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The present study evaluated the repercussions of magnetopriming on the root system architecture of soybean plants subjected to arsenic toxicity using synchrotron radiation source based micro-computed tomography (SR-µCT). This will be used evey where as abbreviation for the technique for three-dimensional imaging. Seeds of soybean were exposed to the static magnetic field (SMF) of strength (200 mT) for 1h prior to sowing. Magnetoprimed and non-primed seeds were grown for 1 month in a soil–sand mixture containing four different levels of sodium arsenate (0, 5, 10, and 50 mg As kg−1 soil). The results showed that arsenic adversely affects the root growth in non-primed plants by reducing their root length, root biomass, root hair, size and number of root nodules, where the damaging effect of As was observed maximum at higher concentrations (10 and 50 mg As kg−1 soil). However, a significant improvement in root morphology was detected in magnetoprimed plants where SMF pretreatment enhanced the root length, root biomass, pore diameter of cortical cells, root hair formation, lateral roots branching, and size of root nodules and girth of primary roots. Qualitative analysis of x-ray micro-CT images showed that arsenic toxicity damaged the epidermal and cortical layers of the root as well as reduced the pore diameter of the cortical cells. However, the diameter of cortical cells pores in magnetoprimed plants was observed higher as compared to plants emerged from non-primed seeds at all level of As toxicity. Thus, the study suggested that magnetopriming has the potential to attenuate the toxic effect of As and could be employed as a pre-sowing treatment to reduce the phytotoxic effects of metal ions in plants by improving root architecture and root tolerance index. This study is the very first exploration of the potential benefits of magnetopriming in mitigating the toxicity of metals (As) in plant roots utilizing the micro-CT technique.
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Introduction

In recent decades, heavy metal (HM) pollution has emerged as a serious problem for soils and aquatic ecosystems worldwide due to rapidly increasing urbanization and industrialization (Narayanan and Ma, 2023). Among the various stresses [salinity, ultraviolet (UV), drought, HMs, temperature, insects, pests etc.] in the terrestrial environment, HMs are regarded as the chief hazardous culprit due to their highly toxic, irreversible, and enduring nature (Kataria and Jain, 2018; Prajapati et al., 2020; Kashyap et al., 2021). Excessive concentrations of HMs in the soil not only alter its physiochemical properties but also severely impact the plants and animal health (Mahawar et al., 2021). Arsenic (As) is a non-essential noxious metalloid naturally present in the soil (range between 1 and 40 mg kg−1) (EPA, 2001) that possesses severe threats to all forms of life including plants, animals, and human beings (Hasanuzzaman et al., 2015; Chandrakar et al., 2018; Nahar et al., 2022). The level of As is affected by the increased anthropogenic activities, such as, extensive use of agrochemicals, fossil fuels, metal mining, smelting slags, and the disposal of industrial and municipal waste (Mehmood et al., 2017). Terrestrial arsenic is easily accessible and is taken up by plant roots, translocated into leaf tissue, and accumulated in the edible parts. This enables the entry of As into the food chain and causes serious threats to human health (Han et al., 2017). Moreover, high-arsenic concentration leads to several morpho-physiological, phenotypic, and genotypic damages in plants (Garg and Singla, 2011; Gusman et al., 2013; Li et al., 2023). The preliminary symptoms of As toxicity on plants are inhibition of seed germination, chlorosis, decrease in photosynthesis, transpiration rate, decrease root growth, yield, alteration in plant metabolism, and DNA damages that ultimately leads to reduced growth and productivity (Fatima et al., 2021b; Li et al., 2023).

Several approaches have been employed to neutralize/lessen the effect of As toxicity on plants. For instance, exogenous application of salicylic acid, silicon, and 24-Epi-Brassinolide has been shown to mitigate As stress in Triticum aestivum (Sil et al., 2018; Maghsoudi et al., 2020). Similarly, supplementation of melatonin-selenium nanoparticles, phosphorus, and silicon fertilizers detoxified As effects in Brassica napus (Farooq et al., 2022), and Oryza sativa (Li et al., 2009), respectively. In other studies plant growth promoting Acinetobacter sp. was observed to mitigate arsenic stress in Cicer arietinum (Srivastava and Singh, 2014).

Recent progress has been made to explore the potential of SMF to improve the development and stress tolerance of As-treated plants. The magnetopriming is a biophysical, non-invasive, environmental friendly method to promote plant growth and productivity in both normal and stressed environments (Sarraf et al., 2020). Studies reported that seeds primed with magnetic field prior to sowing promotes seed germination, root/shoot growth, seedling vigor, early growth characteristics, photosynthetic rate, and yield of various plants such as Cicer arietinum (Vashisth and Nagarajan, 2008), Helianthus annuus (Vashisth and Nagarajan, 2010), Solanum lycopersicum (Anand et al., 2019), Zea mays (Kataria et al., 2017a, 2019; Kataria et al., 2020a, b), and Oryza sativa (Florez et al., 2004). Involvement of magnetopriming in providing cellular defense against oxidative stress induced by HM toxicity, salinity, UV-B and drought has been reported in Vigna radiata (Chen et al., 2011), Glycine max (Baghel et al., 2016, Baghel et al., 2018; Kataria et al., 2017a, b; Kataria et al., 2020a, b; Prajapati et al., 2024), Zea mays (Kataria et al., 2017a) and Cicer arietinum (Thomas et al., 2013).

