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Editorial on the Research Topic
 Nutrient Interactions in Plants



Plants, like other living organisms, require an assemblage of essential elements to synthesize their constituent compounds and for essential metabolic reactions. Besides carbon (C), hydrogen (H) and oxygen (O), plants require 14 essential mineral elements such as nitrogen (N), phosphorus (P), potassium (K), sulfur (S), magnesium (Mg), calcium (Ca), zinc (Zn), iron (Fe), copper (Cu), manganese (Mn), molybdenum (Mo), nickel (Ni), chlorine (Cl) and boron (B) (Marschner, 2012). Additionally, there are other mineral elements that are not essential for all plant species but that can be beneficial for some groups of plants, like sodium (Na; Maathuis, 2014) or silicon (Si; Tripathi et al., 2020). All these elements interact in a direct and/or indirect manner. In some cases, the deficiency or excess of one element can affect the uptake of other(s), thus conditioning their proper uptake and efficient utilization (Astolfi et al., 2021; Bernal and Kramer, 2021; Pavlovic et al., 2021; Yu et al.; Zhou et al.). For instance, S deficiency can limit Fe acquisition (Astolfi et al., 2021) while P deficiency can promote it (Figure 1; García et al.). On the other hand, P excess can diminish Zn acquisition (Yu et al.). In other cases, a scarce element, i.e., K, can be substituted by another element of similar characteristics, like Na (Mateus et al.).


[image: Figure 1]
FIGURE 1. The responses to the deficiency of a particular nutrient can promote the acquisition of such a nutrient but also the acquisition of other nutrients.


This Research Topic updates recent results showing the interactions between different essential mineral nutrients, and also between essential and non-essential ones. It includes 5 reviews, 1 minireview, 1 perspective and 13 original research articles. Regarding the reviews; one is related to interactions between two essential elements, S and Fe (Astolfi et al., 2021); two are related to interactions between macro- and micro-nutrients (Fan et al., 2021; Kumar et al., 2021); and the other two are dedicated to interactions between beneficial elements, Si and Se, and essential ones (Pavlovic et al., 2021; Zhou et al.). The minireview deals with the interaction between N and P in the development of root nodules and cluster roots (Pueyo et al., 2021). The perspective article is devoted to describing new approaches based on computational analysis to predict interactions between proteins related to different elements (Di Silvestre et al.). Finally, within the 13 original research articles; eight of them are about the interactions between two or three elements, including non-essential ones, such as Fe-Cu, Si-Fe, Fe-P-S, S-N, Fe-Zn, K-Na, or P-Zn (Bernal and Kramer, 2021; Jian et al., 2021; Kakei et al., 2021; Li et al., 2021; Chaiwong et al.; García et al.; Suman et al.; Yu et al.); four of them are about the interactions among many nutrients, such as ionome-macronutrients, ionome-micronutrients, ionome-N (Courbet et al.; D'Oria et al.; Zhang C. et al.; Zhang J. et al.); and one is devoted to the substitution of K by Na (Mateus et al.).

The articles included in this Research Topic reflect indirect interactions between nutrients, such as those simultaneously analyzing many nutrients (Courbet et al.; D'Oria et al.; Zhang C. et al.; Zhang J. et al.), and also direct interactions, like those studying the interplay between 2 and 3 elements (Bernal and Kramer, 2021; Jian et al., 2021; Kakei et al., 2021; Li et al., 2021; Chaiwong et al.; García et al.; Mateus et al.; Suman et al.; Yu et al.). The depicted interactions occur at different steps of nutrient acquisition and translocation inside the plant. For instance, P deficiency, through organic acid release and rhizosphere acidification, can promote the mobilization of other nutrients, like Fe or Zn (Pueyo et al., 2021). In the same way, Si application can promote N and P acquisition by upregulating nitrate and phosphate transporters (Pavlovic et al., 2021). New interactions are described in this Research Topic, like the uptake of vanadium mediated by sulfate transporters whose expression was stimulated during S deprivation (Courbet et al.). In relation to the translocation of some elements, like Fe, Cu and Mn, S deficiency can negatively affect it by limiting the biosynthesis of nicotianamine, a chelating agent linked to this process (Astolfi et al., 2021).

In this Research Topic, mechanisms underlying the observed interactions are proposed. Two elements can interact because they share similar chemical properties, like K and Na (Mateus et al.). One element can participate in compounds or proteins involved in key processes related to others [i.e., S-containing metabolites participate in the synthesis of ethylene and phytosiderophores, which are in turn implicated in Fe uptake (Astolfi et al., 2021); a multicopper oxidase participates in Fe translocation (Bernal and Kramer, 2021)]. The participation of different elements in the same compounds (i.e., N and S in methionine and cysteine; Fe and S in Fe-S clusters) can also cause their interactions (Astolfi et al., 2021). Finally, the participation of the same phytohormones, signaling molecules (nitric oxide, miRNAs, peptides and others), and transcription factors in the homeostasis of different elements can explain the interactions between them (Astolfi et al., 2021; Bernal and Kramer, 2021; García et al., 2021; Kumar et al., 2021; Pueyo et al., 2021; Chaiwong et al.; García et al.; Mateus et al.). For instance, ethylene and nitric oxide upregulate both P- and Fe-acquisition genes in such a way that the deficiency of either of them, that stimulate the production of ethylene and nitric oxide, promote the acquisition of the other one (García et al.).

Interactions between nutrients can have many different consequences, depending on them being essential or beneficial, and on other factors. In this sense, it is important to point out that the interactions between nutrients greatly depend on the severity of the nutrient deficiency or excess (Astolfi et al., 2021). For instance, Si upregulates nitrate and phosphate transporters when plants are grown under limiting N and P conditions but downregulates them when grown under sufficient N and P conditions (Pavlovic et al., 2021). Besides nutrition, interactions between nutrients can affect other processes, like the accumulation of secondary metabolites (Jian et al., 2021). It is important to note the interest of the interactions between essential and non-essential elements, since non-essential elements, like Na, can partially substitute for essential ones, like K (Mateus et al.). Additionally, non-essential elements, like Si, can affect the homeostasis of essential elements (Pavlovic et al., 2021), and vice versa (Chaiwong et al.; Zhou et al.). A better knowledge of such interactions could aid in the improvement of some nutritional disorders and/or in the biofortification of some essential elements for humans and animals, like Se (Zhou et al.).

In conclusion, the better understanding of the interactions between elements (essential and non-essential) could lead to more rational fertilization practices, preventing interactions that could contribute to an unbalanced mineral nutrition of plants. This knowledge is also necessary to obtain more efficient genotypes in the acquisition of the different nutrients.
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Silicon (Si) is not an essential element, but it is a beneficial element for growth and development of many plant species. Nevertheless, how plants regulate the initial uptake of silicon (Si) remains poorly understood. It has been proposed that the regulation of Si uptake is largely regulated by Si availability. However, the current model is clearly reductionist and does not consider the availability of essential micro-elements such as iron (Fe). Therefore, the present study investigates the regulation of the Si transporter Lsi1, in three rice varieties grown under different Si and Fe regimes. The Lsi1 transcript was compared to intracellular concentrations of Si and Fe in roots. The amount of Lsi1 transcript was mainly altered in response to Si-related treatments. Split-root experiments showed that the expression of Lsi1 is locally and systemically regulated in response to Si signals. Interestingly, the accumulation of Lsi1 transcripts appeared to be dependent on Fe availability in root growth environment. Results suggest that the expression of Lsi1 depends on a regulatory network that integrates Si and Fe signals. This response was conserved in the three rice cultivars tested. This finding is the first step toward a better understanding of the co-regulation of Si homeostasis with other essential nutrients in plants. Finally, our data clearly show that a better understanding of Si/Fe signaling is needed to define the fundamental principles supporting plant health and nutrition.
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Introduction

In many plant species, the application of silicon (Si) appears to be beneficial for growth and development (Ma and Yamaji, 2015). Silicon enhances plant resistance against disease, insects, fungi, and abiotic stresses such as drought, nutrient imbalance, toxic metals, and excessive temperatures (Ma and Yamaji, 2008; Guntzer et al., 2012; Zhu and Gong, 2014). In rice, higher Si accumulation was attributed to high Si uptake ability of plant roots, mediated by Si transporters (Lsi1 and Lsi2). It has been demonstrated that Lsi1 and Lsi2 are Si transporters during influx and efflux, respectively, while both are localized in root exodermis and endodermis (Ma et al., 2006; Ma et al., 2007). Lsi1 is responsible for the transport of Si from an external solution to cortical roots cells, whereas Lsi2 is an efflux transporter responsible for the transport of Si from root cells to the apoplast. These genes are required for the efficient uptake of Si in rice (Ma et al., 2006; Bauer et al., 2011; Deshmukh and Bélanger, 2016). Si accumulation in the shoots of rice plants appears to be controlled by the expression of OsLsi1 and OsLsi2 (Mitani-Ueno et al., 2016), while the genes are down-regulated by Si application (Ma et al., 2002; Ma et al., 2006; Ma et al., 2007; Mitani-Ueno et al., 2016).

Recent studies reported that applying Si can increase the uptake of macro and micronutrients, especially in nutrient deficient conditions (Etesami and Jeong, 2018; Soratto et al., 2019). For instance, the beneficial effects of interactions between Si and the essential micronutrient, iron (Fe), on plant growth and production has been reported in many plant species such as cucumber (Gonzalo et al., 2013), soybean (Pavlovic et al., 2013), and barley (Dragama et al., 2019). Applying Si significantly reduced Fe deficiency symptoms in plant. A proposed explanation for this effect includes the improvement of Fe translocation from root to shoot resulting in an increased concentration of Fe in the youngest leaves, maintaining the balance of other micronutrients such as the Fe/Mn ratio and increasing the oxidizing capacity of roots, which changes ferrous iron (Fe2+) into ferric iron (Fe3+) (Gonzalo et al., 2013; Pavlovic et al., 2013). Applying Si was also found to alleviate Fe deficiency symptoms in cucumber by increasing shoot and root biomass, chlorophyll content and leaf Fe concentration in Fe deficient plants (Bityutskii et al., 2014). These features are attributed to Si-induced accumulation of Fe mobilizing compounds such as citrate (in leaves and roots) and catechin (in roots) (Bityutskii et al., 2014). Research has also shown that application of Si delayed chlorophyll degradation, decelerated growth reduction, and maintained leaf Fe content under Fe deficiency conditions in soybeans (Gonzalo et al., 2013). It was suggested that the addition of Si increased Fe uptake by up-regulating the expression of genes involved in the reduction based strategy for Fe acquisition in barley plants grown under Fe deficient conditions, resulting in increased Fe content in the youngest leaves (Dragama et al., 2019). This Si-Fe interaction was mainly reported in monocots. For example, in rice plants, applying Si has been shown to improve plant growth by increasing the activity of catalases and polyphenol oxidases in both the root and shoot under Fe deficient conditions (Etesami and Jeong, 2018). The increase in the expression of rice Si transporters after Si application can modulate Fe uptake and translocation by increasing Fe nutrition under deficient conditions (You-Qiang et al., 2012).

As it has yet to be studied, the present research investigates the expression patterns of Si transporter genes and related mechanisms responsible for Si accumulation under Fe deficient conditions. The ways in which Lsi1 is regulated in response to combinatorial Si and Fe deficiency induced stress in rice plants was studied. We have considered three rice varieties for this study using a split-roots system to dissect between the local from a systemic signal to regulate Lsi1. By analyzing the Si and Fe concentrations in conjunction with Lsi1 relative quantities, it is shown that the expression of Si uptake transporter is regulated by local and systemic Si signals. It is further demonstrate that expression of Lsi1 was regulated to achieve significant coordination between Si and Fe homeostasis in rice plants. Our results clearly show that while it is important to understand how plants make sense of and adapt to various nutrient signals, gaining knowledge of how plants respond to multiple stresses is equally significant.



Materials and Methods


Plant Material and Growth Conditions

Three rice varieties were considered in this study. The two modern popular high yielding rice varieties used in this experiment were Chainat 1 (CNT1) and Pathumthani 1 (PTT1) together with a popular medium yielding variety, Khao Dawk Mali 105 (KDML105). The experiments were conducted in a controlled-environment chamber (light/dark cycle of 14/10 h, 200 µmol photons·m−2·s−1), temperature of 28/25°C, and relative humidity of 80%. Seeds were soaked in deionized water overnight in darkness. Then, seedlings were exposed to light for two days and transferred to 1/4 of the full-strength nutrient solution for 10 days. After 10 days, the seedlings were transplanted into 5 L plastic pots containing the full strength. The composition of the nutrient solution at full concentration was: 1.43 mM NH4NO3, 1.64 mM MgSO4, 0.75 mM CaCl2, 0.51 mM K2SO4, 0.33 mM NaH2PO4, 20 µM H3BO3, 10 µM MnCl2, 40 µM Fe-NaEDTA, 2.5 µM ZnSO4, 0.16 µM CuSO4 and 0.08 M (NH4)6Mo7O2, 2.5 mM MES buffer modified from previously published studies (Yoshida et al., 1976; Saenchai et al., 2016). The pH was adjusted to 5.5 using hydrochloric acid. The nutrient solution was prepared with deionized water and was renewed every 5 days. Rice seedlings (28 days old) were used for the split-root experiments. The seedlings were transplanted to split-root pots with two compartments each containing 3 liters (L) of nutrient solution for a culture period of 1 week. Iron and Si were supplied as Fe-NaEDTA and K2SiO3 or omitted from the nutrient solution to impose Fe and Si deficient conditions, abbreviated as –Fe and –Si. 40 µM Fe and 1.5 mM Si were used to prepare the Fe and Si sufficient conditions, abbreviated as +Fe and +Si. Combinations of these conditions were used to prepare the following conditions –Si–Fe/–Si–Fe, –Si–Fe/–Si+Fe, –Si–Fe/+Si–Fe, –Si–Fe/+Si+Fe, –Si+Fe/-Si+Fe, –Si+Fe/+Si+Fe, and +Si+Fe/+Si+Fe in the split-root experiments. Treatment solutions were renewed daily. After 1-week’s exposure, roots from different compartments were harvested separately and used to determine Si and Fe concentrations and the transcript accumulation of Lsi1 using quantitative real-time quantitative reverse-transcription PCR. Experiments were performed in triplicates.



Real-Time Quantitative Reverse-Transcription PCR

In a split-root system, each part of plant roots were collected separately and immediately frozen in liquid-nitrogen. Next, DNA-free total RNA was extracted from frozen root tissues using Plant RNeasy extraction kit and RNAse-free DNAseI (SIGMA-ALDRCH, St Louis, MO, USA). RNA quality was checked according to Rouached et al. (2008). Total RNA (2µ) were reverse transcribed using ThermoTM script RT (Invitrogen) to obtain the complementary DNA (cDNA). This was used for real-time reverse-transcription PCR, which was performed with LightCycler®480 (Roche Diagnostics). Care was taken to ensure the specificity for qPCR primers of Lsi1. The compositions of PCR reactions were: 12.5 μl of the LightCycler®480 SYBR Green I Master mix (Roch, IN, USA), forward and reverse primers, and 5 μl of a 1:50 cDNA dilution in a final volume of 25 μl considered for gene expression analysis. Three biological replicates were considered for all PCR reactions. In addition to the one OsLsi1 gene, a OsActin1 gene was considered for the standardization of real-time PCR data. Quantification of the relative transcripts levels was performed using the comparative CT method as described (Saenchai et al., 2016).



Iron and Silicon Concentration Measurements

After being harvested, rice roots were collected and then dried at 72°C for 3 days. Then, dried tissues (0.2 g) were ground and subjected to acid digestion. The concentration of Fe in the samples was determined using a Hitachi Z-8230 atomic absorption spectrophotometer (Zarcinas et al., 1987). Si concentration was determined using a spectrophotometer at 650 nm after digestion in 50% NaOH, using the method of Dai et al. (2005). Data are available in Supplemental Table 1. Analysis of Si and Fe were based on three independent biological replications.



Statistical Analysis

ANOVAs analysis was performed using Statistix 8 (analytical software, SXW, Tallahassee, FL, USA). The treatment means comparisons were carried out by least significant difference (LSD) at a probability of p < 0.05.




Results


Lsi1 Is Regulated by Local and Systemic Si Deficiency Signals

While the existence of local and systemic signals regulating nutrient uptake activity has been suggested in many plant species, the existence of a similar mechanism for Si in rice awaits further examination. The present study examines whether the expression of the Si uptake transporter Lsi1 is locally and/or systemically regulated by Si signals in three rice varieties, namely Chainat 1 (CNT1), Pathumthani 1 (PTT1), Khao Dawk Mali 105 (KDML105). These varieties were selected based on their contrasting yield capacity. With regard to Lsi1 expression in response to deficient Si conditions, in order to decipher whether the Si signal was local or systemic, the split-root system was used. In these experiments, the rice root system was divided into two parts, and each part was individually exposed to either Si deficient (–Si) or sufficient conditions (+Si) in the presence of Fe (+Fe) or without Fe (–Fe) (Figures 1A, B). Three split root growth conditions were tested: +Si+Fe/+Si+Fe, –Si+Fe/+Si+Fe, –Si+Fe/–Si+Fe. The split-roots exposed to the +Si+Fe/+Si+Fe condition were used as the control of the split-roots exposed to –Si+Fe/+Si+Fe and –Si+Fe/–Si+Fe. First, the concentration of Si and Fe in the roots of plants grown under different conditions was determined. The effects of –Si and/or –Fe on shoot growth was observed, and interestingly, the negative effect of –Si–Fe (–Si–Fe/–Si–Fe) on shoot growth was compensated in the presence of Si on the side of plant roots (+Si–Fe/–Si–Fe) (Figures 2A, B). Notably, the responses of Si and Fe were similar among the three rice varieties used in this study (PTT1, Figures 2A, B; CNT1, KDML105 Supplemental Figure 1). Given the similarity between plant phenotypes, the analysis of the response of PTT1 is given, while the analysis for the CNT1 and KDML105 varieties is included in Supplemental Data. It was found that shoot dry weight was decreased by 27% when the whole roots were in the –Si condition (–Si+Fe/–Si+Fe) compared with the shoot when the roots of plants were exposed to +Si+Fe/+Si+Fe treatments. However, no significant difference was observed in the shoots dry weight between +Si+Fe/+Si+Fe (0.30 g/plant) and +Si+Fe/–Si+Fe (0.29 g/plant) conditions (Figure 2C, Supplemental Figures 2 and 3). In addition, there was no significant difference in root dry weight between the two root halves in all conditions (0.02 g/plant) (data not showed). The results were as expected that –Si conditions decreased Si concentrations in the roots and shoots of plants exposed to –Si+Fe/−Si+Fe compared with the +Si+Fe/+Si+Fe condition. Interestingly, while Si root concentration decreased significantly (92%) when one of the root parts was exposed to –Si treatment, it also decreased (62%) in the root part grown in the presence of +Si treatment (Figure 3A, Supplemental Figures 4 and 5). Si concentration in shoot of the –Si+Fe/+Si+Fe and –Si+Fe/–Si+Fe were decreased by 36 and 88%, respectively when compared with +Si+Fe/+Si+Fe treatments (Figure 3C). However, unlike Si concentrations, no difference was observed for Fe root concentration in the –Si+Fe side (178 mg/kg dry weight) of the split-roots compared to the control roots of +Si+Fe (177 mg/kg dry weight) (Figure 4A, Supplemental Figures 6 and 7). However, no significant difference was observed in Fe concentration in the shoots (48.5 mg/kg dry weight) (Figure 4C). In addition to the phenotype characteristics and physiological analysis, we focused on Lsi1 expression in respect to Si and Fe concentrations in the roots of the split root systems. In line with the previous report for all plants, the experiments in this research revealed that the relative gene accumulation of Lsi1 mRNA increased significantly (approximately two-fold) in the root parts grown in the absence of Si compared to the plant grown in the presence of Si. Nevertheless, it is interesting that despite the presence of Si in one part of the root system, the accumulation of Lsi1 mRNA was found to increase in both parts of the roots exposed to either +Si+Fe or –Si+Fe treatments (Figure 5A, Supplemental Figures 8A and 9A). The induction was similar to those observed in plants exposed to –Si+Fe in both sides of split roots (Figure 5A, Supplemental Figures 8 and 9). This result indicates that Lsi1 is regulated by local Si availability, but also reveals the existence of a long-distance signal to regulate Lsi1.




Figure 1 | (A, B) Treatment combinations for the split-root experiment. The roots of a seedling (28 days old) were split into two parts and immersed in each solution. Iron (Fe) and silicon (Si) were omitted (–Fe and –Si) in the Fe and Si deficient compartment and 40 µM Fe (+Fe) and 1.5 mM Si (+Si) were supplied in the sufficient compartment with seven treatments of +Si+Fe/+Si+Fe, –Si+Fe/+Si+Fe, and –Si+Fe/–Si+Fe, –Si–Fe/–Si–Fe, –Si–Fe/–Si+Fe, –Si–Fe/+Si–Fe and –Si–Fe/ +Si+Fe.






Figure 2 | (A, B) Phenotypes of rice grown under nutrient solution culture in a split-root system. Si and Fe were supplied with 0 mM Si (–Si) and 0 µM (–Fe), respectively (–Fe and –Si) in the Fe and Si deficient compartment and 40 µM Fe (+Fe) and 1.5 mM Si (+Si) in the sufficient compartment with seven treatments of +Si+Fe/+Si+Fe, –Si+Fe/+Si+Fe, –Si+Fe/-Si+Fe (A), –Si–Fe/–Si–Fe, –Si–Fe/–Si+Fe, –Si–Fe/+Si–Fe, and –Si–Fe/+Si+Fe (B) in the split-root experiment. (C) Shoot dry weight under aforementioned growth conditions. Analysis was based on three independent biological replicates. Different letters indicate significant differences at P < 0.05






Figure 3 | Silicon concentration in root (A, B) and shoot (C, D) (% dry weight) of PTT1 rice root halves in left or right compartments with nutrient solution culture in a split-root system. Si and Fe were supplied with 0 mM Si (–Si) and 0 µM (–Fe), respectively (–Fe and –Si) in the Fe and Si deficient compartment and 40 µM Fe (+Fe) and 1.5 mM Si (+Si) in the sufficient compartment with seven treatments of +Si+Fe/+Si+Fe, –Si+Fe/+Si+Fe, –Si+Fe/-Si+Fe (A–C), –Si–Fe/–Si–Fe, –Si–Fe/–Si+Fe, –Si–Fe/+Si–Fe, and –Si–Fe/+Si+Fe (B–D) in the split-root experiment. Analysis was based on three independent biological replicates. Different letters indicate significant differences at P < 0.05.






Figure 4 | Iron concentration in root (A, B) and shoot (C, D) (mg/kg dry weight) of PTT1 rice root halves in left or right compartments with nutrient solution culture in a split-root system. Si and Fe were supplied with 0 mM Si (–Si) and 0 µM (–Fe) respectively (–Fe and –Si) in the Fe and Si deficient compartment and 40 µM Fe (+Fe) and 1.5 mM Si (+Si) in the sufficient compartment with seven treatments of +Si+Fe/+Si+Fe, –Si+Fe/+Si+Fe, –Si+Fe/–Si+Fe (A–C), –Si–Fe/–Si–Fe, –Si –Fe/–Si+Fe, –Si–Fe/+Si–Fe, and –Si–Fe/+Si+Fe (B–D) in the split-root experiment. Analysis was based on three independent biological replicates. Different letters indicate significant differences at P < 0.05.






Figure 5 | Relative accumulation of Lsi1 transcripts of PTT1 rice root halves in left or right compartments with nutrient solution culture in a split-root system. Si and Fe were supplied with 0 mM Si (–Si), and 0 µM (–Fe), respectively (–Fe and –Si) in the Fe and Si deficient compartment and 40 µM Fe (+Fe) and 1.5 mM Si (+Si) in the sufficient compartment with six treatments of +Si+Fe/+Si+Fe, –Si+Fe/+Si+Fe, –Si+Fe/–Si+Fe, (A), –Si–Fe/–Si–Fe, –Si–Fe/–Si+Fe, and –Si–Fe/+Si+Fe (B) in the split-root experiment. Analysis was based on three independent biological replicates. Different letters indicate significant differences at P < 0.05.





Expression of Lsi1 Is Locally Regulated in Response to Si Status and Is Fe-Dependent

As mentioned, there is increasing evidence for an interaction between Si and Fe homeostasis in plants. Therefore, we examined whether the expression of the Si uptake transporter Lsi1 was regulated by Fe-limitation, and how the plant responds to a combined Si and Fe deficiency stresses. The split-root experiments were also carried out with different set of treatments as indicated in Figures 1 A, B including –Si–Fe/–Si–Fe, –Si–Fe/–Si+Fe, –Si–Fe/+Si–Fe, and –Si–Fe/+Si+Fe. The split-roots exposed to the –Si–Fe/–Si–Fe condition were used as the control of the split-roots exposed to –Si–Fe/+Si+Fe and –Si–Fe/–Si+Fe and –Si–Fe/+Si–Fe treatments. The concentrations of Si, Fe and Lsi1 mRNA accumulation were measured in each side of all the split-roots. The shoot dry weight in –Si–Fe/+Si–Fe treatment (0.21 g/plant) was significantly higher than that in the –Si–Fe/–Si–Fe (0.18 g/plant) condition but lower than in –Si–Fe/–Si+Fe (0.24 g/plant) and –Si–Fe/+Si+Fe (0.26) treatments. However, no significant difference was observed in dry weights of the shoot between –Si–Fe/–Si+Fe and –Si–Fe/+Si+Fe treatments (Figure 2C). The results revealed that stress caused by Fe deficiency had a negative influence on shoot dry weight, but Fe deficiency stress was alleviated when only one root half was supplied with Si. No significant difference in root dry weight was observed between the Si and Fe treatments, with the average of 0.02 g/plant (data not showed). Variations in Si root concentrations in response to Si and Fe deficiency in the split-roots were in agreement with the results obtained in the whole-root experiments. There was no significant difference in the root Si concentration between the two root halves in –Si–Fe/–Si–Fe or –Si–Fe/+Si–Fe. Remarkably, for –Si–Fe/+Si–Fe and –Si–Fe/+Si+Fe treatments, Si concentration in the +Si root half was higher than that in the –Si root half (Figure 3B). Indeed, when the half root was exposed to Si (+Si–Fe) and the other half was not (–Si–Fe), the Si concentration in –Si–Fe side was increased compared with plants with both sides exposed to –Si–Fe treatments (Figure 3B). This suggests that Si may circulate from the root part that is Si sufficient to the deficient root part. We also noticed that Si concentration in the root exposed to +Si–Fe treatment was higher than Si concentration in the roots exposed to a complete medium (+Si+Fe). This finding indicates that –Fe conditions cause an increase in the Si concentration in roots. Si concentration in the shoot decreased when the whole roots were in the –Si condition (–Si–Fe/–Si–Fe or –Si–Fe/–Si+Fe) compared to the roots of plant exposed to –Si–Fe/+Si–Fe and –Si–Fe/+Si+Fe. In addition, there was no significant difference in shoot Si concentration between the two compartments in –Si–Fe/+Si–Fe or –Si–Fe/+Si+Fe. This suggests that the Si concentration was not affected by the availability of Fe (Figure 3D). With regard to Fe concentrations, it was observed that an increase in Fe concentration exposed to –Si+Fe or +Si+Fe when the other part of the root was exposed to –Si–Fe (Figure 4B), resulted in –Fe–Si being higher than –Si+Fe. These results further confirm that Fe uptake is regulated by systemic Fe signals, as well as the integration of signals between Si and Fe. In addition, shoot Fe concentration was increased when half of roots were in the +Si or +Fe condition. Interestingly, shoot Fe concentration was increased by 14% when grown in the –Si-Fe/+Si-Fe treatment compared to the –Si-Fe/-Si-Fe treatment (Figure 4D). Finally, we determined the relative transcript accumulation of Lsi1. The results showed that Lsi1 was up regulated by –Si stress when plants were subjected to –Si–Fe in both sides of the root system. Nevertheless, regardless of the absence of Si in the medium, the presence of Fe in the root sides attenuates the induction of Lsi1 expression by –Si (Figure 5B).




Discussion

This study provides new insight into how plants integrate Si and Fe signals to regulate Si concentrations, suggesting a possible translocation between the two parts of plant roots affecting on the shoot growth of rice plants. Applying Si enhanced shoot growth as shown by increasing of the dry weight compared with Si deficiency, which has also been reported (Kim et al., 2012). The current results further demonstrated the beneficial effect of Si under Fe deficiency stress on shoot growth of rice. It was found that under Fe deficiency the rice plants grown without Si were severely chlorotic, while in Si-supplied plants chlorosis was alleviated. Applying Si was found to alleviate Fe deficiency symptoms in cucumber plants by increasing shoot and root biomass and chlorophyll content attributed to the enhancement of the mobilization of Fe in the root and increased Fe uptake and translocation under deficiency conditions (You-Qiang et al., 2012). In addition, the increase in shoot growth under Fe deficiency might be due to difference of Si concentration in the shoot. Gonzalo et al. (2013) reported that the increase of Si content in shoot as a result of Si application could increase leaf photosynthetic activity and prevent the destruction of chlorophyll under Fe deficiency. Our split-root experiments revealed that Si concentration in the +Si+Fe root half in the –Si+Fe/+Si+Fe condition decreased when other root parts were not exposed to Si compared with +Si+Fe/+Si+Fe roots, indicating that Si starvation on one side of the root system leads to a decrease as well in the concentration on the other side. A similar observation in phosphorus (P) showed that the concentration of P in the sufficient root parts was decreased when the other root half limited P supply compared to the roots exposed to P in the whole roots which indicates that the extent of P concentration in roots might depend on the external P supply (Shane et al., 2003; Shen et al., 2004). In addition, nitrogen (N) starvation on one side of the roots affected on N uptake in other parts of the roots exposed to N supply conditions in a heterogeneous N condition (O’Brien et al., 2016). Under Fe deficiency, the external Si supply to one root half significantly increased the Si concentration in Si-deficient parts of the roots compared with plants with both sides exposed to –Si–Fe treatments. This was probably due to Si-deficient parts of the roots being increased by the Si sufficient root parts which is consistent with the findings of a previous study where a –P root half significantly increased when the other root half received P supply in maize and lupin due to P translocation from the P sufficient part to the deficient part via the shoot (Shen et al., 2004). Also, a long-distance signaling pathway for P and N homeostasis has been reported (Chiou and Lin, 2011; Tabata et al., 2014). The results in this study are probably related to the expression of Si transporter genes, OsLsi1 and OsLsi2 in the roots as reported recently in the split-root study that Si starvation on one side of the roots induced changes of OsLsi1 and OsLsi2 expression in the roots (Mitani-Ueno et al., 2016). A possible explanation that may account for the observation of high levels of Si in the −Si side of the split-roots is that the Si translocated from Si sufficient parts of the plant in the −Si side of roots, which could contribute to maintain the high levels of Si in the −Si side of the root. This process appears to be independent of the Fe availability in the medium because there was compensation of Si concentration in –Si–Fe parts of the root by the +Si–Fe or +Si+Fe parts. Such an explanation should be examined with others Si transporters such as Lsi2. Our results strongly argue against a relay model in which Si would be a significant intermediary in the induction of the expression of Lsi1, even if it may be a component of this regulation.

Available data revealed that the presence of complex coordination among the mineral nutrient-derived signals is the rule rather than the exception. Nevertheless, the interdependency of nutrient signals has not been well characterized to date (Bouain et al., 2019). Using split root experiments, our study demonstrated that the root Si uptake system involved in the response to Si deficiency is controlled by both local and systemic signals. First, Si itself seems to act locally as an inducer because Si deficiency promotes Lsi1 transcripts. Second, Lsi1 is also under the control of a systemic regulation that occurs in Si deficiency conditions for at least two reasons. Lsi1 is induced in Si sufficient roots when one part of the roots is subjected to –Si stress. Furthermore, our results show for the first time that this long distance signal affects the response of silicon Lsi1 expression, which is influenced by the availability of Fe. Moreover, the regulation of genes involved in nutrient uptake transport can involve both local and systemic signals as has been reported (S, N, Fe, etc.…) (Rouached et al., 2008; Saenchai et al., 2016), but the interdependency of nutrient signals such +Si–Fe is new. In light of these new results and the existing data, it is clear that the regulation of mineral nutrient homeostasis, as previously postulated, involves each individual nutrient level being controlled by its own nutrient-specific mechanisms and signaling pathways. Our results demonstrate that shoot growth is involved in regulating the Si deficiency response in the root. The nature and identity of the signal deserves further investigation. Finally, because the responses to Si and Fe single and combined stresses between the three rice cultivars analyzed in the context of this work were similar, we are tempted to propose that the mechanisms that regulate Si and Fe signaling pathways are maintained within plant species. Whether they are maintained during evolution between plant species needs further investigation, which will be feasible with the development of systemic approaches in different monocots and/or dicot plants.



Conclusion

Our study has showed the regulation of the expression of Si uptake transporter Lsi1 in rice. It has established that the expression of Lsi1 is dependent on the local root Si concentration and is influenced by Fe availability. Our results further reinforce the general schema in which there is an obvious role for shoot-to-root signaling to regulate nutrient uptake and expression of the mineral transporters in rice plants. Understanding the molecular basis of these Fe and Si signals’ crosstalk is seen as an essential step towards developing novel strategies to create rice varieties with the capacity to adapt well to their environment and increase productivity.
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Selenium (Se) is an essential element for humans and animals and its deficiency in the diet is a global problem. Crop plants are the main source of Se for consumers. Therefore, there is much interest in understanding the factors that govern the accumulation and distribution of Se in the tissues of crop plants and the mechanisms of interaction of Se absorption and accumulation with other elements, especially with a view toward optimizing Se biofortification. An ideal crop for human consumption is rich in essential nutrient elements such as Se, while showing reduced accumulation of toxic elements in its edible parts. This review focuses on (a) summarizing the nutritional functions of Se and the current understanding of Se uptake by plant roots, translocation of Se from roots to shoots, and accumulation of Se in grains; and (b) discussing the influence of nitrogen (N), phosphorus (P), and sulfur (S) on the biofortification of Se. In addition, we discuss interactions of Se with major toxicant metals (Hg, As, and Cd) frequently present in soil. We highlight key challenges in the quest to improve Se biofortification, with a focus on both agronomic practice and human health.
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INTRODUCTION

Se is an essential trace element for human and animal health, where it can be covalently incorporated into amino acids, chiefly selenocysteine (SeCys) and selenomethionine (SeMet), and acts as a cofactor for antioxidant enzymes such as glutathione peroxidase, and, in these chemical forms, is involved in the maintenance of the immune system, regulation of thyroid function, brain cognitive function, general antioxidant and detoxification capacity, and anti-cancer and anti-viral effects have also been documented (Hatfield et al., 2014; Ullah et al., 2019). Se deficiency in the human body can lead to serious medical complications, including cataracts, endothelial dysfunction and cardiovascular disease, cardiomyopathy, osteochondropathy, poor immune function, cognitive decline, and even cancer (Natasha et al., 2018; Newman et al., 2019). However, more than about 15% of the world’s population suffer from Se deficiency, including in many regions of China, Oceania, Africa, and Europe (Tan et al., 2016; Schiavon and Pilon-Smits, 2017; Dinh et al., 2018). Plants are the major dietary source of Se for humans, but Se levels in cereals such as rice and wheat are generally low (Zhu et al., 2009; Williams et al., 2009). Se deficiency is a long-standing public health problem (Gao et al., 2018; D’Amato et al., 2018). In China, low Se concentrations in staple food has been linked to decreased Se concentrations in hair (Li et al., 2014; Dinh et al., 2018). Se deficiency can be countered with Se-enriched food. Biofortification of crops is an economically viable and safe agricultural technique, and can be aimed at increasing Se concentration in the edible parts of crops, thereby overcoming Se deficiency in the diet (White and Broadley, 2009).

