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Abstract

:

Enhanced suberin1 (ESB1) is a protein whose mutation is correlated with an increase in root suberin and altered nutrient concentrations. Here, we show a physiological and histological characterization of esb1 mutant plants of Brassica rapa L. Therefore, the potential use of this mutant in selenium (Se) biofortification and/or cadmium (Cd) phytoremediation programs was also evaluated by applying 20 μM of Na2SeO4 and 0.49 μM of CdCl2 to a nutrient solution. With respect to wild type (WT) plants, an increase in root suberin was observed in esb1 at the level of the exodermis. This increase in root suberin did not affect photosynthesis performance. However, the esb1 mutant showed an increase in transpiration rate and a decrease in water use efficiency. Additionally, root histological changes affected the transport and concentration of some mineral elements. Thus, our results suggest that esb1 mutants of B. rapa would not be useful for Se biofortification because no significant differences were observed between the two genotypes at the leaf level. Nevertheless, the esb1 mutant reduced Cd translocation to the leaves and increased Fe and Cu uptake, so ESB1 mutation could be useful for Cd phytoremediation and Fe and Cu biofortification, although further research is needed. Therefore, this study provides detailed information on the effect of ESB1 mutation in B. rapa and suggests its potential use in biofortification and phytoremediation programs.
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1. Introduction


Plant roots are specialized organs that play essential roles in plant growth and development due to their involvement in the absorption of water and nutrients present in the soil [1]. The transport of water and nutrients across the root cell layers can occur via apoplastic, symplastic, or transcellular transport [2,3,4,5]. Among the various tissues that make up the root, the endodermis is considered a key tissue for plant development due to the existence in this tissue of a selective barrier that regulates the radial transport to the xylem of mineral elements and water. However, this barrier is not present along the entire length of the root but first becomes evident in the maturation zone, where cells are differentiated and acquire a tissue-specific identity [1].



Generally, the endodermal cells undergo two levels of differentiation characterized by the deposition of lignin (State I) and take place the suberin lamellae formation (State II) [6]. Lignin is a polymer of hydrophobic nature that is deposited on the anticlinal walls of adjacent cells, forming a subcellular structure called the Casparian strip. For this reason, at state I of endodermal cell differentiation, the apoplastic transport of water and nutrients is blocked by the Casparian strip [6,7,8]. On the other hand, suberin is a hydrophobic polymer that is deposited as a thick secondary cell wall. Suberin acts by blocking the transport of molecules from the apoplast to the endodermal cytoplasm; so, in this case, the transcellular pathway is blocked. According to different authors, suberin lamellae can also block the apoplastic pathway but does not affect the symplastic pathway [6,7]. Therefore, endodermal cells at state II of differentiation show the Casparian strip and suberin lamellae. Both structures constitute a selective barrier, called the endodermal barrier, which controls the transport of mineral elements and water to the xylem and thus to the aerial part of the plant. This function of the endodermis is made possible by the plasticity of the endodermal barrier, i.e., depending on environmental conditions such as drought, salinity, heavy metals toxicity, etc., an increase or reduction in lignin or suberin can occur, which will influence the water and ionic status of the plant [3,7,9]. Additionally, it is important to know that many plant species develop a tissue between the epidermis and cortex, called the exodermis, which is physiologically and structurally similar to the endodermis and also presents a selective barrier with Casparian strip and suberin lamellae that modulates water and mineral transport [3,10].



Model plants such as Arabidopsis thaliana L. have been used to identify some of the genes and proteins involved in endodermal barrier biosynthesis. Enhanced suberin1 (ESB1) is an essential protein for the correct formation of the Casparian strip [8]. The function of this protein appears to be to guide the formation of bonds between lignin monomers, as well as control the correct order in which these monomers are deposited [8,9,11]. The esb1 mutation results in an altered and defective Casparian strip in A. thaliana and, consequently, leads to increased suberin deposition in the endodermis, which is twice as high in mutant plants with respect to wild type (WT) plants [5,9,11]. Additionally, Baxter et al. [11] found that esb1 mutants showed differential nutrient accumulation in leaves, demonstrating the role of suberin in the root transport of mineral elements. These authors observed a reduction in calcium (Ca), manganese (Mn), and zinc (Zn) contents and an increase in sodium (Na), sulfur (S), potassium (K), arsenic (As), selenium (Se), and molybdenum (Mo) compared to WT plants.