It is becoming increasingly evident that the uptake of HMs by roots seems to trigger a structural alteration in root system with potential functional consequences (Armendariz et al., 2016). Since roots are the primary tissues exposed to almost all kinds of soil stresses including metal toxicity and forced to modify their structural development accordingly. Previous research demonstrated the negative outcome of arsenic on root morphology and anatomy in Raphanus sativus, Brassica oleracea, Brassica juncea (de Freitas-Silva et al., 2016), and Phaseolus aureus (Singh et al., 2007). Arsenic toxicity has been found to decrease the root growth, disturbs root vascular cylinder diameter, and causes anatomical alterations like protoplast retraction, cell hypertrophy, cellular plasmolysis, and necrotic regions in plant roots (de Freitas-Silva et al., 2016). Plant roots absorb, uptake, and translocate water and minerals to the foliar tissues of the plants as well as serve as a bridge between plants and soil (Kul et al., 2020). Root system architecture (RSA; spatiotemporal configurations of roots) such as root hairs, main root growth, root length, branching, and lateral root development are the main components of root responsible for maintaining the nutritional status, growth, and development of plants under stress conditions (Karlova et al., 2021). Many studies have demonstrated the detrimental effects of arsenic on the growth of plant roots such as root length, root hair growth, and root toxicity index (Beniwal et al., 2023; Rakkammal et al., 2024). Investigating the RSA of plants under As toxicity can provide insight into the importance of root traits for abiotic stress tolerance. However, due to the limited capabilities of advanced techniques for observing roots, the effects of environmental stress on RSA have been less studied than the above ground parts of plants. In recent years’ synchrotron radiation (SR)–based techniques such as Fourier transform spectroscopy (SR-FTIR), x-ray fluorescence (SR-XRF), and x-ray micro-computed tomography (SR-µCT) have emerged as important tools to examine the structural and anatomical features of plant tissues including roots (Dhondt et al., 2010; Vijayan et al., 2015). In previous studies, x-ray micro-CT (a high-resolution three-dimensional imaging technique that provides qualitative and quantitative information on the structure of plant parts such as leaves, roots, and seeds) has been successfully used to investigate the alterations in leaf veins of soybean plants grown under UV-B stress, heavy metal, stress, and magnetoprimed conditions (Fatima et al., 2016, 2017, Fatima et al., 2021a, b). Therefore, it is possible to implicate x-ray micro-CT (SR-µCT) as an effective imaging technique to investigate the influence of magnetopriming on the RSA of arsenic stressed crop plants. Previously, magnetopriming induced alleviation of adverse effects of cadmium and mercury toxicity in soybean during seed germination and early seedling growth has been reported (Prajapati et al., 2024; Vyas et al., 2024). Magnetopriming has been shown to mitigate the detrimental effects of arsenic toxicity in soybean and Cd toxicity in mungbean on the photosynthetic rate and efficiency of PSII (Chen et al., 2011; Fatima et al., 2021b). However, the lessening of adverse effects of arsenic on RSA in soybean by magnetopriming has not been studied yet. It is therefore time for crop scientists to take advantage of the underutilized and underexplored range of RSA traits in order to assure stability and higher productivity in agricultural systems for future environmental conditions and climate change scenarios. Glycine max L. (soybean), the most important legume for nutrition, is used as a test crop in this study due to its high protein content and nutritional value. For this study, we hypothesized that soybean seeds treated with static magnetic field (SMF) before sowing, when exposed to arsenic toxicity, will change their root morphology to maintain the growth and productivity of the stressed plants. Therefore, the objectives of the present study were (i) to analyze the effect of magnetopriming on root length and root biomass of As-stressed plants and (ii) to observe the RSA of magnetoprimed As-stressed roots using x-ray micro-CT.





Materials and methods

Soybean [Glycine max (L.) variety JS-9560] breeder seeds were procured from the Indian Institute of Soybean Research, Indore, India. The experiments were conducted in ambient conditions during September 2019 to November 2019 on the terrace of the School of Biochemistry, Devi Ahilya Vishwavidyalaya, Indore, India (latitude 2243′N). During the experiment’s period, the average temperature was between 27°C and 30°C, and the relative humidity ranged between 55% and 75%. Prior to sowing in the nursery bags, the SMF primed and non-primed (NP) seeds were mixed with 3g kg−1Rhizobium japonicum strain (National Fertilizer Limited, New Delhi, India) and the recommended fungicides Bavistin and Dithiane Mat (2 g kg−1 seeds).




Magnetic field generation and treatment

The fabricated electromagnetic field (EMF) generator (“AETec” Academy of Embedded Technology, Delhi, India) was designed with a 5-cm gap between its pole pieces. The generator comprises cylindrical pole pieces with a 9-cm diameter and a length of 16 cm. The coil within the generator is with 3,000 turns and possesses a resistance of 16 Ω. These electromagnets are connected to a direct current (DC) power supply with an output of 80 volts and 10 amperes, allowing for continuous adjustment of the current. To monitor the magnetic field strength within the pole gaps, a Gauss meter (DGM-30 by Testron Instruments) was utilize. The electromagnet coil current is regulated to achieve the desired magnetic field strength between the pole pieces. This EMF generator produce a magnetic field of strength ranging from 50 to 300 mT in a horizontal direction, as previously detailed in Kataria et al. (2020b) (Supplementary Figure S1). The sample holder of cylindrical shape made of nonmagnetic thin cardboard box (42 cm3 capacity) was kept between both the pole pieces. The SMF of 200 mT for 1h was applied for magnetopriming of the soybean seeds in present study. The dose was selected on the basis of our earlier research on magnetopriming of soybean seeds (Fatima et al., 2017).

The temperature around the seeds was sustained at 25°C ± 5°C throughout the treatment period. Similar seeds not exposed to magnetic field are served as NP seeds.





Experimental setup and growth measurements

The seeds were germinated in nursery bags (34 cm H × 34 cm B) containing 5 kg of sand, black soil, and cow dung manure in the ratio of 1:2:1. Five to six seeds were germinated per bag and three bags are used for every treatment to arrange the experiment in completely randomized design. Arsenic in the form of sodium arsenate was added to the sand–soil mixture at four different levels (5, 10, and 50 mg As kg−1 soil) ranging from normal to arsenic polluted environment before seed germination. Sand–soil mixture without sodium arsenate treatment (0 mg As kg−1 of soil) was termed as control and used to compare the effects of arsenic toxicity in the plant emerged from NP seeds. The plants were irrigated regularly to avoid drought conditions. After 30 days of emergence of the seedlings; the plants were harvested for further study. The roots of the plants were separated from the aboveground parts. The length and weight of arsenic treated and control plants emerged from magnetoprimed, and NP seeds were measured in centimeters and grams using ruler and weighing balance.





Tolerance index

% Tolerance index (in terms of root mass) of soybean plants emerged from NP and magnetoprimed seeds grown under different concentrations of arsenic toxicity were calculated with the formula given by Iqbal and Rahmati (1992).