In plants, moderate Se is not considered essential but acts as a clearly beneficial element and can promote plant growth (Pilon-Smits et al., 2017; Jia et al., 2018). It has been shown to be involved in the regulation of photosynthesis and respiration, stress resistance, antioxidant capacity, abiotic stress tolerance, and alleviation of heavy metal stresses (Ulhassan et al., 2019; Dai et al., 2019; Duan et al., 2019). It is important to point out that there is a narrow range of Se accumulation in tissues within which Se deficiency transitions to toxicity in humans, animals, and plants. Excessive amounts of selenium can cause toxicity to all organisms. This article focuses on the range of Se doses in Se applications below the toxicity threshold.

In recent years, pollution by heavy metals, especially As, Hg, and Cd, which possess relatively high mobility in agricultural soil, has caused widespread concern. These metals are readily absorbed by most plants and pose a potential health risk to livestock animals and humans as they enter the food chain (Zhao F. et al., 2010). In the past 10 years, great progress has been made in reducing heavy metal absorption and accumulation in grains by virtue of Se soil amendments (Zhang H. et al., 2014; Tran et al., 2018a; Camara et al., 2019; Li et al., 2019a).

To sum up, Se is of great nutritional significance in humans and of significant importance in reducing the bioconcentration of heavy metals in the food chain (Dinh et al., 2019). An ideal crop is one with high bioavailability of essential elements such as Se, but with reduced accumulation of metals such as Cd, As, and Hg in the edible parts (Huang S. et al., 2020). Therefore, in this review, we provide a summary of our current understanding of the mechanisms of Se uptake by plants, Se transport between root to shoot, within-plant Se distribution between organs and sequestration within edible parts, and of the principal interaction mechanisms with macronutrient elements and heavy metals, with an emphasis on the implications for Se biofortification and reductions in the toxic metal load of crop plants.



PATHWAYS OF SE UPTAKE FROM THE SOIL TO PLANT ROOTS

Plant roots can absorb inorganic Se as Se(VI) (selenate), Se(IV) (selenite), elemental Se(0) and organic Se species, such as SeCys and SeMet, but cannot absorb Se(-II) selenide (Wu et al., 2015; White, 2016). There are different forms of Se in soils as a function of pH and Eh. In oxic soils (pH + pE > 15), selenate is the most abundant form, while, in anaerobic soils with a neutral to acidic pH (pH + pE = 7.5–15), selenite (SeO32–; HSeO3–; H2SeO3) is the most abundant form (White, 2018). Nutrients absorbed by plants mainly come from the rhizosphere, and the local conditions in the rhizosphere can influence the bioavailability of Se to plants (Zhou et al., 2007; Chen et al., 2010). Plant roots selectively take up different forms of Se by different mechanisms, and the mobility and metabolism of different forms of Se in plants lead to different seleno-compounds.


Selenate Uptake

Se and sulfur (S) are both group-16 “chalcogens” in the periodic table, meaning they have similar ionic radii, covalent radii, and chemical properties (White, 2016). Indeed, selenate enters plant roots using sulfate transporters (Gupta and Gupta, 2017). In Arabidopsis thaliana, SULTR1;1 and SULTR1;2 are the two high-affinity sulfate transporters resident in the plasma membrane that can facilitate the transport of Se(VI) (Schiavon et al., 2015). Different plant roots have different transporters for Se(VI) absorption. At present, no specific Se(VI) transporter has been found in any organism, but the results of bioinformatics analysis suggest that specific Se(VI) transporters may exist in Se hyperaccumulators (Harris et al., 2014). However, no candidate for a specific Se(VI) transporter has, to date, been identified.



Selenite Uptake

Selenite is a weak acid, which can exist in different forms under varying pH and Eh (Zhou et al., 2018; White, 2018). Different absorption mechanisms for Se(VI) appear to be in operation under different pH regimes. Zhao X. et al. (2010) found that, under acidic conditions, the rice silicon transporter OsNIP2;1 absorbs H2SeO3. In slightly acidic paddy soils, selenite prevails in the form of HSeO3–, which is structurally similar to H2PO4–. In keeping with this, a phosphate transporter OsPT2 has been found to catalyze the transport of HSeO3– (Zhang L. et al., 2014; Figure 1). Song et al. (2017) showed, in transgenic tobacco lines, that the absorption of phosphate and Se accumulation in shoots is improved by over-expression of OsPT8, but it remains unclear whether this is a more universal transport relationship between the two elements in plants. It emerges that several parallel selenite absorption pathways exist in plants, only some of which are related to P absorption, and very few genes related to Se absorption in plant have hitherto been explored, highlighting the need for much more concentrated research on the molecular mechanism of Se uptake, transport, and metabolism (Table 1 and Figure 1).
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FIGURE 1. Flow diagram representing the transporters involved in the uptake, translocation, and accumulation of different selenium species through xylem and phloem to the grain. The main transporters involved in inorganic Se uptake by plants (SULTR1;1, SULTR1;2 for selenate, NIP2;1, PT2 and PT8 for selenite, AA Tr. For amino acids). Organic Se forms are transported into the xylem via amino acid permeases (AA Tr.) and delivered to the shoots. Selenate is the major Se species present in the xylem and loaded into the xylem by SULTR2;1. Organic-Se compounds are transported into the seed via the phloem, while selenate is transported via both xylem and phloem. The translocation of SeMet to the seeds is enhanced by overexpression of the NRT1;1B transporter.



TABLE 1. The main genes involved in Se uptake, transport, and metabolism in plant.
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Organic Se Species Uptake

Compared with studies on inorganic Se, there is comparatively much less research to date on the absorption and transport of organic forms of Se by plants. Kikkert and Berkelaar (2013) showed that SeCys and SeMet were both taken up at rates that were some 20-fold higher than those observed for selenate or selenite. Se-amino acids, in particular, are likely to enter plant cells via amino acid transporters (AA Tr.) (Figure 1; Lima et al., 2018; Schiavon et al., 2020). It has therefore been reasoned that SeCys and SeMet can be taken up by this amino acid transporter as well. As there are many classes of amino acid transporters, it is reasonable to hypothesize that other amino acid transporters will also be involved in the absorption of organic forms of Se, but work in this area remains scant.




SE TRANSLOCATION FROM ROOT TO SHOOT

Inorganic forms of Se absorbed by plants are transported from the root to the shoot through the xylem. The transport process depends on the form of externally supplied Se. Se(VI) can be easily absorbed and transported by the xylem, and then distributed further to reproductive organs by the phloem (Carey et al., 2012). Members of the ALMT transporter family, such as AtALMT12, are thought to load Se(VI) into the xylem sap, and Se(VI) is the major Se species present in the xylem, although small amounts of SeMet and SeOMet are also found (White, 2018; Figure 1).

In most plants, Se(VI) enters mesophyll cells through the SULTR transporter, and its accumulation then occurs in the vacuole. The transporter responsible for the entry of Se(VI) across the tonoplast into the vacuole remains undefined, but homologs of AtSULTR4;1 and AtSLUTR4;2 have been proposed to act as efflux transporters for Se(VI) exiting vacuoles (White, 2016). Se(VI) is reduced to Se(IV) in plant leaves, and, once reduced, Se is then incorporated into organic Se compounds and distributed to other tissues. Carey et al. (2012) suggested that Se(VI), SeMet, and Se-methylselenocysteine (MeSeCys) transported via the xylem are then readily redistributed to sink organs via the phloem. In Arabidopsis, AtSULTR1;3 and AtSULTR2;2 seem to promote Se(VI) to enter the phloem, and the expression of genes encoding AtSULTR1;3 and AtSULTR2;2 is upregulated by Se accumulation (Wang et al., 2018).

Following Se(IV) absorption by roots, rapid assimilation into organic forms, including SeMet and MeSeCys, can occur. These seleno amino acids mainly accumulate in the root, with only a small portion transferred to the shoot, rendering the root system the site of higher bioconcentration of the element (Winkel et al., 2015), a potential impediment to Se biofortification of crop plants, as most edible parts are above-ground.

The transport of ions or molecules to the aboveground plant tissues depends on the xylem loading rate and the rate of transpiration (Renkema et al., 2012). Kikkert and Berkelaar (2013) verified that different Se species are transported at significantly different rates in canola and wheat, in the order: Se(VI) > SeMet > Se(IV)/SeCys. This primary Se absorption difference is due to regulation of transporters resident in the plasma membrane of root cells. Recently, Liang et al. (2019) demonstrated that a low concentration of Se in the supply medium induces the expression of OsNIP 2;1, which may serve as a strong positive regulator of Se transport in rice.



LONG-DISTANCE TRANSLOCATION AND SE ACCUMULATION IN ABOVEGROUND TISSUES OF PLANTS

Long-distance Se transport is important for regulating Se accumulation and increasing Se concentration in particular in crop-plant tissues that are most often consumed by livestock and by humans. Se speciation in edible parts differs among plants. For example, Se in rice grains is mainly in the form of SeMet, followed by SeMeSeCys, and SeCys (Carey et al., 2012). MeSeSeCys, Se(VI), and Se(IV) are the main Se compounds in the aboveground tissues of broccoli (Wu et al., 2015). In staple food crops such as the grain crops wheat, barley, and rye, SeMet is the main Se compound (Poblaciones et al., 2014), while in rice grains, SeMet is the main Se species, accounting for 82.9% of total Se, followed by MeSeCys accounting for 6.2% of total Se, and SeCys accounting for 2.8–6.3% of total Se (Sun et al., 2010). Carey et al. (2012) have suggested that organic Se (SeMet and SeMeSeCys) is transported to the grain exclusively via the phloem, while inorganic Se is transported to the grain by both phloem and xylem. Different Se forms have different nutritional value to humans, among which SeMeSeCys has superior anti-cancer properties (Roman et al., 2014). Thus, with a view to human health, increasing the concentration of SeMeSeCys in the edible parts of crops by means of biofortification is a major goal. With the refinement of molecular biology techniques, and on the basis of studying the mechanisms of Se transport and metabolism, it has become possible to achieve overexpression of target genes related to Se enrichment in specific plant tissues, such as grains, so as to improve the Se concentration of crops. Zhou et al. (2017c) found that Se-enriched Xiushui 48 rice can transport more organic Se from flag leaves to grains than a non-Se-enriched variety, explaining the pronounced difference between these rice varieties in their grain Se concentration. It is still unknown whether Se transporter protein activity and expression levels in Se-rich varieties are higher than those in non-Se-rich varieties. NRT1.1B is responsible for transporting SeMet to rice grains, thus improving grain accumulation of Se, and transgenic lines overexpressing NRT1.1B have significantly increased grain Se concentration (Zhang et al., 2019; Figure 1). These above studies not only deepen our understanding of Se uptake and translocation mechanisms, but also provide a theoretical basis for breeding Se-enriched crop varieties.



METABOLISM OF SE IN PLANTS

Se and S share the same metabolic pathway in plants. Se absorbed by roots is delivered to leaf chloroplasts via the xylem. Once inside chloroplasts, Se(VI) is reduced to adenosine phosphoselenate (APSe) under ATP sulfurylase (APS), and the reduction to Se(IV) is catalyzed by adenosine phosphoselenate reductase (APR), using glutathione (GSH) as the electron donor; this step is the rate-limiting step for Se metabolism into organic components. Se(IV) reduction to Se(II-) is performed by the sulfite reductase enzyme (SiR) (White, 2018). Se(II-) can then react with O-acetylserine (OAS) to form Se-cysteine (SeCys) (White, 2018). Alternatively, SeCys can be formed directly from selenite by the selenomethyltransferase enzyme (SMT) (Chauhan et al., 2019). Further transformation of SeCys into other organic species can occur via cystathionine-γ-synthase (CGS), cystathionine-β-lyase (CβL), SeCys methyl synthase (SMT) methylation, with the products of SeMet and MeSeCys and MeSeMet. SeMet and MeSeCys can then be further metabolized into selenoproteins and volatile Se species such as dimethylselenide (DMeSe) or dimethyldiselenide (DMeDSe) (Gupta and Gupta, 2017; White, 2018).

In recent years, a host of genes coding for Se uptake, transport, and metabolism in plants have been identified (Table 1). Manipulating, and capitalizing on the natural variation in, the expression of these genes will play a vital role in improving the accumulation, tissue-specific distribution, and chemical speciation of Se in plants. Understanding the interplay of the key genes is urgent so as to afford the tools for improvement in the biofortification potential of crops that will benefit animal and human nutrition.



SE INTERACTIONS WITH MACRONUTRIENT ELEMENTS (N, P, AND S)


The Role of Nitrogen in the Regulation of Se Bioavailability and Accumulation

N fertilizer plays a central role in increasing crop yield and improving crop quality in all forms of intensive agriculture (Cui et al., 2010). The effect of N on plant Se absorption is bidirectional (Table 2). Reis et al. (2018) demonstrated that, in rice, with increasing N-fertilizer application, the Se concentration in grains increased. Similarly, Chen et al. (2016) showed that high N fertilization can promote uptake and translocation of Se in wheat on low-Se soils. This interaction between N and Se can be explained as follows: (1) N application activates S metabolism and increases S assimilation by increasing O-acetyl serine, a key regulator of S metabolism in cysteine synthesis in higher plants, and then increases the synthesis of cysteine and protein (Kim et al., 1999). Se and S use the same metabolic pathway in plants. Therefore, N application can also promote plant Se absorption, and Se can then be further metabolized into selenoproteins. (2) N fertilizer promotes growth, thereby promoting the absorption of P, K, S, and other mineral elements, including Se, by the root system (Chen et al., 2012); (3) N fertilizer applied to the soil mainly exists in the form of nitrate-N (NO3-N), and NO3–, at high doses, can dislodge Se anions from the surface of soil particles, leading to an increase of SeO42– concentration in soil solution, in turn promoting Se uptake (Dinh et al., 2018). Similarly, Klikocka et al. (2017) observed that Se concentration and uptake in spring wheat grain increased significantly with increasing N-fertilizer application. The results show that N applications are helpful for plants in terms of increasing Se uptake by roots.


TABLE 2. Research progress on the effects of nutrient elements on Se accumulation in higher plants.

[image: Table 2]However, N-fertilizer applications can also lead to decreases in Se concentration. Morlon et al. (2006) reported a significant inhibition of Se(IV) uptake by NO3-N in the alga Chlamydomonas reinhardtii. One mechanism by which such inhibition might occur for higher plants in soils lies in the fact that high doses of N can promote soil acidification (Guo et al., 2010), thereby reducing Se availability by virtue of the formation of less plant-available ferric-iron-selenite complexes (Gupta and Gupta, 2000). Moreover, Xu et al. (2010) demonstrated that anions such as NO3–, SeO42– or SeO32–, can antagonize, or compete with, each other’s absorption individually and collectively. In addition, under low-nitrate conditions, plant Se concentration has been shown to be positively correlated with soil-extractable NO3-N concentration, whereas, under high-nitrogen conditions (more than 600 mg kg–1), plant Se concentration was negatively correlated with soil-extractable NO3-N (Li et al., 2015). The results show that high-N applications can at times reduce Se uptake by plants.

Therefore, N fertilizers can have two-way effects on the bioavailablity of Se, by diverse mechanisms. Clearly, the relationship between tissue Se accumulation in plants and N supply on different soil types and under varying N-nutrient-management regimes in the field needs dedicated examination (Dinh et al., 2018).



The Role of Phosphorus in the Regulation of Se Bioavailability and Accumulation

Although P and Se are non-congeners, both are absorbed by plants when present in the anionic form in the soil, and they have similar ionic radii and physical and chemical properties. Hence, competition with oxyacid anions in soil is expected to affect the absorption and accumulation of Se by plants. However, current literature reports on the relationship between plant Se uptake and P levels and acquisition have shown conflicting results (Table 2). The hydrogen phosphate ion can significantly reduce Se(IV) absorption from the soil by competition, however, increasing soil-solution Se concentrations, while Se in soil solution is easily absorbed by plants (Lee et al., 2011; Zhou et al., 2015). Zhang et al. (2017) reported that P fertilization together with Se(IV) could significantly reduce Se accumulation in wheat in calcareous soil, but in the case of P fertilization together with Se(VI), there was increased Se accumulation in wheat. Such differences show that the effect of P application on plant Se uptake and accumulation depends on the type of Se speciation in the soil (Zhang L. et al., 2014). The reason is that P improves bioavailability of Se(VI), but P application lowers soil pH and activates soil iron ions, and iron has a high affinity for Se, converting soluble Se in the soil into iron oxide Se and organic Se. These two forms of Se are difficult for plants to absorb, i.e., Se(IV) absorption by crops is reduced under combined applications of P fertilizer and Se(IV) (Szlachta et al., 2012). On the other hand, P fertilizer activated Fe-oxide-bound Se and organic-matter-bound Se in calcareous soil, and increased bioavailability and Se concentration in wheat (Zhang et al., 2017). In addition, the influence of P application on Se uptake and accumulation in plants depends on the rate of the P application (Liu et al., 2018; Li et al., 2019b). Nie et al. (2020) also demonstrated that all Se fractions (total, organic, inorganic) in the grain of winter wheat were significantly decreased under increasing P application rates. Therefore, in agricultural production, it is very important to avoid excessive use of P fertilizer, so that a balance is achieved between higher yield and appropriate grain Se concentration. Proper P management is crucial to grain Se concentration control.



The Role of Sulfur in the Regulation of Se Bioavailability and Accumulation

Sulfur and Se are elements of the same group in the periodic table, the “chalkogens.” Therefore, S and Se have many chemical similarities. Studies have shown that plants absorb and assimilate Se and S using identical pathways (Table 2). Se(VI) as selenate is structurally similar to SO42–, and Se(VI) is absorbed via S transporters resident in the root plasma membrane (Terry et al., 2000). S-fertilizer regimes in soils have potential significance in regulating Se bioavailability for many plant species (Duncan et al., 2017). The interaction between S and Se in plants is complex (Table 2). Since the same transporters are shared when plants absorb S and Se(VI), there is often a competitive relationship in the absorption of S and Se. The expression of sulfate transporters will vary depending on crop species and S level. Hence, S fertilization can increase or decrease grain Se concentration, depending on crop species, crop S status, and fertilizer regime/timing (Stroud et al., 2010).

For Se(IV), S fertilizers mostly produce competitive inhibition vis-a-vis the absorption of Se(IV). Mackowiak and Amacher (2008) showed that S fertilizer application reduced Se(IV) uptake by plants such as alfalfa and wheat grass. Dhillon and Dhillon (2000) reported that the application of 0.8 t hm–2 gypsum to selenite-rich soil significantly decreased total Se accumulation in rice, while increasing S content, with minimal reductions in Se concentration in grains and straw by 35 and 36%, respectively. S application can significantly inhibit Se(IV) absorption and accumulation (Lee et al., 2011; Liu et al., 2016a), but a hydroponic experiment also showed that selenite and sulfate had no antagonistic effects on Se uptake (Li et al., 2008). This suggests that the inhibitory effect of S fertilizer on Se(IV) uptake and accumulation by plants under soil cultivation depends on other processes rather than competitive adsorption. S fertilizer application to the soil may change the physical and chemical behavior of Se(IV) in the soil. For example, S fertilizer significantly increases soil organic matter content, significantly decreases soil pH, and increases microorganismal activity, which, in turn, may increase the amount of Se(IV) fixed in soil (Liu et al., 2015). Therefore, on Se-deficient soils with rich organic matter content and sufficient S, Se uptake by crops can be increased by reduced S fertilizer application. On the other hand, for Se-rich soils, organic matter deficiency, and insufficient S, it is possible to reduce Se uptake by crops via increased S-fertilizer and organic-fertilizer application. S-fertilizer and organic-fertilizer management is therefore a critical determinant of Se accumulation in the crop.




SE INTERACTION WITH HEAVY METALS (AS, HG, AND CD)


The Role of Selenium in the Regulation of Arsenic Bioavailability and Accumulation

As is a highly toxic environmental pollutant, whose pollution is widespread throughout the world, including in many parts of United States, Europe, China, and Southeast Asia (Rahman et al., 2014). As and Se have a relatively close positioning in the periodic table of elements, and both are metalloids (even though As is often classified as a “heavy metal”), with similar chemical properties, and one can infer similar characteristics in plant absorption as well as in transport from the soil to plants. In recent years, in attempts to clarify the antagonistic effects Se and As have on one another, much insightful research has been produced. It is now clear that the antagonistic effects of As and Se on one another depend on the chemical forms of Se and As, the levels of Se and As in soil, and plant genotype (Table 3).


TABLE 3. Research progress on the effects of Se on accumulation of heavy metals in higher plants.

[image: Table 3]First, As(III) and Se(IV) enter the plant root system by sharing the same transporter, and there is competitive interaction between them at the influx level (Ma et al., 2008; Zhao X. et al., 2010; Li N. et al., 2016). That Se reduces As transport to the shoot has been confirmed in many studies (Chauhan et al., 2017; Camara et al., 2018). However, Bluemlein et al. (2009) reported that As(III) and Se(IV) have a synergistic effect in rice roots. This phenomenon has also been reported in other crops (Han et al., 2015). The exact mechanism is not clear, but this phenomenon is very interesting and needs further study.

The addition of Se significantly limits the transport of As from the root to the shoot. Hu et al. (2013) found that Se(IV) can significantly inhibit the transport of both As(III) and As(V) from root to shoot in rice. Zhou et al. (2017a) showed that Se can reduce the transport of As from soil to root, then from root to shoot and then to the grain in rice. Se restricts the transport of As for two main reasons: (1) As(V) absorbed by plants is reduced to As(III) in root cells, and As(III) can be chelated in a Lewis acid-base reaction by reduced glutathione (GSH) or by phytochelatins (PCs) and finally stored in the root vacuole, thus curtailing As transport from root to shoot (Ye et al., 2011). Liao et al. (2016) showed that Se(IV) and Se(VI) application to the soil can reduce As concentration in the grains and husks. At the same time, Se(IV) was more effective than Se(VI) at reducing the grain As concentration in rice. (2) Se affects As transport direction at the stem node and transport in the phloem from leaves to grains. As is strongly accumulated in the vascular bundle stem node. The stem node is a central point of translocation from the xylem to the phloem, which plays a critical role in As distribution (Moore et al., 2014; Wan et al., 2018). The mechanism may be linked to enhanced development of apoplastic barriers (Casparian bands and suberin lamellae) in the endodermis by Se, which would limit the translocation of heavy metals into the xylem and then the shoots more broadly (Wang X. et al., 2014). This important connection of Se supplementation to barrier formation in roots and at the root-shoot interface requires further study, also with a view to water-use efficiency in plants (Plett et al., 2020).

Recently, several studies have addressed Se-mediated improvement of As toxicity from the perspective of genomics and proteomics. Transporters are the pivotal proteins that regulate As in above-ground parts of the plant. OsPTR7, a putative peptide transporter is involved in the long-distance translocation of DMA and contributes to the accumulation of DMA in rice grain (Tang et al., 2017). Inositol transporters (INTs) are responsible for As(III) loading into the phloem, the key source of arsenic in seeds (Duan et al., 2016). Se can regulate the expression of these transporter proteins and, thus, directly affect As accumulation in the above-ground parts. Song et al. (2014) found that ABC transporters can sequester As(III)-PCs complexes into vacuoles in both Arabidopsis and rice. Chauhan et al. (2020) showed that the up-regulation of ABC transporters, ATPases, STAR1 protein, and 14-3-3 protein during As and Se co-exposure on both the transcriptome and proteome levels, some of which are also effective in limiting aluminum toxicity, indicating that Se can influence a reduction of As accumulation in rice by these means of facilitated vacuolar sequestration. The higher expression of regulation of WRKY, AUX/IAA, and MYB transcription factors that link to As tolerance and reduced expression of phosphate transporters, reducing As uptake, during As and Se co-exposure were also observed (Figure 2). However, detailed molecular analysis is needed to clarify the As/Se interactions in different plants further. This is of particular pressing important in rice, where As accumulation in the grain, in many common rice-cultivation areas, poses a significant health hazard to humans (Rahman and Hasegawa, 2011).
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FIGURE 2. A flow diagram of the role of Se in regulating As bioavailability and accumulation and transport through xylem and phloem to the grains. Inositol transporters (INTs) may be involved in the mobilization of As from source tissues to the phloem for subsequent transport to seed tissues. As(III) and Se(IV) enter the plant root system by sharing the NIP2;1 transporter. As(V) and Se(IV) are absorbed by plant roots via phosphate transporters. ABC transporters can sequester As(III)-PCs complexes into vacuoles. Se significantly limits the transport of As from the root to the grain through enhanced development of apoplastic barriers and up-regulation of related genes (red arrow).


In the future, genomic and proteomic analyses will need to be combined to decipher with precision the molecular mechanisms by which Se reduces plant-shoot As accumulation, thus laying a foundation for comprehensively and thoroughly mapping out the molecular network of As regulation by Se.



The Role of Selenium in the Regulation of Mercury Bioavailability and Accumulation

Mercury (Hg) is a global pollutant and carries significant toxicity to human health at very low concentration of exposure (Wang et al., 2016). Methyl mercury (MeHg) can be generated from inorganic Hg (IHg) by anaerobic microorganisms under flooded conditions. This form is then easily absorbed by plant roots, rapidly transported to edible plant parts, and, thereby, can directly threaten human health. Indeed, food consumption is the main source of MeHg exposure to humans (Zhang et al., 2010). As in the case of arsenic accumulation in the grain (see above), the problem of excessive concentration of MeHg in rice grains needs urgent attention. Soil Hg remediation technologies typically have the shortcomings of high cost and negative impact on the soil. However, recent studies have shown that Se can inhibit the transport and accumulation of Hg in plants, and this connection, therefore, must be understood (Table 3).

The antagonism of Se-Hg in the soil is a key process controlling Hg behavior in the soil-rice system (Figure 3). Recently, a series of studies by Wang X. et al. (2014); Wang et al. (2016) have provided a definitive explanation for the mechanism of antagonism of Se-Hg in soil. Se(IV) and Se(VI) were equally effective in reducing soil MeHg concentrations, possibly because of rapid changes in Se speciation and direct chemical reaction with Hg. Several recent experimental confirm the importance of the Se-Hg interaction in the soil Xu et al. (2019), at least for rice:
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FIGURE 3. Overview of the role of Se in regulating Hg bioavailability and accumulation. Se reduces Hg transport from the root to the shoot, and then to the grain through the formation of insoluble HgSe in soil, roots, and possibly leaves (black down arrow). Then Hg-PCs complexes are sequestered in vacuoles and phloem, which are restricted in their upward Hg migration (red down arrow). Se reduces Hg uptake by plants by elevating the activities of SOD, POD, CST, GSH-Px, and GPX (red up arrow).



(i)A direct chemical reaction between Se and Hg involves several steps and affects Hg bioavailability: Se(IV) and Se(VI) can be reduced to Se2– and Se0 through microbial metabolism. Se2– and Hg2+ then react directly and produce the insoluble compound HgSe, thereby achieving sedimentation and inhibiting Hg methylation. The reaction formula is as follows:

[image: image]

Since the solubility constant for the reaction product (10–58), HgSe, is much smaller than that of HgS (10–52), Hg2+ preferentially reacts with Se2– ions to produce HgSe complex precipitate. Therefore, compared with S2– (HS–), Se2– (HSe–) is more likely to react with Hg2+ and will form HgSe instead of HgS. TEM-EDX analysis results revealed that HgSe nanoparticles were formed in Se-applied soil in an anaerobic environment, which provided strong evidence for the direct Se-Hg interaction in soil (Wang et al., 2016). In addition, Chang et al. (2020) suggested that rice leaves can directly take up elemental Hg from the atmosphere, and Hg-Se complex may then be formed in rice leaves.

(ii)Co-exposure of Hg and Se can inhibit the growth of the sulfate-reducing bacterium D. desulfuricans when compared to Hg exposure alone (Truong et al., 2013), and this step is critical for the methylation of IHg, leading to reduced production of MeHg;

(iii)Se addition also increases demethylation and evaporation of MeHg, resulting in decreased production of soil MeHg (Dang et al., 2019).



Se-Hg antagonism can also occur in dryland ecosystems, the mechanism for which is also that formation of insoluble HgSe complexes that precipitate and reduce Hg bioavailability and absorption by dryland plants. Tran et al. (2018a) demonstrated that the reduction in bioavailability of Hg depends on Se species; Se(IV) was more effective than Se(VI) in limiting Hg bioavailability and absorption, for pakchoi planted in dryland soil. It needs to be noted that such an effect only manifests significantly when Se(IV) and Hg are at a level of 2.5 and 3.0 mg kg–1, respectively.

In addition to the formation of insoluble complexes, Hg-Se antagonism also plays out on a different, plant-internal, level. The detoxification of Hg, once absorbed, occurs by regulation of the metabolic production of antioxidant and chelation compounds in plants, which, in turn, presents an additional strategy for remediation of soil Hg and potentially reducing nutritional exposure to Hg if resultant compounds do not enter edible plant tissues. Tran et al. (2018b) showed that the Se application at 1.0 and 2.5 mg/kg led to significant reductions on Hg uptake by plants and increases in growth of pakchoi by elevating the activities of superoxide dismutase (SOD), peroxidase (POD), catalase (CST),glutathione peroxidase (GSH-Px) enzymes. In addition, Diao et al. (2014) found that Se could significantly increase GPX gene expression and enzyme activity. Third, Se can increase rice apoplastic barriers in the endodermis, which hinder both IHg and MeHg uptake (Zhou et al., 2014, 2017b; Wang X. et al., 2014). In addition, after Se treatment, there is less Hg in rice tissue due to the increased amount of iron plaque on the root surface, a natural barrier that prevents the accumulation of metal(loid)s in plants (Li Y. et al., 2016; Zhou and Li, 2019; Huang G. et al., 2020).

Selenium (Se) can also reduce Hg distribution in the embryo and endosperm of grains (Meng et al., 2014), which is very important for reducing the risk of human exposure to Hg. Despite the recent significant research progress in the Hg-Se interaction in plants, the mechanism by which Se reduces bioavailability of Hg in soil-plant systems has not yet been fully elucidated, and further research is needed to explore the effects of Se on Hg-methylated anaerobic microorganisms as well as the mechanism of Se-Hg antagonism. There is a need to conduct in-depth studies on the mechanism by which Se promotes Hg detoxification, both before it enters the plant and thereafter, and the mechanism by which Se prevents Hg entry into the grain, which carries important practical significance for effectively lowering the risk of human exposure to Hg while addressing the problem of insufficient dietary Se intake.



The Role of Selenium in the Regulation of Cadmium Bioavailability and Accumulation

Cd in the soil tends to accumulate in the roots of crops, followed by ready transport to edible parts and seriously affect human health (Hamid et al., 2019). Se application is considered as a potential solution to reduce Cd accumulation in plants. Indeed, the antagonism between Se and Cd has been studied in many different plants (Wan et al., 2016; Wu et al., 2016a; Affholder et al., 2019).

Antagonism between Se and Cd in the soil is complex and depends on factors such as Se and Cd dosage, applied Se species, and crop genotype (Table 3). Shanker et al. (1995) proposed that Se and Cd form CdSe complexes in soil unusable by plant roots. Huang et al. (2018) showed that Se can decrease total Cd concentration in soil solution by an average of 11.2–13.0%, eventually affecting Cd uptake by plants. The mechanism has yet to be verified. Cd-Se antagonism also depends strongly on the prevailing Se species in soil solution. Liao et al. (2016) reported that Se(IV) can lower rice grain Cd concentration more effectively than Se(VI). This might be because Se(IV) has smaller mobility than Se(VI) in soil, leading to facilitated Cd-Se complexation and in reduced Cd absorption. Se-Cd antagonism also relates to Se and Cd dosage. Zhao et al. (2019) reported that, at 1 mmol L–1 Cd, there was no significant difference in Cd concentration in the shoot and root of oilseed rape treated with Se at various levels; at 5 mmol L–1 Cd, however, Se addition (at 0.1 and 1 mmol L–1) significantly decreased root and shoot Cd concentration. Se addition (at 10 mmol L–1) significantly increased the concentration in both organs. It is possible that excessively high Se dosage damages rape seedlings (Saidi et al., 2014). Ding et al. (2014) reported that a high dose of Se increased the permeability of the root cells to Cd, related to damage to the root cell membrane at elevated Cd concentrations. Hence, applying a well-adjudicated dose of Se, calibrated to the soil and crop system in question, is critical. By summarizing all the published studies on Se-Cd antagonism in plants to date Affholder et al. (2019) derived a quantitative model for predicting Se-Cd antagonism. Based on the model calculations, the authors concluded that, when the amount of Se applied to the root medium was 0.013, 0.082, and 142 mg Se kg–1, crop Cd concentration was decreased by 10, 25, and 50%, respectively.

Se-Cd antagonism not only occurs in soil, but also manifests inside plant cells. Huang et al. (2018) reported that Se application significantly reduced Cd concentration of different tissues and the translocation of Cd from roots to shoots in mature rice. However, Chang et al. (2013) reported that Se addition did not affect Cd concentration in rice roots, but reduced Cd accumulation in stems, leaves, rice husks, and grains. Pedrero et al. (2008) reported that Se addition decreased Cd concentration of the edible parts in broccoli, but increased Cd concentration in roots. These results indicate that the mechanism by which Se reduces the accumulation of Cd in aboveground tissue may be in the enhancement of root sequestration and the reduction of root-to-stem transport. Studies have shown that Cd and Se are absorbed by plant roots through different pathways or transporter proteins. Cd is absorbed by plant roots through zinc transfer proteins (ZIP) or cation channels (Lux et al., 2011), while Se is absorbed by plants through sulfate and phosphate transporters (Zhang L. et al., 2014, and see above). Se and Cd are absorbed by different transporters in the plant root system, so there is no direct competitive absorption relationship between Se and Cd. Recent years have witnessed great progress in our understanding of the mechanism of Se-Cd antagonism. Wu et al. (2016b) reported that Se application had no effect on Cd concentration or ratio in root saps, and Wan et al. (2016) showed that Se(IV) only played a minor role in Cd influx into rice roots, while Se(VI) had no effect at all. These results indicate that there is no competitive relationship in Se and Cd at the primary absorption level in plant roots. Se appears to only reduce Cd translocation from the root to the shoot, and a major component of this is the increase in GSH and PCs in the plant when Se supplementation is in play (see as well above). Cd is easily bound by S-containing ligands, such as those present in phytochelatins (PCs), metallothioneins, and glutathione (GSH) (Yadav, 2010). Yu et al. (2019) showed that the relative proportion of SeMet and Se(VI) was the main factor in the regulation of Cd accumulation in the plant. Zhang (2019) further showed that Se- and Cd-binding compounds, namely Cd-SeCysCysSe and Cd-SeMet, appeared in the stalk and leaf tissues after Se application in corn. These compounds are restricted in their upward, shoot-bound migration of Cd in plants (Figure 4).


