermal and sclerenchyma cells was found in both root 332 

regions (Fig. 3a1-2, b1-2). The correlation of Fe and Cr deposition was more pronounced in the mature 333 

zone than the root tip zone, where, unlike the moderate amounts of Fe present in the root stele, no Cr 334 

was located in this region (Fig. S3). It can be suggested based on the overlapping Fe and Cr signals 335 

that there was a close correlation between Cr and Fe deposits in the epidermal and exodermal cell 336 

layers in both sections of rice roots.  337 

 Fig. 3c1-2 illustrates the effect of Cr on S distribution in the root tip and mature root cross-sections. 338 

It is shown in Fig. 3c1 that S was mainly dispersed in the outer cell layers (along the epidermis and 339 

exodermis), in the ground tissues (across the cortex and endodermis) and the stele (pericycle and 340 

vascular bundles) of the rice root. With the exception of the middle and central tissues, moderate-341 

intensity S spots in the epidermis and exodermis layers correlated well with Fe hotspots (Fig. 3b1-2; 342 

not marked), followed by Cr moderate-intensity spots. In comparison to Fig. 3c1, a significant 343 

decrease in S accumulation was found across the epidermis and exodermis tissues of rice root tips 344 

(Fig. 3c2). However, S distribution in the endodermis, pericycle, and stele of root tips was more 345 

extensive than in the mature root zone. This suggested that a considerable proportion of S could 346 

penetrate the stele in both sections of rice roots. Fig. 3a2,b2,c2 demonstrated that S distribution did not 347 

follow the pattern observed for Fe and Cr in the outer cell layers of the root tip cross-section.  348 

Potassium (K) and Ca primarily accumulated in the internal cell layers of both root sections, 349 

including endodermis, pericycle and vascular cylinder, as determined by high K and Ca fluorescence 350 

intensities (Fig. 3e1-2,f1-2). This observation suggested successful penetration of both elements into the 351 

root xylem and their subsequent possible translocation to the shoot. Images e1,f1 and e2,f2 in Fig. 3 352 

clearly demonstrated that the cortex tissue in the mature root of Cr-exposed rice contained a limited 353 

degree of an irregular radial dispersion/gradient of K and Ca relative to the root tip zone. This result 354 

suggested that K and Ca tended to accumulate in vascular tissues. The distribution pattern of K was 355 

analogous to that of Ca in rice roots from both regions. Regardless of the Mn-free region in the cortex 356 

and Mn-enriched region in the stele, Mn concentration in the outer cell layers approximately 357 
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resembled Cr concentration in the rice root maturation region (Fig. 3a1,d1). Mn distribution in the rice 358 

root tip region was not only limited to the outer cell layers and stele, but also included parts of cortical 359 

tissues (Fig. 3d2). 360 

 361 

3.4. Cr K-edge μ-XANES analysis 362 

One main peak and two shoulders, resolved at ~5999.0 eV (peak- 1), ~6005.0 eV (shoulder- 2) and 363 

~6015.0 eV (shoulder- 3), respectively, were recorded in the Cr K-edge XANES spectra associated 364 

with spots of interest (SOIs) in the mature and tip region of the root (Fig. 4a). These features were 365 

more similar to Cr(III)-Fh and Cr(III)-FA standards rather than the Cr(III) acetate standards with a 366 

broader peak 1. The first derivative spectrum of Cr(III) acetate showed an apparently lower energy 367 

position of peak b compared to other standards and samples (Fig. 4b). In addition, peak b for all 368 

hotspot first derivative spectra displayed a similar shape to Cr(III)-Fh. However, peak c, which 369 

appeared in the first derivative spectra of Cr(III)-FA and all hotspots, was absent in Cr(III)-Fh. 370 