Synchrotron micro-computed tomography for root system architecture

The architecture of the root system, in particular the pore diameter, the growth of the main root, the development of the lateral roots, the branching of the roots, the formation of root nodules, and root hairs were investigated with SR-µCT. Advances in SR-µCT for research in various disciplines, including agriculture, have made it possible to characterize plant roots at the micrometer scale. SR-µCT enables 3D visualization and porosity characterization of plant roots in a non-destructive manner (Indore et al., 2022). The technique enables the visualization of roots without physical sections or staining compared to conventional methods (Keyes et al., 2013).

The experimental facility, Imaging Beamline (BL-4), synchrotron radiation source Indus-2, was used for the microcomputed tomographic examination of the samples (Fatima et al., 2021a, b). The synchrotron beam energy for root tomography is 10 keV and the CCD detector with a pixel size of 5 microns is used to obtain the 900 projections by rotating the sample in steps of 0.2° (Fatima et al., 2016). Cross-sectional images of the roots were created from the recorded projections using the Filtered Back Projection (FBP) reconstruction algorithm. Volume rendered images were created from the reconstructed slice stack for the roots using Drishti software (Limaye, 2012). The stack of reconstructed slices was denoised and post-processed further in the Fiji software. In order to quantify the pores visible in the root cross-sections, segmentation was performed to select the pores in the image stack and neglect the remaining part (Fatima et al., 2016).





Statistical analysis

The experiments were conducted in a randomized block design with three biological replicates-3 nursery bags, were used for each treatment (5, 10, and 50 mg As kg−1 soil) and control (0 mg As kg−1 soil) for both SMF-primed (MP) and NP soybean seeds. The data representation form was mean ± SE (n = 3), taking five plants were in each replica for measurements of all the studied parameters. The data were evaluated by Student’s t-test, **p < 0.01; ***p < 0.001 signify the difference amongst soybean plants originates from NP seeds grown under non-stressed and As toxicity conditions; ##p < 0.01; ###p < 0.001 signify the difference amongst NP and MP plants grown in non-stress and As toxicity conditions.






Results and discussion

Arsenic is a non-essential noxious element for plants and animals. It is commonly present in the groundwater of heavily populated river deltas in Southeast Asian countries including India and used for irrigating agricultural crops. Arsenic from ground water is easily absorbed by plant roots and accumulates in these tissues, leading to constant changes in the architecture of the root system enable plants to survive in the polluted environment (Ronzan et al., 2018). Root architecture traits such as root diameter, length, density, branching, and nodulation are fundamental determinants for promoting robust plant growth under challenging environmental conditions. Improving these root traits has the potential to make a significant contribution to sustainable agricultural development and increased productivity, especially in the face of soil stress factors such as arsenic toxicity (Fenta et al., 2011).

Our ongoing research is centered on magnetoprimed soybean plants and their adaptive responses to arsenic toxicity, with a specific emphasis on the development of root morphology. In present investigation, for the first time, we have employed advanced techniques like synchrotron micro-CT to quantify and analyze various root parameters, including root length, diameter, pore size, lateral root branching, and nodule formation in soybean plants. It is important to note that soybean exhibits a characteristic allorhizic root system, in which a tap root (originating from the hypocotyl) serves as the primary root, from which lateral roots subsequently emerge (Fenta et al., 2011). In the present study, we found significant reduction (P < 0.01) in the root length and root mass in NP plants exposed to different levels of As toxicity (5, 10, and 50 mg kg−1) in comparison to control (0 mg kg−1 soil) conditions (Figures 1A, B). The impact of arsenic on root growth, specifically in terms of both root length and root mass, became increasingly pronounced at higher arsenic concentrations. The maximum inhibition of 22% (10 mg kg−1 soil) and 29% (50 mg kg−1 soil) in root length (Figure 1A), and 53% (10 mg kg−1 soil) and 56% decrease (50 mg kg−1 soil) was observed in root biomass in soybean plants from NP seeds (Figure 1B) in comparison to control plants grown under non-stress conditions (0 mg kg−1 soil). A strong inhibition of root length at higher arsenic concentration were also previously reported by Rodríguez-Ruiz et al. (2019) in Pisums ativum and Singh et al. (2007) in Phaseolus aureus. Conversely, a progressive increase in the root length (33%) (Figure 1A) and root biomass (65%) (Figure 1B) was found in magnetoprimed plants in contrast to plants from NP seeds under control conditions. The use of SMF pretreatment resulted in a 36% increase in root length compared to plants from NP seeds when the soil contained 5 mg As per kg. Similarly, at higher arsenic concentrations of 10 and 50 mg As per kg in the soil, SMF pretreatment led to root length increases of 33% and 40%, respectively, compared to their corresponding plants from NP seeds (Figure 1A). Moreover, in response to As toxicity plants from magnetoprimed seeds showed 108%, 99%, and 86% improvement in root biomass as contrast to their corresponding NP ones, respectively, at 5, 10, and 50 mg As kg−1 soil (Figure 1B). The % tolerance index was determined based on root mass of seedlings that originated from both SMF-primed and NP seeds, in the presence or absence of As toxicity conditions (Figure 1C). The results revealed that as the concentration of As increased, the % tolerance index decreased in both NP and SMF-primed seedlings. Remarkably, seedlings from SMF-primed seeds consistently exhibited a higher % tolerance index compared to their respective NP counterparts across all tested concentrations of As, as depicted in Figure 1C. This illustrates that SMF pre-treatment to seeds abridged the phytotoxic effects of As on the roots through severely reducing the root mass. The magnetopriming positively influence on plant growth by stimulating root length and root biomass in plants under non-stress as well as abiotic stress factors such as salt and drought (Anand et al., 2012; Baghel et al., 2016, Baghel et al., 2018, 2019). Similarly, Galland and Pazur (2005) reported that MF pretreatment increased the resistance of plants to As toxicity by regulating the ionic flow in plant cell membranes. The comparable effects of magnetopriming were observed in soybean plants in promoting the growth of above ground parts, efficiency of PSII, photosynthesis, and water transport under arsenic stress (Fatima et al., 2021b). Root growth is a multifaceted process involving several important steps, including cell division in the root meristems, followed by differentiation and elongation of the descending cells (Beemster and Baskin, 1998). In particular, EMFs have been identified as an important factor responsible for promoting the development of metaxylem cells, which in turn contributes to an increased rate of root elongation (Bitonti et al., 2006). Consequently, the observed increase in root length resulting from SMF pre-treatment in our study may enhance the capacity for water and nutrient absorption, which is consistent with previous observations by Radhakrishnan and Kumari (2012).