[image: image]

FIGURE 4. Overview of the role of Se in regulating Cd bioavailability and accumulation. Se and Cd form CdSe complexes in soil unusable by plant roots (black down arrow). Se-Cd antagonism not only occurs in soil, but also manifests inside plant cells through the formation of Se- and Cd compounds, namely Cd-SeCysCysSe and Cd-SeMet (red down arrow), which are restricted in their upward, shoot-bound, Cd migration. Se reduces the expression of genes coding for Cd uptake and of transport-related genes (red down arrow), activates the expression of the tonoplast-resident transporter gene (red up arrow) and increases Cd accumulation in the plant cell wall (red up arrow). Se also increases GSH and PCs and reduces Cd transport from the root to the shoot and to the grain.


One of the main effects of Cd toxicity is the inhibition of photosynthesis in higher plants (Wang Y. et al., 2014; Ahmad et al., 2016). Se application has been shown to reduce ethylene content, promote the accumulation of proline, and increase the activities of glutathione reductase (GR) and glutathione peroxidase (GPX) in wheat under Cd stress (Khan et al., 2015).

Zhao et al. (2019) found that Se increased the contents of pectin and hemicellulose 2. By combining with Cd ions, these compounds can limit Cd transport across cell plasma membranes, thereby reducing the entry of Cd into the roots and its transport to stems, pods, and seeds. Cui et al. (2018) reported that Se application reduced the expression of genes coding for Cd uptake (OsNramp5) and transport-related genes (OsLCT1), and reduced Cd uptake by rice cells, but activated the expression in the tonoplast transport gene OsHMA3 and lignin synthesis (OsPAL, OsCoMT Os4CL3)-related genes, making it more difficult for Cd to be transported from the vacuole to the phloem, and increasing Cd accumulation in the plant cell wall.

In summary, Se biofortification and reducing the risk of Cd pollution may have dual benefits. However, the results of the interactions between Se and Cd mainly depend on the rate of applications, plant species, and soil conditions (Feng et al., 2013; Wan et al., 2016). Under the context of high Cd, Se-Cd interaction may be another case, and more studies are needed. Yang et al. (2019) concluded, based on field experiments, that high-Se soil did not reduce the absorption of Cd in rice, and high Se helped increase Cd translocation from root to stem. The reason may be that excessive Cd stress in this case may have caused serious damage to membranes and cell walls, chloroplasts, and other cell structures, resulting in decreased cellular integrity, photosynthetic rate, and plant growth. As well, Se application cannot reverse Cd damage to plant cells already incurred (Alves et al., 2020). Feng et al. (2013) found that Se increased the absorption of Cd and, when the Cd concentration was extremely high, deleterious effects on rice growth were readily evident. The authors linked this finding to cell membrane damage caused by Se application, increasing the permeability of root cells to Cd (Feng et al., 2017). This serves as an important warning that, in actual crop production settings, Cd reduction by Se application cannot automatically be assumed and requires more tests to determine precise application conditions, and blind implementation cannot be recommended.




CONCLUSION AND FUTURE PERSPECTIVES

In this review, we elucidate the nutritional effects of Se in plants and their consequences for crop consumption by humans, and summarize the basic mechanisms of uptake, long-distance transport, and biofortification of Se in grains. We further discuss Se biofortification and interaction mechanisms with the macronutrient elements N, P, and S and the heavy metals Hg, As, and Cd. For human nutrition, any ideal crop must contain essential mineral elements such as Se, coupled to minimized accumulation of toxic elements in all edible parts, which are, typically, above-ground tissues. However, to achieve this goal, several hurdles need to be overcome:


(1)A comprehensive understanding of the uptake and transport systems for Se is required. Uptake and transport of Se from soils to edible plant parts is mediated by various transporters. However, we are far from fully understanding the molecular mechanisms of long-distance transport of Se to edible parts. Many transporters for Se remain to be identified. It is necessary to exploit the transporters regulating the primary absorption, internal transport, and accumulation of Se in plants, and transfer genes that code for them to relevant target plants to effect efficient expression, using transgenic technology or gene editing technology to increase the concentration of Se in non-Se-rich plants.

 From the perspective of human nutrition and health, currently, it is urgent not only to increase the concentration of Se in the edible parts of crops, but also to increase some specific chemical Se forms, as different Se forms have varying nutritional value and toxicological properties in the human body. For instance, SeMeSeCys has promising anti-cancer properties, and overexpression of SeCys methyltransferase (SMT) may therefore present as the best choice for biofortification with a view to human nutrition. Applying modern techniques of molecular biology, targeted genes may also be overexpressed in specific plant tissues, such as in cereal reproductive structures, or in vegetative tissues of plants from which anticarcinogenic compounds can be easily extracted for large-scale production, such as in Medicago or in vegetable crops.

(2)It is important to further examine the effects of nutrient fertilizers (N, P, S, but also K and Ca/Mg) on plants in intensive agriculture production systems, especially vis-a-vis their effects on Se bioconcentration in grains, investigate the physiological and molecular mechanisms by which macronutrients affect long-distance transport of Se in crops, define agronomic production measures that simultaneously meet the high-yield nutritional needs of crops and nutritional balance requirements for Se, thus providing the theoretical and technical support needed for the genetic improvement of Se-rich crops and human health.

(3)The interaction mechanism between Se and heavy metals remains understudied. It is necessary to strengthen the research on the mechanisms by which Se may antagonize the toxicity of heavy metals, and study the effects of Se on the migration and transformation of heavy metals in soil-crop systems, especially the mechanisms by which Se restricts long-distance transport of heavy metals in cereal crops to the grain. It is urgent to conduct in-depth studies on the interactions between Se and heavy metals by using in-situ analytical techniques, such as synchrotron imaging. At the same time, a large number of field tests on different soil types are needed to clarify the effect of Se in improving Se nutrition level in crops and reducing heavy metal concentration in crops as well as refining the application conditions in a manner that might make them amenable to the application of precision agriculture techniques vis-a-vis Se. This will provide reference for using Se as a biostimulant to increase crop yields, improve crop nutritional value, and reduce the toxicities of soil metal toxicants.
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Negative effects of high phosphorus (P) application on zinc (Zn) nutrition have been observed in many crops. This study investigated the Zn responses of three typical crops to varied P and Zn applications. A pot experiment was conducted using two mycorrhizal crops (maize and soybean) and one non-mycorrhizal crop (oilseed rape) under three levels of P, two levels of Zn, and two levels of benomyl. Results showed that P application significantly decreased shoot and root Zn concentrations, Zn uptake, and Zn acquisition efficiency (ZnAE) of the three crops irrespective of Zn rate, and that these reductions were greater for maize and soybean than for oilseed rape. Zn application alleviated the P inhibition of Zn uptake in the three crops. The arbuscular mycorrhizal fungi (AMF) colonization of maize and soybean contributed most to the negative effects of increasing P application on Zn uptake, explaining 79–89 and 64–69% of the effect, respectively. For oilseed rape, root dry weight and root Zn concentration explained 90% of the decrease in Zn uptake caused by P application. These results suggest that there is another pathway in addition to the mycorrhizal pathway regulating Zn uptake under mediation by P supply.

Keywords: phosphorus, zinc uptake, mycorrhizal and non-mycorrhizal crops, maize, soybean, oilseed rape


INTRODUCTION

Zinc (Zn) is an essential micronutrient in plant growth and development and also plays a vital role in protecting the health of the brain and nervous system of infants and children (Cakmak, 2008). Almost 50% of cereal crops are cultivated in Zn-deficient soil, which contributes to plant and human Zn malnutrition (Zou et al., 2012; Shahzad et al., 2014). According to a report from the WHO (2016), Zn deficiency affects one-third of people worldwide and is particularly prevalent in developing countries.

High application of phosphorus (P) fertilizer is the main reason for low Zn concentration in cereal crops. Many studies have shown that Zn concentration in tissue and grain is significantly decreased by P application (Zhang et al., 2012; Chen et al., 2017). The complex negative interplay between P and Zn has drawn much attention since the 1960s, but there have been no convincing explanations of the mechanism of this antagonism until recently (Stukenholtz et al., 1966; Bouain et al., 2014b).

The negative effects of higher P application on Zn concentration in grain mainly occur in the following processes: uptake, translocation, and remobilization. Zhang et al. (2015, 2017a, b) and Zhang W. et al. (2016) demonstrated that P application significantly affected root uptake of Zn, whereas Zn translocation from roots to shoots and remobilization efficiency were not consistently affected. The significant decrease in Zn uptake is the key factor explaining the antagonistic interaction between P and Zn (Singh et al., 1986; Yang et al., 2011). Nonetheless, understanding of how P application influences root uptake of Zn is limited.

Arbuscular mycorrhizal fungi (AMF) can form a mutualistic relationship with 80% of terrestrial plants (including most crops), in which the extensive extraradical mycelium in the soil enhances immobile nutrient (such as P and Zn) uptake for the host plant in exchange for photosynthesis products from the plant for the fungus (Smith et al., 2003; Cavagnaro, 2008). A meta-analysis by Lehmann et al. (2014) showed that AMF had positive effects on Zn concentration in fruit (grain), shoot, and root of plants. A field experiment conducted on calcareous soils indicated that Zn uptake of wheat increased linearly with increases in AMF colonization (Hui et al., 2019). However, because AMF colonization is negatively correlated with P application, the quantity of Zn taken by AMF can be greatly reduced by P application (Zhang et al., 2017a). A pot and hydroponics experiment suggested that the only reason for the reduction in tissue Zn concentration of wheat caused by P application was the reduction of AMF colonization (Ova et al., 2015). However, Watts-Williams et al. (2013) conducted a pot experiment with mycorrhiza-defective tomato (rmc) and its wild-type progenitors (76R) and found that Zn concentration in shoots and roots of rmc and 76R was significantly decreased by P application. A solution culture experiment (i.e., mycorrhiza-defective environment) also showed that root Zn uptake of lettuce significantly decreased with increasing P concentration in the nutrient solution (Bouain et al., 2014a). That is, the negative effects of higher P application on Zn uptake can be partially explained by the AMF pathway. Overall, the mycorrhizal pathway has been considered a vital factor explaining the antagonistic interaction between P and Zn. However, the contribution of AMF colonization to the decrease in Zn uptake caused by P application among mycorrhizal crops remains unclear.

Plant species with different root morphologies or physiological characteristics can respond differently to AMF (Tawaraya, 2003). Tran et al. (2019) examined the responses of 15 plant species in pots and found large variation in crop growth and nutritional responses to AMF, i.e., growth and Zn nutrition responses vary among different AMF colonization plants. Moreover, a meta-analysis conducted by Hoeksema et al. (2010) suggested that C4 grasses (e.g., maize) respond more positively to AMF inoculation than C3 grasses (e.g., soybean). To the best of our knowledge, many studies have focused primarily on the responses of different plant species, crop genotype growth, or a single type of nutrition to AMF, but the negative effects of higher P application on Zn concentration and Zn uptake of different mycorrhizal and non-mycorrhizal crops under the same growth conditions, which is very important for elucidating the Zn uptake pathway mediated by P application, have not yet been reported.

As representatives of main cereal crops, legume crops, and oil-producing crops, maize (Zea mays L.), soybean (Glycine max L.), and oilseed rape (Brassica napus L.) are important dietary sources of calories, proteins, and micronutrients. Thus, it is valuable to clarify the mechanisms of Zn uptake as mediated by P application of these three crops. Among these crops, both maize and soybean are highly mycorrhizal crops under current agricultural management practices, but oilseed rape is considered a non-mycorrhizal crop (Buee et al., 2000; Chu et al., 2020; Qin et al., 2020). Besides, as a general fungicide, benomyl can effectively suppress AMF colonization, in which it is considered as an ideal method to evaluate mycorrhizal responsiveness (Yang et al., 2014; Qiao et al., 2019). Therefore, we selected two typical mycorrhizal crops, maize and soybean, and one non-mycorrhizal crop, oilseed rape, to study the different responses of Zn concentration and Zn uptake to various levels of P, Zn, and benomyl application and to clarify the contributions of potential factors to the antagonistic interaction of P and Zn. We hypothesized that P application significantly decreased Zn uptake of mycorrhizal and non-mycorrhizal crops, the decreases in Zn uptake of mycorrhizal crops caused by P application were mainly attributed to AMF colonization decline, and the decrease of non-mycorrhizal crops was mainly due to root system architecture.



MATERIALS AND METHODS


Experimental Design

A pot experiment was conducted from March to May 2018 at China Agriculture University (CAU). The soil used in this experiment was from the Quzhou Experiment Station (36.9°N, 115.0°E) of CAU. The initial soil pH was 8.01, and soil available Zn (DTPA-Zn) and P concentrations (Olsen-P) were 0.93 and 9.97 mg kg–1, respectively (The corresponding analysis methods are shown in section “Harvesting and Analyses”). Two Zn levels (0 and 30 mg Zn kg–1 soil) as ZnSO4⋅7H2O and three P levels (0, 200, and 600 mg P kg–1 soil) in the form of Ca(H2PO4)2 were applied in this experiment. To establish different AMF colonization, two benomyl levels (0 and 0.4 g kg–1 soil) were used based on a previous study (Fitter and Nichols, 1988). In addition, 200 mg nitrogen (N) kg–1 soil in the form of urea and 200 mg K2O kg–1 soil in the form of K2SO4 were applied uniformly to all treatments before sowing. Benomyl was dissolved in 1 L distilled water and total irrigated four times (once every 2-week period). An equivalent amount of distilled water was irrigated in no-benomyl-addition treatments to create a similar soil moisture condition. Each pot contained 3.5 kg soil. All crops were arranged in a glasshouse with a randomized complete block design with three replicates and were watered with distilled water as needed.

Maize (Z. mays L., cv. Zhengdan 958), soybean (G. max L., cv. Zhonghuang 37), and oilseed rape (B. napus L., cv. Meiyou 758) seeds were planted in this experiment. Five germinated maize and soybean seeds and eight germinated oilseed rape seeds were transferred to pots after germination. At the three-leaf stage of maize, each pot was thinned to three plants. Soybean and oilseed rape were thinned to two and five plants per pot within 1 week after sowing, respectively.



Harvesting and Analyses

Seven weeks after sowing, the shoots and roots of each plant were harvested. Shoots were cut off at ground level using stainless steel scissors. All shoot and root samples were washed three times with tap water and distilled water, respectively. Fresh root sub-samples with a mass of 0.5 g were used to evaluate arbuscular mycorrhizal colonization. Segments with a length of 1 cm were soaked in KOH (10%), HCl (2%), trypan blue (0.05%), and acidic glycerol, respectively (Koske and Gemma, 1989). Then, arbuscular mycorrhizal colonization was quantified using the magnified intersections method (McGonigle et al., 1990).

Shoots and remaining roots were oven-dried at 60–65°C to constant weight to record dry weight and then were ground with a stainless-steel grinder for Zn nutrition analyses. The plant samples were digested with HNO3–H2O2 using a microwave-accelerated reaction system (CEM, Matthews, NC, United States), and the Zn concentration in the digestate was analyzed by inductively coupled plasma optical emission spectroscopy (ICP-OES; OPTIMA 3300 DV; Perkin-Elmer, United States). Standard materials (IPE126) from Wageningen Evaluation Programs for Analytical Laboratories (WEPAL; Wageningen University, Netherlands) were used to check the Zn concentrations in shoots and roots.

Soil samples were collected, air-dried, and then passed through a 1 mm plastic sieve for analyses of available Zn and P concentrations. The available Zn concentration was extracted using 5 mmol L–1 diethylenetriaminepentaacetic acid (DTPA) and analyzed by ICP-OES (OPTIMA 3300 DV; Perkin-Elmer, United States) (Lindsay and Norvell, 1978). The soil available P concentration was extracted using 0.5 mol L–1 NaHCO3 and analyzed using a spectrophotometer (Olsen, 1954). Soil pH (1:2.5 w/v in water) was determined by a pH meter (PB-10; Sartorius, Germany).



Calculation and Statistical Analyses

Zn acquisition efficiency (ZnAE) was calculated according to Zhu et al. (2001):

ZnAE = total Zn accumulation/root dry weight.

For further analyses of the effects of AMF on Zn nutrition, mycorrhizal Zn responsiveness (MZnR) was calculated according to Gao et al. (2007):

MZnR = ([Zn accumulationB0 – Zn accumulationB0.4]/Zn accumulationB0.4) × 100

where Zn accumulationB0.4 and Zn accumulationB0 represent the total Zn accumulation of crops treated with and without benomyl addition, respectively.

Three-way analyses of variance (ANOVAs) were conducted to test the main effects of P, Zn, and benomyl additions and their interactions on the dry weights of shoots and roots, Zn concentration in shoots and roots, total Zn accumulation, ZnAE, and AMF colonization. Similarly, two-way ANOVAs were carried out to test the main effects of P and Zn applications and their interactions on MZnR. Following ANOVA, means for different P levels were compared within Zn and benomyl application levels using SAS software (version 8.0). SPSS software (version 26.0) was used to perform path coefficient analyses to evaluate the contributions of potential factors to the antagonistic interaction between P and Zn.




RESULTS


Shoot and Root Dry Weights

P and Zn applications significantly increased shoot and root dry weights of maize, soybean, and oilseed rape. Benomyl addition significantly decreased shoot and root dry weights of maize and soybean but not of oilseed rape. There were significant interactions between P and Zn application levels for the three crops (Table 1). When no Zn was applied, irrespective of the level of benomyl addition, shoot and root dry weights of maize, soybean, and oilseed rape increased with P application from 0 to 200 mg kg–1 and then decreased with further P application to 600 mg kg–1 (Table 1). When Zn was applied at 30 mg kg–1, P application (200 and 600 mg kg–1) led to 24–42, 22–41, and 20–33% increases in the shoot dry weights of maize, soybean, and oilseed rape compared with no P application, respectively, when no benomyl was added. There were similar increases in shoot and root dry weights when 30 mg Zn kg–1 and 0.4 g kg–1 benomyl was added (Table 1).


TABLE 1. Shoot and root dry weights of maize, soybean, and oilseed rape affected by P application (P), Zn application (Zn), and benomyl addition (B), respectively.
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Zn Concentration, Accumulation, and Acquisition Efficiency

Zn concentration in shoots and roots was significantly decreased in all crops by P application regardless of Zn and benomyl additions (Figure 1). When no Zn was applied, total Zn accumulation (Figures 2A,B) and ZnAE (Figures 2C,D) were significantly decreased in all crops by P application, and these traits in maize and soybean but not in oilseed rape were also significantly decreased by P application when 30 mg Zn kg–1 was added (Figure 2). Benomyl addition also decreased Zn concentration in shoots and roots, total Zn accumulation, and ZnAE in maize and soybean but not in oilseed rape (Table 2). Irrespective of P and benomyl additions, Zn application obviously increased these three traits in all crops (Table 2). Compared with no P application, P application led to 43–63, 29–60, and 19–31% decreases in Zn concentration in shoots of maize, soybean, and oilseed rape when no Zn or benomyl was added (Figure 1A). There were similar decreases in Zn concentration in the roots of all three crops (Figures 1C,D). Meanwhile, 600 mg P kg–1 application decreased the total Zn accumulation of maize, soybean, and oilseed rape by 55, 54, and 31% compared with no P application when no Zn or benomyl was added, respectively. When 30 mg Zn kg–1 was added but no benomyl, the total Zn accumulation of maize and soybean decreased by 24 and 14% due to application of 600 mg P kg–1 (Figures 2A,B). The ZnAEs of maize, soybean, and oilseed rape without Zn or benomyl addition were reduced by 32–56, 31–52, and 15–35% by 200 and 600 mg P kg–1 applications, respectively (Figures 2C,D). More interestingly, the ZnAE of maize was higher than that of soybean, followed by oilseed rape (Figures 2C,D).
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FIGURE 1. Zn concentration in shoots and roots of maize, soybean, and oilseed rape affected by P and Zn applications without benomyl (A,C) and with 0.4 g benomyl kg–1 soil (B,D) addition, respectively. Values are means of three replications. The same lowercase letter indicates no significant difference among P application levels (P < 0.05). Zn0 and Zn30 represent 0 and 30 mg Zn kg–1 soil rates, respectively. P0, P200, and P600 represent 0, 200, and 600 mg P kg–1 soil rates, respectively.
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FIGURE 2. Total Zn accumulation and Zn acquisition efficiency of maize, soybean, and oilseed rape affected by P and Zn applications without benomyl (A,C) and with 0.4 g benomyl kg–1 soil (B,D) addition, respectively. Values are means of three replications. The same lowercase letter indicates no significant difference among P application levels (P < 0.05). Zn0 and Zn30 represent 0 and 30 mg Zn kg–1 soil rates, respectively. P0, P200, and P600 represent 0, 200, and 600 mg P kg–1 soil rates, respectively.



TABLE 2. Analysis of variance for the effects of P application (P), Zn application (Zn), benomyl addition (B), and their interactions on Zn concentration in shoots and roots, total Zn accumulation, Zn acquisition efficiency, and arbuscular mycorrhizal fungi (AMF) colonization of maize, soybean, and oilseed rape, respectively.
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AMF Colonization and MZnR

No AMF colonization was detected in root segments of oilseed rape in any treatment (data not shown). The addition of P, Zn, and benomyl significantly decreased AMF colonization of maize and soybean (Table 2). There were significant (Table 2) three-way interactions among P, Zn, and benomyl treatments of both maize and soybean. Compared with no P application, P application led to 54–70 and 37–60% decreases in AMF colonization of maize and soybean when no Zn or benomyl was added, respectively. The same decreases were observed in maize and soybean at other Zn and benomyl addition levels (Figure 3). As there were no significant differences in total Zn accumulation of oilseed rape between the no benomyl and the 0.4 g kg–1 benomyl treatments (Table 2), only the MZnR values of maize and soybean were calculated. P and Zn applications significantly decreased the MZnRs of three crops (Table 3). P application decreased that of maize by 45% when no Zn was applied and by 36% when 30 mg Zn kg–1 was applied. When no Zn was applied, P application significantly decreased the MZnR of soybean by 40%, but there were no significant differences for the 30 mg Zn kg–1 treatment (Table 3). In addition, AMF colonization and MZnR were consistently higher in maize than in soybean (Figure 3 and Table 3).
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FIGURE 3. Arbuscular mycorrhizal fungi (AMF) colonization of maize and soybean affected by P and Zn applications without benomyl (A) and with 0.4 g benomyl kg–1 soil (B) addition, respectively. Values are means of three replications. The same lowercase letter indicates no significant difference among P application levels (P < 0.05). Zn0 and Zn30 represent 0 and 30 mg Zn kg–1 soil rates, respectively. P0, P200, and P600 represent 0, 200, and 600 mg P kg–1 soil rates, respectively.



TABLE 3. Mycorrhizal Zn responsiveness of maize and soybean affected by P and Zn applications, respectively.
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Correlations Between Total Zn Accumulation and Root Zn Concentration, Root Dry Weight, and AMF Colonization

We selected total Zn accumulation as the dependent variable and seven independent variables (shoot dry weight, root dry weight, shoot Zn concentration, root Zn concentration, AMF colonization, soil DTPA-Zn concentration, and soil Olsen-P concentration) to uncover how and to what extent the independent variables influenced the total Zn accumulation of each crop; however, only root dry weight, root Zn concentration, and AMF colonization entered into the analyses process for the three crops (Table 4). Overall, when no Zn was applied, AMF colonization explained 89% of the total Zn accumulation of maize; AMF colonization, root dry weight, and root Zn concentration explained 90% of the total accumulation of soybean; and root dry weight and root Zn concentration explained 90% of the total accumulation of oilseed rape. When Zn was applied at 30 mg kg–1, AMF colonization and root dry weight explained 88% of the total accumulation of maize, AMF colonization explained 64% of the total accumulation of soybean, and root dry weight and root Zn concentration explained 92% of the total accumulation of oilseed rape (Table 4).


TABLE 4. Correlations of total Zn accumulation (dependent variable) with independent variables [root Zn concentration (RZnC), root dry weight (RDW), and arbuscular mycorrhizal fungi colonization (AMFC)] for maize, soybean, and oilseed rape when Zn was applied at 0 or 30 mg kg–1 soil.

[image: Table 4]



DISCUSSION


Effect of P Application on Zn Concentration and Uptake

P application significantly decreased the Zn concentration of both maize and soybean, consistent with previous reports (Izsáki, 2014; Zhang et al., 2017a). It is worth noting that significant decreases in Zn concentration in shoots and roots with increasing P application were also observed in non-mycorrhizal crop, oilseed rape (Figure 1). This is consistent with previous research that showed that Zn concentrations in crambe (Crambe abyssinica Hochst, i.e., a non-mycorrhizal crop) significantly decreased with increasing P application (Cihacek et al., 1993). Considering the large changes in biomass in response to P application, the responses of total Zn accumulation due to P application were partially different from those of Zn concentration, in line with Chen et al. (2019). When no Zn was applied, total Zn accumulations were significantly decreased by P application in all crops. The negative effects of increasing P application on Zn accumulation in oilseed rape are not consistent with Lu et al. (1998), who found that a 150 mg P kg–1 application increased shoot and root Zn accumulations in two oilseed rape genotypes. The reason for the disagreement may be the relatively lower P fertilizer application they used than that used in the present study. Similarly, the results of a field experiment showed that the total Zn accumulation of wheat was increased by insufficient P application but decreased by excessive P application (Zhang W. et al., 2016). Together, these results suggest that the effects of P on Zn uptake depend on the amount of P supplied. P application also decreased the total Zn accumulation of maize and soybean but not of oilseed rape when 30 mg Zn kg–1 was applied, and the degree of decrease was lower at 30 mg Zn kg–1 than under no Zn addition for all crops, indicating that reasonable Zn fertilization can alleviate the inhibition of P application on crop Zn uptake.

Our results indicate that chemical interaction in soil was not the reason for the decrease in Zn uptake caused by P application because the soil Olsen-P concentration did not reach the critical value of 200 mg kg–1 (Chen et al., 2019). P application significantly increased soil DTPA-Zn concentration of maize and soybean as Zn applied, which is consistent with Saeed (1977) and Zhang et al. (2017a). However, no significant effect of P application on soil DTPA-Zn concentration was found for oilseed rape (Supplementary Figures 1C,D). Our results showed that P application had no significant effects on soil pH of three crops (Supplementary Figures 1A,B). Therefore, the differences in DTPA-Zn between mycorrhizal and non-mycorrhizal crops are possibly ascribed to the mobilized soil Zn induced by AMF hyphal exudates with P application (Kaiser et al., 2015; Zhang L. et al., 2016). Previous studies have ascribed the decrease in Zn concentration with P application to a “dilution effect,” in which concentration decreases with biomass increase (Hui et al., 2019). However, in the current study, the shoot and root dry weights of maize, soybean, and oilseed rape did not increase as P application increased to 600 mg kg–1, in line with previous studies (Li et al., 2003; Ova et al., 2015). These results indicate that the decrease in Zn concentration in shoots and roots of the three crops caused by P application cannot simply be ascribed to the dilution effect. This was further demonstrated by the significant decrease in ZnAE of the three crops with increasing P application (Figures 2C,D), which also agrees with previous findings (Zhu et al., 2001; Zhang W. et al., 2016). Taken together, these results provide specific evidence that decreased uptake of Zn is a vital process in the antagonism of P and Zn. However, the process of Zn uptake in the rhizosphere may be affected by AMF colonization, root growth, and root Zn concentration (Zhang et al., 2017a).



Different Zn Uptake Responses Caused by P Application in Different Test Crops

Although the responses of different crop species and genotypes to P or Zn application have been verified to be different (Yilmaz et al., 1997; Fageria, 2002; Watts-Williams et al., 2019; Qin et al., 2020), the negative effects of increasing P application on Zn uptake among different mycorrhizal and non-mycorrhizal crops have not been reported. In the present study, mycorrhizal crops (maize and soybean) displayed higher degrees of decrease in Zn uptake and ZnAE mediated by P application than non-mycorrhizal crop (oilseed rape). The main reason for this difference may be that P application sharply decreased AMF colonization of maize and soybean, which reduced the quantity of Zn uptake by the mycorrhizal pathway. Analogous results were reported by Watts-Williams and Cavagnaro (2012), who found that the degree of decrease in Zn concentration caused by P application was greater in 76R (mycorrhizal genotypes of tomato) than in rmc (non-mycorrhizal genotypes of tomato). In our study, between the two mycorrhizal crops, maize displayed greater decreases in Zn uptake and ZnAE in response to P application than soybean. This was related to AMF colonization, and the MZnR of maize was consistently higher than that of soybean (Figure 3 and Table 3).

Our path coefficient analysis results quantified the factors and the extents of influence on the Zn uptake of three crops caused by P application. Consistent with the results of total Zn accumulation and ZnAE, the contributions of possible factors to the decrease in Zn uptake attributable to P application depended on whether Zn fertilizer was applied to the soil. AMF colonization of maize and soybean contributed most to the negative effects of higher P application on Zn uptake, explaining 89 and 69% of the effects when no Zn was applied and 79 and 64% at 30 mg Zn kg–1, respectively (Table 4). The decrease in the contribution of AMF colonization at 30 mg Zn kg–1 may be attributable to significantly decreased AMF colonization under Zn fertilization (Figure 3). Our results further demonstrate that the mycorrhizal pathway is an important factor explaining the negative effects of increasing P application on the Zn uptake of mycorrhizal crops, and that more mycorrhizal crops are affected by AMF colonization as for the antagonism of P on Zn. For oilseed rape, root dry weight and root Zn concentration explained 90 and 92% of the decrease in Zn uptake at the no Zn and 30 mg Zn kg–1 application levels, respectively. This indicates that root growth and development are vital factors explaining the antagonism of non-mycorrhizal crops. In addition, our results revealed that 11–12, 10–36, and 8–9% of the decreases in Zn uptake of maize, soybean, and oilseed rape caused by P application, respectively, could not be explained in the present study. This implies that there are other pathways regulating Zn uptake as mediated by P application irrespective of whether the crop is mycorrhizal or non-mycorrhizal.

This study strengthens understanding of the different responses of the negative effects of higher P application on Zn concentration and Zn uptake of different mycorrhizal and non-mycorrhizal crops and further highlights the importance of AMF colonization in this process. Other pathways pertaining to the Zn uptake mediated by P application need to be considered in future research. In the process of crop development, different root system architectures can form due to the soil environment, which may directly influence the nutrient acquisition capacity (Xue et al., 2014). Moreover, some Zn transporters play important roles in root uptake of Zn, and whether this is mediated by P supply remains unclear. Future studies need to investigate whether and how P application affects root system architecture and the expressions of genes related to Zn uptake and root Zn uptake. Besides, though this study clarified the contribution of AMF colonization to the antagonistic interaction of P and Zn among mycorrhizal crops, there are some important points to be considered in the future. For instance, in the current study, we selected benomyl to establish different levels of AMF colonization, but it may affect various members of the soil microbial community and thus potentially influence the growth and development of crops in other ways (Rillig, 2004). Using a mycorrhiza-defective mutant is a possibility for comparing mycorrhizal and non-mycorrhizal crops in native soil without any other experimental intervention (Watts-Williams and Cavagnaro, 2015). Thus, there may be theoretical significance in quantifying the contribution of AMF colonization in this antagonistic interaction using mycorrhiza-defective mutants and their wild-type genotypes.




CONCLUSION

Three typical crops showed different responses in growth and Zn uptake to P application levels. P application significantly decreased the Zn uptake of both mycorrhizal and non-mycorrhizal crops, and the degree of reduction depended on whether the crop is mycorrhizal or non-mycorrhizal and the Zn supply. The decrease in Zn uptake of maize and soybean was mainly due to the decreased AMF colonization caused by P application, whereas root dry weight was significant for oilseed rape. Our results indicate that there is another pathway regulating Zn uptake mediated by P supply in addition to the mycorrhizal pathway.
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Elements are important functional traits reflecting plant response to climate change. Multiple elements work jointly in plant physiology. Although a large number of studies have focused on the variation and allocation of multiple elements in plants, it remains unclear how these elements co-vary to adapt to environmental change. We proposed a novel concept of the multi-element network including the mutual effects between element concentrations to more effectively explore the alterations in response to long-term nitrogen (N) deposition. Leaf multi-element networks were constructed with 18 elements (i.e., six macronutrients, six micronutrients, and six trace elements) in this study. Multi-element networks were species-specific, being effectively discriminated irrespective of N deposition level. Different sensitive elements and interactions to N addition were found in different species, mainly concentrating on N, Ca, Mg, Mn, Li, Sr, Ba, and their related stoichiometry. Interestingly, high plasticity of multi-element network increased or maintained relative aboveground biomass (species dominance) in community under simulated N deposition, which developed the multi-element network hypothesis. In summary, multi-element networks provide a novel approach for exploring the adaptation strategies of plants and to better predict the change of species dominance under altering nutrient availability or environmental stress associated with future global climate change.

Keywords: co-vary, nitrogen addition, plasticity, species dominance, steppe, climate change


INTRODUCTION

Combined action of multiple elements supports plant biochemical reactions and adaptation to environment (Baxter, 2015; Kaspari and Powers, 2016). Macronutrients, e.g., N, P, K, Ca, Mg, and S, are necessary components for plant structure, regulation, and metabolism. Micronutrients, e.g., Fe, Mn, Zn, Cu, Ni, and Na, are essentially involved in electrochemical reactions and osmotic pressure regulation (Marschner, 2011). Trace elements, e.g., Al, Li, Ti, Co, Sr, and Ba, are toxic and negatively affect plant physiological processes, such as inhibiting growth, damaging structure, and declining biochemical activities (Cheng, 2003). Species have a relatively stable elemental composition and interrelationships in an organ under a specific environmental condition through long-term adaptation without disturbance (Sterner and Elser, 2002). Changes in elements can, therefore, reflect the allocation and adaptation strategies of plants (Zhang et al., 2018a; Zhao et al., 2020). Commonly, early studies about the function of mineral elements in plant growth and development did not consider mutual effects among elements (Chapin, 1980; An et al., 2005). This changed when Sterner and Elser (2002) proposed ecological stoichiometry, which emphasizes the strict ratios of multiple elements from the perspective of nutrient limitation (Elser et al., 2000, 2007). Recently, researchers have proposed the ionome as the elemental composition of a tissue or organism to investigate the characteristics of multiple elements one by one (Salt et al., 2008; Penuelas et al., 2019; Pillon et al., 2019). However, integral variations, which reflect the complex elemental interactions, are yet to be adequately demonstrated.

Mineral elements in plants are responsible for different dimensional function, including water use (K and Na) (Bartels and Sunkar, 2005; Sardans and Penuelas, 2015) and photosynthesis (N, Mg, and Mn) (Tian et al., 2016). Characterizing multidimensional element structure (different principal component axes in previous studies) and identifying its ecological significance are major aims in recent research (Watanabe et al., 2007; Sardans et al., 2015). Complex networks provide a great idea to describe multidimensional systems. Some ecologists have applied complex networks to analyze the structure and function of microbial communities (Freilich et al., 2010; Ma et al., 2016) and plant traits (Flores-Moreno et al., 2019; Kleyer et al., 2019). Here, we propose a multi-element network consisting of different elements (nodes) and their interactions (links) to describe complex elemental structures (Figure 1). Multi-element networks are assumed to be species-specific owing to significant interspecific differences in element concentrations (Zhang et al., 2012; Sardans et al., 2015) and their correlations (Hao et al., 2015). Besides, relatively stable nodes and links can determine the relative stability of multi-element network for a species in a specific environment without disturbance. These properties may indicate that the change of multi-element networks comprehensively reflects the response and adaptation of plants to changing environments (Figure 1).
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FIGURE 1. Theoretical framework for the multi-element network. Complex networks are comprised of interdependent multiple elements. Multi-element networks were supposed to be species-specific and relatively stable for a species in a particular environment without disturbance. When resource availability or environmental stress changes, multi-element networks may alter accordingly, and the plasticity of multi-element networks may be an effective strategy for adapting to the change. High plasticity enhances or maintains species dominnace, such as relative biomass (the multi-element network hypothesis).