The fact that mutant plants show an altered concentration of mineral elements where some of them are increased, as is the case of esb1 mutants, is an interesting result for future biofortification and phytoremediation studies [12]. Biofortification is a promising tool for alleviating malnutrition problems associated with nutrient deficiencies because it aims to increase the concentration of essential animal nutrients in the edible part of the plant [12,13]. For example, Se is an essential micronutrient for humans whose deficiency is associated with cardiovascular diseases, hypothyroidism, rheumatoid arthritis, and cancer. In this scenario, biofortification takes on particular importance to try to provide a diet of Se content necessary for health, which is estimated at 30–40 µg Se/day in humans [14,15,16]. On the other hand, a widespread environmental problem is the contamination of soil and water by heavy metals, such as cadmium (Cd), which is highly toxic to plants and animals. The main route of exposure to Cd in animals is through the consumption of Cd-contaminated plant food. Cd toxicity can produce hepatic and renal dysfunction, osteomalacia, pulmonary edema, damage to the hemopoietic system, and cancer development in humans [17,18]. Phytoremediation is an economical, effective, and eco-friendly technology used to reduce the bioavailability of heavy metals, such as Cd, in the environment using plants [17,18,19]. Species such as Brassica rapa L. have been used in phytoremediation and biofortification studies due to their capacities to tolerate and accumulate high concentrations of heavy metals and concentrate essential nutrients in edible parts of the plant [20,21,22]. In addition, B. rapa ssp. trilocularis is a model plant in genetic and evolutionary studies because its genome has been sequenced; it is a diploid plant, it produces a large number of seeds, and it is self-fertile [23].



In recent years, many biotechnological techniques are aimed at breeding plant varieties with improved agronomic and physiological characteristics. One of these techniques is TILLING (Targeting Induced Local Lesions in Genomes), a cost-efficient, and high-throughput tool for associating a gene sequence with a given phenotype by obtaining mutations in this sequence [23]. ESB1 genes could be a target for TILLING to obtain esb1 mutants with improved characteristics, such as enhanced biofortification or phytoremediation capacities. In the present study, the esb1 mutant of B. rapa ssp. trilocularis was generated using TILLING. This mutant presents a unique amino acid change in ESB1 protein, so its function could be affected. Therefore, the objectives of this work were (i) to assess the effect of esb1 mutation on phenotype, photosynthetic state, root histology, and ionomic profile in B. rapa L. plants and (ii) determine the potential use of this mutant in Se biofortification and Cd phytoremediation programs.




2. Materials and Methods


2.1. Plant Material, Growth Conditions, and Experimental Design


Two genotypes of B. rapa ssp. trilocularis were used as plant material: the parental line “R-o-18” (WT) and M3 generation mutant plants generated from the “R-o-18” TILLING population (BraA.esb1a-4 S2 BCI M3 homozygote segregated; change from glycine to alanine at amino acid 213) in order to understand physiological, photosynthetic, and ionomic effects associated with esb1 compared to WT plants. Mutant plants were generated and identified as described by Lochlainn et al. [24] and Graham et al. [25], where R-o-18 seeds were treated with ethyl methane sulfonate (EMS) to induce mutations in target genes, and the mutant used in this study was selected after a crossing and phenotyping process. Seeds of both genotypes were disinfected and sterilized with 70% ethanol and 50% bleach. Then, seeds were sown on filter paper moistened with milli-Q water (18.2 MΩ cm) in 9 cm Petri dishes, which were sealed with plastic film and kept in the dark for one day at 4 °C before being moved to vermiculite-filled pots. These pots were placed in a growth chamber under controlled environmental conditions with a temperature of 18 °C/24 °C (night/day), relative humidity of 60–80%, and a photoperiod of 14 h/10 h with a photosynthetic photon flux density of 350 μmol m−2s−1 (measured at the top of the plant with a LICOR 6800, Inc., Lincoln, NE, USA, EE.UU.). During the experiment, the plants received a growth solution composed of 1 mM KH2PO4, 1 mM NaH2PO4·2H2O, 2 mM MgSO4·7H2O, 4 mM KNO3, 3 mM Ca(NO3)2·4H2O, 5 µM Fe-chelate (Sequestrene; 138FeG100), 10 µM HBO3, 2 µM MnCl2·4H2O, 1 µM ZnSO4·7H2O, 0.25 mM CuSO4·5H2O, and 0.1 µM Na2MoO4·2H2O. This solution had a pH of 5.5–6 and was renewed every three days. In order to evaluate different parameters related to Se and Cd, 20 μM of sodium selenite (Na2SeO4) and 0.49 μM of cadmium chloride (CdCl2) were added to the nutrient solution at each irrigation. Therefore, a total of two treatments were used in our study: (1) the WT (nutrient solution + 20 μM of Na2SeO4 + 0.49 μM of CdCl2) and (2) esb1 (nutrient solution + 20 μM of Na2SeO4 + 0.49 μM of CdCl2). The experimental design consisted of a complete randomized block with two treatments, with three replications per treatment and eight plants per replicate.