Figure 1 | Effect of magnetopriming (200 mT for 1h) on root length (A), root biomass (B) and % tolerance index (C) of soybean plants grown for 30 days in different level of As toxicity (0–50 mg kg−1 soil). The vertical lines on bar indicates ± S.E. for mean (n = 3). The data were evaluated by Student’s t-test, **p < 0.01; ***p < 0.001 signify the difference among soybean plants originates from non-primed seeds grown under non-stressed and As-toxicity conditions; ##p < 0.01; ###p < 0.001 signify the difference among non-primed and MP plants grown in non-stress and As toxicity conditions. NP, non-primed and MP, magnetoprimed with SMF.



Disturbances in plant–water relation are the primary effect of HM stress, which induces a series of changes in the whole plant. In roots, metal toxicity stimulates a reduction in water uptake and inhibits short distance water transport in the symplast and apoplast (Rucińska-Sobkowiak, 2016). Arsenic stress imbalances the water status in plants (Mubarak et al., 2016). For example, in response to arsenic stress, the substantial reduction in relative water content, stomatal conductance, water use efficiency and an increase in transpiration rate have been reported in Triticum aestivum, Pisum sativum (Garg and Singla, 2012, Hasanuzzaman and Fujita, 2013), Glycine max (Fatima et al., 2021b), and Lactuca sativa (Gusman et al., 2013).

Impairment of water uptake by roots is related to the decrease in primary root length, root hair formation, and water absorbing area/root pore diameter by metal ions (Mahajan and Kaushal, 2018). Variations in root cortex pores diameter in response to arsenic stress are evident in the present study. Our results showed a substantial decrease in root hairs/complete absence of root hairs in the plants from NP seeds on arsenic exposure at higher concentration (50 mg As kg−1 soil) (Figures 2B–D) as compared to control plants where the root layers (epidermis, cortex and endodermis) were intact and root hairs were turgid (Figure 2A). A similar effect of As toxicity was observed when quantifying the diameter of the pores in the root cortex using the stack of tomography slices (Figures 2, 3). Qualitative analysis of x-ray micro-CT images depicted that arsenic toxicity, damages the epidermal and cortex layer of root cells, losing their shape, size and showing the signs of shrinking and disintegration (Figures 2C, D). The pore diameter of cortical cells in NP plants decreases with increase in As concentration and the maximum pore size reduction was monitored at higher As treatment (50 mg kg−1 soil), which was 15% less as compared to control (0 mg kg−1 soil) (Figure 3). Similar alterations in root anatomy are observed in Brasicca oleracea and Brasicca juncea subjected to As toxicity (de Freitas-Silva et al., 2016). Pita-Barbosa et al. (2015) also found a reduction in the mitotic index of the apical meristem and parenchymal cell elongation in the As-treated seedlings, which led to uneven root cap growth and shorter roots as well as decrease in cellular gaps of cortex in Cajanus cajan roots. A microscopic analysis by Sofo et al. (2022) also revealed parallel distortion of the shape and conformation of root hairs in Arabidopsis thaliana after cadmium exposure. The root hairs of A. thaliana were strongly inhibited after Cd treatment (Sofo et al., 2022). However, the diameter of cortical cells pores in magnetoprimed plants was observed higher as compared to plants from NP seeds across all the tested concentrations of As (Figures 2E–H, 3). Thus, the improvement in cortical pore size in magnetoprimed plants signifies the detoxification effects of magnetopriming against As stress. The SMF increases the root hydraulic activity of metal stressed plants and prevents them from water-stress induced by toxic metal ions. Our previous study on the effect of arsenic on leaf anatomy of magnetoprimed soybean plants supports the present results (Fatima et al., 2021b), as the hydraulic activity in plants comprises of the roots, stem and majorly the leaf midrib. Inhibition of primary root growth, alteration in lateral root density, decrease in number and size of nodules, are some common features of metal toxicity (van Dijk et al., 2022). HMs even at low concentrations damage and lower the density of lateral roots and root hairs (Baligar et al., 1998). In present study, the comparable results of arsenic toxicity on root traits are depicted in Figure 4. As shown in the figure, the root girth/thickness of primary root in NP plants (Figures 4A–D) decreases constantly with increase in arsenic concentration as compared to control plants. Moreover, arsenic decreased the volume of lateral roots, root hairs density, and nodules number in NP plants (Figures 4A–D). The highest reduction in lateral roots, root hairs, and nodule numbers were observed at the higher As concentration (50 mg kg−1 soil) (Figure 4D). Several research reported alike inhibitory effect of arsenic on nodule formation, root proliferation and extension as they are the primary tissues that come in direct contact with the metal ions (Kumar et al., 2020; Nahar et al., 2022). However, the magnetoprimed plants showed massive nodules and high number of root hairs at all the metal concentration (5, 10, and 50 mg As kg−1 soil) used including control as compared to NP plants (Figures 4E–H). Furthermore, the lateral roots in magnetoprimed plants are thicker in appearance than plants from NP seeds. This observation implies that magnetopriming neutralizes the phytotoxic effect of arsenic on root growth and development. Thus, the magnetopriming results in the improvement of RSA and tolerance of plants towards HM stress. The better root system may possibly enhanced nutrient and water uptake. Thus, SMF may increase the root hydraulic activity of arsenic stressed plants and prevent them from water-stress induced by toxic metal ions. It has been found previously that the magnetopriming improved the hydraulic activity that facilitates the transport of carbon, water, and nutrients in plants by increasing the average thickness of midrib and minor veins in soybean leaves (Fatima et al., 2021b). Some authors claim that magnetic fields may affect ion channel activation or ion transport within cells (García-Sancho and Javier, 1994; Galland and Pazur, 2005). Together, these factors contribute to the overall health and vigor of the plants ultimately leading to better yields under HM toxicity.