With enhanced N input and availability by N deposition (Galloway et al., 2008; Midgley and Phillips, 2016), N concentration in plants will increase within certain limits (Karimi and Folt, 2006), which may directly influence initial multi-element networks. Given the strong correlations between mineral nutrients, for example, P-rich RNA regulates the synthesis of N-rich protein (Sterner and Elser, 2002), and K influences the synthesis of P-rich nucleic acid (Marschner, 2011); N, P, S, Mg, Fe, and Mn are all involved in photosynthesis; Ca, Zn, and Na regulate N-involved metabolism as signals (Marschner, 2011), these nodes and links of multi-element networks may also change with increasing N availability. Trace elements are generally considered unrelated to N directly because they enter plants through osmosis rather than active uptake. However, continuously increasing N deposition will lead to soil acidification, which significantly increases available heavy metal and further changes the multi-element network (Zeng et al., 2011; Lu et al., 2014; Figure 1). Different species have different degrees of resistance to interference (Schlichting, 1986); therefore, the plasticity of multi-element network should be different among different species. Generally, the high plasticity reflects the wide range of environment in which species can survive. It is assumed that high plasticity supports the rapid response to changing environments, which makes the species more competitive. Therefore, high plasticity of multi-element network is supposed to reflect the high level of species dominance in a community, such as high relative biomass (the multi-element network hypothesis, Figure 1). Furthermore, the change of species dominance under climate change could be predicted with multi-element networks to some extent.

Leaves are the most active organ in plants. Here, data of leaf multiple elements from a long-term N deposition simulation experiment, based in a temperate steppe, was used to develop the multi-element network hypothesis. Specifically, the main objectives of this study were to answer the following questions: (1) What are the characteristics of multi-element networks? (2) How do multi-element networks respond to N deposition? (3) How does the plasticity of multi-element networks regulate species dominance in a community?



MATERIALS AND METHODS


Plant Material and Experimental Setup

The N deposition simulation experimental site was on a temperate steppe in Inner Mongolia, China (116°40′E, 43°32′N). Mean annual temperature from 1985 to 2014 was 1.0°C with the lowest (–21.1°C) in January and the highest (19.8°C) in July. Mean annual precipitation was 350.5 mm with >70% falling during the growing season from May to August. The soil was classified as Haplic Calcisols by the Food and Agriculture Organization of the United Nations (FAO, 1985). Two C3 grasses, Leymus chinensis and Stipa grandis, accounted for >60% of aboveground biomass in the community, and were considered as dominant species (Zhang et al., 2015).

The N-addition experiment was carried out with a completely randomized block design (Zhang et al., 2014). There were nine N-addition rates tested [0 (control), 1, 2, 3, 5, 10, 15, 20, and 50 g N m–2 year–1, in the form of NH4NO3; Supplementary Table S1 and Supplementary Figure S1]. Five blocks were set as replications. Each experimental plot in blocks was 8 × 8 m2. All plots were separated by 1 m walkways and blocks were separated by 2 m walkways. N was added once a month on the first day of each month beginning in September 2008. It should be noted that no legumes grow in this experimental site and no fertilizer was added prior to this experiment.

Aboveground biomass was sampled by species each year from 2014 to 2018 in mid-August using a 0.5 m × 2 m quadrat (Zhang et al., 2016, 2019). We collected leaf samples of five representative species from plots to measure the element concentrations in 2018, including two dominant species (Poaceae: L. chinensis and S. grandis), two associated species (subdominant in community and associated with dominant species; Poaceae: Agropyron cristatum and Achnatherum sibiricum), and one occasional species (rare in community; Chenopodiaceae: Chenopodium glaucum) (Zhang et al., 2015). Soil samples were collected using a soil sampler in the 0–10 cm layers in each plot.



Multiple Element Concentration and Soil Characteristics

All leaf samples were cleaned and oven-dried at 65°C to a constant weight and then were ground to a fine powder using a ball mill (MM400 Ball Mill, Retsch, Haan, Germany) and an agate mortar grinder (RM200, Retsch). An elemental analyzer (Vario Max CN Element Analyser, Elementar, Hanau, Germany) was used to measure N concentration. A microwave digestion system (Mars Xpress Microwave Digestion system, CEM, Matthews, NC, United States) and an inductively coupled plasma optical emission spectrometer (ICP-OES, Optima 5300 DV, Perkin Elmer, Waltham, MA, United States) were used to determine the concentration of P, K, Ca, Mg, S, Fe, Mn, Zn, Cu, Li, Na, Al, Ti, Co, Ni, Sr, and Ba (Zhang et al., 2018b; Zhao et al., 2020). Citrus leaf (GBW-10020) as a standard substance was measured to adjust random errors during digestion and measurement. In total, we measured the concentration of 18 elements for each plant species. Soil samples were air-dried and sieved using a 2 mm mesh. An Ultrameter-2 pH meter (Myron L. Company, Carlsbad, CA, United States) was used to measure soil pH.



Statistical Analyses

Multi-element networks were constructed with different elements (nodes, elemental concentrations) and their interactions (links, elemental stoichiometry) to reflect complex multidimensional elemental structure (Figure 1). Variance analyses were used to test the effect of N addition on the concentration of each element in leaves considering the block as a random factor. General linear regressions were conducted to explore the change of elemental stoichiometry along N-addition gradient. Invariant stoichiometry indicates stable interactions in multi-element networks. To investigate whether multi-element networks are characteristic of particular species in specific environments, discriminant analyses (“MASS” package in R) were performed for all five species on 18 element concentrations in leaves for nine N-addition rates. Complete separation implies uniqueness of multi-element networks for different species, while overlap implies some similarity in multi-element networks among different species. Major discriminant elements were those represented by significantly different nodes among different multi-element networks.

Here, we developed a simple matrix-to-matrix method using interval analysis (Collins et al., 2000) to explore the response of multi-element network to nine N-addition rates. The independent variable, N-addition interval matrix, was calculated based on the differences (D) between two paired N-addition rates.
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where xj is the jth N-addition rate (g N m–2 year–1), and xk is the kth N-addition rate (g N m–2 year–1). There were 36 differences in this study.

The change in the multi-element network (dependent variable) was represented by the Euclidean distance (ED) of multiple elements as follows:
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where xij is the relative concentration (concentration of each nutrient relative to all nutrients) of ith element at the jth N-addition rate, and xik is the relative concentration of ith element at the kth N-addition rate, and T is the total number of elements (18 in this study). Relative concentrations were used because multi-element networks are weighted networks. Selective absorption of plants means that the element relative concentration can represent the contribution of each element in plants and become an important weight factor (Marschner, 2011).

Furthermore, to determine the nodes that are sensitive to N deposition, N-addition interval analyses were carried out for single elements. The ED was simplified to the difference in element concentrations between different N-addition rates. Meanwhile, we normalized the element concentrations among treatments using the z-score method to strengthen the comparability of the same element under different N-addition rates as follows:
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where x′ is the standardized element concentration, x is the measured element concentration, μ is the mean value, and δ is the standard deviation.

In addition, we analyzed the variation of multi-element network among species along N-addition gradient as follows also using ED (Anderson et al., 2011):
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where σ2 is the mean dissimilarity among multi-element networks of different species (interspecies variation) at a specific N-addition rate, which reflects the unevenness and complexity of spatial distribution of multi-element networks. EDij is the Euclidean distance between ith and jth species (i < j). M is the number of species at the N-addition rate. C. glaucum was not considered to ensure the comparability.

General linear regressions were applied among ED matrix and N-addition rate interval matrix. Positive regression lines indicate directional changes in the multi-element network or single element with N addition, non-significant regression lines indicate stochastic changes, and negative regression lines indicate that plants adopt convergent elemental strategies in N-rich environments (Figure 1). Furthermore, the slope and regression coefficient (r2) represent the direction and rate of change and the degree of noise, respectively. A steeper slope and a higher r2 indicate strong directional change and less noise (Collins et al., 2000). The slope, therefore, can be used to represent the plasticity of the multi-element network.

The change in species dominance, regarding relative aboveground biomass, reflects changes in species status or competitivity in a community. General linear regressions were used to explore the relationship between the plasticity of multi-element network and the change in relative biomass. Significant relationships indicate the regulatory effect of the multi-element network on species dominance. Otherwise, the multi-element network plays only a small role in species competitivity in community (Figure 1). The averages of relative aboveground biomass in 2014–2018 were used here to exclude other environmental disturbances as much as possible.

All analyses were performed in R software (version 3.5.1) Significance was set at p < 0.05.



RESULTS


Characteristics of Multi-Element Networks

There were significant differences of multi-element concentration and ecological stoichiometry in different species along N-addition gradient, which showed species-specific multi-element networks under different N-addition rates. The effects of N addition were significant on N, Ca, Mn, Li, Sr, and Ba in L. chinensis, on N and Li in S. grandis, on N, Mn, Li, and Sr in A. cristatum, on N, Ca, Mg, Mn, and Ba in A. sibiricum, and on N, Ca, Mg, and Mn in C. glaucum (Figure 2 and Supplementary Table S2). N addition rarely had a direct effect on N-related elemental stoichiometry, but mainly affected some Ca-, S-, Mn-, Li-, Sr-, and Ba-related elemental interactions (Supplementary Figures S2–S6). Moreover, the changes in stoichiometry were different among different species.
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FIGURE 2. Element concentrations of five species (A, Leymus chinensis; B, Stipa grandis; C, Agropyron cristatum; D, Achnatherum sibiricum; E, Chenopodium glaucum) under different N-addition rates. Asterisks mean significant effects of N addition on the element using variance analyses. N0, N1, N2, N3, N5, N10, N15, N20, N50 mean N-addition rates at 0 (control), 1, 2, 3, 5, 10, 15, 20, and 50 g N m–2 year–1, respectively. ∗∗∗p < 0.001; ∗∗p < 0.01; ∗p < 0.05; ns, not significant.


A specific species under different N-addition rates were clearly discriminated by their multi-element networks (Table 1). N was the major discriminant element for L. chinensis, S. grandis, and C. glaucum, while Mn was the critical one for A. cristatum and A. sibiricum. Furthermore, multi-element networks distinguished different species under a specific N-addition rate (Supplementary Figures S7, S8). Discriminant elements were distinct under each level of N addition. As N-addition rate increased, the relative positions of species in the discriminant analyses changed, indicating alterations in multi-element networks. Intersecting lines of mean centroid of each species showed the change clearly (Supplementary Figure S9). Species overlapped in the low-N-addition plots, but they were evidently distinct in the high-N-addition treatments which demonstrated the larger interspecies variation (Supplementary Figure S8).


TABLE 1. Discriminant analyses for the multi-element composition of species under different N-addition rates.
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Changes in Multi-Element Network With N-Addition Levels

The multi-element networks of L. chinensis, A. cristatum, and C. glaucum changed directionally with increasing N-addition rate, identified by the positive regression between EDs and N-addition rate intervals (Figure 3). Specifically, low slope (0.0003) and r2 (0.094) for the regression line of L. chinensis indicated that directional change occurred, however, the change was slow, and stochastic variation was high. The regression lines of A. cristatum and C. glaucum exhibited high slope (0.0008 and 0.0027, respectively) and r2 (0.560 and 0.623, respectively), representing stronger signals of directional change and less noise. Conversely, the multi-element networks of S. grandis and A. sibiricum exhibited stochastic changes.
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FIGURE 3. Nitrogen addition influenced the multi-element networks of different species. Euclidean distance was calculated based on 18 elements of every two paired N-addition rates. A larger Euclidean distance represented a larger change in the multi-element network. Positive regressions (A–C) indicated directional change. Non-significant regressions (D,E) represented stochastic change. A steep slope (i.e., high plasticity) and a high r2 indicated strongly directional change and less noise. k, slope of regression line; r2, coefficient of determination; p, significant level; ∗∗∗p < 0.001; ∗∗p < 0.01; ∗p < 0.05.


For each element node in multi-element networks, N, Ca, Mg, Mn, Cu, Na, Li, Sr, and Ba exhibited directional change in different species in the N-addition interval analyses (Table 2), in which Ca, Mg, Mn, and Li were significantly correlated with N (Supplementary Figure S10).


TABLE 2. N-addition interval analyses of different elements for different species.

[image: Table 2]The interspecific variation of multi-element network was extremely large at 2 and 3 g N addition m–2 year–1. Without considering the two treatments, the unevenness of multi-element networks (interspecies variation) increased significantly with increasing N-addition rate (Figure 4), which echoed the results of discriminant analyses.
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FIGURE 4. Change in variation of multi-element networks along N-addition gradient. The variations of multi-element networks were represented by σ2 which is calculated using the Euclidean distances of multiple elements between species. The variations were extremely large at the N-addition rate of 2 and 3 g N m–2 year–1. Without considering the two scenario of N addition, the variation of multi-element network significantly increased with N-addition rate.




Linking the Plasticity of Multi-Element Network and the Change in Species Dominance

Interestingly, the changes in the multi-element network were relatively consistent with changes in species relative aboveground biomass (species dominance in community; Figures 3, 5 and Supplementary Figure S11), which supported the multi-element network hypothesis. Those species with higher plasticity of multi-element network (e.g., L. chinensis, A. cristatum, and C. glaucum) showed increased or constant dominance in communities under N addition, while those with lower plasticity of multi-element network (e.g., S. grandis and A. sibiricum) showed decreased dominance.


[image: image]

FIGURE 5. The plasticity of multi-element networks determined changes in species dominance. The plasticity of multi-element network was represented by the slope of the change of multi-element network along N-addition gradient, and the change in species dominance was represented by the slope of the relative aboveground biomass with increasing N-addition rate. High plasticity of multi-element network enhanced or maintained the species dominance in community under N addition, while low plasticity of multi-element network decreased the species dominance. Arrows showed the direction of change in species dominance.




DISCUSSION


Multi-Element Networks Are Species-Specific and Discernible

Different element nodes and stoichiometric links determined discernible multi-element networks (Figure 2). Although mineral nutrients interact with each other in plant physiology (Marschner, 2011), the increasing N availability resulted from N addition only influenced several nutrient concentrations, such as N, Ca, Mg, and Mn. It indicated that Ca-regulated metabolism and Mg- and Mn-related photosynthesis were more sensitive to N addition. At the same time, soil acidification caused by N addition mainly affected the concentrations of Li, Sr, and Ba by increasing their bio-availability (Zeng et al., 2011). Above elements, therefore, were considered to be critical nodes driving the differences of multi-element networks among species under different N-addition rates. Moreover, the effect of N addition on links concentrated on changing-node-related stoichiometry rather than direct N-related stoichiometry. This result provided evidence for plant active absorption for nutrients to keep stable mutual effects. Particularly, the change of Mn-related elemental stoichiometry was generalizable, which emphasized the important role of photosynthesis in plants.

The multi-element network of a specific species was distinguishable at different N-addition levels (Table 1). The direct influence of N addition on the multi-element network resulted in N becoming discriminant elements for dominant species and occasional species in this study. Manganese was another key discriminant element, especially for associated species. These results indicated that the same node in the multi-element networks of different species may show different sensitivity to N addition. Generally, the most informative elements in the discriminant analysis were those for which considerable variation existed among species (White et al., 2012). Multi-element networks were species-specific also evidenced by the clear discrimination of different species in the same environment. As N-addition rate increased, the replications for each species increased in similarity evidenced by the gradually shrinking convex hulls in discriminant analyses (Supplementary Figure S7), and different species were easier to distinguish with multi-element networks, which echoed the increasing interspecies variation (σ2) at high N-addition rate (Figure 4) and may explain elemental niche difference to some extent (Pillon et al., 2019). Therefore, altering multi-element networks could be an adaptation strategy for plants to N deposition. In other words, environmental stress can modify the multi-element network of each species differently.



Plasticity of Multi-Element Network Regulates Plant Response to Resource Availability

The interval analyses clearly demonstrated the changes in multi-element network along the N-addition gradient. N, Ca, Mg, Mn, Cu, Na, Li, Sr, and Ba were considered to be sensitive nodes to N addition because of the directional change (Table 2). They are all involved in important physiological processes in plants. Ca and Na as signals regulate N-involved metabolism; Mg, Mn, and Cu were essential components of chloroplast, where N-involved photosynthesis takes place (Marschner, 2011). Because Li, Sr, and Ba were not targeted by plant root and rhizosphere processes, they were considered to be sensitive to soil acidification rather than N availability. Some studies have demonstrated that random attacks on the nodes of a network do not affect the information transfer in the network, that is, the overall structure of the network here (robustness of the network) (Barabasi and Albert, 1999; Albert and Barabasi, 2002). However, targeted attacks on highly connected or sensitive nodes may lead to the disintegration of the network (Albert et al., 2000). Therefore, the physiological processes involved in sensitive nodes should be pay more attention. The corresponding change of sensitive nutrient nodes with increasing N availability supports plants to complete essential vital movement to adapt to changing environments. Therefore, a plausible explanation for the almost complete lack of C. glaucum in N-poor environments is based on the difficulties in establishing its multi-element network under these conditions. It is also enlightening for discussing the loss of species diversity from the perspective of multi-element network.

Increasing variation of multi-element networks with increasing N-addition rate demonstrated that different plant multi-element networks showed distinctive sensitivity to a specific N-addition rate, which indicated different plasticity of multi-element networks among species along the N-addition gradient. Furthermore, it showed that a community might respond to climate change through continuous divergence of element niches (increasing gap in demand for the same element) of different species to reduce competition. In other words, different species co-existed in a community by element niche complementarity. It should be noted that the extremely large variation of multi-element networks appeared at 2 and 3 g N addition m–2 year–1, which is close to natural N deposition (3.2 g N m–2 year–1) (Zhu et al., 2015). Calcium was the driving factor leading to the result (Figure 2). It might indicate that Ca-involved metabolism was more active in some particular species, such as L. chinensis, under natural N deposition.

More importantly, the plasticity of multi-element networks was closely related to the change in species relative aboveground biomass (species dominance in a community). In the present study, although both L. chinensis and S. grandis were dominant, their dominance in the community showed completely opposite trends in response to increasing N availability. The multi-element network of L. chinensis showed a clearly directional change (high plasticity), and its relative biomass in communities increased with N addition. However, the multi-element network of S. grandis did not respond strongly to N addition (low plasticity), resulting in a decrease in relative biomass. Similarly, N-addition interval analyses of associated and occasional species showed that the plasticity of multi-element network regulated plant response to nutrient availability (Figure 5). All of the evidence suggested that different species in a community exhibit different levels of multi-element network plasticity with higher plasticity increasing or maintaining species dominance under N addition, but lower plasticity decreasing species dominance. This result developed the multi-element network hypothesis and provided inspiration for exploring the change in community characteristics from an elemental perspective with climate change.



Relevance of Multi-Element Networks

The multi-element network provides a new approach to explore plant responses to changes in resource availability by including detailed information of multiple elements. Our findings answered the questions outlined in the introduction (Figure 1) and developed an efficient interval method for describing the characteristics of multi-element networks and linking them with species dominance in a community. Using multi-element networks, researchers can identify potential changes in community characteristics not only under altering nutrient availability but also various environmental stresses. With global climate change, besides the increase in atmospheric N deposition (direct effects on multi-element networks), the change in precipitation, increasing temperature, and CO2 concentration will also change resource availability (indirect effects) (Sardans et al., 2008; Tian et al., 2019). Taking the change in precipitation as an example, in a warm and humid environment, moderate drought increases N absorption efficiency of plants through more root exudates (Kohli et al., 2012) and mycorrhizal symbiosis (Alvarez et al., 2009), then affects multi-element networks. In arid regions, drought reduces soil available nutrient and plant net photosynthetic rate, further leads to the redistribution of nutrients in plants, such as the decrease of N content (Sardans et al., 2008). Therefore, the development of multi-element networks will be a breakthrough for predicting the changes in species dominance and community characteristics under future global climate change.

The interval analysis provides a simple mathematical method based on ED for characterizing the plasticity of multi-element networks (Collins et al., 2000; Baez et al., 2006; He et al., 2011). It is suitable for datasets with gradients that are too short for traditional correlation analyses. Particularly, it is superior for element-addition experiments in natural environments, for which, it is difficult to set many addition rates because of the huge area requirements. This method using interval matrix increases the number of scatter in analyses to summarize trends in changing environments. Then the interval analysis considers multiple elements simultaneously and assigns a weight on the basis of element concentration to express the complex multi-element network. Furthermore, the method simplifies the complex network analysis into simple ED matrix calculations, and we can extract the rate and direction of the change and the degree of noise from the slope and r2 of the regression line (Collins et al., 2000). Combined, they help to evaluate the plasticity of multi-element network, although the evaluation method using slope depend on linear responses and is statistically limited toward comparisons of species (Valladares et al., 2006). The interval analysis works for various functional traits despite being a bit flawed in describing the whole network intuitively.
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The composition of the functional ionome was studied in Brassica napus and Triticum aestivum with respect to the response of 20 elements under macronutrient deprivation. Analysis of relative root contents showed that some nutrients, such as Fe, Ni, Cu, Na, V, and Co, were largely sequestered in roots. After 10 days of deprivation of each one of these 6 macronutrients, plant growth was similar to control plants, and this was probably the result of remobilization from roots (Mg and Ca) or old leaves (N, P, K, S). Some tissue concentrations and net nutrient uptakes into roots were either decreased or increased, revealing multiple interactions (93 in wheat, 66 in oilseed rape) that were common to both species (48) or were species specific. While some interactions have been previously described (increased uptake of Na under K deficiency; or increased uptake of Mo and Se under S deficiency), a number of new interactions were found and some key mechanisms underlying their action have been proposed from analysis of Arabidopsis mutants. For example, nitrate uptake seemed to be functionally linked to Na(influx, while the uptake of vanadium was probably mediated by sulfate transporters whose expression was stimulated during S deprivation.
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HIGHLIGHTS

– The functional ionome is tissue and species specific and showed numerous crosstalks between nutrients in plants exposed to macronutrient deprivation. Some of the mechanisms behind this ionomic plasticity are discussed.



INTRODUCTION

Plants require “essential” mineral elements as defined by Arnon and Stout (1939) according three rules: (i) obligatory for life cycle completion; (ii) non replaceable by other elements;, and (iii) directly involved in plant metabolism. These nutrients are usually split into two categories: macronutrients [nitrogen (N), magnesium (Mg), phosphate (P), sulfate (S), potassium (K), and calcium (Ca)] and micronutrients [boron (B), chlorine (Cl), manganese (Mn), iron (Fe), nickel (Ni), cupper (Cu), zinc (Zn), and molybdenum (Mo)], which are required in large (> 0.1% of dry weight) and low amounts (<0.1% of dry weight), respectively. Other nutrients that are non-essential, such as sodium (Na), silicon (Si), aluminum (Al), vanadate (V), cobalt (Co), and selenium (Se), can promote growth for some plant species and are also referred as “beneficial nutrients” (Marschner(eds), 2012). Plant growth and development depend on a balance between the essential mineral nutrients, which suggests the existence of numerous regulatory pathways for uptake, transport and storage in order to maintain plant requirements without excessive accumulation and the potential for toxicity (Williams and Salt, 2009; Andresen et al., 2018).

Plants, as sessile organism, have to cope with a constantly fluctuating mineral environment, and when facing macronutrient deficiencies, rely on different strategies to maintain growth and/or optimize root nutrient uptake. Indeed, Gojon et al. (2009) demonstrated that N, K, or S deficiencies in Arabidopsis thaliana are associated with an increase in the expression of a network of genes that modulate the quantity and activity of root transporters to improve the uptake of the missing macronutrient. However, in some instances it has been shown that a given mineral nutrient deficiency causes an induction of root-specific or non-specific transporters, and in the latter case they lead to an indirect uptake of other available nutrients. A few examples can be mentioned, such as members of the large chloride channel (CLC) family known to transport both chloride and nitrate (De Angeli et al., 2009). In the same way, crosstalk between Na+ and K+ uptake is also possible because non-selective cation uptake systems such as HKT1-type (high affinity potassium transporter), LCT1 (low-affinity cation transporter), or NSC (non-selective cation channels), are able to transport both Na+ and K+ and have also been identifiedin halophyte root cells (Schachtman and Liu, 1999). Sulfate (SO42–), molybdate (MoO42–), and selenate (SeO42–) have also been considered as competitive anions for sulfate transporters (Shinmachi et al., 2010; Schiavon et al., 2012). In Brassica napus (B. napus), the up-regulation of genes encoding root sulfate transporters (Sultr1.1 and Sultr1.2) in S-deficient plants enhances the uptake of MoO42– and SeO42– and leads to an increase in the content of these nutrient in plant tissues (Maillard et al., 2016b). Recently, a broader description of the nutrient interactions occurring during S deficiency (Courbet et al., 2019) has highlighted other crosstalks such as between S and Fe in dinitrogen fixing species. Other examples, concerned S and Fe both required for Fe-S cluster synthesis or S, Fe, Cu, Mo, and Zn, which are required for Mo co-factor complex synthesis pathways. Other interactions between micronutrients have been reported, for example between Fe, Cu, Mn, and Zn (Grusak et al., 1999), for which root uptake can be mediated by an iron regulated transporter 1 (IRT1), and this will be the subject of a companion paper (D’Oria et al., 2020). Nevertheless, it is interesting to note that regulation of micronutrient uptake might also affect macronutrient availability. For example, Zn deprivation in barley led to an upregulation of the high-affinity P-transporter P (HVPT1 and HVPT2) allowing an increase in P uptake (Huang et al., 2000). Altogether, these studies suggest that in plants subjected to an imbalanced nutrient environment, interactions between nutrient uptake systems could be accompanied by nutritional interactions leading to large fluctuations in their internal elemental composition.

When plants are facing reduced availability of a given nutrient, remobilization of endogenous stores of the element is also an efficient way to sustain growth rates for several days or weeks, as previously described in B. napus plants cultivated under N (Girondé et al., 2015) or S (Abdallah et al., 2010; Girondé et al., 2014) deficiency. Usually, remobilization occurs during the vegetative stage from source organs (such as mature leaves) to support the active growth of emerging sink tissues such as young leaves (Malagoli et al., 2005; Abdallah et al., 2010). Macronutrients such as Mg, P, S, and K are remobilized from leaves in B. napus and Triticum aestivum (T. aestivum), the latter being regarded as a highly efficient species for remobilization of most macro elements including, surprisingly, Ca (Maillard et al., 2015). Consequently, mineral remobilization, which is the process of redistributing mineral nutrients from one tissue to another, modifies the local concentration of elements. In the short term, most nutrients can be stored as organic (in proteins for example) or mineral forms in vacuoles (acting as buffer organelles between uptake and metabolic utilization) before being transported over long distances via conducting vessels (Peng and Gong, 2014). Except for Ca, macronutrients are considered to be highly mobile in either the xylem or phloem vessels (Etienne et al., 2018) and this enables remobilization and translocation to actively growing tissues to counterbalance transient reductions in root uptake. The processes involved in the remobilization of a given element are highly dependent on its form of storage (organic or inorganic) in plant tissues. As an example, proteins constitute the main form of N storage in many plant species, so remobilization of N requires numerous proteases that are associated with leaf senescence (Etienne et al., 2018; James et al., 2018). In contrast, S, which is mainly stored in the vacuole as SO42–, requires an increase in the activity of tonoplastic SO42– transporters for its remobilization.

Over the last decade, the spreading of new technologies (Baxter, 2009) such as inductively coupled plasma optical emission spectroscopy (ICP-OES) or mass inductively coupled mass spectrometry (ICP-MS) have allowed the simultaneous and fast quantification of the content of nearly all mineral element in plant tissues [except (i) light elements such as N, C, H, O, and (ii) Cl]. Consequently, the concept of the ionome was developed and initially defined as “the mineral nutrient and trace element composition of an organism” but also as a “social network of mineral nutrients, controlled by a network of gene products critical for uptake, binding, transportation, and sequestration” (Baxter et al., 2008; Salt et al., 2008). It has subsequently been suggested that the ionomic composition of plant tissues might serve as a tool to reveal plant physiological status (Baxter et al., 2008; Salt et al., 2008; Baxter, 2009; Pii et al., 2015).

To our knowledge, there are very few studies that have documented modifications of the ionome content in response to individual nutrient deficiencies in contrasting plant species. This study was conducted with hydroponically grown oilseed rape and wheat submitted to 18 unique nutrient deficiencies in order to assess ionomic modifications and map all potential mineral nutrient interactions that were detectable prior to any reductions in biomass. This work focused on macronutrient deprivation and highlights the most novel and significant ionomic modifications with reference to some possible underlying mechanisms that have been targeted with available Arabidopsis mutants. A companion paper (D’Oria et al., 2020) focuses on the interactions resulting from deprivation of micronutrients and beneficial nutrients, with identification of the specific ionomic signature for each mineral nutrient deprivation as a Supplementary objective.



MATERIALS AND METHODS


Plant Material and Growth Conditions


Growth Conditions of Oilseed Rape and Wheat

Oilseed rape (B. napus cv. Trezzor) and wheat (T. aestivum cv. Bagou) were grown in hydroponic conditions in a greenhouse (20°C day/15°C night) at the University Caen-Normandie (France) between February–March and April–May for oilseed rape and wheat, respectively. Seeds were germinated on perlite over demineralized water for 5 days in the dark and then placed under natural light for 2 days. After appearance of the first leaf corresponding to BBCH (Biologische Bundesanstalt, Bundessortenamt, and CHemische Industrie) 11 stage, 10 seedlings were transferred to plastic tanks containing 10 L of nutrient solution with a composition based on the description of Maillard et al. (2015). In this study, the composition of the nutrient solution was adapted so as to obtain plant mineral compositions that were as close as possible to those of plants grown under field conditions (Supplementary Data SD1). To do so, the mineral compositions of B. napus leaves grown under hydroponic conditions (Maillard et al., 2015) were compared to the leaf mineral compositions of plants grown under field conditions (derived from the data of Sarda et al. (2013) and Maillard et al., 2016b, corresponding to 194 field plots randomly harvested in France). The nutrient solution contains: 1 mM KNO3, 1.25 mM Ca(NO3)2, 0.2 mM KH2PO4, 0.4 mM MgSO4, 0.5 μM NaFe-EDTA, 50 μM NaFe-EDDHA, 10 μM H3BO3, 3 μM MnSO4, 3 μM ZnSO4, 0.7 μM CuSO4, 0.008 μM (NH4)6Mo7O24, 0.1 μM CoCl2, 0.15 μM NiCl2, 0.9 mM Si(OH)4, 0.5 mM CaCl2, 0.1 mM KCl, 0.01 μM Na2SeO4, 0.1 mM K2SO4, and 0.2 mM Na2SiO3 buffered to pH 6.8 with 0.36 mM CaCO3. Beneficial elements are usually required at very low levels, V and Al were not provided, assuming that the traces present in water were sufficient. This solution was continuously aerated and renewed to maintain optimal nutrition conditions whenever NO3– depletion reached thirty percent of the initial concentration according to daily NO3– measurements conducted with test strips (Macherey-Nagel, Düren, Germany). Overall, when plant biomass and therefore growth were maximal, the nutrient solutions were changed every 2 days and every 5 days with younger plants. Natural light was supplemented with high-pressure sodium lamps (HPS 400 Watt, Hortilux Schréder, Monster, Netherlands) to obtain a mean photosynthetically active radiation (PAR) of 350 μmol photon s–1 m–2 at the top of the canopy during a 16 h (light)/8 h (dark) photoperiod.

Five replicates of two individual control plants were randomly harvested after 24 and 18 days of growth for oilseed rape and wheat, respectively. Fresh roots and leaves were separated, weighed and kept for further analysis. This harvest performed just before application of the macronutrient deprivation corresponded to day 0 (D0) of the deprivation experiments. The remaining plants were then split into seven subsets. Aboveground tissues of each plant were labeled with a marker pen (on leaves and petioles for wheat and oilseed rape, respectively) in order to separate tissues that developed before (old leaf blades (OLBs) for both species and old petioles (OP) for oilseed rape) or during deficiencies (young leaf blades (YLBs) for both species and young petioles (YPs) for oilseed rape) in future harvests. Control plants (without nutrient deficiency) were cultivated with the complete nutrient solution described above. Each of the 6 other batches received a specific nutrient solution with a single element omitted: N, Mg, P, S, K, or Ca. The compositions of these nutrient solutions (containing the same amount of nutrients as the complete nutrient solution except for the omitted element) are provided in Supplementary Data SD2. Each deprived solution was buffered to pH 6.8 with a specific CaCO3 concentration (Supplementary Data SD2) except for Ca-deprived solution where CaCO3 was replaced with a 1 mM KOH solution. Control and deprived plants were harvested after 10 days (D10). This duration of macronutrient deprivation was chosen in order to harvest the plants before any significant decline in growth and from preliminary experiments and according to Maillard et al. (2015) and Sorin et al. (2015). These studies, using oilseed rape grown under non-limiting nutrient conditions (i.e., relatively similar conditions to those used in this study), showed that plant growth was significantly reduced only after 14 days of S deprivation (Sorin et al., 2015), after 11 days of N deprivation and after 15 days of Mg, P, S, or K deprivations (Maillard et al., 2015). The maintenance of growth for more than 10 days of mineral nutrient deprivation was then explained by the ability of plant to mobilize internal mineral nutrient stores (that were plentiful as plants were previously grown under non-limiting supply) to sustain growth for such a relatively long period. Five replicates made up of two plants were randomly collected from the two available tanks and separated into old leaves (or old leaves and old petioles for oilseed rape), young leaves (or young leaves and young petioles for oilseed rape) and roots. The fresh weight of each tissue was determined and then separated in two homogenous aliquots. Then the samples were oven dried for 72 h at 70°C for dry weight determination and used for further elemental concentration quantification.



Growth of Arabidopsis Lines

Arabidopsis Columbia wild type (Col) and sultr1.1 (SALK_093256) and sultr1.2 (sel1-8; Shibagaki et al., 2002) mutants previously grown under high or low S conditions by Maillard et al. (2016b) were used for determination of their leaf V concentration. Briefly, Arabidopsis (Col or mutant lines) was grown for 17 days on agarose plates with a modified Long Ashton nutrient solution containing a high (0.75 mM) or low (0.075 mM) supply of sulfate. Plants were cultivated in a controlled environment room under a long day (16 h light/8 h dark cycle) at a constant temperature of 22°C, 60% relative humidity and a light intensity of 120 μE. s–1. m–2. Leaves were harvested, weighed, dried and ground for determination of their elemental composition.



Element Analysis by Mass Spectrometry and Calculations

Before element analysis, all dried samples were ground to a fine powder with 0.4 mm diameter inox beads using an oscillating grinder (Mixer Mill MM400, Retsch, Haan, Germany). For total N, 1.5 mg of fine powder were placed in tin capsules before analysis with an isotope-ratio mass spectrometer (IRMS, Isoprime, GV Instruments, Manchester, United Kindgdom) linked to a C/N/S analyzer (EA3000, Euro Vector, Milan, Italy). Analysis of Cl, Si and Al was performed using a X-Ray-Fluorescence Spectrometer (XEPOS, Ametek, Berwyn, United States) from about 1 g of dry weight (DW). Cl, Si, and Al concentrations of plant samples were determined by reference to calibration curves established from international standards with known concentrations of Cl, Si, and Al.