Therefore, Cr could co-exist and/or form complexes with fulvic acid-like (⁓FA) substances as an 371 

organic metabolite with more diverse functional groups (Qin et al., 2016; Wang et al., 2019; Zhang et 372 

al., 2020) and/or ferrihydrite as a typical amorphous form of iron (hydr)oxide in the outer cell layers 373 

of rice roots (Tripathi et al., 2014; Zandi et al., 2020).  374 

 LCF analysis based on spectral features (Fig. 4a) revealed that Cr(III) bound to FA-like anions 375 

accounted for 58-64% (spot 2-spot 1) and 13-17% (spot 2-spot 1) of total Cr in the tip and mature 376 

regions of rice roots, respectively (Fig. 4c). In other words, the epidermal layer (spot 1) of the mature 377 

root and the sub-epidermal layer (spot 1) in the root tip contained the highest proportion of Cr(III)-FA 378 

species compared to spot 2 in the corresponding layers. The outer cell layers of the root tip (spot 1 and 379 

spot 2) contained mainly Cr(III)-FA species, whereas Cr was mainly present as Fh-bound Cr(III) in 380 

the IP of the mature root outer cell layers (83-87% of total Cr). This result suggested that the 381 

immobilisation of Cr through complexation with ferrihydrite in IP on the outer cell layers of the 382 

mature root was more important than the immobilisation of Cr species by complexation with phyto-383 

/organic metabolite compounds. More than 83% of total Cr was present as Cr(III)-Fh species in spot 1 384 
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and spot 2 of the mature root zone, which was considerably higher compared to spot 1 and spot 2 of 385 

the root tip zone.  386 

 387 

3.5. Carbon isotope results 388 

 The mean δ13C values showed a remarkable disparity between the plaque-free 13C-labelled (515.04‰) 389 

and non-labelled (-30.00‰) root samples (Table S2), indicating that the downward flux of 390 

photosynthetically processed 13CO2 was significant (successful 13C labelling) during the short period 391 

of our experiment. However, in terms of C concentrations in labelled/non-labelled roots, this 392 

discrepancy was not that robust since ~1.1% 13C in the C pool of the non-labelled root samples was 393 

partially similar to ~1.7% 13C in the C pool of the 13C-labelled roots. The results demonstrated that 394 

plants with IP on their roots tended to assimilate less 13C out of 13CO2 than plants devoid of plaque. 395 

We therefore found small differences between the 13C abundance values in 13C-enriched root cells 396 

with or without IP induction. The severe reduction in C mass percentage (C%) in plaque-bearing roots 397 

compared to plaque-free roots was likely caused by the contribution of Fe (III) precipitates to the 398 

mass balance disturbance, regardless of whether roots were labelled or not. 399 

The labelled shoot samples had a 3 times higher 13C/12C ratio (and 13C abundance) compared to the 400 

non-labelled shoot samples. It should be noted that the existing differences in δ13C and 13C abundance 401 

between the labelled root and shoot samples did not significantly affect the mass percentage of C in 402 

the corresponding samples. In comparison with shoot tissues, root tissue (with or without IP) samples 403 

exposed to isotopically labelled 13CO2 showed a lower proportion of 13C isotope abundance, ranging 404 

from 49.9% to 51.9%. Another noteworthy aspect to consider was whether the presence of IP on the 405 

root surface altered C content in 13C-labelled roots. In this regards, our results demonstrated a 406 

substantial decrease (to about 49%) in C content of the plaque-bearing roots (Fe13C-root) compared to 407 

plaque-free roots (13C-root). It was assumed that the observed differences between the above samples 408 

could be associated with the release of metabolites into the culture medium, or even their lower 409 

production in the aerial parts, and thus decreased metabolic activity when IP was present. 410 

 411 

3.6. Distribution mapping of metals and 13C by NanoSIMS 412 
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NanoSIMS was used to map the relationship between metabolically active 13C-enriched root 413 

epidermal cells and metal complexes such as CrO and FeO (hereinafter referred to as iron (oxy) 414 

hydroxide mineral) in both the tip and mature root regions. Two selected areas of root tips (Fig. 5b) 415 

and mature roots (Fig. 5a) were analysed and colour composite images specifically showed the 416 

epidermal cell layer of the roots treated with ferrous-spiked solutions and Cr(III). Regions of interest 417 

in the two sections were defined based on whether iron (oxy) hydroxide minerals were present on (or 418 

within) the epidermal cell membrane. Comparison of the tip with the mature region allowed for 419 

accurate tracking of 13C-enriched metabolites in these two areas. The presence of 13C-enriched cells 420 

was more abundant in the epidermal cell layers of mature roots than in the root tips (Fig. 5).  421 