Figure 2 | The cross-sectional images of tomography slices for roots of soybean plant (30-day old) grown from NP (upper row, A–D) and MP (lower row, E–H) seeds under different level of As toxicity (0–50 mg kg−1 soil), illustrates the pores in cortex region and the inner cylinder region of the roots. NP, non-primed and MP, magnetoprimed with SMF.






Figure 3 | Effect of magnetopriming (200 mT for 1h) on diameter of pore size of cortical cells of roots in soybean plants grown for 30 days in different level of As toxicity (0–50 mg kg−1 soil). The vertical lines on bar indicates ± S.E. for mean (n = 3). The data was evaluated by Student’s t-test, **p < 0.01; signify the difference among soybean plants originates from non-primed seeds grown under non-stressed and As-toxicity conditions; #p < 0.05; signify the difference among non-primed and MP plants grown in non-stress and As toxicity conditions. NP, non-primed and MP, magnetoprimed with SMF.






Figure 4 | Volume rendered images of roots of soybean plant (30 day old) grown from NP (upper row, A–D) and MP (lower row, E–H) seeds under different level of As toxicity (0–50 mg kg−1 soil), represents main root, secondary root, root nodule and root hair. NP, non-primed and MP, magnetoprimed with SMF.







Conclusion

The present study investigates the role of magnetopriming with SMF (200 mT for 1h) in alleviating the adverse effects of arsenic on RSA of soybean plants using synchrotron source base micro-computer tomography imaging technique. Arsenic vigorously inhibits the root growth and development by decreasing the root length, biomass, girth of primary root, root hairs formation, lateral roots branching, pore diameter of cortical cells, disintegrating the root layers and reducing the number and size of nodules. However, application of SMF treatment to soybean seeds prior to sowing results in the significant enhancement in root growth by improving the abovementioned root traits. Thus, our study concluded that magnetopriming has the potential to protect the plant roots from the adverse effect of As toxicity and enhance the tolerance of soybean plants against As toxicity. The present information on the impact of magnetopriming on existing plants under HM toxicity is quite less for its implication in the field conditions. Hence, future studies are needed on the detailed mechanism that how SMF priming is improving/altering the RSA, which signaling pathways/genes are activated by SMF? Further detailed studies need to be conducted to implement this technique with promising benefits in the field condition.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Author contributions

AF: Writing – review & editing, Conceptualization, Methodology, Writing – original draft, Data curation, Formal analysis, Funding acquisition, Investigation, Project administration, Resources, Software, Supervision, Validation, Visualization. SK: Conceptualization, Supervision, Writing – original draft, Writing – review & editing, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Validation, Visualization. MJ: Writing – original draft, Supervision, Writing – review & editing, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Validation, Visualization. RP: Writing – review & editing, Methodology, Writing – original draft, Data curation, Formal analysis. LM: Resources, Software, Validation, Visualization, Conceptualization, Funding acquisition, Supervision, Writing – original draft, Writing – review & editing, Formal analysis, Investigation, Project administration.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. Financial support by DST SERB National Post-Doctoral Fellowship-NPDF (PDF/2017/000643) to AF, CSIR NewDelhi for JRF (09/301(0140)/2019-EMR-I) to RP and DST-SR/WOS-A/LS-17/2017 to SK during this study is thankfully acknowledged.




Acknowledgments

AF acknowledges Y.Kashyap and A.K Agrawal, Technical Physics Division, Bhabha Atomic Research Centre, Trombay, Mumbai, India for providing experimental facility.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1391846/full#supplementary-material

Supplementary Figure 1 | Electromagnetic field generator for pre-treatment with static magnetic field (SMF) for 200 mT for 1h to soybean (Glycine max) variety JS-9560 seeds.




References

 Anand, A., Kumari, A., Thakur, M., and Koul, A. (2019). Hydrogen peroxide signaling integrates with phytohormones during the germination of magnetoprimed tomato seeds. Sci. Rep. 9, 1–11. doi: 10.1038/s41598-019-45102-5

 Anand, A., Nagarajan, S., Verma, A., Joshi, D., Pathak, P., and Bhardwaj, J. (2012). Pretreatment of seeds with static magnetic field ameliorates soil water stress in seedlings of maize (Zea mays L.). Indian J. Biochem. Biophys. 49, 63–70.

 Armendariz, A. L., Talano, M. A., Travaglia, C., Reinoso, H., Oller, A. L. W., and Agostini, E. (2016). Arsenic toxicity in soybean seedlings and their attenuation mechanisms. Plant Physiol. Biochem. 98, 119–127. doi: 10.1016/j.plaphy.2015.11.021

 Baghel, L., Kataria, S., and Guruprasad, K. N. (2016). Static magnetic field treatment of seeds improves carbon and nitrogen metabolism under salinity stress in soybean. Bioelectromagnetics 37, 455–470. doi: 10.1002/bem.21988

 Baghel, L., Kataria, S., and Guruprasad, K. N. (2018). Effect of SMF pretreatment on growth, photosynthetic performance and yield of soybean under water stress. Photosynthetica 56, 718–730.

 Baghel, L., Kataria, S., and Jain, M. (2019). Mitigation of adverse effects of salt stress on germination, growth, photosynthetic efficiency and yield in maize (Zea mays L.) through magnetopriming. Acta Agrobot 72, 1757.

 Baligar, V. C., Fageria, N. K., and Elrashidi, M. (1998). Toxicity and nutrient constraints on root growth. Hort Sci. 33, 960–965.

 Beemster, G. T. S., and Baskin, T. I. (1998). Analysis of cell division and elongation underlying the developmental acceleration of root growth in Arabidopsis thaliana. Plant Physiol. 116, 515–526. doi: 10.1104/pp.116.4.1515

 Beniwal, R., Yadav, R., and Ramakrishna, W. (2023). Multifarious effects of arsenic on plants and strategies for mitigation. Agriculture 13, 401. doi: 10.3390/agriculture13020401

 Bitonti, M. B., Mazzuca, S., Ting, T., and Innocenti, A. M. (2006). Magnetic field affects meristem activity and cell differentiation in Zea mays roots. Plant Biosyst. 140, 87–93.

 Chandrakar, V., Pandey, N., and Keshavkant, S. (2018). “Plant responses to arsenic toxicity: morphology and physiology,” in Mechanisms of Arsenic Toxicity and Tolerance in Plant. Eds.  M. Hasanuzzaman, K. Nahar, and M. Fujita (Springer, Singapore), 27–48.