2.2. Plant Sampling


Plant sampling was carried out 72 days after germination. The leaves and roots of the plants from each treatment were washed with distilled water, dried on filter paper to remove any remaining particles of vermiculite, and weighed to obtain the fresh weight (FW). In addition, the length of the roots was measured in cm from the apex to the basal zone using a metric ruler and, using a measuring cylinder with water, the root volume in cm3 was estimated. Half of the leaves and roots from each treatment were frozen at −40 °C for use in subsequent biochemical assays. The other half of the plant material was lyophilized to determine the dry weight (DW) as well as nutrient concentration in leaves and roots.




2.3. Determination of Photosynthetic Pigments Concentration


Chlorophyll a (Chl a) chlorophyll b (Chl b) pigments, as well as carotenoids, were measured according to Wellburn et al. (1994). A total of 0.1 g of frozen leaves were macerated in 1 mL of methanol and centrifuged at 2200× g for 5 min. The absorbance of the supernatant was measured at 653 nm, 666 nm, and 470 nm. Pigment concentrations were obtained using the equations proposed by Wellburn et al. [26]:


Chlorophyll a = 15.65 × A666 nm − 7.34 × A653 nm










Chlorophyll b = 27.05 × A653 nm − 11.21 × A666 nm










Carotenoids = (1000 × A470 nm − 2.86 × Chl a − 129.2 × Chl b)/221











The Chl a/b ratio was also estimated as Chl a/Chl b.




2.4. Fluorescence Parameters Analysis


The leaves were adapted to 30 min of darkness before the measurements using a special leaf clip to ensure that the photosystems were in a basal state and, after the darkness period, the fluorescence kinetics of Chl a were determined using the Handy PEA Chlorophyll Fluorimeter (Hansatech Ltd., King’s Lynn, Norfolk, UK). The OJIP phases were induced by red light (650 nm) with a light intensity of 3000 μmol photons m−2s−1. Measurements were made on fully developed leaves at the midstem position of nine plants per treatment. The following parameters were used to study photosynthetic activity: maximum quantum yield for primary photochemistry (Fv/Fm), where Fv is the variable fluorescence (Fv = Fm − Fo, where Fm is the maximum fluorescence and Fo is the initial fluorescence); the proportion of active reaction centers (RCs) (RC/ABS); maximum quantum yield of electron (e−) transport (ΦEo = ETo/ABS); the efficiency at which a trapped exciton can move an e− past QA in the electron transport chain (Ψo); and the performance index (PIABS) [27].




2.5. Determination of Leaf Gas Exchange Parameters


Measurements of leaf gas exchange parameters were recorded using a LICOR 6800 Portable Photosynthesis System infrared gas analyzer (IRGA: LICOR Inc., Lincoln, Nebraska, USA). Intermediate and fully expanded leaves, on nine plants per treatment, were placed in a set of cuvettes under optimal growing conditions. Measurements were taken between 11.00 am and 12.00 pm. The instrument was heated for 30 min and calibrated before use. The measurements used optimal cell conditions of CO2 concentration (400 μmol mol−1), photosynthetically active radiation (500 μmol m−2s−1), relative humidity (60%), and leaf temperature (30 °C). Different parameters such as net photosynthetic rate (A), stomatal conductance (gs), intercellular CO2 (Ci), and transpiration rate (E) were recorded simultaneously. The data were stored in the LICOR instrument and analyzed by the “Photosyn Assistant”. The water use efficiency (WUE) was calculated as A/E.




2.6. Histological Staining of Root Suberin


Root suberin staining was performed according to the method described by Vaculík et al. [28]. The roots of all treatments were washed with distilled water in order to clean the remains of vermiculite. Subsequently, to avoid the zone of differentiation and formation of root vessels, root sections were taken at a distance of 10 cm from the root apex. The sections were embedded in 4% agar. Once the agar had solidified, forming a block with the sample, the sections were cut by hand using razor blades and placed on a slide. Then, the cuts were included in 0.5% Toluidine Blue for 30 s and washed with distilled water 3 times. Once washed, they were transferred to a 2% solution of Fluorol-Yellow 088 (FY088), a specific fluorescent dye that binds to suberin, for 20 min in the dark. Then, the slices were washed 3 times with distilled water and covered with a solution of FeCl3 in 50% glycerol to maintain the fluorescence of the Fluorol-Yellow. Finally, a Leica DM CTR.6 (Leica Microsystems, Wetzlar, Germany) was used to observe the sections and take the images using a GPF filter with an excitation of 488 nm. In order to control the efficiency of the staining, a root section was photographed without adding the fluorescent dye, as can be observed in the Supplementary Materials section.