Based on composite images showing relative locations of species, such as 52Cr16O, 13C14N and 422 

56Fe16O, metabolically active epidermal cells in the mature root region were more enriched in 13C 423 

metabolites compared to the root tip. The location of 13C-enriched metabolites was confined to the 424 

epidermal cell walls (area 1 in Fig. 5a,b) and apoplastic spaces (area 2 in Fig. S4a1). It was also 425 

established that 13C-labelled metabolites in the above-specified spots co-localised with Fe and Cr. 426 

Moreover, 56Fe16O hotspots were always associated with a somewhat similar accumulation of 52Cr16O. 427 

The 56Fe16O signal indicated that Fe was mainly located on the root epidermal surface, irrespective of 428 

the root zone. This phenomenon was more pronounced in the mature than in the immature (tip) region 429 

of the root, with the outer (excluding epidermis) and inner cell (ground tissues and stele) layers of the 430 

latter zone markedly associated with strong 56Fe16O signals (Fig. 3b2). 431 

The distribution of 56Fe16O in the two studied zones was heterogeneous with distinct regions of 432 

accumulation along the outer edge of the root epidermis (area 2 in Fig. 5a,b). The 16O images in the 433 

two analysed zones clearly demonstrated that O signals were more evident in the mature root zone 434 

than in the root tips (Fig. S4). The general pattern of O distribution in 16O images resembled the 435 

distribution observed in 56Fe16O and 52Cr16O images. Regardless of the root zone, the strongest 436 

56Fe16O and 16O signals originating from the outer epidermal cell wall layer were tightly linked with 437 

each other, implying that Fe was likely associated with oxide or oxy-hydroxide on the root surface. 438 

The presence of overlapping signals of 56Fe16O and 13C14N or 12C14N (organic carbons, OCs) in 439 
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specific locations on the root surface suggested the occurrence of organo-Fe oxyhydroxide co-440 

precipitates (OFC) complexes in the examined root regions (SI-B). 441 

 442 

3.7. Cr release during iron plaque dissolution 443 

The mature root region appeared to have a lower Cr to Ca ratio compared to the root tips, 444 

regardless of the sampling time (Fig. 6). This discrepancy was attributed to the higher intensity of Ca 445 

distribution on the mature root surface (Fig. 2a3-6). Fluctuations in the Fe/Ca ratios observed in the 446 

root tip were not statistically significant (p > 0.05), while a significant difference between the Fe/Ca 447 

ratios in the mature root zone (initial sharp decrease from day 1 to day 3) was recorded. The decrease 448 

in this region was followed by a slight insignificant increase (day 3-day 7) and then another decrease 449 

(day 7-day 10). This decline continued for the next 6 days (day 10-day 16). The trends in changes in 450 

the Cr/Ca ratios in each of the root sections were identical to those observed for the Fe/Ca ratios, 451 

suggesting that the release of immobilised Cr into the medium solution was consistent with IP 452 

dissolution. 453 

 454 

 4. Discussion 455 

The results of the present work supported the hypothesis that plant exposure to Cr stress further 456 

stimulated Fe2+ exclusion and oxidisation on the root surface (i.e., iron (hydr)oxide(s)/ IP formation) 457 

due to elevated root oxygen release or enzymatic oxidation (Table 1 ; Fig. S5a) (Briat et al., 2010). 458 

This effect was more confined to the mature zone of the rice root surface (Fig. 1a), presumably due to 459 

the more developed structure (Nishiuchi et al., 2012). Thus, this region could better limit Cr's 460 

bioavailability and mobility than immature root tips (Fig. 1b). 461 

Iron (hydr)oxides serve not only as a physical barrier with a metal-sequestering ability (Amaral et 462 

al. (2017) but also as metal-chelating ligands (e.g., DMA: 2′-deoxymugenic acid), which can bind 463 

heavy metals (Banakar et al., 2017). This may explain why Fe accumulation in the tip zone was 464 

slightly higher than in the mature root zone under Cr stress (Fig. 1a).  465 
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Root Cr content was higher than in DCB extracts and shoots (Fig. 1b; Fig. S5b). This suggests that 466 