 Chen, Y. P., Li, R., and He, J. M. (2011). Magnetic field can alleviate toxicological effect induced by cadmium in mungbean seedlings. Ecotoxicology 20, 760–769. doi: 10.1007/s10646-011-0620-6

 de Freitas-Silva, L., de Araújo, T. O., da Silva, L. C., de Oliveira, J. A., and de Araujo, J. M. (2016). Arsenic accumulation in Brassicaceae seedlings and its effects on growth and plant anatomy. Ecotoxicol. Environ.Saf. 124, 1–9. doi: 10.1016/j.ecoenv.2015.09.028

 Dhondt, S., Vanhaeren, H., Loo, D. V., Cnudde, V., and Inze, D. (2010). Plant structure visualization by high-resolution X-ray computed tomography. Trends. Plant Sci. 15, 419–422. doi: 10.1016/j.tplants.2010.05.002

 EPA (2001). EPA. Fed Regist. 66, 6976–7066.

 Farooq, M. A., Islam, F., Ayyaz, A., Chen, W., Noor, Y., Hu, W., et al. (2022). Mitigation effects of exogenous melatonin-selenium nanoparticles on arsenic-induced stress in Brassica napus. Environ. Pollut. 292, 118473. doi: 10.1016/j.envpol.2021.118473

 Fatima, A., Kataria, S., Agrawal, A. K., Singh, B., Kashyap, Y., Jain, M., et al. (2021a). Use of synchrotron phase-sensitive imaging for the investigation of magnetopriming and solar UV-exclusion impact on soybean (Glycine max) Leaves. Cells 10, 1725. doi: 10.3390/cells10071725

 Fatima, A., Kataria, S., Baghel, L., Guruprasad, K. N., Agrawal, A. K., Singh, B., et al. (2017). Synchrotron-based phase-sensitive imaging of leaves grown from magneto-primed seeds of soybean. J. Synchrotron. Rad. 24, 232–239. doi: 10.1107/S1600577516015745

 Fatima, A., Kataria, S., Guruprasad, K. N., Agrawal, A. K., Singh, B., Sarkar, P. S., et al. (2016). Synchrotron X-ray phase contrast imaging of leaf venation in soybean (Glycine max) after exclusion of solar UV (280–400nm) radiation. J. Synchrotron. Rad. 23, 795–801. doi: 10.1107/S1600577516003507

 Fatima, A., Kataria, S., Prajapati, R., Jain, M., Agrawal, A. K., Singh, B., et al. (2021b). Magnetopriming effects on arsenic stress-induced morphological and physiological variations in soybean involving synchrotron imaging. Physiol. Plantarum 173, 88–99.

 Fenta, B. A., Schluter, U., Márquez-García, B., DuPlessis, M., Foyer, C., and Kunert, K. (2011). Identification and Application of Phenotypic and Molecular Markers for Abiotic Stress Tolerance in Soybean. Soybean—Genetics novel techniques yield enhancement 9, 181–200, 182. doi: 10.5772/19182

 Florez, M., Carbonell, M. V., and Martínez, E. (2004). Early sprouting and first stages of growth of rice seeds exposed to a magnetic field. ElectroMagnetobiol 23, 167–176.

 Galland, P., and Pazur, A. (2005). Magnetoreception in plants. J. Plant Res. 118, 371–389. doi: 10.1007/s10265-005-0246-y

 García-Sancho, F., and Javier, P. (1994). Effects of extremely low-frequency electromagnetic fields on ion transport in several cells. Bioenergetics 15, 6–10.

 Garg, N., and Singla, P. (2011). Arsenic toxicity in crop plants: physiological effects and tolerance mechanisms. Environ. Chem. Lett. 9, 303–321. doi: 10.1007/s10311-011-0313-7

 Garg, N., and Singla, P. (2012). The role of Glomus mosseae on key physiological and biochemical parameters of pea plants grown in arsenic contaminated soil. Scientia Hortic. 143, 92–101. doi: 10.1016/j.scienta.2012.06.010

 Gusman, G. S., Oliveira, J. A., Farnese, F. S., et al. (2013). Arsenate and arsenite: the toxic effects on photosynthesis and growth of lettuce plants. Acta Physiol. Plant 35, 1201–1209. doi: 10.1007/s11738-012-1159-8

 Han, X. D., Zhang, Y. Y., Wang, K. L., Huang, Y. P., Yang, Z. B., and Liu, Z. (2017). The involvement of Nrf2 in the protective effects of (-)-Epigallocatechin-3-gallate (EGCG) on NaAsO2-induced hepatotoxicity. Oncotarget. 8 (39), 65302–65312. doi: 10.18632/oncotarget.18582

 Hasanuzzaman, M., and Fujita, M. (2013). Exogenous sodium nitroprusside alleviates arsenic-induced oxidative stress in wheat (Triticum aestivum L.) seedlings by enhancing antioxidant defense and glyoxalase system. Ecotoxicology 22, 584–596.

 Hasanuzzaman, M., Nahar, K., and Fujita, M. (2015). “Arsenic toxicity in plants and possible remediation,” in Soil Remediation and Plants: Prospects and Challenges. Eds.  K. R. Hakeem, M. Sabir, M. Öztürk, and A. R. Mermut (Academic Press, Amsterdam, The Netherlands), 433–501.

 Indore, N. S., Karunakaran, C., and Jayas, D. S. (2022). Synchrotron tomography applications in agriculture and food sciences research: a review. Plant Methods 18, 101. doi: 10.1186/s13007-022-00932-9

 Iqbal, M. Z., and Rahmati, K. (1992). Tolerance of Albizia lebbeck to Cu and Fe application. Ekologia 11, 427–430.