All the remaining elements (Mg, P, S, K, Ca, B, Mn, Fe, Ni, Cu, Zn, Mo, Na, Co, V, Se) were analyzed by high-resolution inductively coupled plasma mass spectrometry (HR-ICP-MS, Element 2TM, Thermo Fisher Scientific, Bremen, Germany) as described by Maillard et al. (2016a). Briefly, 40 mg of dry powder were subjected to microwave acid sample digestion (Multiwave ECO, Anton Paar, les Ulis, France) with 1 mL of concentrated HNO3, 250 μL of H2O2, 900 μL of ultrapure water and 10 μL of internal standard solutions of gallium and rhodium (10 and 2 μg L–1, respectively). Thereafter, digested samples were diluted to 50 mL with ultrapure water to obtain a 2.0% (v/v) solution of nitric acid. Finally, this solution was filtered with a 0.45 μm Teflon filter. Quantification of each element was performed from calibration curves after being corrected from the recovery rate by subtracting the blank and using internal standards (Ga and Rh). In addition, the quality of mineralization and quantification was evaluated using certified reference plant material (Citrus leaves, CRM NCS ZC73018, Skylab, Metz, France).

The quantity of each element (Q) in a tissue (i)r at each harvest time (t) was calculated as follows:
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Where E is the elemental concentration (ppm) and DW the dry weight (g).

Net uptake (NU) was calculated as the difference in the whole plant quantity (i.e., sum of all tissue quantities) between D0 and D10 as follows:
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With n = 5 or n = 3 tissues for oilseed rape and wheat, respectively.

In this study and for each mineral nutrient, some results were expressed relative to control plant values as the following ratios for element concentration (Edeprived/Econtrol) or net uptake (NUdeprived/NUcontrol), while relative root nutrient content was calculated as the ratio of the root content/total plant content.



Statistical Analysis

Data were analyzed based on an experimental design that contained five independent replicates, each consisting of a pool of two individual plants, except at D0 where four plants were needed to ensure enough material was available for analysis. The quantity (Q) (μg or mg) and elemental concentration (ppm) are given as the mean ± standard error (S.E) for n = 5. The NU corresponding to the difference in the whole plant quantity of each element between D0 and D10 was calculated by considering all random combinations between two sets of 5 replicates and thus is given as the mean ± S.E. for n = 25.

Statistical analyses were performed using R software (version 3.5.1) (R Core Team, 2019) and RStudio (version 1.1.456) (RStudio Team, 2020). Significant difference in the means between control and deprived plants were determined using Student’s T-test and differences among all treatments were established using one-way ANOVA and Tukey post-hoc tests.

Heatmap representations were generated using the heatmap.2 package and represent a color gradient for values relative to control content between 0.2 (red) and 5 (green). Blank cells in heatmaps correspond to non-significant variations in content or net uptake compared to control plants.



RESULTS


Biomass Production During 10 Days of Macronutrient Deprivation

Compared to control plants, very few macronutrient deprivations significantly affected the biomass of the plants (Figure 1). It was only the root biomass in oilseed rape (Figure 1B) that increased significantly under the -P treatment (1.44 ± 0.08 g.plant–1 and 1.10 ± 0.04 for -P and control plants, respectively). In wheat, very little variation was observed in the whole biomass of the control plants (3.38 ± 0.09 g.plant–1, i.e., CV = 5.8%) (Figure 1C), the -S and -K treatments significantly increased the aboveground by about 20% while only S deprivation increased significantly root biomass (Figures 1A,B). For most treatments, the increase in the individual tissue biomass did not lead to a significant increase in the biomass of the whole plant, except in wheat where the -S, -K, and -Mg treatments increased the total biomass relative to control (4.21 ± 0.15, 4.07 ± 0.16, 3.96 ± 0.21, and 3.38 ± 0.09 g.plant–1 for −S, −K, −Mg, and control plants, respectively). Overall, the results of biomass production in both species showed that 10 day macronutrient deprivation had a moderate effect or no effect on growth.
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FIGURE 1. Accumulated dry weight (A) aboveground; (B) roots; (C) whole plant) of B. napus and T. aestivum plants, 10 days after macronutrient deprivation under hydroponic conditions. Data are given as the mean ± S.E. (n = 5) and significant differences between control and macronutrient-deprived plants are indicated as follows: *p < 0.05, **p < 0.01.




Species-Specific Ionome

The ionomic compositions corresponding to the elemental content of control plants in each tissue harvested at D10 for oilseed rape and wheat are presented in Table 1. For all tissues, the mineral nutrient content in oilseed rape was higher than in wheat, except for Si, which was found at much higher concentrations in wheat shoots.


TABLE 1. Mineral nutrient concentrations in parts per million (ppm), of B. napus and T. aestivum control plants at time D10 grown under hydroponic conditions.

[image: Table 1]In OLBs and YLBs, the K, Mn, Fe, Ni, Cu, V, and Co concentrations were mostly within the same order of magnitude for both species while the N, Mg, P, S, Ca, B, Mo, Na, Al, and Se concentrations were significantly higher in oilseed rape. In contrast, the leaf blades of oilseed rape contained much less Si, Zn, and Cl (except for the latter in YLBs) than in wheat and showed lower concentrations for some metal elements (Mn, Fe, Zn) in OLBs. In roots, except for N and Cu, all element concentrations were higher in oilseed rape. A clear age effect associated with leaf blades emerged for both species, as lower concentrations of all elements were found in YLBs compared to OLBs, except for N, P, and Zn. In roots, Fe, Ni, Cu, Na, V, Co, and Se were in much higher concentrations than in the aboveground tissues, irrespective of the species.



Relative Root Nutrient Amounts Under Macronutrient Deprivation

Relative root nutrient amounts, resulting from both root nutrient uptake and shoot nutrient translocation, were calculated as the ratio of the root nutrient amount to the whole plant nutrient amount (Figures 2B,C). For an optimal interpretation, this relative root nutrient amount needs to be compared to the root biomass/whole plant biomass ratio (Figure 2). In both species, the biomass ratios of nutrient-deprived plants were similar to control plants (around 0.17 ± 0.018 and 0.28 ± 0.018 in oilseed rape and wheat, respectively), except for N deprivation, which in wheat resulted in a significantly lower biomass ratio of 0.25 ± 0.009 (p < 0.05) (Figure 2A).
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FIGURE 2. Ratio of roots to whole plant biomass (A) and relative root nutrient contents of B. napus (B) and T. aestivum (C) plants after 10 days of macronutrient deprivation calculated as the ratio of nutrient content in roots/entire plant. Increases (green) or decreases (red) in relative root contents are only given if they were different from control plants for p < 0.01. The root biomass/total plant biomass ratios are also given as the mean ± S.E. (n = 5) for comparisons with relative root nutrient contents.


In control plants of both species, the comparison of these biomass ratios with relative root nutrient content allowed classification of the nutrients into different categories. The first category corresponded to nutrients accumulated or sequestered in roots such as Fe, Ni, Cu, Na, V, and Co in both species as well as Si in oilseed rape and Mg in wheat. It must also be pointed out that some nutrients belonging to this category were highly sequestered in roots such as Co (91 and 98% in roots for oilseed rape and wheat, respectively) and Na in wheat (93% vs. only 51% in oilseed rape). The second category are nutrients for which the relative root amount reflected their relative contribution to total biomass, such as N, P, S, K, Mn, Al, and Se in both species as well as Mg in oilseed rape. The last category included nutrients with a low root accumulation (Ca, B, and Cl in oilseed rape and Mo and Si in wheat).

For a given macronutrient deprivation (Figure 2), relative root amounts of 20 mineral nutrients (including the deprived nutrient) were monitored in both species (Figures 2A,B). Overall, the 6 macronutrient deprivations led to (i) a significant decrease (p < 0.01) in 19 relative root nutrient amounts in oilseed rape and 14 in wheat and (ii) a significant increase in the relative root nutrient amount of 16 and 30 nutrients in oilseed rape and wheat, respectively. For example, in both species, in Ca- and Mg-deprived plants, the strong decrease in the relative root amounts of Ca and Mg suggests that these two nutrients were remobilized from the roots to the shoots (Figures 2A,B). Similarly, in both species the relative root amount of Na was also significantly decreased in response to all macronutrient deprivations (except under -Mg). In contrast, in both species, the increase in relative V amount in S-deprived plants indicated that the lack of S availability led to an accumulation of V in the roots of both species. It can be noted that while some nutrients moved in the same direction in both plants (e.g., Na) in response to a given nutrient deprivation, other nutrients moved in opposite directions in the roots of the two species. For example, N deprivation resulted in a decrease in the relative amount of Mn in the roots of rapeseed and an increase in wheat roots.



Plant Mineral Nutrient Net Uptake and Relative Tissue Contents Under Deprivation

The net uptake of each nutrient was calculated as the net difference in the concentration of each nutrient between Day 0 (beginning of nutrient deprivation) and Day 10 of macronutrient deprivation. The net uptake of macronutrients (N, Mg, P, S, K, and Ca), micronutrients (B, Cl, Mn, Fe, Ni, Cu, Zn, Mo) and beneficial elements (Na, Si, Al, V, Co, and Se) in control plants and their relative net uptake in deprived plants (−N, −Mg, −P, −S, −K, and −Ca) are presented in Figure 3. As expected, the net uptake of the deprived nutrients significantly decreased in most of the corresponding nutrient deprivation conditions, reaching less than about 10% of the net uptake in control plants. Indeed, significant reductions in the relative contents of these deprived nutrients were observed in all tissues, regardless of the plant species (Figures 4,5), except for N in oilseed rape roots (Figure 4).
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FIGURE 3. Net uptake of mineral nutrients by control plants over 10 days (left side) and heatmaps (right side) of relative mineral nutrient uptake by B. napus (A) and T. aestivum (B) plants after 10 days of macronutrient deprivation under hydroponic conditions. Relative mineral nutrient uptake was calculated (see section “Materials and Methods”) as the ratio of nutrient taken up by deprived plants/nutrient taken up by control plants. Only values significant for p < 0.01 are given.
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FIGURE 4. Heatmap of relative mineral nutrient concentrations in B. napus plants after 10 days of macronutrient deprivation under hydroponic conditions. Relative mineral nutrient concentration was calculated (see section “Materials and Methods”) as the ratio of nutrient concentration in deprived plants/nutrient concentration in control plants. Tissues developed before or after D0 are indicated as “young” or “old” as follows: young leaf blades, old leaf blades, young petioles and old petioles. Only values significant for p < 0.05 are given.
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FIGURE 5. Heatmap of relative mineral nutrient concentrations in T. aestivum plants after ten days of macronutrient deprivation under hydroponic conditions. Relative mineral nutrient concentration was calculated (see section “Materials and Methods”) as the ratio of nutrient concentration in deprived plants/nutrient concentration in control plants. Tissues developed before or after D0 are indicated as “young” or “old” as follows: young leaf blades, old leaf blades, young petioles and old petioles. Only values significant for p < 0.05 are given.


Under each of the macronutrient deficiencies, two thirds of the 66 significant variations in the net uptake of the other nutrients (excluding the deprived nutrient of each deficiency) observed in oilseed rape showed similar trends to the 93 variations detected in wheat (Figure 3). Among them, N deficiency led to a significant decrease in most of the net nutrient uptakes for both species except for Si (1.84 ± 0.05 and 1.28 ± 0.03-fold increases in oilseed rape and wheat, respectively). Similarly, the relative net uptake of Si significantly increased under -P and -S in oilseed rape (Figure 3A) and under Mg, -P, -S, and -K in wheat plants (Figure 3B). This increase in net Si uptake was associated with a significant increase in Si concentration in the roots of both species (Figures 4, 5) and in the YLBs of wheat (Figure 5).

In oilseed rape (Figure 3A), Na and Mn were the most affected elements under N deprivation, with surprisingly an almost total cessation of their net uptake (0.04 ± 0.06 and −0.01 ± 0.02 for Mn and Na relative uptake, respectively) while Na was also strongly affected in wheat (Figure 3B, 0.04 ± 0.02). These interactions between N, Na, and Mn will be discussed later on. In Mg-deprived plants, the relative net uptakes of N, Mn, Fe, Zn, and Co in both species and of most other nutrients (P, S, K, Ca, Cu, Mo, Na, Si, V, and Se) in wheat (Figure 3B) were significantly increased. However, although the relative contents of these nutrients were higher in most Mg-deprived oilseed rape tissues (Figure 4), in wheat they only increased in the roots under –Mg conditions (Figure 5). It is noteworthy that none of the relative net nutrient uptakes decreased significantly in response to Mg deprivation (apart from Mg) (Figures 3A,B).

Under P deficiency, the relative net uptakes of Cl, Al, Se, and especially Na were strongly reduced in both species, whereas a larger range of nutrients had reduced net uptakes (S, Ca and most micronutrients) in wheat (Figure 3B). Si was the only nutrient with a higher net uptake in both species, while the N and V relative net uptakes were also increased in oilseed rape and wheat, respectively. The relative net uptakes of Co in the two species showed opposite trends, increasing in oilseed rape but decreasing in wheat.

In S-deprived plants, positive interactions were associated with N, K, Cl, Mo, Al, Si, V, and Se in both species (Figure 3) and B, Mn, Ni, Cu, Co in oilseed rape (Figure 3A). These increased uptakes in oilseed rape resulted in a significant increase in Cl concentrations in leaf blades (young and old) and roots of oilseed rape (Figure 4). However, see section “Materials and Methods” these increases in Cl uptake (and concentrations) could be partially explained by the slightly higher Cl concentration in the S- and N-deprived nutrient solutions than in the control (2.7 mM and 4.6 mM vs. 2 mM, Supplementary Data SD1). Increases in V, Mo and Se net uptakes in S-deprived plants in both species (by a factor of 5.23 ± 0.32, 2.03 ± 0.17, and 1.34 ± 0.11, respectively, in oilseed rape and by 2.43 ± 0.11, 1.89 ± 0.06, 1.89 ± 0.06, and 2.52 ± 0.08, respectively, in wheat) (Figures 3A,B) were associated with an increase in Mo in all oilseed rape tissues (Figure 4) and wheat leaves (Figure 5) and an increase in V concentrations in the roots of both species (Figures 4, 5). The analysis of leaf V concentration in Arabidopsis sultr1.1 KO mutants and sultr1.2 sel1-8 mutants showed that their capacity for root V uptake was increased under S deficiency, but not as much as in the wild type (Figure 6). This suggests that both SO42– transporters were able to mediate the uptake of VO42– as they do for other compounds with similar structural properties like MoO42–, SeO42–, and of course SO42–. Similar to P deprivation, relative net Co uptake showed opposite trends in the two species, increasing in oilseed rape but decreasing in wheat.
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FIGURE 6. Effects of S deficiency on vanadium concentration in leaves of Arabidopsis thaliana plants, wild type Col-0 and the mutants AtSultr1.1 (KO) and AtSultr2.1 (point mutated, Shibagaki et al., 2002), grown under sufficient S supply (Control) or under low S. Data are given as the mean ± SE (n = 4) and are significantly different between control and low S at ∗∗P < 0.01) or ∗∗∗P < 0.001.


In K-deprived oilseed rape and wheat plants (Figures 4, 5), the relative net uptake of N, Mg, Ca and Mn was increased. In the same way, net Na uptake was strongly increased (by a factor of 8.3 ± 0.03 and 3.61 ± 0.01 for oilseed rape and wheat, respectively) and led to a higher Na concentration in the leaf blades of both species (Figures 4, 5). Other positive interactions that were more specific to the plant species included Ni and Co in oilseed rape and P, B, Fe, Cu, and Si in wheat. The relative net uptakes of S and Se decreased in both species while the relative net uptakes of Al in oilseed rape (Figure 3A) and Cl, Zn, V, and Co in wheat (Figure 3B) decreased under K deprivation.

Finally, in the Ca-deprived plants of both oilseed rape and wheat, a negative effect on the relative net uptake of a large range of nutrients was observed, including Cl, Fe, Ni, Mo, Al in both species, P, S, Se in oilseed rape (Figure 3A), and Mg, B, Zn Na, V, and Co in wheat (Figure 3B). For example, the decrease in Cl uptake led to a very low Cl concentration in the YLBs and roots of both species in particular (Figures 4, 5). In contrast, only the relative net uptakes of N and K in wheat and Mn, Mg and Na in oilseed rape were significantly increased, and in the case of the two latter nutrients oilseed rape and wheat showed opposite trends in their uptake responses under Ca deprivation.



DISCUSSION

Previous work (Maillard et al., 2015, Maillard et al., 2016a; Courbet et al., 2019) has suggested that analysis of the plant functional ionome can be used to identify the physiological and molecular interactions that occur during mineral deprivations. In this study, changes in the functional ionome during macronutrient deficiencies have been observed in oilseed rape and wheat before any significant change in plant growth was recorded (Figure 1). Thus, under such conditions, the net uptake of each nutrient can be quantified and compared between deprivations of each of the 6 macronutrients without significant interference to plant growth.

First of all, nearly all mineral nutrient concentrations were higher in oilseed rape than wheat, regardless of the plant tissue examined (Table 1). For example, in control plants, the concentration of B, an element that is known to play a key role in cell wall structure, was about 10-fold higher in mature oilseed rape leaves than in wheat (Table 1). The opposite conclusion can be drawn for Si content, which was about 38-fold higher in mature wheat leaves than in oilseed rape (Table 1). Si is considered to be a beneficial element, probably taken up by aquaporin family and notably by Lsi1 (Mitani et al., 2008; Ma et al., 2011). Ma et al. (2011) showed that Lsi1 was involved in Si uptake from the soil in the form of silicic acid, in roots of monocotyledon and dicotyledon, then Si was transported in aerial part of plant by Lsi2, an active efflux transporter. Significant increases in grain yield and dry matter were observed when two wheat genotypes (Auqab-2000 and SARC-5) subjected to NaCl received supplementary Si (Tahir et al., 2006). Moreover, in poaceous species (such as wheat), which are considered Si-accumulating species (Marschner(eds), 2012), this element is known to reinforce the cell wall specifically when plants experience biotic and abiotic stresses (Epstein, 1999). Another difference between the two plant species involves the partitioning of Si between plant tissues. Indeed, about 10% of the relative Si content is localized in the roots of wheat (Figure 2B) compared to about 40% in oilseed rape (Figure 2A), irrespective of the nature of the nutrient deprivation, thus indicating that a higher proportion of the Si taken up by roots was translocated to the shoots in wheat. On the other hand, the relative root nutrient amounts (Figure 2) revealed that some nutrients were more immobile in wheat roots (well above 40%, such as Mg, Fe, Ni, Cu, Zn) than in oilseed rape roots (mostly below 30%), for all deprivations. Nutrient transport from roots to shoots is known to be regulated by the Casparian barrier, which blocks apoplastic flow in roots (Barberon et al., 2016). Furthermore, Ma et al. (2011) and Olsen and Palmgren (2014) suggested that monocotyledonous plants (such as cereals) possess an additional selective Casparian barrier, localized between the cortex and endodermis. According to this assumption it is possible that the second Casparian barrier might contribute to this wheat-specific sequestration of nutrients in the roots. Overall, these results clearly indicate that the ionome is specific to the plant tissue in question, as well as the plant species, even though the ionome shows a large degree of plasticity under different types of macronutrient deprivation.

One of the first processes that may affect the plant ionomic composition under macronutrient deprivation is remobilization of endogenous macronutrients from the source organs to sink organs. Under our experimental conditions, net remobilization of the deprived nutrient can be assessed. For example, the strong decrease in Mg and Ca in roots of both species suggests that these elements are massively remobilized from the roots to the shoots. On the other hand, the fact that the concentration in old leaves of wheat and oilseed rape (Figures 4, 5) dropped during deprivation to a greater degree than in young leaves suggests that remobilization of N, P, S, and K occurred in both species. This remobilization of macronutrients toward growing tissues may explain why plant growth was maintained for at least 10 days despite the macronutrient deprivation.

Regarding the effects of macronutrient deprivations on other elements, this study revealed 48 analogous patterns of change in relative net nutrient uptake between oilseed rape and wheat (Figure 3). Amongst these effects, negative interactions such as the impact of N deficiency on plant metabolism via protein synthesis and alteration of resource allocation are already well known (Crawford, 1995; Scheible et al., 2004). In this study, N starvation induced a decrease in the uptake of almost all mineral nutrients in both species, except for Si. According to other work conducted on rice, this exception for Si could be due to an antagonistic interaction between N and Si during growth enhancement in this species (considered a Si-accumulator) (Wu et al., 2017). Indeed, Wu et al. (2017) demonstrated that an increase in N fertilization reduced leaf Si content significantly, and in contrast, Si supply downregulated gene expression (amt1.1 and nrt1.1) involved in N uptake in wheat. Contrastingly, recent results obtained in oilseed rape (a non Si-accumulator species) have indicated that a Si root supply upregulates the gene encoding a nitrate transporter (BnaNRT2.1) and enhances N uptake (Haddad et al., 2018). Overall, our results also suggest that Si, which is considered a beneficial element, could interact with N, one of the major macronutrients for plant growth and yield.

In a very similar way to N deprivation, P deficiency revealed numerous elemental interactions. Indeed, the net uptakes of Mg, Cl, Na, Al, and Se decreased in oilseed rape and wheat, as did the uptakes of S, Ca, B, Ni, Cu, Zn, Mo, and Co in wheat and Fe in oilseed rape. This could be explained by the major role that P plays in plant metabolism because this macronutrient is central to the structure of adenosine triphosphate (ATP) and is responsible for its high-energy proprieties (Neupane et al., 2019). Plaxton and Tran (2011) explained that under P deprivation, Pi-use efficiency is increased by upregulation of Pi-starvation-inducible hydrolases that trap and recycle P via extra and intracellular organic P to maintain plant metabolism. Nevertheless, P deficiency cannot be continuously offset, so this means that any ATP decrease will restrict plant photosynthesis function due to Rubisco deactivation (Butz and Sharkey, 1989; de Groot, 2003) and also the uptake of some nutrients that are usually ATP-dependent processes in the root.

Our results also provided evidence about novel negative interactions between N, P and Na in both species. These results suggest that Na transport could be functionally related to N uptake and this may be illustrated by data extracted from the Ionomic Hub (Salt et al., 2008), which contains an ionomic analysis of Arabidospis nitrate transporter mutant lines. For example, compared to the parent line, there were significant reductions of 39 and 48% (p ≤ 0.001) in the leaf Na concentration in an nrt2.1 Arabidopsis thaliana mutant (SALK_035429 homozygote knock-out line) cultivated on 2 different soils. It is usually assumed that NRT2.1, a high-affinity nitrate transporter, works as a NO3–/2H+ symporter that requires energy for H+/ATPase activity. Consequently, the secondary efflux of H+ probably coupled with a Na+ influx could partially explain the strong decrease in Na uptake shown in N-deprived plants. On the contrary, compared with the parent line, the nrt1.1 (SALK_097431 homozygote knock-out line) mutant showed similar or increased Na concentration in leaves compared to the parent line when cultivated on the two different soils. This increase in leaf Na concentrations in the nrt1.1 KO mutant could be the consequence of a compensatory increase in NRT2.1 expression, as previously reported by Munos et al. (2004), and could explain the increased H+/Na+ antiporter activity that in turn increased Na+ uptake. Alvarez-Aragon and Rodríguez-Navarro. (2017) suggested that under saline conditions two nitrate-dependent transport systems that work in series to take up and load Na+ into the xylem constitute the major pathway for the accumulation of Na+ in Arabidopsis thaliana shoots. They also found that Na+ accumulation in the nrt1.1 mutant was partially defective, suggesting that NRT1.1 either partially mediates or modulates nitrate-dependent Na+ transport.

In the same way, relative net uptake of Na+ was also strongly decreased in P-deprived plants (Figures 3A,B) and led to a reduction in the relative amount (Figures 2B,C) and concentration of Na in roots (Figures 4, 5). Previous work has indicated that the uptake of Pi is mediated by different PHO1 and PHT transporters that require energy from H+/ATPase activity (Hamburger et al., 2002; Briat et al., 2015). From our results and data from the literature, it could be hypothesized that these transport systems are also connected to a Na+/H+ antiporter that is inefficient when Pi is not available, thus leading to a decrease in Na+ uptake (Shi et al., 2002; Saito and Uozumi, 2020).

Ca deprivation also negatively affected the net uptake of several mineral nutrients in oilseed rape and wheat. This result is very interesting because to our knowledge no nutrient interactions have been previously reported in Ca-deprived plants. At the cellular level, Ca plays the role of second messenger in the regulation of major metabolic and physiological processes such as photomorphogenesis, drought resistance, cold adaptation and thermotolerance (Anil and Rao, 2001). Furthermore, Ca is essential for the structure of cell walls because it is bound to pectate during the strengthening of plant tissues (Olle and Bender, 2009).

It is notable that the macronutrient deprivation experiments highlighted 20 positive interactions common to both species, some of them already described, such as a strong increase in Na uptake under K deprivation (Figure 3) coupled with a reduction in its relative content in roots (Figure 2) and a massive accumulation in leaves (Figures 4, 5). K is one of the most abundant cations in plants (Mäser et al., 2002), principally known for its osmotic role, and it is regulated via the KUP potassium transporter family, which contributes to K+ uptake under K starvation or under drought stress (Osakabe et al., 2013; Nieves-Cordones et al., 2016). Most HKT transporters are Na+ transporters, but a few are regarded as Na+/K+ symporters (Wang and Wu, 2013). Mäser et al. (2002) suggested multiple pathways for root Na+ uptake such as permeation of Na+ through K+ and Ca2+ transporters, use of Na+ transport to energize K+ uptake, and also Na+-selective uptake. Sodium is a beneficial element whose function is not well understood (Alvarez-Aragon and Rodríguez-Navarro, 2017) but our data show a potential substitution of K+ by Na+ under our K+-deprivation conditions, suggesting at least a transient osmotic compensation.

Under S deprivation there was surprisingly a greater effect on mineral nutrient uptake in wheat than in oilseed rape (Figure 3). Nevertheless, novel positive interactions between S, Mo, V and Se could be identified in both species. As detailed in the introduction, S as a macronutrient is involved in multiple interactions with other components of the functional ionome (Courbet et al., 2019) such as the synthesis of Mo-cofactor, which also requires Fe, Zn and Cu, as well as the synthesis of Fe-S clusters. Moreover, it has been shown that the strong over-expression of sulfate transporters triggered by S deficiency (Maruyama-Nakashita et al., 2004) leads to an increased uptake of Mo and Se in the form of MoO42– and SeO42–, respectively (Shinmachi et al., 2010; Maillard et al., 2016a), as also found in this study (Figure 3). Moreover, we observed that under S deprivation, V uptake is 6 and 2 times higher in oilseed rape and wheat, respectively, compared to control plants (Figure 3). These results suggested that V could be taken up by sulfate transporters, and probably in the form of vanadate (VO43–), which is also supported by the analysis of leaf V concentration in Arabidopsis sultr1.1 KO mutants and sultr1.2 (sel1-8) mutants subjected to S deficiency (Figure 6). This suggests that both transporters are able to mediate the uptake of VO42– as they do for other compounds with similar structural properties (SO42–, MoO42–, SeO42–). The use in this study of Arabidopsis sultr1.1 KO mutants and sultr1.2 (sel1-8) mutants for V analysis was derived from samples of a previous study that has been previously published (Maillard et al., 2016a) in which the expression of genes encoding sulfate transporters was already given for the wild type and the mutants. Lastly, it must be pointed out that the stimulation of V uptake found in this study under S deprivation occurred in the absence of any added V, with the element only being present at an ultra-trace level in the nutrient solution (<0.01 ppm), thus suggesting a high affinity of SULT transporters for VO42–.



CONCLUSION

In conclusion, this work demonstrates that the ionomic composition is tissue and species specific. While usually considered as being tightly regulated, our work shows the true plasticity of the ionome composition when plants are exposed to macronutrient deprivation. The concentrations of the deprived nutrients sharply declined, allowing the plants to maintain a similar growth rate for at least 10 days, and this is probably the result of remobilization toward actively growing tissues such as young leaves. A large number of positive and negative interactions between nutrients were demonstrated, some of them being common to the two species studied. Numerous mechanisms and crosstalks, which will require further work, may be involved in direct (S, Se, V, Mo) or indirect interactions (NO3– and Na+) at the level of root transporters, while a substitution mechanism may be hypothesized between a number of the cations (Ca and Mg, K and Na). The consequences of micronutrient and beneficial nutrient deprivations will be presented in a companion paper (D’Oria et al., 2020), together with an analysis of the specificity of ionomic signatures.
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The specific variation in the functional ionome was studied in Brassica napus and Triticum aestivum plants subjected to micronutrient or beneficial mineral nutrient deprivation. Effects of these deprivations were compared to those of macronutrient deprivation. In order to identify early events, plants were harvested after 22 days, i.e., before any significant reduction in growth relative to control plants. Root uptake, tissue concentrations and relative root nutrient contents were analyzed revealing numerous interactions with respect to the 20 elements quantified. The assessment of the functional ionome under individual mineral nutrient deficiency allows the identification of a large number of interactions between elements, although it is not totally exhaustive, and gives access to specific ionomic signatures that discriminate among deficiencies in N, P, S, K, Ca, Mn, Fe, Zn, Na, Si, and Se in both species, plus Mg, Cl, Cu, and Mo in wheat. Ionome modifications and components of ionomic signatures are discussed in relation to well-known mechanisms that may explain crosstalks between mineral nutrients, such as between Na and K, V, Se, Mo and S or Fe, Zn and Cu. More surprisingly, when deprived of beneficial nutrients such as Na, Si, Co, or Se, the plant ionome was strongly modified while these beneficial nutrients contributed greatly to the leaf ionomic signature of most mineral deficiencies.
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HIGHLIGHTS

Tightly regulated, the functional ionome is tissue and species specific, but shows a high degree of plasticity when plants are exposed to micronutrient and beneficial nutrient deprivation, resulting from numerous crosstalks between nutrients. Some highly sensitive specific signatures for each deprivation are outlined in this study.



INTRODUCTION

The whole elemental composition of plants, also defined as the ionome, is species, genotype and tissue specific (Shakoor et al., 2016; Neugebauer et al., 2018), and while it is supposed to be tightly regulated, it can also be modified under changing climatic conditions (Soares et al., 2019) or when plants are facing numerous abiotic stresses such as atmospheric CO2 enrichment (Loladze, 2014), mineral deficiencies or drought (Etienne et al., 2018). The way that macronutrient deficiencies modify the plant ionome has been recently described in a companion paper (Courbet et al., 2021) using Brassica napus and Triticum aestivum. It highlighted numerous negative and positive interactions between macronutrient, micronutrient, and beneficial nutrients. Novel interactions were reported, for example, between S and vanadium (V), with a stimulation of vanadate uptake in plants cultivated under S deficiency that occurred alongside enhanced molybdate and selenate uptake, which had been described previously (Shinmachi et al., 2010; Maillard et al., 2016a; Courbet et al., 2019). Furthermore, the companion paper also highlighted a negative interaction between N and Na that was also strengthened using data extracted from the Ionomic Hub (Salt et al., 2008) with knockout Arabidopsis lines for genes encoding nitrate transporters, suggesting that NO3– uptake and Na+ influx were connected.

Numerous studies have already indicated negative effects of micronutrient deficiencies on physiological and agronomic parameters, such as strong decreases in plant growth and grain yield and quality (Allen, 2000; Fageria et al., 2008; Rawat et al., 2013). Micronutrient and beneficial nutrients are thought to be required for many metabolic functions [for a review see Andresen et al. (2018)]. For example, plants need metal elements like manganese (Mn), iron (Fe), nickel (Ni), copper (Cu), zinc (Zn), and molybdenum (Mo) to operate in energy metabolism (Dalcorso et al., 2014; Andresen et al., 2018), photosynthesis (van Oijen et al., 2004), the mitochondrial respiratory chain, gene expression regulation (Dalcorso et al., 2014), hormone synthesis, Mo cofactor (MoCo) synthesis (Maillard et al., 2016b), and protein structure. In order to maintain nutritional homeostasis in plants, a finely tuned balance of tissue mineral content is achieved through the regulation of root transporters (Andresen et al., 2018) coupled with a controlled translocation from roots to the shoot tissues partly through the Casparian strip (Barberon et al., 2016; Barberon, 2017). While relatively few studies have considered the effects of micronutrient or beneficial nutrient deficiency on the plant ionome, some interactions between micronutrients have been described from more focused experiments.

One of the most frequently described examples of micronutrient homeostasis concerns Fe and its interactions with other nutrients such as Ni, Cu, Zn, and cobalt (Co). In dicotyledonous plants, Fe concentration regulation is at least partly achieved by the fine tuning of Fe uptake from roots through the expression of iron regulated transporter 1 (IRT1), a member of the Arabidopsis ZIP (Zrt/Irt-like protein) metal transporter family (Henriques et al., 2002), which acts as a major high-affinity Fe transporter (Vert et al., 2002). This has been confirmed by the chlorotic appearance of the irt1-1 knockout mutant of Arabidopsis thaliana (Barberon et al., 2014). However, IRT1 is not only involved in root Fe uptake, but also in the uptake of divalent cations like Ni, Cu, Zn, and Co, which occurs more specifically under iron limitation when IRT1 expression is up-regulated (Korshunova et al., 1999; Henriques et al., 2002; Nishida et al., 2012; Waters and Armbrust, 2013; Alejandro et al., 2020). Indeed, Nishida et al. (2012) have reported that IRT1 mediates Ni accumulation in A. thaliana hydroponic cultures under Fe deficiency. Similarly, Li et al. (2013) reported that ZmIRT1 gene expression was increased in maize cultivated under Fe and also under Zn deficiency. Only a few studies have shown Cu interactions with IRT1 transporter expression, such as Waters and Armbrust (2013), who found that Arabidopsis leaf Cu content increased under low Fe conditions together with increases in Ni and Zn leaf content. Finally, Co, which is assumed to be a beneficial element, but whose function in non-leguminous plants remains to be established (with no specific Co transporter described so far), is widely accumulated in plants grown on different soils (Jayakumar and Jaleel, 2009; Jayakumar et al., 2013). Only a small number of studies have suggested that the transport of Co might also be mediated by IRT1 (Korshunova et al., 1999; Zelazny and Vert, 2015). Thus, during the Fe deficiency response, Zn, Mn, Cd, Co, and Ni could be taken up at least by an over-expressed IRT1 transporter but this will require molecular evidences as other transporters are probably involved in these processes (Curie et al., 2000; Pinto and Ferreira, 2015; Sasaki et al., 2016; Alejandro et al., 2020). In excess, these elements required detoxification mechanisms, such as vacuolar transporter expression [reviewed by Ricachenevsky et al. (2018)] in Arabidopsis and rice (Oryza sativa). The up-regulation of IRT1 when plants face Fe deficiency highlights a complex network of regulation pathways that lead to mineral content fluctuations in plant tissues. This is further illustrated by the fact that about 50 known ionome genes (KIG) related to Fe accumulation were recently identify in Arabidopsis (Whitt et al., 2020).

Another example of networks involving several nutrients can be found with Mo. Once taken up, Mo is mostly used for MoCo synthesis (Bittner, 2014), which are involved in the structure of essential enzymes such as nitrate reductase, aldehyde oxidase, and xanthine dehydrogenase (Zimmer and Mendel, 1999). In mitochondria, biosynthesis of the MoCo (Kaufholdt et al., 2017) requires not only Cu (Billard et al., 2014), but also Fe (Bittner, 2014), Zn, and S (Maillard et al., 2016b). Consequently, Mo root uptake and its resultant tissue concentration is increased when plants experience S, Mn, Zn, Fe, or Cu deficiencies (Maillard et al., 2016b). Overall, the synthesis of MoCo can be considered as a crucial crosstalk where several interactions between macronutrients and micronutrients occur.