2.7. Mineral Elements Concentration


The mineral elements phosphorus (P), K, S, magnesium (Mg), Ca, boron (B), Mn, copper (Cu), Zn, iron (Fe), Se, and Cd were determined from a 150 mg sample of dry material. Dried leaves and roots were ground and then subjected to mineralization by wet digestion [29]. These samples were mineralized with a mixture of nitric acid (HNO3)/perchloric acid (HClO4) (v/v) and 30% H2O2. From the resulting mineralization, and after the addition of 20 mL of milli-Q water, the nutrient concentration was quantified by ICP-MS (X-Series II; Termo Fisher Scientific Inc., Waltham, MA, USA). The concentration of total nitrogen (N) was measured by colorimetry based on the Berthelot reaction according to the method described by Krorn [30].




2.8. Statistical Analysis


Results were statistically evaluated using a simple ANOVA analysis of variance with a 95% confidence interval using Statgraphics Centurion 16.1.03 software. Means were compared by Fisher’s least significant differences (LSDs). The significance levels were expressed as * p < 0.05, ** p < 0.01, *** p < 0.001, or NS (not significant).





3. Results and Discussion


3.1. Plant Biomass and Root Morphology


One of the most reliable indicators of the physiological and nutritional status of a plant is plant biomass. Under adverse growth conditions, biomass is affected, leading to a reduction in production. Furthermore, given that leaves and roots are organs for the accumulation of mineral elements, in biofortification and phytoremediation programs, the production of biomass must be studied [13,31]. In our experience, it was found that there were no statistically significant differences in leaf and root-dry biomass between the genotypes (Table 1). These data are in contrast to Baxter et al. [11], who observed a reduction in shoot-dry biomass in A. thaliana esb1 mutants. This fact suggests that the effect of an ESB1 mutation depends on the plant species and, in this sense, our TILLING esb1 mutants seem to have the advantage of not negatively affecting growth in B. rapa, which is important in the development of phytoremediation and biofortification programs, as it is a parameter that directly affects the viability of these agronomic techniques [17,31]. On the other hand, different morphological aspects of the root system, such as length and volume, were evaluated. The esb1 mutants showed a significant increase in root length (21%) compared to the WT plants (Table 1). The effect of the ESB1 protein mutation on the root growth of A. thaliana has been studied previously by Ranathunge and Schreiber [32]. The results obtained by these authors are like those presented in our work because they observed an increase in root length. Thus, possible changes in root suberin content and/or distribution could be related to the increase in root length. However, Ranathunge and Schreiber [32] observed an increase in root surface area, which does not agree with our results of root volume (Table 1).




3.2. Photosynthetic Pigments Concentration


In experiments with mutant plants, it is interesting to know the possible improved physiological and photosynthetic capacities derived from the mutation, which gives the plant advantages to tolerate abiotic or biotic stress situations. Therefore, different parameters related to photosynthesis, such as antenna pigments, were analyzed. Chl a and Chl b are photosynthetic pigments associated with protein complexes of photosystem I (PSI) and photosystem II (PSII), which play a key role in photosynthesis as they are involved in the uptake and transfer of light energy [32]. Carotenoids, in addition to acting as accessory light-harvesting pigments to increase the absorption spectrum of chlorophylls, are important because of their photoprotective role by dissipating excess energy [33]. Our results showed a significant increase in Chl a concentration in the esb1 mutants, while no significant differences were observed for Chl b and carotenoids (Table 2). On the other hand, the Chl a/b ratio is an indicator of the proportion of RCs and light-harvesting complexes (LHCII) because Chl a is associated with RCs while Chl b is found primarily in LHCII [23]. A significant increase in the Chl a/b ratio was observed in mutant plants (Table 2), suggesting that the mutant had a higher proportion of pigments acting as reaction centers compared to WT plants.



The photosynthetic pigment content in plant tissues is often used as an indicator of photosynthetic capacity. However, by only estimating the concentration of chlorophylls and carotenoids, we cannot reach definitive conclusions. Therefore, additional parameters specific to the photosynthetic process were measured using instruments, such as the fluorimeter and LICOR, which provide valuable and concise information on plant physiology.