 Karlova, R., Boer, D., Hayes, S., and Testerink, C. A. (2021). Root plasticity under abiotic stress. Plant Physiol. 187, 1057–1070. doi: 10.1093/plphys/kiab392

 Kashyap, V. H., Kohli, I., Singh, A., Bhattacharya, A., Singh, P. K., Varma, A., et al. (2021). “Physiological, biochemical, and morphological approaches to mitigate the effects of abiotic stress in plants,” in Stress Tolerance in Horticultural Crops (Darya Ganj, Delhi, India: Woodhead Publishing), 193–212. Chapter 12. doi: 10.1016/B978–0-12–822849–4.00011–5

 Kataria, S., Baghel, L., and Guruprasad, K. N. (2017a). Pre-treatment of seeds with static magnetic field improves germination and early growth characteristics under salt stress in maize and soybean. Biocatal. Agric. Biotech. 10, 83–90. doi: 10.1016/j.bcab.2017.02.010

 Kataria, S., Baghel, L., and Guruprasad, K. N. (2017b). Alleviation ofadverse effects of ambient UV stress on growth and somepotential physiological attributes in soybean (Glycine max) by seed pre-treatment with static magnetic field. J. Plant Growth Reg. 36, 550–565. doi: 10.1007/s00344-016-9657-3

 Kataria, S., Baghel, L., Jain, M., and Guruprasad, K. N. (2019). Magnetopriming regulates antioxidant defense system in soybean against salt stress. Biocatal. Agric. Biotech. 18, 101090. doi: 10.1016/j.bcab.2019.101090

 Kataria, S., and Jain, M. (2018). “Magnetopriming alleviates adverseeffects of abiotic stresses on plants,” in Plant Tolerance toEnvironmental Stress: Role of Phytoprotectants, 1st Edn. Eds.  M. Hasanuzzaman, M. Fujita, H. Oku, and T. M. Islam (CRC Press, Boca Raton, FL), 427–438.

 Kataria, S., Jain, M., Tripathi, D. K., and Singh, V. P. (2020a). Involvement of nitrate reductase-dependent nitric oxide production in magnetopriming-induced salt tolerance in soybean. Physiol. Plant 168, 422–436. doi: 10.1111/ppl.13031

 Kataria, S., Rastogi, A., Bele, A., and Jain, M. (2020b). Role of nitric oxide and reactive oxygen species in static magnetic field pre-treatment induced tolerance to ambient UV-B stress in soybean. Physiol. Mol. Biol. Plant 26, 931–945. doi: 10.1007/s12298-020-00802-5

 Keyes, S. D., Daly, K. R., Gostling, N. J., Jones, D. L., Talboys, P., Pinzer, B. R., et al. (2013). High resolution synchrotron imaging of wheat root hairs growing in soil and image based modelling of phosphate uptake. New Phytol. 198, 1023–1029. doi: 10.1111/nph.12294

 Kul, R., Ekinci, M., Turan, M., Ors, S., and Yildirim, E. (2020). How abiotic stress conditions affects plant roots. doi: 10.5772/intechopen.95286

 Kumar, V., Vogelsang, L., Schmidt, R. R., Sharma, S. S., Seidel, T., and Dietz, K. J. (2020). Remodelingof root growth under combined arsenic and hypoxia stress is linked to nutrient deprivation. Front. Plant Sci. 11. doi: 10.3389/fpls.2020.569687

 Li, R. Y., Ago, Y., Liu, W. J., Mitani, N., Feldmann, J., McGrath, S. P., et al. (2009). The rice aquaporin Lsi1 mediates uptake of methylated arsenic species. Plant Physiol. 150, 2071–2080. doi: 10.1104/pp.109.137067

 Li, H., Li, Y., Li, X., Chen, X. W., Chen, A., Wu, L., et al. (2023). Low-arsenic accumulating cabbage possesses higher root activities against oxidative stress of arsenic. Plants 12, 1699. doi: 10.3390/plants12081699

 Limaye, A. (2012). Drishti, A volume exploration and presentation tool, proc SPIE 8506, developments in X-ray tomography VIII _85060X_October_17_2012. doi: 10.1117/12.935640

 Mahajan, P., and Kaushal, J. (2018). Role of phytoremediation in reducing cadmium toxicity in soil and water. J.Toxicol 23, 1687–8191. doi: 10.1155/2018/4864365

 Mahawar, L., Popek, R., Shekhawat, G. S., AlYemeni, M. N., and Ahmad, P. (2021). Exogenous hemin improves Cd2+ tolerance and remediation potential in Vignaradiata by intensifying the HO-1 mediated antioxidant defence system. Sci. Rep. 11, 2811. doi: 10.1038/s41598-021-82391-1

 Maghsoudi, K., Arvin, M. J., and Ashraf, M. (2020). Mitigation of arse-nic toxicity in wheat by the exogenously applied salicylic acid,24-epi-brassinolide and silicon. J. Soil Sci. Plant Nutr. 20, 577–588.

 Mehmood, T., Bibi, I., Shahid, M., Niazi, N. K., Murtaza, B., Wang, H., et al. (2017). Effect of compost addition on arsenic uptake, morphological and physiological attributes of maize plants grown in contrasting soils. J. Geochem. Explor. 178, 83–91. doi: 10.1016/j.gexplo.2017.03.018

 Mubarak, H., Mirza, N., Chai, L. Y., Yang, Z. H., Yong, W., Tang, C. J., et al. (2016). Biochemical and metabolic changes in arsenic contaminated Boehmeri anivea L. Biomed. Res. Int.  2016, 1423828.

 Nahar, K., Rhaman, M. S., Parvin, K., Bardhan, K., Marques, D. N., García-Caparrós, P., et al. (2022). Arsenic-induced oxidative stress and antioxidant defense in plants. Stresses 2, 179–209. doi: 10.3390/stresses2020013

 Narayanan, M., and Ma, Y. (2023). Metal tolerance mechanisms in plants and microbe-mediated bioremediation. Environ. Res. 222, 115413. doi: 10.1016/j.envres.2023.115413

 Pita-Barbosa, A., Gonçalves, E. C., and Azevedo, A. A. (2015). Morpho-anatomical and growth alterations induced by arsenic in Cajanus cajan (L.) DC (Fabaceae). Environ. Sci. Pollut. Res. Int. 22, 11265–11274. doi: 10.1007/s11356-015-4342-9

 Prajapati, R., Kataria, S., Gadre, R., Landi, M., and Jain, M. (2024). Unveiling the mechanisms underpinning alleviation of mercury toxicity by static magnetic field treatment in soybean. J. Plant Growth Regul. 43, 1–17. doi: 10.1007/s00344-023-11063-3

 Prajapati, R., Kataria, S., and Jain, M. (2020). Seed priming for alleviation ofheavy metal toxicity in plants: an overview. Plant Sci. Today 7, 16.