IP formation in conditions similar to flooded cultivation and its inhibitory effect on Cr uptake (Xiao et 467 

al., 2021) is not necessarily limited to the root epidermal surface (Fig. 2a2-5). This condition most 468 

likely involves the apoplastic space in the outer layers of root cells (Fig. 3b1-2) (Khan et al., 2016). It 469 

appears that Cr-induced increased aerenchyma-rhizosphere oxygen outflux, coinciding with higher Fe 470 

concentrations (Fig. 3b1-2) (Becker et al., 2020), resulted in an increased amount of Cr precipitated on 471 

the outer cell layers compared to internal cell tissues in the tip and mature zone of rice roots (Fig. 3a1-472 

2). It’s worth noting that increased Cr retention in outer cell layers of plaque-bearing roots compared 473 

to plaque-free roots was not associated with aerial uptake (Fig. S5b). This underlines the significance 474 

of IP in Cr immobilisation (Zandi et al., 2020, 2021). 475 

The observed correlation between Cr and Ca concentration intensities in surface μ-XRF imaging 476 

of overlapping areas (Fig. 2a1-3, a4-6, b2-5) indicated the importance of Ca as a critical factor in 477 

rigidifying cell walls and providing structural integrity to cellular membranes (Hepler, 2005; Pathak et 478 

al., 2021) in Cr cell wall sequestration by binding to it (Zeng et al., 2011). This effect was particularly 479 

restricted to the outer surface (i.e., epidermal layer) of the mature root zone, where similar Cr (Fig. 480 

2a1), Fe (Fig. 2a2) and Ca (Fig. 2a3) concentration intensities indicated the co-precipitation of Fe with 481 

Ca and Cr on epidermal root surfaces. It has been shown by sorption experiments that Ca (Gunnars et 482 

al., 2002; van Genuchten et al., 2014) and Cr (Yu et al., 2017) can react with surface hydroxyl groups 483 

and adsorb on iron oxides. 484 

In the present study, Cr accumulation in the outer cell layers (except for the epidermis) was not 485 

associated with Cr deposition on cell walls (Fig. 3a1-2), as indicated by the low correlation between Ca 486 

and Cr intensities (R2= 0.01) in both root regions (Fig. S3). In contrast to our finding, in their research 487 

on arsenic (As) and Cr (VI), respectively, Xu et al. (2022) and Zeng et al. (2011) attributed the 488 

inhibitory role of cell walls to the entire root tissue. This difference might be related to the higher 489 

mobility of metal species used in their studies.  490 

The formation of Fe and Mn plaque on rice roots is indeed a ROL (radial oxygen loss)-mediated 491 

exclusion strategy for limiting the absorption of potentially toxic elements (Yu et al., 2017; Li et al., 492 

2019). Consistently with Crowder and Coltman (1993), Ye et al. (2001) and Zhang et al. (2015), the 493 
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concentration of Fe deposits in the outer cell layers of both root regions in this work was also more 494 

intense compared to Mn deposits (Fig. 3b1-2,d1-2). Therefore, it was not surprising that the co-495 

occurrence of Fe and Cr deposits in hotspot and non-hotspot regions was more pronounced than that 496 

of Mn and Cr deposits in both regions of the root (Fig. 3; Fig. S3). It is generally accepted that the 497 

functional groups in IP have the potential to form a more active substrate for metal sequestration (Cao 498 

et al., 2018; Xu et al., 2018) than those in Mn plaque with its unique catalytic capacity and surface 499 

activity (Ye et al., 2001; Liu and Zhu, 2005). In addition to Fe and Mn plaques, sulphur (S) containing 500 

metabolites are also effective in Cr chelation and subcellular sequestration (Holland and Avery, 2011; 501 

Zandi et al., 2021), as was evident in simultaneous S and Cr depositions in the examined root regions 502 