3.3. Chl a Fluorescence


Photosynthesis describes the process in which light energy is captured and converted into chemical energy as organic carbon [32]. Generally, when chlorophyll molecules of the RC of PSII absorb energy and become excited, they give up an e− through the electron transport chain (ETC). This e− is accepted by quinone A (QA), a component of the ETC that is integrated into PSII, which is reduced. In a reduced state, QA does not accept e−, so chlorophyll molecules release the excitation energy as heat or fluorescence [34]. After adapting leaves to a period of darkness, it is possible to measure the fluorescence emission of Chl a using a fluorimeter. This technique is widely used in plant physiology as it provides information on photosynthetic yield [35].



In addition, if QA is oxidized and, therefore, able to accept e−, the fluorescence emission is minimal (Fo), and the RC is said to be open. In situations where QA is reduced and is not able to accept any more e−, the fluorescence emission by Chl a is maximal (Fm), so the RC is closed, i.e., no e− transfer through the ETC is possible [36]. The maximum quantum yield for primary photochemistry (Fv/Fm) represents the energy used for photosynthesis. According to the literature, healthy plants show Fv/Fm values close to 0.8, whereas in plants grown under stress conditions, Fv/Fm is drastically reduced due to damage to PSII. Therefore, Fv/Fm is often used as an indicator of stress in plants [23]. In our case, a significant decrease in Fv/Fm was observed in WT plants (Table 3), although this reduction cannot be considered drastic as the values were close to 0.84. Another stress indicator is RC/ABS, which indicates the proportion of active reaction centers. High RC/ABS values indicate that RCs are active and, therefore, have a higher stress tolerance [37]. There were no significant differences between treatments in relation to RC/ABS (Table 3).



On the other hand, estimating the transport of e− through PSII is important to know whether the photosystem is damaged, as well as which specific area is being affected [36]. The efficiency of e− movement through PSII can be estimated by the parameter ΦEo or maximum quantum product of e− transport [28]. Once QA accepts an e− and goes to a reduced state, in order to favor the correct functioning of the ETC, it must cede the e− to the next acceptor, quinone B (QB). The efficiency with which an e− is transferred from QA to the next acceptor is indicated by Ψo [28]. As shown in Table 3, no significant differences were observed in ΦEo and Ψo values. Finally, the performance index, or PIABS, indicates the overall vital state of a plant as well as its ability to tolerate external stresses [36]. No significant differences were found in relation to PIABS (Table 3). Therefore, chlorophyll a fluorescence parameters indicate that the esb1 mutation did not affect the electron transport and vitality of B. rapa plants.




3.4. Leaf Gas Exchange Parameters


In addition to the fluorimeter, there are instruments that provide valuable information on photosynthesis, such as LICOR (LI-6800), which measures the gas exchange at the leaf level and allows different parameters to be estimated. The net photosynthetic rate (A) is defined as the CO2 assimilated that is useful for photosynthesis [38]. In our study, no significant differences were found between treatments in terms of net photosynthetic rate (Table 4). Therefore, although the esb1 mutants had a higher Chl a content (Figure 1A), it was not sufficient to promote an increase in A.



The gas exchange, mainly CO2 and water vapor, between the internal and external environment of a plant takes place through microscopic structures called stomata located in the aerial part, mainly in leaves. Stomata consist of two cells delimiting a central pore, so changes in the turgor of these cells will influence the degree of stomatal opening, which is also called stomatal conductance (gs), and thus the intercellular CO2 content (Ci) and water loss through transpiration (E) [38]. No significant differences were observed for gs and, consequently, Ci. Nevertheless, an increase in E was observed in the esb1 mutant (Table 4). Water use efficiency (WUE) relates CO2 fixation by photosynthesis to water loss by transpiration (A/E) [38]. Due to increased transpiration, the esb1 mutant showed a significant decrease in WUE. (Table 4). Our results differ from those observed by Baxter et al. [11], where A. thaliana esb1 mutants showed a decrease in E and an increase in WUE. Therefore, the results show that our mutant could be more sensitive to low water availability conditions, such as drought or salinity stress, due to its lower WUE. However, higher transpiration may favor an increase in the transport of essential nutrients to the leaves in esb1, which is interesting for developing biofortification programs.