Other micronutrient root co-transporters have been reported in literature (Sasaki et al., 2016; Alejandro et al., 2020) as for example AtNRAMP1 (Curie et al., 2000) and OsNRAMP5 (Sasaki et al., 2012), which belong to the Natural resistance-associated macrophage protein (NRAMP) family. The latters were assumed to transport Mn as well as Cd and Fe, and are both up-regulated by −Fe treatment, as well as under −Mn condition for AtNRAMP1. In rice, root Si influx proteins, named Lsi1 (Ma and Yamaji, 2006; Ma et al., 2006) and members of the nodulin 26-like intrinsic protein III (NIP III) family have been reported to transport not only Si but also Se (Zhao et al., 2010). These examples illustrate the need to take into account a full functional ionomic analysis when considering plant adaptations to micronutrient and beneficial mineral nutrient deficiencies with the objective of identifying all potential interactions. We assumed that total deprivation of a micronutrient [boron (B), chlorine (Cl), Mn, Fe, Ni, Cu, Zn, or Mo], or a beneficial element [sodium (Na), silicon (Si), Co, or selenium (Se)] in rapeseed and wheat grown in hydroponic culture had the potential to reveal numerous interactions within the two contrasting species. The first objective of this work was to identify these interactions and to determine the mechanisms involved. Therefore, the tissue ionomic composition was quantified before the appearance of any significant growth reduction as the approach to evaluating plant net uptake since deprivation, specific root accumulation (as a proxy of root to shoot translocation of nutrients) and tissue concentrations.

To study large ionomic datasets, multivariate analyses have been used to establish ionomic signatures of physiological responses to abiotic stress and plant growth stage (Baxter et al., 2008; Salt et al., 2008; Wu et al., 2013). For example, Baxter et al. (2008) showed that the ionomic signatures of A. thaliana could provide robust information to detect plant physiological responses to a specific environmental modification. Therefore, following partial least squares discriminant analysis (PLS-DA) of the ionomic data, the second objective of this work was, to establish tissue relevance in terms of sensitivity and specificity to characterize the specific ionomic signatures resulting from macronutrient (data extracted from companion paper Courbet et al., 2021), micronutrient or beneficial mineral nutrient deficiencies. Finally, these ionomic signatures were compared between the two species and their relevance tested using an independent dataset derived from Maillard et al. (2016a).



MATERIALS AND METHODS


Plant Materials and Growth Conditions

Brassica napus (cv. Trezzor) and T. aestivum (cv. Bagou) were grown in a greenhouse (20°C day/15°C night) at Caen Normandy University (France) between February–March for rapeseed and April–May for wheat. Seeds of both species were germinated on perlite over demineralized water for 4–5 days in the dark followed by 2 days under natural light. After emergence of the first true leaf, seedlings were transferred to hydroponic conditions in a complete nutrient solution and were then split into 10 plants groups, each group grown in a 10 L plastic container. The plants were exposed to natural light and supplemented with high-pressure sodium lamps (HPS 400 Watt, Hortilux Schréder, Monster, Netherlands) at 350 μmol m–2 s–1 over a 16 h day/8 h night photoperiod. The composition of the nutrient solution used above was derived from Maillard et al. (2015) and adapted according to Courbet et al. (2021) to obtain a plant ionomic composition as close as possible to the ionome obtained with field grown plants, and comprised the following: 1 mM KNO3, 1.25 mM Ca(NO3)2, 0.2 mM KH2PO4, 0.4 mM MgSO4, 0.5 μM NaFe-EDTA, 50 μM NaFe-EDDHA, 10 μM H3BO3, 3 μM MnSO4, 3 μM ZnSO4, 0.7 μM CuSO4, 0.008 μM (NH4)6Mo7O24, 0.1 μM CoCl2, 0.15 μM NiCl2, 0.9 mM Si(OH)4, 0.5 mM CaCl2, 0.1 mM KCl, 0.01 μM Na2Se04, 0.1 mM K2SO4, and 0.2 mM Na2SiO3 buffered to pH 6.8 with 0.36 mM CaCO3. It must be pointed out that among the constitutive elements of the plant functional ionome, vanadium (V) and aluminum (Al) were not provided directly, assuming that traces present in the other compounds used in the nutrient solution were sufficient. In order to maintain optimal nutrition conditions, this solution was tested with NO3– strips (Macherey-Nagel, Düren, Germany) every day during plant growth and was renewed when NO3– depletion reached 30% of the initial concentration. Overall, nutrient solutions were changed every 4–5 days with younger plants and every 2 days when plant biomass and therefore growth were maximal.

After 18 and 24 days of growth with complete solution for wheat and rapeseed, respectively, individual deprivations of eight micronutrients (B, Cl, Mn, Fe, Ni, Cu, Zn, and Mo) or four beneficial elements (Na, Si, Co, and Se) were imposed. A harvest of control plants was performed just before the application of nutrient deficiency, which corresponded to day 0 (D0) of the deficiency experiments. In order to separate tissues that developed before or during deficiencies, marker pen was used to record the level of growth by marking the last-developed leaves and petioles in wheat and rapeseed, respectively, before starting the deprivation treatments. The compositions of nutrient solutions used for individual micronutrient or beneficial nutrient deprivations are provided in the Supplementary Data 1 and were optimized to reduce the effect, as much as possible, of accompanying cations and anions of the deprived nutrient. Two plastic containers (20 plants in total) were used for each individual deficiency or control experiment.

On the day of deficiency application (D0), control plants were harvested as five replicates of four plants each to ensure enough material for subsequent analysis. After 22 days of deficiency (D22), before any significant decrease in plant growth, plants were randomly harvested for each condition using a pool of two plants per replicate (five replicates per condition). The duration of deficiency was adapted from Maillard et al. (2016a) who reported that at least 30 days of micronutrient deprivation were required to cause a significant growth reduction of plants in these conditions Therefore, the effects of individual deficiencies on the uptake of other nutrients could be analyzed without the interacting effects of reduced plant growth.

Tissues were harvested as follows: for both species, roots were separated from leaves; for rapeseed, leaves and petioles were also spit. Tissues that were present before nutrient deficiency were separated from new tissues that emerged after D0 and thus had developed during nutrient deficiencies. For both species and throughout the manuscript, the tissues present before deficiency have been described as old leaf blades (OLBs) or old petioles (OPs), while those whose development occurred during deficiency have been designated young leaf blades (YLBs) and young petioles (YPs). The fresh weight of each sampled tissue was recorded and sub-sampled into two homogeneous batches, one was stored at −80°C for molecular analysis and the second was dried at 65°C (72 h) for dry weight determination and used for further elemental concentration (i.e., ionome) quantification.



Elemental Content Analysis and Calculations

All the analytical methods used were previously detailed in Maillard et al. (2016a) and Courbet et al. (2021). Briefly, all dried sampled were ground to a fine powder using 0.4 mm diameter stainless steel beads in an oscillating grinder (Mixer Mill MM400, Retsch, Haan, Germany). Most of the macronutrient (Mg, P, S, K, and Ca), micronutrient (B, Mn, Fe, Ni, Cu, Zn, and Mo), and beneficial elements (Na, Co, V, and Se) were quantified, after previous acid digestion of dry weight samples (about 40 mg), with high-resolution inductively coupled plasma mass spectrometry (HR-ICP-MS, Element 2TM, Thermo Scientific) and using internal and external standards. For total N concentration, 1.5 mg of fine powder were analyzed by using continuous flow isotope mass spectrometry (IRMS, Isoprime, GV Instruments, Manchester, United Kingdom) linked to a C/N/S analyzer (EA3000, Euro Vector, Milan, Italy). An x-ray-fluorescence spectrometer (XEPOS, Ametek, Berwyn, PA, United States) was used to quantify Cl, Si, and Al (Aluminum) from calibration curves from approximately 1 g of dry weight powder.

The quantity (Q) of each element in each harvested tissue (i) was calculated using the following equation:
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where E is the elemental concentration (ppm) in a given tissue i, at each harvest day D (D0 or D22) and DW is the corresponding dry weight.

The net uptake (NU) of a given nutrient during one specific deficiency, i.e., between D0 and D22, can be estimated by the following equation:

[image: image]

where Q is the amount of an element at day D of the plant tissue i, with n corresponding to three (roots, OLBs, and YLBs) or five (roots, OLBs, OPs, YLBs, and YPs) tissue types for wheat and rapeseed, respectively.

In this study, to assess the specific effect of a given deficiency, some of the results were expressed relative to control, using the ratios: [image: image] or [image: image]



RNA Extraction, Reverse Transcription (RT), and Quantitative PCR (q-PCR) Analysis

In order to evaluate the potential for modulation of BnaIRT1 gene expression by different nutrient deficiencies, total RNA was extracted from 200 mg of fresh root material. Frozen samples were powdered with a pestle in a mortar containing liquid nitrogen. 750 μl of extraction buffer [0.1 M TRIS, 0.1 M LiCl, 0.01 M EDTA, 1% SDS (w/v), pH 8] and 750 μl of hot phenol (80°C, pH 4.3) were added to the root powder and vortexed for 40 s. After addition of 750 μl of chloroform/isoamyl alcohol (24/1; v/v), the mixture was centrifuged at 15,000 × g for 5 min at 4°C. The supernatant was recovered and transferred into 750 μl of 4 M LiCl solution (w/v) and stored at 4°C overnight. Then, samples were centrifuged at 15,000 × g for 20 min at 4°C. The supernatant was eliminated and the pellet was suspended in 100 μl of sterile water. Extracted RNA was purified with an RNeasy mini kit (Qiagen, Courtaboeuf, France). Quantification of total RNA was assessed with spectrophotometry at 260 nm (BioPhotometer, Eppendorf, Le Pecq, France).

A 1 μg of total RNA was converted to cDNA with an iScript cDNA synthesis kit (Bio-Rad, Marne-la-Coquette, France) for reverse transcription (RT). cDNA was diluted at 100×.

For quantitative PCRs (q-PCRs), 11 μL of Master Mix was prepared with 0.5 μM of primers, SYBR Green 2× (Bio-Rad, Marne-la-Coquette, France) and 2 μL ultrapure water before adding 4 μl of diluted cDNA and using a real-time thermocycler (CFX96 Real Time System, Bio-Rad, Marne-la-Coquette, France). The three incubation steps in the program were: (i) activation at 95°C for 3 min; (ii) 40 cycles of denaturation at 95°C for 10 s; (iii) and an extension step at 60°C for 40 s. For each pair of primers, the amplification specificity was monitored by the presence of a single peak in the melting curves within the thermocycler program and by sequencing the q-PCR product (Biofidal, Vaulx-en-Velin, France). After primer validation, the relative expression of the genes in nutrient deficiency samples was compared with the control sample and calculated with the delta Ct (ΔΔCt) method (Livak and Schmittgen, 2001): relative expression = 2–ΔΔCt with Ct corresponding to the threshold cycle determined for each gene in the exponential phase of PCR amplification,

[image: image]

For q-PCR amplification the following primers were selected: EF1 (Forward: 50-GCCTGGTATGGTTGTGACCT-30; Reverse: 50-GAAGTTAGCAGCACCCTTGG-30) and 18sRNA (Forward: 50-CGGATAACCGTAGTAATTCTAG-30; Reverse: 50-GTACTCATTCCAATTACCAGAC-30) as housekeeping genes. BnaIRT1 (Forward: 50-GCGTCAAGATGCAGATCAAGTGTT-30; Reverse: 50-GTTTTGAGTTCCACAACGAAATCC-30) was the target gene.



Statistical Analysis

Data were based on five independent replicates. Thus, elemental concentration (E; ppm) and quantity (Q; mg or μg) are indicated as the mean ± SE (standard error) for n = 5. For each nutrient, net uptake (NU) is given as the mean ± SE for n = 25, considering all random subtractive combinations of nutrient quantity between five replicates at D22 and D0, according to the previously indicated Eq. 2.

Statistical analyses were performed using R software (version 3.5.1: R Core Team, 2019) and RStudio (version 1.3.959: RStudio Team, 2020). Significant differences among all treatments were established using the non-parametric Kruskal–Wallis test and the significant difference of the means between control and a specific mineral deprivation were determined using the non-parametric Wilcoxon test. The Dunn’s post hoc test was used for multiple comparisons of groups, especially to compare the accuracy level of the four PLS-DA prediction methods cited below. Heatmaps were generated using the gplots package (version 3.0.1.1) with a color gradient representing values relative to control plants between 0.2 (blue = low) and 5 (orange = high). Blank cells in the heatmaps corresponded to non-significant variations relative to control plants.

Multivariate analysis methods offer the ability to reduce the dimension of large data, where the number of variables (i.e., genes, proteins, metabolites or the elements tested here) widely exceeds the number of samples, via new variables (components) defined as combinations of all the original variables. The purposes here were: (i) to study whether the ionome could be a relevant tool to reveal plant nutritional status and whether or not it possesses enough information for multiclass predictions; (ii) and to detect ionomic signatures for each deficiency, highlighting the weight of each element in these signatures. For this purpose, data from this study about micronutrient and beneficial element deprivations, as well as data from a companion paper (Courbet et al., 2021) dealing with macronutrient deprivations were used in the following steps.

After preliminary principal component analysis (PCA) to guide the modeling strategy, a PLS-DA model was used following the steps described in Figure 1 using the mixOmics R package (version 6.3.2) (Lê Cao et al., 2009; Rohart et al., 2017; Hervé et al., 2018) and the R caret package (version 6.0) (Kuhn, 2008). In this supervised classification method, the response variable Y is a class vector indicating the class of each sample (i.e., here the deprived element = deficiency). X is a matrix of predictors, composed here by the element raw concentration (ppm). The aim of the PLS-DA is to predict the class of new test samples based on a trained classification model (Rohart et al., 2017). Thus, the following process was repeated ten times.


[image: image]

FIGURE 1. Flow diagram of the ionomic data analysis procedure using the PLS-DA model. The dataset containing the elemental concentrations (i.e., the ionome) (X) and deficiency classes (Y) was randomly split ten times into a training set and a test set (80/20 percent, respectively). Each time a five-fold and 50 repeat cross validation on the PLS-DA was used to measure model performance and find the best parameters (i.e., latent components to be retained) for class prediction. Thereafter a confusion matrix was used to assess prediction quality and the results were averaged after running the analysis ten times. Four methods and associated datasets were used (A) all ionomic data, (B) all ionomic data except the deprived nutrient, (C) macronutrient ionomic data, and (D) the deprived nutrient data.


The dataset (X) was randomly split into a training set (X′ training) and a test set (X′ test) (80/20 percentage, respectively) to limit overfitting and/or over-optimistic classification results (Brereton, 2006; Gromski et al., 2015), while keeping the original sample by class proportion in balance. This test set was used in the last prediction step by the PLS-DA model, using four different datasets: (i) using all data available (named thereafter method A) or, for exploratory purposes with a truncated test set of data (X′truncated test) where (ii) the concentration of the deprived element was not considered (B), or (iii) only the concentration of macroelements were kept (C), or (iv) only the concentration of the deprived element was kept (D). The classification model was built using a five-fold and 50-repeat cross validation (CV) (Rohart et al., 2017) on centered and scaled data (because of the large differences in element concentration between macronutrient, micronutrient and beneficial nutrients). The optimal number of latent variables to retain was chosen based on the lowest classification error rate (CER) using the Mahalanobis distance calculation. The final PLS-DA model was used to predict classes (Y′) from the test set “X′ test” and to build a confusion matrix for comparison with real deficiency classes (Y) (Figure 1).

After the ten replication steps, averages were generated of the overall model prediction accuracy, the sensitivity (proportion of individuals predicted in a class that are correctly identified) and the specificity (individuals predicted as not belonging to a deficiency which does not actually belong to this deficiency) for each predicted class (deficiency). The variable importance in projection (VIP) of each predictor (i.e., element) contributing to determination of the predicted class (deficiency) was used to highlight specific ionomic signatures of the plant nutritional status. Hierarchical clustering on principal components (HCPC) with the Ward criterion was performed with the FactoMineR R package (version 1.41) to explore similarities between signatures.

Lastly, in order to validate the process and thus the results generated in this study, an external dataset was used for a supplemental validation. Consequently, the dataset generated by this experiment and the companion paper Courbet et al. (2021) was used following the same process, training a PLS-DA model to predict deficiency classes from the hydroponics experiments of Maillard et al. (2016a) where B. napus was grown under hydroponic conditions and included data for N, Mg, P, S, K, Ca, B, Mn, Fe, Cu, Zn, and Na.




RESULTS


Root and Shoot Biomass

A 22-day deprivation of one of the micronutrients or beneficial elements had no effect on root or shoot biomass in either rapeseed or wheat (Figure 2), no visual symptoms causes by deficiency were recorded and photosynthetic activity was unchanged (unshown data) compared to the respective control plants. The only exception was found for rapeseed, which when subjected to B deprivation, demonstrated significant reduction in root dry weight, while the shoot biomass was only slightly lowered in comparison to control plants (not significantly). Micronutrient or beneficial element deprivations over the 22 days did not interfere with growth and thus growth was not considered as an explanatory variable.
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FIGURE 2. (A) Aboveground, (B) root, and (C) whole plant dry weight of B. napus and T. aestivum plants after 22 days of micronutrient or beneficial nutrient deprivation under hydroponic conditions. Data are given as the mean ± SE (n = 5) and significant differences between control and nutrient-deprived plants are indicated as follows: *, p < 0.05.




Relative Root Nutrient Content Under Micronutrient and Beneficial Nutrient Deprivation

The relative root nutrient content (RRNC) corresponding to the ratio of roots to total plant content is given in Figure 3. First of all, the RRNC of N and S were unaffected by any of the nutrient deprivations in both species, which was also the case for K and Cl in wheat and Al and Se in rapeseed. Generally, the RRNC of the nutrient that was deprived was usually reduced compared to control plants, indicating that translocation from the roots to the shoots was favored. This was the case for nearly all nutrients except for B in both species. About 12 and 36% of B was kept in the roots under B deprivation versus 7 and 18% in control rapeseed and wheat, respectively. Moreover, under B deprivation, it should be noted that the root biomass was significantly reduced in rapeseed (Figure 2) leading to a lower root to whole plant biomass ratio (Figure 3B). In rapeseed, the RRNCs of individual nutrients were either unaffected or decreased by micronutrient or beneficial deprivation (Figure 3), with the exception of Na deprivation (increase of RRNC of P, Ca, Fe, Cu, Zn, and Si). This general trend can be illustrated for example under B (reduced RRNC of Mg, P, K, Fe, Ni, Cu, Zn, and Na) or Fe (reduced RRNC of Mg, Fe, Ni, Cu, Mo, and Co) deprivations. The trend was slightly different in wheat as there were greater increases in some RRNCs following deprivation of a specific micronutrient or beneficial nutrient. For example, under Si deprivation in wheat (Figure 3A), the relative root contents of Mg, P, Ca, Fe, Ni, Zn, Mo, Na, V, and Co were significantly higher than in control plants. In both species, under Na deprivation, the relative root contents of Mg, Ca, Mn, Fe, Cu, Zn, and Si were significantly higher than in control plants. Overall, the results show that the RRNC was not only a function of the root to whole biomass ratio as it can be significantly affected by the availability of some micronutrient or beneficial mineral nutrients.
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FIGURE 3. Relative root nutrient contents (RRNC) of B. napus and T. aestivum plants after 22 days of micronutrient or beneficial nutrient deprivation (A). The RRNC was calculated as the ratio of nutrient content in roots/entire plant. A color gradient for large increases (red) or decreases (blue) in the RRNC are given only if they were significantly different from control plants for p < 0.01. The ratios of root biomass/whole plant biomass (B) are also given as the mean ± SE. for comparisons with RRNC, and only the values indicated in bold differ significantly from control plant biomass.




Relative Net Uptake of Mineral Nutrients and Their Concentration in Plant Tissues

The root uptake of nutrients, expressed relative to the uptake measured in control plants (Figure 4) was significantly affected under micronutrient or beneficial nutrient deprivation in both species, although with opposite trends in rapeseed (general decreases) and wheat (general increases). Overall, 103 negative and 14 positive interactions were found in rapeseed versus 46 and 99, respectively, in wheat.


[image: image]

FIGURE 4. Heatmap of relative net uptake by (A) B. napus and (B) T. aestivum plants after 22 days of micronutrient or beneficial nutrient deprivation under hydroponic conditions. Relative net nutrient uptake was calculated (see section “Materials and Methods”) as the ratio of nutrients taken up by deprived plants/nutrients taken up by control plants. Only values significant for p < 0.05 are given, with the color gradient indicating values relative to control plants between 0.2 (blue = low) and 5 (orange = high). Blank cells in heatmaps corresponded to non-significant variations in net uptake compared to control plants.


Firstly, for most treatments, nutrients that were deprived had a relative net uptake close to 0, except for Si and Se for which some traces were probably found in the water used to make the nutrient solutions. For these elements, deficiency should be the consideration rather than deprivation. In wheat, the nickel-deprived treatment showed no significant decrease in net Ni uptake compared to control plants, so the Ni deprivation results must be considered with caution.

Secondly, positive interactions affecting both species were observed, such as Fe deprivation, which increased the uptake of Ni, Cu, Zn, and Co. This was also the case under Na deprivation during which Fe uptake was also strongly increased (Figure 4). Since the assumption is that a root transporter encoded by the BnaIRT1 gene takes up these nutrients, the expression of this gene has been quantified in rapeseed roots (Figure 5). The root expression of BnaIRT1 was strongly and significantly increased under Fe, B, Na, Zn, Ni, and Mo deprivations, by 83, 8, 7, 6, 3.8, and 2.7 fold, respectively, relative to control plant roots. However, under Fe and Na deprivations only, this stronger expression led to an increase in root uptake of the above-mentioned nutrients in rapeseed roots (Figure 4A). Consequently, for Fe-deprived rapeseed plants, the concentrations of Ni, Cu, Zn, and Co were increased in roots and also in YLBs and OLBs (Figure 6A). The same trend was found under Na deprivation, but unlike the –Fe treatment, these elements were mainly accumulated in roots (Figures 3, 5). While the IRT1 expression in wheat roots was not quantified, it is possible that the same increase in gene expression occurred on the basis of the similar increased root uptake (Figure 4B) and tissue concentrations (Figure 6B) of Cu, Zn, and Co.
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FIGURE 5. BnaIRT1 gene expression relative to control plants in roots of B. napus subjected to micronutrient or beneficial nutrient deprivation for 22 days. Values are given as the mean ± SE (n = 5) and significant differences between control and nutrient-deprived plants are indicated as follows: ∗p < 0.05; ∗∗p < 0.01.
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FIGURE 6. Heatmap of relative mineral nutrient concentrations in (A) B. napus and (B) T. aestivum plants after 22 days of micronutrient or beneficial nutrient deprivation under hydroponic conditions. Relative mineral nutrient concentration was calculated (see section “Materials and Methods”) as the ratio of the nutrient concentration in deprived plants/nutrient concentration in control plants. Tissues developed before or after the beginning of deprivation (D0) are indicated as “young leaf blades” (YLBs) and “old leaf blades” (OLBs), respectively. Only values significant for p < 0.05 are given, with the color gradient indicating values relative to control plants between 0.2 (blue = low) and 5 (orange = high).


In wheat, a general trend for an increase in the uptake of most nutrients (see for example, Mg, S, Ca, or Cl uptake in Figure 4B) was found under most deprivation conditions and thus concentrations of macronutrients (except N), micronutrients and beneficial nutrients in roots, YLBs and OLBs (Figure 6B) increased, with the strongest trend in roots. Finally, the tissue concentrations (Figure 6) clearly showed that while Na deprivation strongly increased BnaIRT1 expression in rapeseed (Figure 5), and the associated increased Fe uptake found in both species (Figure 4), the increased Fe concentration was only observed in the roots of rapeseed and wheat (Figure 5). This is perfectly in line with the higher Fe RRNC previously reported under Na deprivation (Figure 3), amounting to 97 and 92% in rapeseed and wheat, respectively, which was higher than the 65 and 50% recorded in controls of the two species, respectively. Similarly, a higher retention of Ca, Cu, Zn, and Si in roots obviously occurred under Na deprivation in both species (Figures 3, 4).



Plasticity and Specificity of the Ionome Composition When Exposed to Mineral Nutrient Limitation

The PCA of the entire elemental raw concentration is presented in Figure 7 with scatter plots of individuals colored by species (Figure 7A) or tissue (Figure 7B). On the first components, PC1 and PC3, which respectively explained 28 and 12% of the total variance, individuals of rapeseed and wheat (Figure 7A) as well as the tissues within each species (Figure 7B) were well discriminated (results on PC1 and PC2 are available in Supplementary Data 2). Loading vectors (i.e., the multivariate regression coefficient) indicating the importance of each element in component 1 (Figure 7C) suggested that the species-related discrimination was driven by Ca, B, Se, and S concentration in particular. On other hand, nutrients such as Mn, Si, K, and Mo, among others, contributed toward discriminating the different tissues analyzed (Figure 7D). This was supported by the elemental concentrations quantified in all tissues of both species (see Supplementary Data 3). These results led to an ionome analysis strategy that considered each tissue within each species independently.
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FIGURE 7. Principal component analysis (PCA) score plots of the complete elemental content data. Projection of the data onto the subspace spanned by components 1 (PC 1) and 3 (PC3), which are colored according to species (A) or tissue (B), with each individual labeled with its treatment class (control or deprived plant). The contribution plots (C,D) depict the importance of each element in component 1 and 3, respectively, the bar length representing regression coefficients with either positive or negative signs. Variables are ranked by decreasing importance starting from the bottom.


The prediction accuracy is presented in Table 1 of the four methods of deficiency predictions that briefly considered a test set with all nutrients available for prediction (A), all nutrients available except the deprived nutrient (B), only macronutrients (C), or only the deprived nutrient (D). Overall, deficiency predictions by PLS-DA models for both species and all tissues were significantly more accurate in method A where all elements of the functional ionome were available (Table 1). For all predictions, the B method decreased the accuracy significantly compared to method A, indicating the deprived element weighting in the deficiency characterization. Further, all D method prediction results were significantly less accurate than the B method for wheat, and in most of the cases for rapeseed (except OPs and roots). Thus, the D method in its consideration of only the deprived element did not manage to reach the same level of prediction accuracy as the other elements (B) or the entire available ionome (A). Surprisingly for rapeseed, the prediction method based on the availability of all macronutrients (C) reached significantly lower accuracy compared to the process that considered only the deprived element (D). On other hand, results from methods C and D for wheat did not differ significantly. Consequently, the results were significantly more accurate with the addition of microelements (B) compared with the assessment using only the macronutrients (C).


TABLE 1. Overall accuracy percentage of the PLS-DA model predictions (after ten replications) (A) all ionomic data, (B) all ionomic data except the deprived nutrient, (C) the macronutrient ionomic data, and (D) the deprived nutrient data (see section “Materials and Methods” for details).
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For rapeseed in method A, the accuracy level did not differ significantly between all the tissues, even though the accuracy level obtained from root samples was lower. Young tissue grown during deficiency (YLBs and YPs) showed the highest level of accuracy. In contrast, in wheat the root samples allowed good prediction accuracy, whereas OLBs seemed to be the least relevant tissue for prediction with a significantly lower level of accuracy (Table 1).

Since the prediction results achieved from aboveground tissues were accurate for both species (Table 1), especially tissues that grew during deficiency, and also taking their harvest feasibility into consideration, YLBs seemed the most relevant for deficiency prediction. YLBs were therefore chosen to evaluate the predictions of PLS-DA models on micronutrient and beneficial element deprivation datasets from this study and macronutrient deprivations from the Courbet et al. (2021) companion paper. Finally, a supplemental validation was made that tested the PLS-DA prediction on an external validation dataset from Maillard et al. (2016a).

Thus, the sensitivity and specificity resulting from PLS-DA predictions for each class (deprived or control) are presented in Table 2 and the remaining tissues are available in the Supplementary Data 4. Overall, most of the deficiency classes were well classified and reached a sensitivity and specificity close or equal to one. It must be noted that Ni deficiency was the only exception for both species and reached only a 0.4 sensitivity, indicating that only 40% of nickel-deprived individuals were predicted as –Ni. The PLS-DA model was also good at predicting control plants from the D22 harvest and the harvest undertaken at D10 in the macronutrient deprivation experiments described in Courbet et al. (2021). The sensitivity and specificity was close to one for control treatments (except for D22 wheat where sensitivity only reached 0.8), which suggested that the elemental content allowed discrimination of control individuals from two time-separated harvests, and this indicated that ionome composition is also linked to the developmental stage.


TABLE 2. Sensitivity and specificity of PLS-DA prediction for each class predicted (control or deprived) in rapeseed and wheat young leaf blade (YLBs) samples after 10 days (D10) of macronutrient deprivation (Courbet et al., 2021) or 22 days (D22) of micronutrient or beneficial element deprivation.
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Lastly, serving as supplemental validation, a PLS-DA model previously trained on YLBs sample data associated with the Courbet et al. (2021) companion paper, was used to predict the deficiency classes of the Maillard et al. (2016a) samples and led to accurate predictions for −N, −Mg, −P, −S, −K, −B, −Mn, and −Zn-treated plants (Table 2). A bias resulting from higher concentrations of Mo, Ca, and Fe in the nutrient solution used by Maillard et al. (2016a) led to incorrect classification of plants subjected to Mo, Ca, and Fe deprivations.

Remaining treatments involving Cl, Ni, and beneficial nutrient deficiencies were not available.

In order to highlight the elements that contributed most to discriminating each deficiency in the PLS-DA on YLBs samples, grayscale heatmaps representing VIP are represented in Figure 8. Elements with a VIP greater than one were considered relevant for deficiency characterization when a clear pattern could be extracted from the PLS-DA. Overall, the obtained results were a good reflection of previous observations of YLBs content (Figure 6), indicating that concentration variations were specific enough to distinguished deficiencies from each other. As already described in Table 1, microelements seemed to be frequently retained as important elements and highly participate to establish a specific signature for each deficiency (Figure 8).
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FIGURE 8. Heatmap of the elements with the highest VIP scores for each deficiency applied to B. napus (A) and T. aestivum (B) which were retrieved from the PLS-DA model on YLBs samples. Elements with VIP scores ≥1 are significant (≥1, light gray; ≥1.5, mid gray; ≥2, dark gray) and indicate the importance of each element (X variable) to predict deficiencies (Y). The specific combination of elements and their concentration variation (high or low in tissue) discriminate samples and generate signature.


Hierarchical clustering on the VIP for wheat brought all of the macronutrient deprivation treatments closer. In contrast, for rapeseed the −Ca and −S patterns differed from the −K-N cluster and –P, indicating that for this species, macronutrient deprivations led to more specific ionome variations. As previously described for YLBs content, micronutrient deprivation in rapeseed caused fewer significant variations compared to wheat (Figure 6), limiting the identification of clear signature patterns in the PLS-DA components. Nevertheless, specific signatures for Mn, Fe, Zn, Na, Si, and Se deficiency for both species, plus Cl, Cu, and Mo for wheat were highlighted thanks to the PLS-DA approach. In addition, the rapeseed −Fe and wheat −Si treatments, whose global contents stand out from among the other treatments (Figure 6), showed strong signatures composed of a lower number of elements than the other deficiencies (Figure 8). On the other hand, although some signatures were composed of larger numbers of elements, some of them contained higher VIP scores, such as Na in K-deprived plants for both species (Figure 8). Within signatures, these elements thus contributed toward discriminating similar deficiencies.

In some cases, the deprived element was not found in the ionomic signature of its own deficiency, which was the case for −Fe in both species and −Zn in rapeseed (Figure 8). This could be explained by a low variation in the deprived element concentration in YLBs (Figure 6). Consequently, the ionomic signature seemed to be described as a qualitative ionomic variation, looking for elements contributing the most to discrimination, and associated with quantitative variations in concentrations of targeted elements. Finally, no specific ionomic signatures were found for the B, Co, and Ni deficiencies in either species or for Mg, Cl, and Mo deficiencies in rapeseed (Figure 8). Although they were well predicted (Table 2), these deficiencies showed too many similarities in their signatures with other deficiencies.




DISCUSSION


The Ionome Discriminates Species, Tissues and Most Nutrient Deficiencies

The ionome appeared to be highly species and tissue dependent (Figure 7; Baxter et al., 2012), and the main variables contributing to their discrimination include Ca, B, Se, S, and Si (Figures 7C,D). As previously found in the Courbet et al. (2021) companion paper, rapeseed is characterized here by higher elemental concentrations, particularly B and S, than wheat, in line with previous studies showing that Poales were distinguished by their low Ca, B, and S concentrations relative to Brassicales (Broadley et al., 2004; Neugebauer et al., 2018). Hence, this species discrimination is related to an upper S concentration in Brassicaceae as previously described (Holmes, 1980; Zhao et al., 1993) while it has been shown that dicots require more Ca (Broadley et al., 2003) and B (Hu et al., 1996) for their cell wall composition. In the same way, cultivated Poaceae such as wheat, rice, barley, and maize are assumed to be Si accumulator species (Marschner, 2012) compared to Brassicales considered as low Si accumulators.

Furthermore, our results indicate that each tissue has a different ionome, demonstrating that each tissue should be considered independently within each species to avoid background noise while determining the signature.

We showed, in the purpose of an approach without a priori, that taking into account the plant tissue content of the deprived element only, did not allow discrimination of the 18 deficiencies examined in this study (Table 2) and in a companion paper (Courbet et al., 2021). In the same way, the sole use of the macronutrient content did not provide an as accurate prediction as a complete ionome assessment (Table 1). This was supported by the fact that among the macronutrients, N and P were considered to be poorly informative (Parent et al., 2013a, b). These results provide interesting evidence that combining micronutrients and beneficial elements in the analysis allows accurate identification of each applied deficiency (Table 2) and that analysis of the full functional ionome as a whole should be advocated for deficiency diagnosis (Cao et al., 2019). Considering each tissue independently, we also point out that leaves that have grown during the deficiency period (YLBs), and in particular the leaf blades, seem to be the most relevant tissue for the determination of nutritional status (Table 1). Indeed, as suggested by Baxter et al. (2008), the leaf ionome is the result of global genotype × environment interactions because it results from biochemical and physiological processes that originate from the roots to the shoots via apoplastic and symplastic transport, as well as vascular translocation and transpiration.

The functional ionome can then be used to design specific signatures of mineral deficiency resulting from physiological processes or to highlight crosstalks. Before any significant growth reduction (Figure 2), ionomic variation caused by a single deprived nutrient (Figures 3–5) can be considered as an early response. These ionomic variation gives access to a large source of interactions between elements possessing similar chemical properties or biological roles (Baxter, 2015), which in leaves were specific enough to provide deprivation signatures (Figure 8). Indeed, thanks to a PLS-DA approach, the whole macronutrient, micronutrient, and beneficial nutrient contents allows to correctly classified most of the deficiencies (Table 2) and to extract the most contributive elements which participate to characterized the specific signatures of N, P, S, K, Ca, Mn, Fe, Zn, Na, Si, and Se deficiency in both species, as well as Mg, Cl, Cu, and Mo in wheat (Figure 7). Si deprivation induces specific ionome variation in both species, nevertheless this signature being much more specific in wheat, which may be related to its Si accumulator behavior.