(Fig.3a1-2, c1-2). 503 

Exclusion and chelation mechanisms seem to co-occur in rice roots during Cr stress exposure, 504 

which may lead to decreased Cr entry into the inner layers of root cells and hence lowered Cr uptake, 505 

as seen in Fig. 3a1-2 and Fig. S5b. This would confirm the hypothesis that root exudation of organic 506 

metabolites effectively reduces heavy metal uptake by rice at the root-rhizosphere interface (exclusion 507 

strategy) (Wang et al., 2019;  Zhang et al., 2020). 508 

The results of the XANES spectra of spots of interest (SOIs) in Cr µ-XRF mapping showed that 509 

phytometabolites involved in Cr chelation and detoxification were likely LMW fulvic acid-like (⁓FA) 510 

anions (Fig. 4c) (Wang et al., 2019; Zhang et al., 2020) which have not been reported for soil-free 511 

plant systems. These compounds are supposed to form stable chelate compounds with certain heavy 512 

metals (chelation strategy), such as Cd (Rashid et al., 2018) and Cr (Pradas del Real et al., 2014), 513 

enabling plants to withstand Cr-induced toxicity (Chen et al., 2017). Besides, reports indicated the 514 

high affinity of these metabolites for Fe(III) and other structurally similar trivalent metal cations, 515 

including Mn (III) (Tang et al., 2010; Saad et al., 2017). 516 

The proportion of Cr(III)-FA complexes varied between individual SOIs (spot 1 and spot 2) in 517 

both root regions, proposing two different models (Fig. 4c). On the one hand, a higher percentage of 518 

phytometabolites or FA-like anions was bound to Cr(III) species adjacent to the root surface compared 519 

to the more internal tissues in the mature root (17% vs 13%), suggesting the existence of a resistance 520 

mechanism through exclusion (Osmolovskaya et al., 2018; Bali et al., 2020). On the other hand, a 521 
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reverse trend (58% and 64% for epidermal and subepidermal layers, respectively) was observed for 522 

organically bound Cr(III) in the root tip, suggesting the occurrence of a tolerance mechanism through 523 

inclusion and chelation. The proposed models were consistent with our IP dissolution results (Fig. 6). 524 

For instance, in the root tip zone with its unique trend of organo-Cr(III) species, neither IP dissolution 525 

nor Cr release was found to occur (Figs. 4c and 6; SI-C), reinforcing the possibility of Cr re-uptake 526 

from the root tip zone in the rhizosphere. Combining the proposed models with our ICP analysis (Fig. 527 

S5b), it can be inferred that the binding of FA-like anions to Cr(III) species did not lead to increased 528 

Cr mobility and accumulation in shoot tissues. 529 

The limited IP build-up on the root surface (Fig. 2a5) is assumed to have resulted in increased 530 

binding of FA-like anions relative to Fh species to Cr ions at the adsorbing sites in the root tip 531 

epidermis (58% vs 42%; T-Spot 2 in Fig. 4c). Consequently, the formed organo-Cr(III) species 532 

transferred to the immobilising sites in the outer cell layers of the root tip (Fig. 3a1). This assumption 533 

was consistent with our carbon isotope results, where the absence (or scarcity) of root plaques 534 

increased the biosynthesis and transport of 13C-labelled organic metabolites (isotopic organic carbons- 535 

Ocs) to the root system (Table 2), thereby increasing the possibility of their binding to Cr. In a study 536 

by Tao et al. (2020), it was demonstrated that a small portion of assimilated 13C was incorporated in 537 

forming organic anion metabolites involved in Cd complexation. 538 

The reduced abundance of isotopic OCs in rice roots with IP, compared to those stored in rice 539 

roots without IP, indicated that root plaques effectively prevented the assimilation and transfer of 540 

shoot-derived metabolites (Table 2) by Cr retention and stress alleviation. Studies on plaque-free roots 541 

revealed that heavy metal stress increased the content of organic acid anions in the roots and root 542 

exudates (Yang et al., 2000; Mariano Eduardo et al., 2005). 543 

In contrast to being a more active site of organic anion metabolism and biosynthesis (Mariano 544 