3.5. Histological Study of Root Suberin


In this section, the possible histological modifications at the root level as a consequence of the mutation have been studied. Cross-sections of roots were taken and stained with Fluorol Yellow 088 (FY 088), a specific fluorescent dye for visualizing suberin, which has been widely used in different studies on root histology in different plant species. The advantages of using FY 088 for suberin detection are that it is a relatively inexpensive and simple technique. However, being a qualitative method, like the other staining techniques, a suberin threshold is necessary for FY 088 to bind to suberin and emit a signal [39]. After observing the slices under the fluorescence microscope, the images corresponding to each treatment were selected and illustrated in Figure 1. Suberin deposits were observed in the WT endodermis (Figure 1A). Compared to WT plants, the esb1 mutant showed increased suberin deposition (Figure 1B), as indicated by the fluorescence intensity of FY088. As B. rapa has an exodermis, the esb1 mutation resulted not only in an increase in suberin but also in the root distribution of this biopolymer, which was mainly deposited in the exodermis. This histological modification of B. rapa esb1 mutants, in terms of suberin amount, is in line with the results obtained previously in the endodermis of A. thaliana esb1 mutants [11,32].




3.6. Essential Mineral Nutrients


In situations where root selective barriers are modified, the ionomic in the rest of the plant is also altered and the content of certain mineral elements may be increased [6]. Thus, esb1 mutants could be included in biofortification programs if the content of essential nutrients for animals is increased in the edible part of the plant. Similarly, if mutants could reduce the availability of toxic elements in the environment, they could be good candidates for use in phytoremediation. For this reason, an ionomic analysis was carried out on leaves and roots in order to evaluate the effect of the esb1 mutation on mineral element content and the potential use of these mutants in biofortification and/or phytoremediation programs.



The analysis of the ionomic profile revealed that our esb1 mutants showed, with respect to WT plants, an increase in N (87%), Mg (49%), Fe (28%), Mn (19%), and Zn (26%) concentrations in roots (Table 5). At the leaf level, we found an increase in P (6%), Fe (66%), B (27%), and Cu (53%) in the esb1 mutant plants (Table 6). In leaves of A. thaliana, Baxter et al. [11] found significant differences between esb1 mutants and WT plants in different mineral elements such as K, S, Ca, Mn, and Zn. However, they did not observe variations in the elements that have been affected in our study. For this reason, increased root suberin may affect the mineral element concentration differently between different species, even within the same family, such as A. thaliana and B. rapa.



From the results obtained, it is important to point out the significant differences with respect to Fe and Cu concentrations, which were around 66% and 53% higher in the leaves of esb1, respectively (Table 6). Fe deficiency is one of the most widespread and prevalent deficiencies in the population [40]. The recommended daily allowance (RDA) of Fe is between 8–18 mg day−1 [41]. Cu also plays several essential roles in human health. The RDA of Cu is between 1.0 and 1.6 mg day−1, and many studies on Cu biofortification have been carried out [41]. Therefore, the results of our study are particularly relevant to Fe and Cu biofortification programs using our esb1 mutant due to the increased translocation of these essential nutrients to the leaves in the mutant. Nevertheless, further research is needed to test this hypothesis.




3.7. Se and Cd Concentration


At the root level, esb1 mutants showed a significant increase in Se content, which was 37% higher in relation to the wild genotype (Figure 2A). However, no significant differences in leaf Se content were observed between the two genotypes used for this study (Figure 2B). In the esb1 mutants of A. thaliana, the increase in endodermal suberin was correlated with an increase in leaf Se concentration [11], which contrasts with our study. According to our results, the esb1 mutants of B. rapa did not accumulate significantly more Se in leaves, which is the part that most Brassicaceae species used for human consumption. Therefore, we would rule out the possible use of our esb1 mutants in Se biofortification. On the other hand, significant differences in Cd concentration were observed between the two genotypes at both root and leaf levels. The esb1 mutants showed a significant increase in Cd concentration of 161% in the root (Figure 2C) and a reduction of around 41% in leaves (Figure 2D) compared to WT plants. In A. thaliana, increased root suberin did not affect Cd concentration in the leaves of mutant plants [11].