 Radhakrishnan, R., and Kumari, R. (2012). Pulsed magnetic field: A contemporary approach offers to enhance plant growth and yield of soybean. Plant Physiol. Biochem. 51, 139–144. doi: 10.1016/j.plaphy.2011.10.017

 Rakkammal, K., Pandian, S., and Ramesh, M. (2024). Physiological and biochemical response of finger millet plants exposed to arsenic and nickel stress. Plant Stress 11, 100389. doi: 10.1016/j.stress.2024.100389

 Rodríguez-Ruiz, M., Aparicio-Chacón, M. V., Palma, J. M., and Corpas, F. J. (2019). Arsenate disrupts ion balance, sulfur and nitric oxide metabolisms in roots and leaves of pea (Pisumsativum L.) plants. Environ. Exp. Bot. 161, 143–156.

 Ronzan, M., Piacentini, D., Fattorini, L., Della Rovere, F., Eiche, E., Riemann, M., et al. (2018). Cadmium and arsenic affect root development in Oryza sativa L. negatively interacting with auxin. Environ. Exp. Bot. 151, 64–75. doi: 10.1016/j.envexpbot.2018.04.008

 Rucińska-Sobkowiak, R. (2016). Water relations in plants subjected to heavy metal stresses. Acta Physiol Plant. 38, 257. doi: 10.1007/s11738-016-2277-5

 Sarraf, M., Kataria, S., Taimourya, H., Santos, L. O., Menegatti, R. D., Jain, M., et al. (2020). Magnetic Field (MF) applicationsin plants: An overview. Plants 9, 1139. doi: 10.3390/plants9091139

 Sil, P., Das, P., and Biswas, A. K. (2018). Silicon induced mitigation of TCA cycle and GABA synthesis in arsenic stressed wheat (Triticum aestivum L.) seedlings. S Afr J. Bot. 119, 340–352.

 Singh, H. P., Batish, D. R., Kohli, R. V., and Arora, K. (2007). Arsenic-induced root growth inhibition in mung bean (PhaseolusaureusRoxb.) is due to oxidative stress resulting from enhanced lipid peroxidation. Plant Growth Reg. 53, 65–73. doi: 10.1007/s10725-007-9205-z

 Sofo, A., Khan, A., and D’Ippolito, I. (2022). Subtoxic levels of some heavy metals cause differential root-shoot structure, morphology and auxins levels in Arabidopsis thaliana. Plant Physiol. Biochem. 173, 68–75.

 Srivastava, S., and Singh, N. (2014). Mitigation approach of arsenic toxicity in chickpea grown in arsenic amended soil with arsenic tolerant plant growth promoting Acinetobacter sp. Ecol. Engineering. 70, 146–153. doi: 10.1016/j.ecoleng.2014.05.008

 Thomas, S., Anand, A., Chinnusamy, V., Dahuja, A., and Basu, S. (2013). Magnetopriming circumvents the effect of salinity stress on germination in chickpea seeds. Acta Physiol. Plant 35, 3401–3411. doi: 10.1007/s11738-013-1375-x

 van Dijk, J. R., Kranchev, M., Blust, R., Cuypers, A., and Vissenberg, K. (2022). Arabidopsis root growth and development under metal exposure presented in an adverse outcome pathway framework. Plant Cell Environ. 45, 737–750. doi: 10.1111/pce.14147

 Vashisth, A., and Nagarajan, S. (2008). Exposure of seeds to static magnetic field enhances germination and early growth characteristics in chickpea (Cicer arietinum L.). Bioelectromagnetics 29, 571–578.

 Vashisth, A., and Nagarajan, S. (2010). Effect on germination and early growth characteristics in sunflower (Helianthus annuus) seeds exposed to static magnetic field. J. Plant Physiol. 167, 149–156. doi: 10.1016/j.jplph.2009.08.011

 Vijayan, P., Willick, I. R., Lahlali, R., Karunakaran, C., and Tanino, K. K. (2015). Synchrotron radiation sheds fresh light on plant research: the use of powerful techniques to probe structure and composition of plant. Plant Cell Physiol. 56, 1252–1263. doi: 10.1093/pcp/pcv080

 Vyas, A., Kataria, S., Prajapati, R., and Jain, M. (2024). Mitigation of cadmium toxicity stress by magnetopriming during germination of soybean. Acta Botanica Croatica. doi: 10.37427/botcro-2024-012




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Fatima, Kataria, Jain, Prajapati and Mahawar. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-15-1391846-g001.jpg
[ v
wm o

(3
=3

=

Root length (cm)
=

“w

=4

5 10 50
As (V) concentrations (mg Kg!soil)

25

[

—

E
=
&
Z15
=
£l
z
3
>
&

0.5
0
0 5 10 50
As (V) concentrations (mg Kg* soil)
- 120 -
w 100
3
<
E 80 4
g 604 e
g oo
) 40 -
e\° 20 N
0 - T T T )
0 5 10 50
As (V) concentrations (mg Kg!soil)






OEBPS/Images/fpls-15-1391846-g004.jpg
< /

O
tNl

‘ ‘4\%copgary{oots“"’ R RN | Roothaif /f /
\ '\ \*'7 Ny,i:‘ A y ] \/l \






OEBPS/Images/fpls-15-1391846-g003.jpg
S o o o o o
o v < o~

(uoad1ur) UOIZAI X3)10D
uf sa10d Jo J9)9uweIp IGLIAY

(=]

As (V) concentrations (mg Kg soil)





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Synchrotron tomography of magnetoprimed soybean plant root system architecture grown in arsenic-polluted soil

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Magnetic field generation and treatment

          



          		

            Experimental setup and growth measurements

          



          		

            Tolerance index

          



          		

            Synchrotron micro-computed tomography for root system architecture

          



          		

            Statistical analysis

          



        



        



        		

          Results and discussion

        



        		

          Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-15-1391846-g002.jpg





OEBPS/Images/fpls.2024.1391846_cover.jpg
, frontiers | Frontiers in Plant Science

Synchrotron tomography of magnetoprimed
soybean plant root system architecture
grown in arsenic-polluted soil