Eduardo et al., 2005), only a small fraction of total Cr in individual SOIs in the outer cell layers of the 545 

mature root could be chelated (13-17%) or exuded by these metabolites compared to iron 546 

(hydr)oxides (Fig. 4c). There was an obvious dominance of the Cr(III)-Fh complexes relative to 547 

Cr(III)-FA complexes in individual SOIs in the mature root zone, indicating the substantial role 548 

played by Fh composition of iron (hydr)oxides in conferring higher tolerance to Cr toxicity through 549 
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chelation and immobilisation (Yu et al., 2017; Zandi et al., 2020) in this region. The reduced 550 

proportion of Cr(III)-Fh complexes in the epidermal layer of the mature root, relative to the 551 

subepidermal layer of the mature root (83% vs 87%; Fig. 4c), could be explained by a higher IP 552 

dissolution and its associated Cr under the influence of the supposed metabolites in this region (Fig. 6) 553 

(Sebastian and Prasad, 2016; Saad et al., 2017). 554 

Root surface NanoSIMS imaging demonstrated how Fe oxyhydroxide (FeO) and Cr-induced 555 

isotopic/non-isotopic OCs were closely adherent to the epidermal surface and to each other (Fig. 5). 556 

This proximity in turn indicated adsorption of organic anion metabolites or occlusion in the interstices 557 

between amorphous Fh aggregates (Zeng et al., 2008). This co-occurrence not only inhibits the 558 

growth of Fh, but also tends to form smaller amorphous aggregates, and is therefore believed to affect 559 

aggregation behaviour, surface properties and solubility/accessibility of Fh (Eusterhues et al., 2014), 560 

contributing to Fh removal and its associated Cr from the root epidermal layer (Fig. 6). Previous 561 

dissolution studies showed that organic anion metabolites adsorbed on or co-precipitated with iron 562 

(hydr)oxides were likely to weaken Cr(III)-Fe(III)-(oxy)hydroxide compositional bonds under 563 

anaerobic conditions. This phenomenon enhanced the solubility and dissolution kinetics of iron 564 

(hydr)oxides and associated dissolved Cr (Saad et al., 2017).  565 

It is worth noting that the relationship between the secretion/exudation rate of organic anions and 566 

their root concentrations is attributed to heavy metal-activated organic anion transporter channels in 567 

the plasma membrane of root cells (Yang et al., 2012). The observed varied patterns of Cr-induced 568 

secretion of phytometabolites (Fig. 5) and IP dissolutions (Fig. 6) between the examined root regions 569 

(mature root > root tip) could be due to the fact that root exudates, regardless of their role in heavy 570 

metal chelation (Montiel-Rozas et al., 2016), are secreted to promote solubility and absorption of 571 

poorly available nutrients in the rhizosphere (Jones et al., 2004; Gojon, 2013). Indeed, the mature 572 

zone of the root system is responsible for the majority of nutrient uptake in crop plants (Jones et al., 573 

2004; Wirth et al., 2007; Gojon, 2013), which in turn explains the absolute predominance of root 574 

exudates and dissolution rate of iron (hydr)oxides in this region compared to the root tip region (Figs. 575 

5 and 6). In other words, the increased secretion of organic anions from the mature region compared 576 

to the immature (tip) region of the root, in addition to destabilising iron (hydr)oxides (Yang et al., 577 
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2012, 2013) and possible release of their co-precipitated Cr ions (Fig. 6), can also be considered an 578 

essential mechanism reducing the physical resistance of root plaques to nutrient absorption.  579 

Considering the absence of IP dissolution and release of its Cr co-precipitates (Fig. 6) and limited 580 

secretion of organic anions (Fig. 5) in the root tip region, the relatively higher proportion of organo-581 

Cr(III) species in more internal than external tissues (64% vs 58%) of the outer cell layers in this 582 

region (Fig. 4c), likely reflected the importance of organic anions (i.e., FA-like anions) in capturing 583 

and transferring the absorbed Cr in the form of organo-Cr(III) species to the root tip sub-epidermis. 584 