Among the responses of the plant to different environmental conditions, such as salt stress, deficit, or toxicity of certain mineral elements, is the modification of the degree of suberization of the exo- and endodermal barriers [8]. A typical response to exposure to heavy metals, such as Cd, is to reinforce the exo- and endodermal barriers by increasing root suberin deposition in order to limit Cd flux into the xylem and its translocation to the aerial part [42]. In a previous experiment on Oryza sativa L., an increase in suberin deposition after Cd exposure was observed [3]. Thus, as a consequence of the higher suberin deposition in their exodermis (Figure 2B), esb1 mutants would retain a higher amount of Cd in roots compared to the WT genotype, preventing their translocation to the aerial part. Due to the toxicity of Cd to plants and animals, many studies have focused on the phytoremediation of this heavy metal. The most widely used phytoremediation techniques are phytoextraction and phytostabilization. In the first technique, the plant absorbs the pollutant and accumulates it in leaves and stems, while phytostabilization consists of the immobilization of the heavy metal at the root level by its adsorption or precipitation [43]. Since our mutants of B. rapa accumulate Cd mainly in the root, reducing its translocation to the leaves, esb1 mutants could be studied for the development of future Cd phytoremediation programs, specifically phytostabilization. However, to test this hypothesis, it would be necessary to carry out more extensive studies applying only Cd at higher concentrations or under field conditions.





4. Conclusions


The present study provides the characterization of esb1 mutants in a plant species other than A. thaliana. With respect to root suberin content, esb1 showed a higher suberin deposition and a redistribution of root suberin to the exodermis compared to WT plants. According to physiological parameters, despite the higher Chl a concentration and Chl a/b ratio observed in the mutants, increased root suberin in the esb1 mutants had no effect on photosynthetic capacity and chlorophyll a fluorescence parameters. Nevertheless, an increase in E and a decrease in WUE were observed in esb1 mutants. On the other hand, due to root histological modifications, the absorption and transport of nutrients and, therefore, their concentration in roots and leaves, was altered. Thus, our study is further evidence that an increase in root suberin can affect nutrient transport across the root and its concentration in the rest of the tissues. We can conclude that our B. rapa esb1 mutant would not be a good candidate for Se biofortification. However, it could be useful for Cd phytoremediation and Fe and Cu biofortification, as the mutant reduced the translocation of Cd to the leaves and increased Fe and Cu uptake, although more studies are required.
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Figure 1. Transverse sections of B. rapa root stained with FY 088 and observed under fluorescence microscopy. (A) WT and (B) esb1. White arrows indicate suberin deposits. Ex: exodermis; Cx: cortex; En: endodermis; Vv: vascular vessels. The scale bar is 50 µm. 
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Figure 2. Se concentration in the root (A) and leaf (B), and Cd concentration in the root (C) and leaf (D) in WT plants and esb1 mutants of B. rapa. Columns represent mean values ± standard error (n = 3), and differences between means were compared by Fisher’s least significance test (LSD; p = 0.05). The levels of significance were represented by p > 0.05: NS (not significant), p < 0.05 (*), and p < 0.001 (***). 
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Table 1. Leaf and root biomass, root length, and root volume in WT and esb1 mutants.
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	Leaf DW

(g plant−1)
	Root DW

(g plant−1)
	Root Length (cm)
	Root Volume (cm3)





	WT
	1.34 ± 0.17
	0.11 ± 0.01
	32.94 ± 1.06
	1.81 ± 0.17



	esb1
	1.46 ± 0.17
	0.10 ± 0.02
	39.70 ± 2.13
	2.14 ± 0.31



	p-value
	NS
	NS
	*
	NS



	LSD0.05
	0.54
	0.04
	4.99
	0.74







Values are means ± standard error (n = 9), and differences between means were compared by Fisher’s least significance test (LSD; p = 0.05). The levels of significance were represented by p > 0.05: NS (not significant), p < 0.05 (*).
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Table 2. Chlorophyll a, chlorophyll b, carotenoid concentration, and the ratio of Chl a/b in WT and esb1 mutants.
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	Chl a

(mg g−1 FW)
	Chl b

(mg g−1 FW)
	Carotenoids

(µg g−1 FW)
	Ratio of Chl a/b





	WT
	0.367 ± 0.003
	0.190 ± 0.005
	45.42 ± 1.36
	1.94 ± 0.05



	esb1
	0.384 ± 0.004
	0.184 ± 0.002
	48.59 ± 1.63
	2.13 ± 0.01



	p-value
	**
	NS
	NS
	**



	LSD0.05
	0.01
	0.01
	4.51
	0.12







Values are means ± standard error (n = 9), and differences between means were compared by Fisher’s least significance test (LSD; p = 0.05). The levels of significance were represented by p > 0.05: NS (not significant) and p < 0.01 (**).
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Table 3. Chl a fluorescence parameters in WT and esb1 mutants.
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	Fv/Fm
	RC/ABS
	ΦEo
	Ψo
	PIABS