Leaf Ionomic Signatures Are Determined by Specific Crosstalks, Some Known, Some Still Unknown

In rapeseed, micronutrient or beneficial element deficiency induces an overall decrease in the root uptake of mineral nutrients (Figure 4). With the exception of Na-deprived plants, this mainly resulted in the RRNC decreasing or remaining unchanged (Figure 3), while the YLBs content (Figure 6) showed only a few variations. The fact that only a few variations were measured suggests the existence of compensatory mechanisms, such as remobilization of endogenous reserves from source organs (e.g., mature leaves) to sustain growth of newly developed tissue (Malagoli et al., 2005; Abdallah et al., 2010), because numerous elements are assumed to be highly mobile (Etienne et al., 2018). The weak signal at the leaf level may explain why fewer signatures were found in micronutrient- or beneficial-nutrient-deprived rapeseed than in deprived wheat. Following micronutrient or beneficial nutrient deprivation in wheat, an overall increase in root uptake ultimately led to a global increase in elemental concentrations in YLBs. Hence, changes in the availability of one micronutrient or beneficial nutrient alone can greatly affect the uptake and concentrations of all other nutrients (Figures 6, 4) as well as their root/shoot partitioning (Figure 3).

Some deficiency signatures determined here can be explained by interactions that are well known in the literature. For example, because both Na+ and K+ are taken up by non-selective cation transporters such as HKT1-type (high affinity potassium transporter) or LCT1 (low-affinity cation transporter) (Schachtman and Liu, 1999), this crosstalk between both elements resulted in a large uptake of Na during K deprivation. Obviously Na, which accumulates in leaves (companion paper Courbet et al., 2021), is then one the most contributive element in −K signature (Figure 8).

Under S deficiency, Mo and Se are accumulated in rapeseed (Shinmachi et al., 2010; Maillard et al., 2016b), at least partly because of a strong induction of the expression of genes encoding root sulfate transporters (Sultr1.1 and Sultr1.2). This may be explained by structural similarities among sulfate (SO42–), molybdate (MoO42–), and selenate (SeO42–) that permit them to act as competitive anions for the sulfate transporters (Shinmachi et al., 2010; Schiavon et al., 2012). Hence, these elements were found in the specific signature determined for S deficiency in both species, as was accumulation of Cl. This increased Cl in −S treated rapeseed plants (Sorin et al., 2015) has been attributed to another crosstalk where Cl can partly osmotically replace SO42– during S-deficiency-induced remobilization from the vacuole. Additionally, Courbet et al. (2021) observed an increase in root V uptake in rapeseed and wheat subjected to S deficiency, suggesting that sulfate transporters might also take up vanadate (VO42–). This was supported by quantification of V in Arabidopsis sultr1.1 KO mutants and sultr1.2 sel1-8 mutants. Nevertheless, because this accumulation mainly occurs in roots (Courbet et al., 2021) V therefore did not appear in the foliar −S signature (Figure 8). Indeed, the control of root to shoot translocation of elements such as V, which is probably due to the presence of the Casparian strip, may affect the leaf ionomic signature.

Furthermore, Fe, Cu, Mn, and Zn root uptake can be mediated by the iron regulation transporter, IRT1 (Grusak et al., 1999). Under Fe deficiency, an increase in IRT1 expression went hand-in-hand with an increased uptake and leaf accumulation of Mn, Co, Zn, and Cd, which together define a specific signature of the Fe nutritional status (Figure 8), as also reported by Baxter et al. (2008). This signature implies that studies focused on shoot Fe content alone might not provide evidence of an Fe deficiency because decreased Fe concentrations in growth media are not associated with fluctuations in shoot Fe content (Baxter et al., 2008), unlike the root Fe content. Consequently, Fe deficiency is an example where changes in content of the deprived element were mainly observed at the root level, whereas the associated leaf signature does not necessarily represent the element in question.

The overexpression of BnaIRT1 gene observed in roots of B. napus plants cultivated under Fe, B, Na, Zn, Ni, and Mo deficiencies relative to the control (Figure 5) was concomitant with an increased root uptake of Ni, Cu, Zn, and Co (except when the element is deprived) in −Fe and −Na treated plants alone (Figure 4). Although IRT1 was not quantified in wheat and Fe acquisition is not governed by the same processes in dicotyledonous (Strategy I) and graminaceous monocotyledonous plants (Strategy II) (Marschner, 2012), the same trend was observed in both rapeseed and wheat. Na deprivation resulted in high RRNCs (Figure 3) and root concentration (Figure 6) of Fe, B, Na, Zn, Ni, and Mo but relatively few changes at the leaf level (except for Ni concentration). This suggested a relatively low level of translocation from roots to shoots under Na deficiency compared to Fe deficiency, and control of Cu, Zn, and Co transport via the Casparian strip.

The Casparian strip, which is a selectively impermeable structure made of suberin and lignin deposited by root endodermis cells (Naseer et al., 2012) can block passive flow of water and solutes in the root apoplast and consequently has a crucial role in selection of mineral nutrients in vascular plants (Barberon et al., 2016; Barberon, 2017). It has been shown that suberin accumulation in A. thaliana leads to water uptake disruptions coupled with a decrease in Ca, Mn, and Zn accumulation in the shoot (Baxter, 2009). In our results, the amounts of Fe, Cu, and Zn increased in roots but not in leaves in both species in association with an increase in IRT1 relative expression under Na deficiency. This suggested that transport is disrupted, which might be linked to a modification of the suberization of the Casparian barrier.

Finally, the overall results at the root uptake level, ionomic composition and derived signatures suggest multiple crosstalks between other mineral nutrients, but these are currently difficult to explain. The most striking examples concern beneficial mineral nutrients such as Na, Si, Co, and Se. Not only did their deprivation lead to massive changes in ionomic content in most tissues, and especially in wheat (Figure 6), they were also identified as elements that contributed to a large proportion of the leaf ionomic signatures (Figure 8). Their exact physiological roles in higher plants (particularly in the case of Co and Se) and their interactions with other mineral nutrients will require more focused research. Another example concerns the highly specific ionome signature in Si-deprived wheat for which Ni, Co, V, and Fe concentrations (Figure 8) are strongly decreased in young leaves (Figure 6). If the contrasted response of both species to Si deprivation could be explained by their opposite Si accumulator behaviors [high and low accumulator for wheat and rapeseed, respectively (Ma and Yamaji, 2006; Ma et al., 2006; Marschner, 2012)], the crosstalks between Si and above cited elements observed in wheat remain unknown and difficult to explain. A last example, as suggested in the companion paper (Courbet et al., 2021) the strong decrease in Na uptake in N- and P-deprived plants in rapeseed and wheat, which also appeared in their respective foliar signatures [supported by data provided by the Ionomic Hub (Salt et al., 2008)], highlights a link between N, P, and Na uptake. Indeed, there may be involvement of H+ ATPase during active transport of N and P whereby H+ efflux is coupled to root Na+ uptake (Courbet et al., 2021), but this remains to be characterized.




CONCLUSION

In conclusion, this study demonstrated that deprivation of a single micronutrient or beneficial nutrient revealed numerous interactions between the mineral nutrients, leading to specific modifications of ionome composition as previously found with macronutrient deprivation. We showed that most mineral deficiencies could be diagnosed from the resulting leaf ionome. Based on the most contributive elements, the ionomic signatures identified at the leaf level are supported by known processes that explain such crosstalks and moreover, provide evidence of numerous unknown interactions that still require exploration. To achieve this, transcriptomic analyses firstly at a global scale and secondly, with a focus on already identified ionomic genes (Whitt et al., 2020), could provide a way to explain ionomic modifications and the associated crosstalks between mineral nutrients. Finally, although we have explored the effects of most mineral deficiencies, other abiotic factors may differentially impact the ionome composition of plant tissues, including those generated by climatic changes. For example, the meta-analysis conducted by Loladze (2014) on FACE experiments showed that elevated CO2 impacts the plant ionome, mostly by shifting the mineral content downward. A lack of knowledge still exists about the effects of other abiotic stresses on leaf ionomic composition such as high temperatures with or without water deficit (Etienne et al., 2018).
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Supplementary Data 1 | Compositions of the nutrient solutions derived from Hoagland nutrient solution and modified based on Maillard et al. (2016a) in order to grow hydroponic plants with an ionomic composition as close as possible to field observations (data not shown, see Courbet et al., 2021). These solutions were used to expose 22 days Brassica napus L. and Triticum aestivum to single nutrient deprivations of boron (B), chlorine (Cl), manganese (Mn), iron (Fe), nickel (Ni), copper (Cu), zinc (Zn), molybdenum (Mo), sodium (Na), silicon (Si), cobalt (Co), or selenium (Se).

Supplementary Data 2 | Principal component analysis (PCA) score plots of the complete elemental content data. Projection of the data onto the subspace spanned by components 1 (PC 1) and and 2 (PC2), which are colored by species (A) or tissue (B) and each individual labeled with is treatment class (control or deprived plant). The contribution plots (C,D) depict the importance of each element in component 1 and 2, respectively, the bar length representing regression coefficients with either positive or negative signs. Variables are ranked by decreasing importance starting from the bottom.

Supplementary Data 3 | Mineral nutrient concentrations of B. napus and T. aestivum control plants grown for 22 days under hydroponic conditions (D22). Tissues developed before or after D0 are indicated as “young” or “old” as follows: young leaf blades (YLBs), old leaf blades (OLBs), young petioles (YPs), and old petioles (OPs). Data are expressed in parts per million (ppm) and given as the mean with each replicate (n = 5) corresponding to a pool of two individual plants.

Supplementary Data 4 | Classification parameters of each predicted class for rapeseed and wheat tissues. Results are presented as the mean (n = 10) from prediction method A considering the entire ionomic data (see section “Materials and Methods”).
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Network analysis is a systems biology-oriented approach based on graph theory that has been recently adopted in various fields of life sciences. Starting from mitochondrial proteomes purified from roots of Cucumis sativus plants grown under single or combined iron (Fe) and molybdenum (Mo) starvation, we reconstructed and analyzed at the topological level the protein–protein interaction (PPI) and co-expression networks. Besides formate dehydrogenase (FDH), already known to be involved in Fe and Mo nutrition, other potential mitochondrial hubs of Fe and Mo homeostasis could be identified, such as the voltage-dependent anion channel VDAC4, the beta-cyanoalanine synthase/cysteine synthase CYSC1, the aldehyde dehydrogenase ALDH2B7, and the fumaryl acetoacetate hydrolase. Network topological analysis, applied to plant proteomes profiled in different single or combined nutritional conditions, can therefore assist in identifying novel players involved in multiple homeostatic interactions.
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INTRODUCTION

Living organisms are increasingly viewed as integrated and communicating molecular networks, thanks also to the diffusion of data-derived Systems Biology approaches (Barabási and Oltvai, 2004). Such approaches are well established in biomedical and pharmaceutical research (Zhou et al., 2014; Guney et al., 2016) but not widely used in plant science. However, a growing number of plant biologists are adopting them, also to achieve a refined comprehension of plant nutrition (Mai and Bauer, 2016; Di Silvestre et al., 2018; Tsai and Schmidt, 2020).

Plant systems biology studies are dominated by transcriptomic data and statistics that, by measuring the dependence between variables (transcripts), allow us to reconstruct and analyze co-expression network models (Rao and Dixon, 2019). Instead, fewer studies rely on protein–protein interaction (PPI) networks, mainly due to the lack of accurate plant models (Di Silvestre et al., 2018). Nevertheless, the number of studies focusing on high-throughput profiling of plant proteomes (Vigani et al., 2017; Castano-Duque et al., 2018; Santos et al., 2019), on experimental identification of PPIs (Senkler et al., 2017; Osman et al., 2018; Huo et al., 2020) or their computational prediction (Ding and Kihara, 2019) are recently increasing. The computational prediction of PPI is usually inferred by transferring interactions from model plant orthologs, like Arabidopsis thaliana. This approach represents one of the most important resources for network inference in plant organisms, with some flaws, including the identification of false positives and inadequate coverage from associalogs (Lee et al., 2015).

The co-expression networks reconstructed from proteomic data may represent an alternative to the lack of accurate PPI models and a tool for handling, at the system level, large-scale proteomic datasets related to the non-model plant. Similar to transcript networks, protein co-expression networks are defined as an undirected graph where nodes correspond to proteins and edges indicate significant correlation scores. By exploiting the laws underlying graph theory, the identification of hubs/bottlenecks and of differentially correlated proteins are sought, as well as the topological and functional modules related to specific biological phenotypes (Vella et al., 2017).

The studies that elucidate plant iron (Fe) nutrition are steadily increasing due to their impact on alleviating nutritional deficiencies in humans (Murgia et al., 2012, 2013).

Given these premises, we performed the topological analysis of PPI and protein co-expression networks to identify new proteins involved in Fe and molybdenum (Mo) homeostasis in plants by taking into account subcellular compartmentalization. In particular, we reconstructed and analyzed networks from mitochondrial proteomes purified from roots of Cucumis sativus plants grown under single or combined Fe and Mo starvation (Vigani et al., 2017).



MATERIALS AND METHODS


Reconstruction of C. sativus Protein–Protein Interaction (PPI) Networks

A C. sativus PPI network was reconstructed based on homology with A. thaliana by using the STRING v11 database (Szklarczyk et al., 2019). Retrieved homologous interactions were filtered by retaining exclusively those databases annotated and/or experimentally determined with a STRING Score of >0.15 and >0.35, respectively. Following these parameters, a fully connected network of 903 nodes and 10456 edges was built. Four different sub-networks were then extracted by considering the proteins identified in each condition analyzed: +Mo+Fe, 463 nodes and 4118 edges; −Mo+Fe, 466 nodes and 4064 edges; +Mo−Fe, 480 nodes and 4682 edges; and −Mo−Fe, 474 nodes and 4425 edges.



Functional Modules in C. sativus PPI Network

A set of proteins differentially expressed in C. sativus root mitochondria under different conditions (+Mo+Fe, +Mo−Fe, −Mo+Fe, and −Mo−Fe) were selected by Linear Discriminant Analysis (LDA, P < 0.05 and F ratio > 3), as previously reported (Vigani et al., 2017). Starting from this set of differentially expressed proteins, a C. sativus PPI network was reconstructed by homology with A. thaliana using STRING v11 database, as reported above. Proteins were grouped in functional modules by the support of BINGO (Maere et al., 2005) and STRING (Doncheva et al., 2019). Cytoscape’s Apps; the network was visualized by the Cytoscape platform, and node color code indicates upregulated (red) and downregulated (light blue) proteins based on Spectral count (SpC) normalization (SpC normalized in the range 0–100, by setting to 100 the higher SpC value per protein).



Reconstruction of C. sativus Protein Co-expression Networks

Protein co-expression networks were reconstructed by processing C. sativus root mitochondria protein profiles characterized under different conditions: +Fe, n = 12; +Mo, n = 14, −Fe, n = 15; −Mo, n = 13. Only proteins identified at least in 51% of the considered samples were retained and processed for each condition. Protein data matrices were processed using Spearman’s rank correlation coefficient; Spearman’s rank correlation score >|0.7| and P < 0.01 were set as thresholds. All processing was performed using the statistical software JMP15.2, while networks were visualized and analyzed by the Cytoscape platform and its plugins (Su et al., 2014).



Topological Analysis of C. sativus PPI and Protein Co-expression Networks

Both PPI and co-expression networks were topologically analyzed by Centiscape Cytoscape’s App (Scardoni et al., 2014). As for PPI networks, Betweenness and Centroid centralities were calculated, and nodes with values above the average calculated on the whole network were considered hubs (Di Silvestre et al., 2018). On the contrary, a set of differentially correlated proteins were selected in the co-expression network by filtering their Degree centrality.




RESULTS AND DISCUSSION


PPI Networks

The analysis of root mitochondria of C. sativus plants grown under Mo and/or Fe starvation led to the identification of 1419 proteins (Vigani et al., 2017). Starting from this proteome, a C. sativus PPI network, connecting 903 nodes through 10464 edges, was built by exploiting the interactions between orthologs in A. thaliana; the average homology between C. sativus and A. thaliana was around 67% (Supplementary Figure 1). A sub-network made of 118 nodes and 388 interactions was extracted by considering proteins (n = 134) whose level was significantly altered in at least one of the four nutritional conditions (control, single or combined Mo and Fe starvation) (Vigani et al., 2017). Proteins belonging to this sub-network were grouped in 21 functional modules, including redox homeostasis, amino acid metabolism, aldehyde dehydrogenases, protein folding, and electron transport chain (Supplementary Figure 2). The analysis of the behavior of their members under the various nutritional conditions indicated above can support the identification of novel candidate genes; in this paragraph, we will highlight some interesting examples.

Fe starvation, combined with Mo starvation or sufficiency, upregulates several proteins involved in amino acid metabolism, such as glutamate dehydrogenases GDH1 and GDH2, aminobutyric acid transaminase POP2 involved in the metabolism of γ-amino butyrate (GABA), which links C and N metabolism in mitochondria (Shelp et al., 2012), aspartate aminotransferase ASP1, the two subunits MCCA and MCCB of methyl crotonyl-CoA carboxylase involved in leucine catabolism, and beta-cyanoalanine synthase/cysteine synthase CYSC1, which detoxifies the cyanide produced as by-product of ethylene synthesis (Hatzfeld et al., 2000; Yamaguchi et al., 2000; Garcia et al., 2010; Arenas-Alfonseca et al., 2018; Supplementary Figure 2). Notably, ethylene is a well-established regulator of Fe deficiency responses (Romera et al., 1999; Lucena et al., 2015). An increased concentration of amino acids has been documented in the xylem sap of Fe deficient cucumber plants (Borlotti et al., 2012). These results suggest that, under Fe starvation, a larger part of the amino acid metabolism takes place in the radical apparatus, with respect to the aerial parts of the plants.

The redox homeostasis group includes formate dehydrogenase (FDH), the enzyme catalyzing the oxidation of formate into CO2 (Alekseeva et al., 2011) and involved in Fe and Mo homeostasis (Vigani et al., 2017; Murgia et al., 2020). This group also includes various proteins upregulated under Fe starvation, such as glutathione peroxidase GPX6, alternative oxidase AOX2, glyoxalase II3/sulfur dioxygenase GLY3, At5g42150 coding for another glutathione peroxidase and aldehyde dehydrogenase ALDH2B7 (Supplementary Figure 2). The aldehyde dehydrogenase enzymes can act as “aldehyde scavengers” of reactive aldehydes produced during the oxidative degradation of membrane lipids (Brocker et al., 2013). In particular, ALDH2B7 converts acetaldehyde into acetic acid (Rasheed et al., 2018). The redox homeostasis group also includes SAG21, which is strongly upregulated under single Mo starvation (Supplementary Figure 2). Perturbation of SAG21 expression affects biomass, flowering, the onset of leaf senescence, the pathogens’ ability to proliferate (Salleh et al., 2012) and alters the function or stability of mitochondrial proteins involved in ROS production and/or signaling (Salleh et al., 2012).

The fatty acid metabolism group includes dihydrolipoamide branched chain acyltransferase BCE2, also known as Dark Inducible 3 (DIN3), whose expression increases soon after exposure to darkness (Fujiki et al., 2000, 2005). The perturbing effects of prolonged darkness on cellular Fe status and its impact on the expression of Fe homeostasis genes are well known: as an example, the light/dark circadian cycles as well as prolonged darkness influence the expression of the iron-storage ferritin, whose gene expression is activated by prolonged darkness (Tarantino et al., 2003) and is circadian-regulated (Duc et al., 2009; Hong et al., 2013). BCE2 is upregulated under Fe starvation (Supplementary Figure 2); this finding is intriguing since darkness is associated with a rise in free Fe ions due to the dismantling of the photosynthetic structures. It would be interesting to investigate BCE2 regulation under Fe excess to establish if BCE2 is upregulated by Fe starvation only or, more generally, by Fe fluctuations.

The protein folding group includes the brassinosteroid (BR) biosynthesis gene DWF1, which mediates BR biosynthesis during the positive growth responses of the root system to low nitrogen (Jia et al., 2020). DWF1 is downregulated under Fe starvation and upregulated under single Mo starvation (Supplementary Figure 2).

The cell cycle/division group includes the mitochondrial GTPase MIRO1 (Supplementary Figure 2), which regulates mitochondrial trafficking and shape in eukaryotic cells. In particular, MIRO1 GTPase influences mitochondrial morphology in A. thaliana pollen tubes (Yamaoka and Leaver, 2008; Sørmo et al., 2011); interacting partners of MIRO GTPases are sought to better elucidate their functions in mitochondrial dynamics (Yamaoka and Hara-Nishimura, 2014). Notably, MIRO1 is upregulated under single Fe or Mo starvation but not under combined deficiencies (Supplementary Figure 2).

The histone/chromatin group includes GYRB2, a DNA topoisomerase (Wall et al., 2004) upregulated under Fe starvation (Supplementary Figure 2).

The translation group includes the pentatricopeptide protein PPR336, which associates with mitochondrial ribosomes (Waltz et al., 2019); PPR336 is downregulated under single Mo starvation, whereas it is upregulated under double Fe and Mo starvation (Supplementary Figure 2).

The electron transport chain group includes the mitochondrial carrier UCP1/PUMP1 transporting aspartateout/glutamatein (as well as other amino acids, dicarboxylates, phosphate, sulfate, and thiosulfate) across the mitochondrial membrane (Monne et al., 2018); such carrier is upregulated in the single or combined Fe or Mo starvation (Supplementary Figure 2).

Transmembrane transporter activity group includes OM47 related to the voltage-dependent anion channel VDAC family; members of this family are major components of the outer mitochondrial membrane and are involved in the channeling of the products of chloroplast breakdown into the mitochondrion and in the exchange of various compounds between the cytosol and the mitochondrial intermembrane space (Li et al., 2016). OM47 is upregulated under single Fe starvation (Supplementary Figure 2). The role of VDAC protein family also emerged by the topological analysis of PPI network. Indeed, 91 PPI hubs were selected in these conditions: 27 hubs in control (+Mo+Fe), 17 hubs in +Mo−Fe, 26 hubs in −Mo+Fe, and 21 hubs in −Mo−Fe (Supplementary Table 1), while 28 PPI hubs were specifically related to sufficiency or starvation of either Fe or Mo (5 hubs in +Fe, 10 hubs in −Fe, 2 hubs in +Mo, and 11 hubs in −Mo) (Supplementary Table 2). In this scenario, VDAC4 and VDAC2 turned out as hubs in PPI networks under Mo starvation (Supplementary Table 2).

The proteins downregulated under Fe or Mo starvation can represent interesting homeostatic regulators in the PPI networks, and their occurrence should not be neglected in future, more extensive analyses; as an example, rice OsIRO3 plays an important role in the Fe deficiency response by negatively regulating the OsNAS3 expression and, thus, nicotianamine NA levels (Wang et al., 2020).



Co-expression Networks

Co-expression networks were reconstructed from proteomes of purified mitochondria of C. sativus plants grown under different Mo and Fe nutritional conditions, reported in Vigani et al. (2017). In particular, the networks were reconstructed under Mo sufficiency (+Mo+Fe and +Mo−Fe conditions, 252 nodes and 1634 edges), Fe sufficiency (+Mo+Fe and −Mo+Fe conditions, 248 nodes and 2193 edges), Fe starvation (+Mo−Fe and −Mo−Fe conditions, 246 nodes and 1911 edges), and Mo starvation (−Mo+Fe and −Mo−Fe conditions, 240 nodes and 1547 edges). Around 5 to 7% of the proteins that were retrieved as co-expressed were also physically interacting (Supplementary Table 3). Following the network topological analysis, proteins belonging to the bioenergetics and amino acids metabolisms were found topologically relevant under Fe sufficiency (18 protein hubs) (Table 1A) or Mo sufficiency (12 protein hubs) (Table 1B). Moreover, 15 proteins emerged as network hubs under Fe starvation (Table 1C) and 16 proteins as hubs under Mo starvation (Table 1D); as examples, we then reconstructed the interactions for three hubs under Mo starvation, i.e. FDH (Table 1D and Supplementary Figure 3), ALDH2B7 (Table 1D and Supplementary Figure 4), CYSC1 (Table 1D and Supplementary Figure 5), and two hubs under Fe starvation, the Voltage-Dependent Ion Channel VDAC4 (Table 1C and Figure 1) and fumaryl acetoacetate hydrolase At4g15940 (Table 1C and Supplementary Figure 6).


TABLE 1. Proteins differentially correlated in Cucumis sativus co-expression networks (Fe sufficiency, Mo sufficiency, Fe starvation, and Mo starvation).
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FIGURE 1. Differential VDAC4 correlation degree in co-expression networks. Cucumis sativus root mitochondria proteins identified under different conditions (+Mo+Fe, +Mo–Fe, –Mo+Fe, and –Mo–Fe) were analyzed according to their grouping into Fe sufficiency, Mo sufficiency, Fe starvation, and Mo starvation. Red and blue edges indicated positive and negative correlations, respectively. Edges width is proportional to Spearman’s correlation score (P < 0.01).


Formate dehydrogenase has been associated with stress responses in plants (Hourton-Cabassa et al., 1998; Shiraishi et al., 2000; Herman et al., 2002; Lou et al., 2016; Murgia et al., 2020), and it takes part in Fe and Mo homeostasis (Vigani et al., 2017; Murgia et al., 2020).

While FDH is co-expressed with a low number of proteins under Fe sufficiency, Fe starvation, and Mo sufficiency, such number strikingly increases under Mo starvation. Indeed, under this condition, FDH is co-expressed with 22 proteins (Table 1); some of these 22 proteins belong to amino acid/protein metabolisms (e.g., NADH dehydrogenase ubiquinone 1 encoded by AT3G08610; aspartic-type endopeptidase APF1; mitochondrial peptidase (MPPBETA) or redox activity (ALDH5F1, ALDH2B7, ALDH6B2; POP2; BCE2) (Supplementary Figure 3).

ALDH2B7 and CYSC1 are themselves hubs under Mo starvation (Table 1); indeed, under this condition, 21 different proteins are co-expressed with ALDH2B7, whereas, under the other conditions, a total of 10 proteins are co-expressed with ALDH2B7 (Table 1). The majority of these are involved in the synthesis/utilization of acetyl CoA metabolic intermediate, such as (i) MCCB (3-methylcrotonyl-CoA carboxylase) involved in the branched chain amino acids metabolism and (ii) ATCS (citrate synthase) and SDH1-1 (succinate dehydrogenase) involved in TCA cycle (Supplementary Figure 4). The modulation of ALDH2B7 expression observed under stress might play a role in the aerobic detoxification of acetaldehyde in plants (Rasheed et al., 2018). The presence of several co-expressed proteins involved in amino acids and GABA metabolisms (GDH1, POP2), in formate metabolism (FDH), and in the nucleotide metabolism (FAC1, adenosine 5 monophosphate deaminase) suggests that such acetaldehyde detoxification might be targeted to the synthesis of precursor for the synthesis of nucleotides. Plants possess metabolic pathways for the de novo synthesis of purine nucleotides producing AMP as well as pyrimidine nucleotides producing UMP (Witte and Herde, 2020.) Nucleotides are synthesized from amino acids like Glutamine, Aspartic acid, Glycine, and formyl tetrahydrofolate; the latter is a metabolite related to FDH and formate metabolism (Witte and Herde, 2020).

CYSC1 is co-expressed, under Mo starvation, with 16 proteins whereas it is co-expressed with 11 proteins, under Mo sufficiency (Table 1); interestingly, two glutamate dehydrogenase isoforms, GDH1 and GDH2, are co-expressed with CYSC1, under Mo starvation and Mo sufficiency, respectively, but not under Fe sufficiency or Fe starvation (Supplementary Figure 5). GDHs are enzymes at the branch point between carbon and nitrogen metabolism; both isoforms are localized in mitochondria and GDH2 unless GDH1 is calcium-stimulated (Grzechowiak et al., 2020).

AC4 interacts with tRNAs, and it might be involved in their transport into mitochondria (Hemono et al., 2020); accordingly, atvdac4 mutant shows severely compromised growth (Hemono et al., 2020). Under Fe starvation, VDAC4 is a hub of two pentatricopeptide-repeat-containing proteins, i.e., PPR596 and At1g60770 (Figure 1). PPR proteins are nuclear-encoded RNA-binding proteins containing repeated motives of approximately 35 aa (Doniwa et al., 2010). PPR596 is involved in the partial C-to-U RNA editing events in the mitochondrial genome and, possibly, also in transcript stabilization and stimulation of translation (Doniwa et al., 2010). Both PPR596 and another PPR protein encoded by At1g60770 also belonging to the VDAC4 co-expression network under Fe starvation (Figure 1) are the closest homologs of the mitochondrial PPR protein PACO1, which affects the flowering time in A. thaliana (Emami and Kempken, 2019). VDAC4 is also the hub, under Fe starvation, of L-galactono 1-4 lactone dehydrogenase GLDH, the enzyme that catalyzes the last step in the biosynthesis of ascorbic acid in plants (Wheeler et al., 2015).

VDAC4 is a co-expressed protein of the fumaryl acetoacetate hydrolase (Supplementary Figure 6) and both of them are also hubs in +Fe−Mo and −Fe−Mo PPI networks (Supplementary Table 2). The fumaryl acetoacetate hydrolase catalyzes the formation of fumarate and acetoacetate in the L-tyrosine (Tyr) degradation pathway in plants (Dixon and Edwards, 2006). Altogether, 48 proteins are co-expressed with the fumaryl acetoacetate hydrolase under Fe starvation but none in the other conditions.




CONCLUSION

We hereby show how the topological network analysis applied to proteomes obtained from mitochondria purified from plants grown under Fe and/or Mo starvation suggests FDH as a hub of Mo nutrition in agreement with experimental observations (Vigani et al., 2017; Murgia et al., 2020). Such analysis could also suggest other potential hubs for Fe and Mo nutrition, such as VDAC4, CYSC1, ALDH2B7, and fumaryl acetoacetate hydrolase among others, which will be object of our future investigations. VDAC4 and fumaryl acetoacetate hydrolase were found to be hubs by both PPI and protein co-expression networks. The different origin of these network models (basically PPI reconstructed from literature, while co-expression networks from experimental data) strengthens the hypothesis that these two proteins may play a role in Fe and Mo homeostasis, and it confirms the complementarity and synergy of these two approaches in identifying candidate proteins with a role in the processes underlying the investigated phenotypes.

Although the approaches based on computational prediction present some intrinsic limitations, including false-positive interactions or the lack of true ones, they nevertheless promote and support new experimental avenues, including large-scale experimental identification of PPIs, which will improve the effectiveness and accuracy of the proposed approaches.
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Polished rice is one of the commonly consumed staple foods across the world. However, it contains limited nutrients especially iron (Fe) and zinc (Zn). To identify promising recombinant inbred lines (RILs) for grain Zn and single plant yield, 190 RILs developed from PR116 and Ranbir Basmati were evaluated in two environments (E1 and E2). A subset of 44 contrasting RILs for grain Zn was screened in another two environments (E3 and E4). Phenotypic data was collected for 10 traits, viz., days to 50% flowering, plant height, panicle length, number of tillers, single plant yield (SPY), test weight, Fe and Zn in brown (IBR, ZBR), and polished rice (IPR, ZPR). Stepwise regression analysis of trait data in 190 RILs and a subset of 44 RILs revealed the interdependence of ZPR, ZBR, IPR, and IBR and the negative association of grain Zn with single plant yield. Based on the additive main effect and multiplicative interaction (AMMI) and genotype and genotype × environment interaction (GGE) analyses of the subset of 44 RILs across four environments (E1–E4), six promising RILs were identified for ZPR with >28 ppm. Mapping of 190 RILs with 102 simple sequence repeats (SSRs) resulted in 13 QTLs for best linear unbiased estimates (BLUEs) of traits including advantage over check (AOC). Using genotype-based sequencing (GBS), the subset of 44 RILs was mapped with 1035 single-nucleotide polymorphisms (SNPs) and 21 QTLs were identified. More than 100 epistatic interactions were observed. A major QTL qZPR.1.1 (PV 37.84%) and another QTL qZPR.11.1 (PV 15.47%) were identified for grain Zn in polished rice. A common major QTL (qZBR.2.1 and qZPR.2.1) was also identified on chromosome 2 for grain Zn content across SSR and SNP maps. Two potential candidate genes related to transporters were identified based on network analyses in the genomic regions of QTL < 3 Mb. The RILs identified for grain Zn and SPY were nominated for national evaluation as under rice biofortification, and two QTLs identified based on BLUEs could be used in the rice biofortification breeding programs.

Keywords: rice, grain zinc, RILs, stability, QTL, SSR, SNP


INTRODUCTION

Rice (Oryza sativa L.) is an important staple food for several countries across the world. More than 50% of the calorific needs are met by rice for most of the population in many Asian countries1. While brown rice (unpolished) is a good source of nutrients and vitamins, polished rice which is devoid of most of the important nutrients is the most preferred form of consumption (Nachimuthu et al., 2015; Pradhan et al., 2020; Rao et al., 2020). Most of the modern high-yielding rice varieties are reported to be poor in nutrient content after polishing (Anandan et al., 2011; Swamy et al., 2016). Hence, improvement in the nutritive value of polished rice would have a direct impact the nutrition security of consumers who are excessively or solely dependent on rice.

Micronutrient malnutrition or hidden hunger is widely spread in developing countries, especially among poor populations, whose daily caloric intake is mainly confined to staple cereals (White et al., 2012; Cakmak and Kutman, 2018; Garcia-Oliveira et al., 2018). Dietary diversification, supplementation, and postharvest food fortification are some of the possible important strategies to address malnutrition (Bouis et al., 2019). Of the various strategies to address malnutrition, biofortification is one of the promising approaches because of its sustainability and affordability (Bouis and Welch, 2010). Biofortification is the process of increasing the density of vitamins and minerals in a crop through plant breeding using conventional methods or genetic engineering or through agronomic practices. Breeding rice varieties with higher mineral densities can help in tackling hidden hunger in most of the Asian countries (Bouis et al., 2013; Swamy et al., 2016).

Iron (Fe) and zinc (Zn) are critical among the essential micronutrients required for human health. More than two billion people across the world, mostly children and pregnant and lactating women, suffer from Fe and Zn deficiencies (Wessells and Brown, 2012). Fe is the main component of hemoglobin and is important for oxygen transport, DNA synthesis, and electron transport (Abbaspour et al., 2014). Zn is required for the functioning of >300 enzymes and >1000 transcription factors and is the second messenger of immune cells in the human body (Prasad, 2013). For plants, also Fe and Zn are vital elements promoting plant growth and development (Grotz and Guerinot, 2006; Teklić et al., 2013). For Fe, a wide range of genetic variation ranging from 2 to 147 ppm was reported in brown rice (Zeng et al., 2010). With the polishing losses of Fe up to 85%, the observed variability for Fe in polished rice was found to be very limited (Prom-u-thai et al., 2007; Sperotto et al., 2012).

A wide genetic variability for grain Zn content is reported in brown and polished rice in the germplasm. Zn content in brown rice ranged from 7.3 to 58.4 ppm, and that in polished rice ranged from 4.8 to 40.9 ppm with polishing losses of 11.1 to 28% (Rao et al., 2020).