The proposed model can also be construed as a possible direct or indirect re-uptake of Cr from the 585 

solution medium after release from the mature region of rice roots (as outlined earlier) and its 586 

subsequent immobilisation by a combination of Fh and FA-like chelators.  587 

The strong presence of organo-Cr(III) (58-64%) complexes in relation to Cr(III)-Fh (36-42%) 588 

complexes in the root tip outer cell layers (Fig. 4c) was an indirect reference to the reinforcing role of 589 

FA-like anions in Cr chelation and immobilisation when the Fh chelator pool was insufficient. As 590 

indicated earlier, the accumulation of 13C-labelled organic metabolites was more intense in plaque-591 

free roots (13C-root) than in plaque-bearing roots (Fe13C-root) under Cr stress, regardless of the root 592 

section (Table 2). This indirectly underscored the role played by these anions as complementary 593 

factors for Cr immobilisation.  594 

 595 

5. Concluding remarks 596 

The present study concludes that root plaques have a central role in Cr chelation and 597 

immobilisation, especially in the mature root region. The uptake inhibiting function of IP was not only 598 

confined to root epidermal surfaces but also stretched across the entire root outer cell layers. It 599 

strongly suggested that an integration of both Cr resistance (exclusion) and tolerance (chelation) 600 

strategies was directly involved in the mature region of the root, where iron (hydr)oxide precipitates 601 

alone accounted for over 83% of total Cr (Cr(III)-Fh) species at Cr hotspots in the epidermal and sub-602 

epidermal layers of root cells. An uneven partnership in root Cr retention and inactivation was 603 

actively present in root tissues; as such, none or limited IP coated roots contained an increased amount 604 
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of isotopic OCs or a higher percentage of Cr(III)-FA species (58-64% for root tips), respectively. The 605 

proposed model concerning the outflow (Pos. mature root) or inflow (Neg. root tips) of metabolites 606 

carrying Cr (organo-Cr (III)) in outer cell layers of both root regions was well consistent (positive- 607 

Pos./ negative- Neg. effect) with signal intensities of 13C-labelled spots as active nano-scaled spots of 608 

root exudates and iron (hydr)oxide dissolution. 609 
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Table Captions 1 

Table 1 Cr and Fe concentrations and percentage distributions in different organs of the rice 2 

plant 3 

Table 2 δ13C values (‰), percentage of non-isotopic carbon and 13C abundance for 4 

labelled/unlabelled rice shoot and root (with or without iron plaque) samples 5 
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2 
 

Table 1 6 

Notes. Data are means ± SE (n=3); DCB, dithionite–citrate–bicarbonate, CK and Cr (III) represent 0 and 1.0 mg L–1 7 

CrCl3. 6H2O, respectively; Fe80 represents 80 mg L–1 FeSO4·7H2O; data are means of 3 replications; different small 8 

letters indicate a significant difference at p <0.05 according to the LSD test.  9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Treatments 

DCB extracts (iron plaque) 

 

Roots 

 

 

Shoots 

Concentration 

(mg kg˗1) 

Distribution 

(%) 

Concentration 

(mg kg˗1) 

Distribution 

(%) 

Concentration 

(mg kg˗1) 

Distribution 

(%) 

Cr Fe Cr Fe Cr Fe Cr Fe Cr Fe Cr Fe 

Fe80-CK 

0.00b 

±0.00 

41.26b 

± 2.80 

_ 90.7 

0.00b 

± 0.00 

1.95ab 

±0.43 

_ 4.3 

0.00b 

± 0.00 

0.40a 

± 0.04 

_ 5.0 

Fe80-Cr(III) 

1.89a 

±0.14 

62.73a 

±2.60 

37.3 88.7 

2.66a 

± 0.14 

3.87a 

±0.65 

53.0 5.3 

0.04a 

± 0.00 

0.34a 

± 0.01 

9.7 6.0 

LSD % 0.60 20.74 9.41 8.72 0.61 4.66 16.16 4.30 0.01 0.21 7.59 5.17 



3 
 

Table 2 10 

 Plant Sample 

 (PS) 

*δ13C 

(‰) 

**C%  

(µg C g‒1 of a PS)×100 

13C abundance                       

(µg 13C g‒1 PS C) 