	WT
	0.839 ± 0.001
	0.76 ± 0.01
	0.50 ± 0.01
	0.60 ± 0.03
	6.17 ± 0.60



	esb1
	0.844 ± 0.001
	0.74 ± 0.02
	0.51 ± 0.01
	0.61 ± 0.03
	5.64 ± 0.77



	p-value
	**
	NS
	NS
	NS
	NS



	LSD0.05
	0.003
	0.059
	0.028
	0.032
	0.692







Values are means ± standard error (n = 9), and differences between means were compared by Fisher’s least significance test (LSD; p = 0.05). The levels of significance were represented by p > 0.05: NS (not significant), and p < 0.01 (**).
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Table 4. Leaf gas exchange parameters in WT and esb1 mutants.
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	A

(µmol m−2s−1)
	gs

(mol m−2s−1)
	Ci

(µmol mol−1)
	E

(mmol m−2s−1)
	WUE





	WT
	29.03 ± 0.50
	0.38 ± 0.02
	309.00 ± 7.90
	4.52 ± 0.15
	6.43 ± 0.11



	esb1
	30.69 ± 0.74
	0.43 ± 0.02
	312.82 ± 8.91
	5.44 ± 0.21
	5.49 ± 0.18



	p-value
	NS
	NS
	NS
	*
	**



	LSD0.05
	1.987
	0.072
	69.873
	0.576
	0.467







Values are means ± standard error (n = 9), and differences between means were compared by Fisher’s least significance test (LSD; p = 0.05). The levels of significance were represented by p > 0.05: NS (not significant), p < 0.05 (*), and p < 0.01 (**).
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Table 5. Essential nutrient concentration in WT and esb1 mutant roots. Macronutrients are expressed as mg g −1 DW, and micronutrients are expressed as µg g −1DW.






Table 5. Essential nutrient concentration in WT and esb1 mutant roots. Macronutrients are expressed as mg g −1 DW, and micronutrients are expressed as µg g −1DW.



















	
	N
	P
	K
	S
	Ca
	Mg
	Fe
	B
	Cu
	Mn
	Zn





	WT
	30.40 ± 2.87
	17.21 ± 1.23
	31.22 ± 2.24
	3.73 ± 0.26
	40.12 ± 5.44
	16.74 ± 2.39
	131,333.42 ± 470.48
	30.59 ± 4.06
	46.67 ± 9.50
	422.27 ± 8.22
	45.11 ± 0.64



	esb1
	56.93 ± 4.64
	18.48 ± 0.38
	29.62 ± 3.26
	4.83 ± 0.32
	49.79 ± 3.47
	25.02 ± 1.30
	167,769.11 ± 415.46
	27.67 ± 3.30
	57.86 ± 5.12
	500.45 ± 17.85
	56.71 ± 1.94



	p-value
	***
	NS
	NS
	NS
	NS
	*
	**
	NS
	NS
	*
	**



	LSD0.05
	11.57
	3.59
	10.99
	1.16
	17.92
	7.54
	1742.68
	14.54
	29.97
	54.56
	5.68







Values are means ± standard error (n = 9), and differences between means were compared by Fisher’s least significance test (LSD; p = 0.05). The levels of significance were represented by p > 0.05: NS (not significant), p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).
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Table 6. Essential nutrient concentration in WT and esb1 mutant leaves. Macronutrients are expressed as mg g −1 DW, and micronutrients are expressed as µg g −1DW.
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	N
	P
	K
	S
	Ca
	Mg
	Fe
	B
	Cu
	Mn
	Zn





	WT
	60.97 ± 3.79
	7.32 ± 0.03
	62.57 ± 4.77
	34.97 ± 2.53
	47.39 ± 3.82
	9.68 ± 0.85
	508.55 ± 35.64
	236.87 ± 11.91
	9.17 ± 0.36
	221.77 ± 11.13
	28.91 ± 3.45



	esb1
	60.89 ± 2.52
	7.75 ± 0.15
	58.88 ± 2.37
	35.50 ± 2.59
	48.13 ± 2.82
	10.14 ± 0.58
	840.08 ± 7.85
	300.68 ± 11.74
	14.07 ± 2.03
	234.41 ± 10.57
	20.96 ± 0.44



	p-value
	NS
	*
	NS
	NS
	NS
	NS
	***
	*
	**
	NS
	NS



	LSD0.05
	9.66
	0.42
	14.79
	10.06
	13.19
	2.86
	101.322
	46.44
	1.92
	42.61
	9.66







Values are means ± standard error (n = 9), and differences between means were compared by Fisher’s least significance test (LSD; p = 0.05). The levels of significance were represented by p > 0.05: NS (not significant), p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).
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