CK-root –30  46.09  1.08  

13C-root 515   45.54  1.67  

Fe13C-root 456  23.25  1.61  

CK-shoot –32.99  43.05  1.08  

13C-shoot 1968 44.47  3.23  

 Note. *- [(molar ratio of 13C/12C in samples divided by the carbonate-based VPDB standards) ‒1×1000]; CK- 11 

unlabelled (12C) plant samples; **- denotes the mass content percentage of C in plant samples.  12 
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Figure captions 1 

 

Fig. 1. The concentrations of Fe (a) and Cr (b) in root tip and mature root regions before (in iron 2 

plaque) and after (in root tissues) DCB extraction in Oryza. sativa L. at the seedling stage. Bars 3 

labelled with different lowercase letters are considered significant at p < 0.05. Data points and bars 4 

represent means ± SE (n=3). 5 

 

Fig. 2. (a)-Microscale distribution (μ-XRF mapping) of Cr (a1,4), Fe (a2,5), and Ca (a3,6) on the 6 

epidermal surface of mature and tip regions of rice roots with iron plaque, and under Cr(III) treatment. 7 

(b)-Correlation between the intensities of Cr with Fe (b1,4) and Ca (b2,5) as well as Fe with Ca (b3,6) 8 

within maps of the root tip and mature sections quantified by μ-XRF analysis. Scale bars ranging from 9 

dark blue (low counts) to dark red (high counts) colours for each element were acquired from 10 

fluorescence intensities. Each image reports the relative distribution map of individual elements.  11 

 

Fig. 3. Two-dimensional μ-XRF elemental distribution maps for cross-sections of the root tip and 12 

mature root regions in rice seedlings after Fe80-Cr(III) treatment. Hot spot regions are marked by red 13 

“X” and labelled in both the root tip (1, 2) and mature (1, 2) root cross-sections. Red boxes in the 14 

upper images show where μ-XRF maps were obtained. The selected regions with relatively higher 15 

concentrations of Cr are referred to those of positions subjected to µ-X-ray absorption near-edge 16 

spectroscopy (µ-XANES) spectra collection. Scale bars representing different colours (dark blue-low 17 

counts to dark red-high counts) for each element were acquired from fluorescence intensities. Each 18 

image reports the relative distribution map of individual elements.  19 

 

Fig. 4. Chromium (Cr) K-edge XANES spectra (a) and their first derivative spectra (b) from Cr 20 

hotspots (in Fig. 3a1-2) in the root tip (T) and mature (M) root cross-sections, as well as the Cr 21 

reference standards (Cr(III) bound to ferrihydrite (Fh) or fulvic acid (FA, referred to as organo-Cr(III) 22 

complexes) and a Cr(III) compound (Cr(CH3COO)3). The linear combination fitting (LCF) results are 23 

Figure Click here to access/download;Figure;Figures.docx
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2 

 

shown in (c). The experimental and fitting XANES spectra in the subgraph (c) are shown as solid and 24 

dashed lines, respectively. R factor represents a goodness-of-fit parameter.  25 

 26 

Fig. 5. Elemental maps of 12C14N, 13C14N, 52Cr16O, and 56Fe16O and corresponding RGB maps, 27 

measured by NanoSIMS, illustrating the overlapping of Cr, Fe and 13C hotspots (C-green, Cr -red, Fe-28 

blue) in cross-sections of mature root (white dotted circles in image a) and root tip (white arrows in 29 

image b) regions in rice seedlings after Fe80-Cr(III) treatment. 13C-labelled spots in bioimaging of 30 

root cross-sections reflect the active nano-scaled spot of root exudates (phyto-metabolites) secreting 31 

from root epidermis. 32 

 33 

Fig. 6. The concentration ratio of Fe/Cr to the calcium (Ca) in the iron plaque of different root 34 

sections during several days after Fe80-Cr (III) treatment. Markers labelled with different lowercase 35 

letters are considered significant at p <0.05. Error bars represent ± SD (n=2). (Fe/Ca and Cr/Ca ratios 36 

were calculated to minimise the impact of varied root weights on the determined Fe and Cr 37 

concentrations at the corresponding harvesting time). 38 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 6 
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