Rice grain Zn content is a quantitative trait and is dependent on several processes such as uptake from soil, assimilation within the plant, and remobilization into the grain (Sperotto et al., 2014; Garcia-Oliveira et al., 2018). It is also influenced by environmental factors such as soil and water (Wissuwa et al., 2008). Thus, developing Zn-biofortified rice varieties is difficult owing to the complex genetics, environment effects, and genetic interactions such as epistasis (Zhang et al., 2014; Pradhan et al., 2020). Characterization of promising breeding lines for high grain Zn by multivariate techniques such as biplots, Additive Main effects and Multiplicative Interaction (AMMI) and Genotype main effects, and G × E interaction effects (GGE) would partition the G × E interactions for the target trait (Gauch and Zobel, 1997; Li et al., 2017). Identification of markers linked with quantitative trait loci (QTL) for grain Zn content would expedite the development of rice biofortified varieties through marker-assisted breeding (Neeraja et al., 2017). QTL mapping provides opportunities for identification of the genomic region(s) associated with the targeted traits by combining genome information with phenotyping. Subsequently identified genomic region(s)/QTLs/genes could be deployed in the breeding programs through marker-assisted selection (MAS) (Collard and Mackill, 2008). Several major and stable QTLs through MAS have been introgressed in rice toward the development of varieties with target traits (Hasan et al., 2015).

Using bi-parental mapping populations, 22 independent studies have reported 220 QTLs for grain Fe and Zn in rice using simple sequence repeat (SSR) markers or candidate gene-based markers (Raza et al., 2019). Interactions among the identified QTLs for grain Zn were also studied for characterization of QTL interaction effects on the phenotypic expression of trait (Swamy et al., 2018a; Descalsota-Empleo et al., 2019a; Calayugan et al., 2020). Single-nucleotide polymorphisms (SNPs) are now being preferred as markers not only because of their abundance and uniform distribution in the genome but also for their precision, speed, and low cost (He et al., 2014; Varshney et al., 2018). Genotyping-by-sequencing (GBS) is a modified highly efficient and cost-effective approach for simultaneous genome-wide SNP discovery and genotyping (Elshire et al., 2011). A modified GBS technique is based on two restriction enzymes comprising rare cutting and frequently cutting as double-digest restriction-site-associated DNA sequencing (ddRAD-seq) for enhancing the stability of selected genomic regions (Peterson et al., 2012). GBS is being deployed in many crop genomics studies (Gali et al., 2019; Sudan et al., 2019; Dissanayaka et al., 2020) and also in rice (De Leon et al., 2016; Furuta et al., 2017; Bhatia et al., 2018; Yadav et al., 2019; Babu et al., 2020).

From the reported mapping studies for grain Zn in rice, numerous genetic loci with minor to major effects were found to be distributed throughout the genome. Hence, we selected SNPs as the markers of choice due to their abundant distribution across the chromosomes in addition to the SSR markers for identification of QTLs for grain Zn and Fe along with yield and yield-related traits in a RIL population derived from PR116 and Ranbir Basmati. Thus, the objectives of the present study were i. to characterize the variability of the RIL population across environments for their grain Zn and Fe content, yield, and agro-morphological traits; ii. to assess the association and relationship among the traits for grain Zn and yield; iii. to identify stable lines from the RIL population for grain Zn and yield across environments; and iv. to identify QTLs for grain Zn, yield, and agro-morphological traits using SSRs and SNPs along with interaction and environment effects.



MATERIALS AND METHODS


Field Experimental Details

The experiments were performed in the Indian Council of Agricultural Research (ICAR)-Indian Institute of Rice Research (IIRR), Hyderabad, India (17.53°N latitude and 78.27°E longitude, 545 mm rainfall), during four environments [Environment 1 wet season (WS) 2016; Environment 2 dry season (DS) 2017; Environment 3 WS 2017; and Environment 4 DS 2018]. The details of temperature, rainfall, and soil characteristics were given in Supplementary Table 1. A set of 190 RILs with two parents was grown during Environment 1 (E1) and Environment 2 (E2), and a subset of 44 contrasting RILs for grain Zn with two parents was grown during Environment 3 (E3) and Environment 4 (E4) following randomized complete block design (RCBD). Recommended packages of rice crop production and protection practices were followed for raising healthy crop.



Plant Material

A recombinant inbred population (RIL) was developed from the cross between PR116 (pedigree: PR108/PAU 1628//PR108; released in 2000; mean yield of 5–6 tons/ha; Zn: 19.1 ppm in brown rice; 15.7 ppm in polished rice) as recipient parent for grain Zn and Ranbir Basmati (pure line selection from Basmati 370-90-95; released in 1996; mean yield of 2–2.5 tons/ha; Zn: 27.5 ppm in brown rice; 23.4 ppm in polished rice) as donor parent for high grain Zn using the single seed descent (SSD) method. Each RIL was planted in four rows, and each row consisted 15 plants with a spacing of 20 × 15 cm. Five uniform tagged plants from center rows were considered for observation across all environments.



Measurement of Phenotypic Traits

Observations for RILs and parents were noted for days to 50% flowering (DFF), plant height (PH), number of tillers per plant (NT), panicle length (PL) and single plant yield (SPY) along with the grain Zn and Fe in brown and polished rice.



Estimation of Grain Zn and Fe

For estimation of grain Zn in brown rice (ZBR), Fe in brown rice (IBR), Zn in polished rice (ZPR), and Fe in polished rice (IPR), seed samples were dehusked using the JLGJ4.5 rice husker (Jingjian Huayuan International Trade Co., Ltd., China) and polished with a polisher with non-ferrous components (Krishi International India Ltd., India). The seed from five plants was pooled and divided into three parts for analyses as three replicates. After thorough cleaning, each sample of brown and polished rice (5 g) was analyzed for Fe and Zn by energy dispersive X-ray fluorescent spectrophotometer (ED-XRF) as per the standardized protocols (Rao et al., 2014). In rice, promising breeding lines are selected based on their significant yield advantage over the check variety (Virk et al., 1996; Witcombe et al., 2013). Based on the same concept, in the present study, we considered advantage of over check (AOC) for, viz., grain Zn and Fe content over donor parent (with high grain Zn and Fe content) and grain yield over recipient parent (with high single plant yield). The advantage of grain Zn and Fe content and yield in RILs were calculated as advantage over check (AOC) percentage.



Grain Quality Characters

Two hundred and fifty grams of brown rice of each RIL along with parents harvested during DS2018 was analyzed for 13 grain quality traits/parameters, viz., HULL (hulling per cent), MILL (milling per cent), HRR (head rice recovery per cent), KL (kernel length in mm), KB (kernel breadth in mm), KL/KB (kernel length/breadth ratio), VER (volume expansion ratio in mm), WU (water uptake in mL), KLAC (kernel length after cooking in mm), ER (elongation ratio in mm), ASV (alkali spreading value), AC (amylose content per cent), and GC (gel consistency in mm) by standard protocols at ICAR-IIRR. KL, KB, and KL/KB were determined by vernier calipers (Yadav and Jindal, 2007). HULL and MILL were recorded using a dehusker and miller (Satake Corporation, Japan). The HRR (Khush et al., 1979), WU, KLAC, ER, VER, ASV, AC, and GC were measured by standard methods (Juliano, 1971; Fitzgerald et al., 2009; Suman et al., 2020).



Quantification of Grain Phytic Acid and Inorganic Phosphorous (Pi)

Grain phytic acid and inorganic phosphorous were determined as described by Lorenz et al. (2007) with minor modifications. To 100 mg grain powder of polished rice from each RIL in a 2-ml Eppendorf tube, 2 ml of 0.65 M HCl was added. The tubes were shaken overnight at room temperature at 120 rpm and centrifuged at 12,000 rpm for 5 min. For estimation of phytic acid, 500 μl of the above extract was transferred to a fresh 2-ml Eppendorf tube and the same quantity was also transferred to a 15-ml tube for estimation of inorganic phosphorus. Equal volumes of, viz., phytic acid dodecasodium salt from rice (Sigma) and KH2PO4 (HiMedia) for inorganic phosphorous, were used as quantitative standards.

For the estimation of inorganic phosphorus, 1 ml of Pi reagent (consisting of two parts of distilled H2O, one part each of 0.02 M ammonium molybdate, 0.57 M ascorbic acid, and 3 M sulfuric acid) and 1 ml of distilled H2O were added to each tube. The blue color developed after 15 to 20 min of incubation at room temperature was measured at 820 nm. For measurement of phytate, 1.25 ml of Wade reagent (0.3 g 5-sulfosalicylic acid, 0.03 g FeCl3⋅6H2O with pH adjusted to 3.05 and made up to a final volume of 100 ml with distilled H2O) was added and incubated for 15 min at room temperature and a pink color developed was measured at the optical density at 490 nm. Phytate was converted to phytate P by dividing phytate by a factor of 3.55 (Raboy and Dickinson, 1984).



Statistical Analyses

Analysis of variation (ANOVA) was calculated for individual environments and also for combined data of four environments (E1–E4). Descriptive statistics viz., mean, standard error of mean (SEM), skewness, kurtosis, and coefficient variations (CV %), were calculated. Trait-wise frequency distribution and box plots of individual environments and combined data were illustrated using R software (R Core Team, 2018). Correlation analysis was carried out in SAS (version 9.3) available at ICAR-IIRR, Hyderabad. Best linear unbiased estimates (BLUEs) were generated by setting random environment effects and fixed genotype effects (Gregorio et al., 2015—META-R, Version 6.04). The values of BLUEs were used to perform QTL analysis. Different R packages viz., ggplot2, stability, gge, agricolae, GGEBiplot biotools, FactoMineR, and factoextra, were used to generate frequency distribution plots, box plots, G × E interaction effects (GGE) biplots, additive main effects and multiplicative interaction (AMMI) biplots, environment and ranking of RILs, mean vs. stability and Which Won Where/What plots, D square analysis, and PCA (Rosyara, 2014; Dumble et al., 2017; Wright and Laffont, 2018; Yaseen et al., 2018; Mendiburu, 2020). Under AMMI, additive (main) effects were estimated using ANOVA and G × E interaction effects (multiplicative effects) were calculated using principal component analysis. The AMMI model (Yan, 2001) is expressed as follows:
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Means of RILs from each environment were used to construct GGE biplots using the site regression linear bilinear model (Yan and Kang, 2003), as depicted below:

[image: image]

Yij is the ith genotype/RIL in the jth environment, μ is the overall mean, δi is the ith genotypic effect, βj is the jth environment effect, λk is the singular value for the PC axis k, δik is the genotype/RIL eigenvector value for the PC axis n, βjk is the environment eigenvector value for the PC axis k, and εij is the residual error assumed to be normally and independently distributed.

Stepwise regression analysis was carried out in SAS (Version 9.3) available at ICAR-Indian Institute of Rice Research, Hyderabad. The regression model in terms of matrix notation is expressed as follows:

[image: image]

Y is the variable; X is the vector of exogenous variables, β is the regression coefficient vector, and e is the residual term assumed to be normally distributed with [image: image].

The D2 diversity analysis was carried out using “biotools” R package which calculates the distance between a pair of rows using the squared generalized Mahalanobis distance equation, which is expressed as follows:

[image: image]

Where xi and xj are the elements of the ith row and jth column and Σ is the non-singular covariance matrix. Finally PCA was done in “FactoMineR” and R package, which creates the uncorrelated linear combination of new variables using correlated original variables.



Mapping and QTL Analysis

Genomic regions associated with agronomic traits and grain Zn and Fe content were identified using two sets of RILs, viz., a main set of 190 RILs with a rice microsatellite (RM) or simple sequence repeat (SSR) markers and a subset of 44 contrasting RILs (22 lines with Zn > 24.0 ppm, 22 lines with <24.0 ppm zinc) from the main set were subjected to GBS. Genomic DNA was extracted from the leaf using DNAQuikTM isolation kit (BioServe, Beltsville, MD) according to the manufacturer’s instructions, and DNA was quantified with QUBIT dS DNA HS assay kit (Invitrogen, United States) and on 0.8% agarose gel.

For mapping in the main set, parental polymorphism was surveyed with 250 SSR markers2. Based on their clear resolution on agarose gel, 102 polymorphic SSRs were used for mapping (Supplementary Table 2). Amplification of SSRs with different annealing temperatures was performed using PCR (Applied Biosystems, 2720) and EmeraldAmp® GT PCR Master Mix (Takara) as per PCR temperature profile (Balaji et al., 2012) (Supplementary Table 3). The amplified products were separated on 3% agarose gel and documented using Alpha Imager 1220 (Alpha Innotech, United States).

Genomic DNA of the subset of 44 contrasting RILs along with two parent genotypes was subjected to whole-genome sequencing (WGS) using Illumina Nextseq 500TM. The paired reads of size ∼150 bp were aligned to Oryza sativa L. cv. Nipponbare as reference genome using bowtie2 version 2.2.2.6 (Langmead and Salzberg, 2012). The aligned samples and the reference genome sequences were used for variant calling using the SAMtools program (Li et al., 2009). SNP variants from 46 samples (44 RILs and two parents) were annotated based on rice gene model version 7.0, using in-house pipelines (Bioserve Biotechnologies India Private Limited, India). Only SNPs with MAF 0.05 and >70% call rate were considered for analyses.

The linkage map of 190 RILs with 102 SSR markers and 44 RILs with 1305 high-quality SNP markers was constructed using IciMapping v4.23 (Meng et al., 2015). The distribution of SSR- and GBS-based SNP markers varied across chromosomes. The number of SSR markers per chromosome ranged from 7 (chromosome 2, 10 and 11) to 12 (chromosome 6). The total length of the linkage map is 4067.4 cM which ranged from 179.2 (chromosome 2) to 1202.1 cM (chromosome 10) with a mean of 338.95 cM. The number of SNPs per chromosome ranged from 62 (chromosomes 5) to 188 SNPs (chromosome 1). The length of the linkage map ranged from 477.6 (chromosome 5) to 1227.58 (chromosome 2) cM (Supplementary Table 4). The linkage map was created by using the Kosambi function (Kosambi, 1944). QTLs were identified using BLUEs of each RIL with SSRs and SNPs QTLs. The permutation method was used to obtain an empirical threshold for claiming QTLs based on 1000 runs of randomly shuffling the trait values at the 95% confidence level using the BIP function. Epistatic interactions with the logarithm of odds (LOD) threshold value at 5.0 were analyzed to decipher QTL × Environment Interaction using the MET function in IciMapping 4.2. QTLs and were visualized using MapChart v.2.3 (Voorrips, 2002).



Comparison of Identified QTLs of the Present Study With the Reported QTLs

The positions of the associated SSR and SNP markers identified in the present study were compared to the genomic positions of the markers from the reported QTLs for grain Fe and Zn to study the co-localization. The positions of flanking markers of genomic regions associated with QTLs were retrieved from https://blast.ncbi.nlm.nih.gov/Blast.cgi and analyzed for the putative candidate genes.



Candidate Gene Analysis

The physical position of each identified QTL was determined by the position of the flanking SSR and SNP markers. The genes physically located within or near the marker interval of the QTL were considered as candidate genes for analyses. Annotation of the genes with functions related to agronomic traits, metal transport, and homeostasis was compiled, and the physical positions of annotated genes were determined using the RAP DB Genome Browser4 (Sakai et al., 2013) and Q-TARO (QTL Annotation Rice Online) database5 (Yonemaru et al., 2010). Genes annotated as retrotransposons were excluded from the analysis. Genes were functionally characterized into various categories using WEGO (Ye et al., 2006). Networks of the major QTL was created using the Knetminer program6. The molecular functional pathways and temporal and spatial expression of the identified candidate genes were studied using RiceXPro version 3.07.



RESULTS

A wide and continuous variation was observed among 190 RILs for the 10 traits of the study, viz., Zn in polished rice (ZPR), Zn in brown rice (ZBR), Fe in polished rice (IPR), Fe in brown rice (IBR), single plant yield (SPY), 1000 grain weight (TW), panicle length (PL), number of tillers per plant (NT), plant height (PH), and days to 50% flowering (DFF) within and between environments. Only for Fe in polished (IPR) (Table 1 and Supplementary Figure 1) was there a reduction of mean values SPY, TW, PL, NT, PH, and DFF during E2) in comparison to E1. For grain Fe and Zn content in brown and polished rice, reduction of mean values was observed in E1 wet season in comparison to E2 dry season (Table 1 and Supplementary Figure 2). A similar trend of reduction of mean values was also observed in the subset of 44 RILs. Normal distribution was observed for SPY, DFF, and NT in the subset of 44 RILs selected based on the contrasting values of grain Zn, with continuous variation shown in Supplementary Figure 3. Fifty RILs with >28 ppm during dry season were observed. Significant variation was observed for most of the studied traits (Supplementary Tables 5, 6). Six transgressive variants for grain Zn (over the donor parent) with SPY of >20 g were obtained in the present study (Table 2 and Supplementary Figures 3, 4). A single environment data of 15 quality traits/parameters, phytate phosphate, inorganic phosphate, and total phosphate are given in Supplementary Table 7.


TABLE 1. Descriptive statistics of 190 RILs (E1 and E2) with BLUE.
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TABLE 2. Descriptive statistics of 44 RILs (E1, E2, E3, and E4) with BLUE.
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Correlations

Among 190 RILs with BLUE values of 10 traits, highly significant positive correlations were observed among ZPR, ZBR, IPR, and IBR. Low to moderate significant positive correlations were identified between PH and PL and also between TW and SPY. Moderate negative correlations were found between DFF with ZBR and IBR (Supplementary Tables 8, 9). In the subset of 44 RILs, also significant positive correlations were observed among ZPR, ZBR, IPR, and IBR along with moderate negative correlations for DFF with ZPR, IPR, and ZBR (Supplementary Tables 10, 11). Correlation analyses of quality parameters of a single environment data with grain Zn and Fe showed that IPR has a significant positive correlation with kernel length after cooking (KLAC) (0.58) and elongation ratio (ER) (0.58). IBR also showed a moderate positive correlation with ER (0.40) and with alkali spreading value (ASV) (0.40). Low positive correlations of inorganic phosphate with kernel breadth (KB) (0.47) and negatives correlation with head rice recover (HRR) (0.55) were also observed (Supplementary Table 12).



D Square Analysis

The dendrogram of 190 RILs with 10 traits has shown 28 clusters, among which the first cluster is the largest group having 109 members, followed by cluster 5 and so on. Cluster 3 with seven RILs has the highest mean grain Zn (27.84 ppm) (Supplementary Table 13 and Supplementary Figure 5). For the subset of 44 RILs, there were 13 clusters among which cluster one formed the largest group with 25 members followed by the third cluster and so on. Cluster 3 with four RILs showed the highest mean grain Zn (24.22 ppm) (Supplementary Table 14 and Supplementary Figure 5).



PCA

The PCA (principal component analysis) was performed for 190 RILs and for subset of 44 RILs. For 190 RILs, the first four PCs were found to be most important as their eigenvalues are more than or equal to one and together they explain around 68% of variability. The first four PCs contributed 28%, 15%, 14%, and 10%, respectively. The first PC showed a positive association with original variables, viz., PH, NT, TW, IBR, ZBR, IPR, and ZPR, and a negative association with PL, DFF, and SPY. Four variables, viz., IBR, ZBR, IPR, and ZPR, contributed 98% of variation in the first PC. The second PC showed a positive association with NT, DFF, IBR, IPR, and ZPR and showed a negative association with PH, PL, NT, DFF, SPY, TW, and ZBR. The traits PH, PL, NT, DFF, and SPY, together explained 99% of variability in the second PC. The third PC depicted a positive association with PH, PL, NT, DFF, IPR, and ZPR and a negative association with SPY, TW, IBR, and ZBR. The traits PH, PL, NT, DFF, SPY, and TW contributed a maximum variation around 95% in the third PC. The 4th PC showed a smaller positive association with IBR, IPR, and ZPR and has a negative association with the rest of the traits. The traits NT and SPY contributed a maximum variation around 94% in the fourth PC (Supplementary Tables 15, 16 and Supplementary Figure 6).

According to the PCA of 44 subset RILs, the first four PCs with eigenvalues of more than or equal to one explained around 73% of variation. Individually, the first four PCs contributed 36%, 15%, 12%, and 10% of variations, respectively. The first PC showed a positive association with PH, PL, NT, IBR, ZBR, IPR, and ZPR and showed a negative association with DFF, SPY, and TW. The traits IBR, ZBR, IPR, and ZPR together contributed 87% of variability in the first PC. The second PC has shown a positive association with NT, SPY, TW, IBR, ZBR, and ZPR and showed a negative association with PH, PL, DFF, and IPR. The traits PH, PL, NT, DFF, SPY, and TW contributed 93% of variation in the second PC. The third PC showed a positive association with PL, NT, SPY, and IPR and showed a negative association with PH, DFF, TW, IBR, ZBR, and ZPR. The traits NT, DFF, SPY, and TW together contributed 93% of variation in the third PC. The fourth PC has shown a positive association with PH, PL, NT, DFF, IPR, and ZPR and a negative association with SPY, TW, IBR, and ZBR. The traits PH, PL, NT, DFF, and SPY together contributed around 90% of variation in the fourth PC (Supplementary Tables 17, 18 and Supplementary Figure 6).



Stepwise Regression Analysis of 190 RILs for Grain Zn and Fe and Yield

The stepwise regression analysis was carried out to identify the factors influencing ZPR, ZBR, IPR, and IBR content in this study, and all the 10 variables were used in regression analysis. Stepwise regression analysis for ZPR was carried out over the remaining nine independent variables, and the model retained only two significant variables, namely, ZBR (77%) and IPR (2%), which explained 79% variation in the model, and the rest of the variations may be explained by the variables which were not considered in this study. The stepwise regression Eq. (5) for the ZPR model is expressed as follows;
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The regression coefficients depicts that, for every 1 ppm increase in ZBR, there was a 0.77-ppm increase in ZPR and for every ppm unit increase IPR, there will be a 0.65-ppm increase in ZPR.

The ZBR 190 stepwise regression model retains three variables, viz., ZPR (77%), IPR (0.5%), and IBR (5%), and together they contributed 82% of R2. The regression equation for ZBR 190 is expressed in Eq. (6):
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As per the regression coefficients, for every 1 ppm of ZPR increase, there was an increase of 0.74 ppm of ZBR and for every 1 ppm of IBR increase, there was an increase of 0.63 ppm of ZBR, but for every 1 ppm increase of IPR, ZBR was decreased by 0.29 ppm.

The IPR 190 regression model was influenced by TW (3%), IBR (4%), ZBR (1%), and ZPR (29%); altogether, they explained 37% of variation in the model and the remaining variations may be explained by other factors which were not included in the present study. Regression Eq. (7) for IPR is expressed as:
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IBR and ZPR have a positive effect on the status of IPR; for every 1 ppm of IBR and ZPR increase, there was an increase in IPR of 0.18 ppm with IBR and 0.13 ppm with ZPR, and ZBR has a negative influence on IPR with every 1 g of TW and 1 ppm of ZBR increase; IPR was decreased by 0.05 ppm with TW and 0.06 ppm with ZBR.

The stepwise regression model for IBR (Eq. 8) depicts that IBR was influenced by TW (1%), ZBR (54%), and IPR (3%).
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Regression coefficients of the IBR 190 model predict that for a 1-g increase of TW, a 0.06-ppm increase of IBR was noted. Similarly, with a 1-ppm increase of ZBR and IPR, 0.30 ppm and 0.44 ppm of IBR increase were observed.

In the SPY 190 model (Eq. 9), mainly two variables, viz., PH (1%) and TW (4%), were entered in the model, and it clearly showed that other large amounts of variation may be explained by other factors which were not included in this study.
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For every 1 cm of PH and 1 g of TW increase, SPY increased by 0.02 g with PH and 0.25 g with TW.



Stepwise Regression Analysis for 44 RILs for Grain Zn and Fe and Yield

The four environments’ phenotype data of 10 traits of the subset of 44 contrasting RILs (22 lines with Zn > 24.0 ppm, 22 lines with <24.0 ppm zinc) was also analyzed for regression (Supplementary Table 19). For the subset, ZPR was found to be influenced by SPY (1%) and ZBR (93%). Regression Eq. (10) for ZPR is expressed as follows:
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Regression coefficients explained that for every 1-ppm increase in ZBR, there was an increase by 0.99 ppm of ZPR. SPY showed a positive effect on ZPR with an increase of 1 g of SPY, and there was an increase by 0.08 ppm of ZPR.

The ZBR was influenced by PL (0.5%), SPY (1%), TW (0.5%), IBR (1%), and ZPR (93%). Regression Eq. (11) for ZBR is expressed as:

[image: image]

[image: image]

Regression coefficients in the ZBR 44 model depicted that for every 1-ppm increase of IBR and ZPR, there was an increase by 0.27 ppm of ZBR with IBR and 0.83 ppm of ZBR with ZPR. PL, SPY, and TW showed a negative impact on ZBR, with for every 1-cm increase of PL; 1 g of SPY and TW increased, and ZBR decreased by 0.17 ppm with PL, 0.11 ppm with SPY, and 0.09 ppm with TW.

The IPR was influenced by PL (4%), DFF (6%), TW (7%), and ZPR (37%). Regression Eq. (12) for IPR was:
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PL and ZPR have a positive effect on IPR; for every 1-cm increase of PL and 1-ppm increase of ZPR, IPR increased by 0.17 ppm with PL and 0.15 ppm with ZPR. DFF and TW showed a negative effect on IPR, with every 1-day increase of DFF and 1-g increase of TW; there was a decrease of IPR by 0.09 ppm with DFF and 0.08 ppm with TW.

The IBR was influenced by ZPR (72%) as the only variable that entered in the IBR stepwise regression model (Eq. 13):
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ZPR has a positive effect on IBR, and for every 1-ppm increase of ZPR, IBR increased by 0.39 ppm.

In the subset of 44 RILs, SPY was influenced only by two factors, viz., ZBR (5%) and ZPR (7%). Regression Eq. (14) for SPY is expressed as:
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ZBR has a negative effect and ZPR a positive effect on SPY; every 1-ppm increase of ZBR, SPY decreased by 1.08 ppm, and every 1-ppm increase of SPY, ZPR increased by 0.90 ppm.



Stability of 44 RILs Across the Environments

Combined ANOVA of 44 RILs across four environments indicated significant variance for RILs as well as for genotype × environment effect for the traits of study.



Zinc Content in Polished Rice (ZPR)

For ZPR, 8.06% genotypic effect, 89.37% environment effect, and 1.90% genotype × environment effect was observed. According to AMMI analysis, PC1 contributed 68.3% variability, PC2 contributed 23.6% variability, and PC3 contributed 8.1% variability (Table 3). The AMMI biplot showed 91.9% of goodness of fit with 68.3% of PC1 and 23.6% of PC2 contribution from IPCA (interaction principal components axes) 1 and 2, respectively, and with the highest mean values, E2 was found to be a favorable season. G15 was closer to the origin and relatively stable RILs, and G42 farther from the IPCA line was found to be the specific adapter across the seasons. G32 was found to be the best in E3 and E4, whereas G7 in E1 and G39 were found the best in E1 and E2 and G13 was found the best in E1, E2, and E3. Based on the mean vs. stability, G15 and G13 were more stable. As per the Which Won Where/What graph, G17 won in E1, G32 and G2 in E4, and G32 in E3 and E4 (Figure 1).


TABLE 3. AMMI analysis of variance for the yield and mineral micronutrients traits in the subset of 44 RILs.
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FIGURE 1. AMMI and GGE biplot for ZPR across four environments: AMMI biplot, GGE biplot, mean vs. stability and Which Won Where/What.




Zinc Content in Brown Rice (ZBR)

A total 8.10% of genotypic effect, 89.53% of environment effect, and 2.07% of genotype × environment effect were observed for ZBR. PC1 contributed 69.5% variability, PC2 contributed 20.4% variability, and PC3 contributed 10.1% variability to the AMMI biplot with 89.9% of goodness of fit and 69.5% of PC1 and 20.4% PC2 contribution from IPCA (Table 3). E2 was found to be a favorable season with the highest mean values of RILs. G11 was closer to the origin, and thus relatively stable RIL and G6 were farther from the IPCA line and were found to be specific adapters. G2 was in E4; G7, G18, and G42 were in E1 and E2; G38 was in E2 and E3; and G32 was found in E3 and E4, whereas G17 was found to be the best in E1. Based on the mean vs. stability, G11 was found as stable. According to the Which Won Where/What graph, G17 won in E1, and RILs G2 and G32 won in E3 and E4. E3 was found as the representative environment as it falls on the Mean–Environment Axis (Supplementary Figure 7).



Iron Content in Polished Rice (IPR)

For IPR, the genotypic effect was 15.04%, the environment effect was 79.11%, and the genotype × environment effect was 3.49%. AMMI analysis has shown PC1 with 49.0% variability, PC2 with 37.5% variability, and PC3 with 13.4% variability (Table 3). The AMMI biplot showed 86.5% of goodness of fit with 49.0% PC1 and 37.5% PC2 contribution from IPCA. E4 has the highest mean value. G15 was found near the origin, and G3 was found to be the best in E1 and E3, whereas G2 and G48 were found to be the best in E4. E4 was found as the representative environment as it falls on the Mean–Environment Axis. Based on the mean vs. stability, G15 was observed to be a stable RIL. With reference to the Which Won Where/What graph, G39 won in E1, G3 won in E1 and E3, and G2 and G48 won in E4 (Supplementary Figure 8).



Iron Content in Brown Rice (IBR)

A total of genotypic effect of 7.81%, environment effect of 89.50%, and genotype × environment effect of 2.02% were observed. For AMMI analysis, PC1 contributed 44.5% variability, PC2 contributed 38.5% variability, and PC3 contributed 17% variability (Table 3). The AMMI biplot showed 83.0% of goodness of fit with 44.5% of PC1 and 38.5% of PC2 contribution from IPCA 1 and 2, respectively. G42 RIL was closer to the origin and was considered as a relatively stable RIL, and G7 and G11 farther from the IPCA line were found to be the specific adapters. All four seasons showed almost equal discrimination power, whereas E2 was identified as the representative environment, as it falls on the Mean–Environment Axis. G42 and G46 were found near the origin and were considered as stable RILs. G32 was identified to be the best in E2 and E4; G18 RIL was found to be the best in E1 and G7 performed best in E2. Based on the mean vs. stability, G42 was found to be more stable. With reference to the Which Won Where/What graph, G18 and G3 won in E1, and G32 won in E2 and E4 (Supplementary Figure 9).



Single Plant Yield (SPY)

For SPY, the genotypic effect was 11.16%, the environment effect was 83.99%, and the genotype × environment effect was 3.06%. AMMI analysis has shown 62.9% of PC1, 20.2% of PC2, and 16.9% of PC3 contribution to variability. The AMMI biplot showed 83.1% of goodness of fit with 62.9% of PC1 and 20.2% of PC2 contribution from IPCA 1 and 2, respectively (Table 3). The highest mean values were observed for most of the RILs in E2. The four seasons showed almost equal discrimination power. G16, G29, and G11 were found near the origin and hence were considered as less interactive RIL and thus considered to be less interactive and relatively stable. G6 performed best in E2 and E4; G4 performed best in E2; G3 and G19 performed best in E1 and E2; G1 performed best in E3; and G47 performed best in E1. Based on the mean vs. stability, G29 was considered to be more stable RIL. According to the Which Won Where/What graph), G6 won in E2 and E4, and G3 won in E1 and E2 (Figure 2).
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FIGURE 2. AMMI and GGE biplot for SPY across four environments: AMMI biplot, GGE biplot, Which Won Where/What and mean vs. stability.




Test Weight (TW)

A total of 47.16% genotypic effect, 35.45% environment effect, and 4.31% genotype × environment effect were observed. The AMMI biplot has shown 78.5% of goodness of fit with 49.9% of PC1 and 28.6% of PC2 contribution from IPCA (Table 3). AMMI analysis presented PC1 with 49.9% contribution, PC2 with 28.6% contribution, and PC3 with 21.5% contribution toward variability. All seasons showed almost equal discrimination power, and the highest mean values were observed for most of the RILs during E1. G28 RIL was closer to the origin and hence considered as a relatively stable RIL, and G14 farther from the IPCA line was found to be the specific adapter. G26 was found near the origin and found to be the lesser interactive RIL. G46 and G22 were found to be the best in E1 and E2; G6 and G41 were found to be the best in E3 and E4; and G19 RIL was found to be the best in E1 and E3. Based on the mean vs. stability G28 was found as stable RIL), according to the Which Won Where/What graph, G22 won in E1 and E2, G19 won in E1, E3, and E4; and G6 and G41 won in E3 and E4 (Supplementary Figure 10).



Plant Height (PH)

For plant height, across all the environments, the genotypic effect was 54.83%, the environment effect was 42.17%, and the genotype × environment (G × E) effect was 2.21%. AMMI analysis has shown PC1 contributing 70.8%, PC2 contributing 21.7%, and PC3 contributing 7.5% toward variability (Table 3). The AMMI biplot showed 92.5% of goodness of fit with 70.8% of PC1 and 21.7% of PC2 contribution from IPCA. The highest mean values were observed in E2. All the seasons showed almost equal discrimination power. G25 was found near the origin and was considered to be the less interactive RIL. G14 and G29 farther from the IPCA line were found to be the specific adapters. G9 was found to be the best in E2, G16 was found to be the best in E3, and G2 was found to be the best in E1 and E3. Based on the mean vs. stability, G9 and G14 were found more stable among the seasons. From the Which Won Where/What graph, G16 won in E3, and G10 and G18 won in E4 (Supplementary Figure 11).



Panicle Length (PL)

For PL, the genotypic effect was 6.59%, the environment effect 80.05%, and the genotype × environment effect 4.28%. AMMI analysis has shown PC1 contribution of 64.8%, PC2 contribution of 21.0%, and PC3 contribution of 14.2% to variability. The AMMI biplot has also shown 85.8% of PC1 and 21.0% of PC2 goodness of fit with 64.8% contribution from IPCA (Table 3). E3 has the highest mean values, and thus found to be favorable for expression in most of the RILs. All seasons showed almost equal discrimination power. G3 was found near the origin and hence considered as less interactive RIL. G18 was found to be the best in E4; G34 was found to be the best in E1; G30 was found to be the best in E3; and G16 was found to be the best in E1 and E2. Based on the mean vs. stability, G15 RIL was found to be more stable among the seasons. According to the Which Won Where/What graph, G30 won in E3, G34 won in E1, G18 won in E4, and G16 won in E1 and E2 (Supplementary Figure 12).



Number of Tillers per Plant (NT)

A total of 3.03% genotypic effect, 85.10% of environment effect, and 1.85% genotype × environment effect were observed. The AMMI biplot showed 82.1% of goodness of fit with almost 42.5% of PC1 and 39.6% of PC2 contribution from the IPCA line. The AMMI analysis has shown 42.5% contribution from PC1, 39.6% contribution from PC2, and 17.9% contribution from PC3 toward variability (Table 3). E1 found to be a more favorable season for the expression of trait with the highest mean values. Four seasons showed almost equal discrimination power, whereas E2 was found as the representative environment, as it falls on the Mean–Environment Axis. G17 was closer to the IPCA origin and hence considered to be a relatively stable RIL across seasons. G15 was found near the origin and noted as the less interactive RIL. G11 was found to be the best in E1 and E2, whereas G8 was found to be the best in E1 and E3. Based on the mean vs. stability, G17 was found to be more stable. As per Which Won Where/What, G8 won in E1 and E3, G11 won in E1 and E2, and G14 won in E4 (Supplementary Figure 13).



Days to Fifty Percent Flowering (DFF)

For DFF, 18.34% of genotypic effect, 66.29% of environment effect, and 4.97% of genotype × environment effect were observed. PC1 contributed 60.6% variability, PC2 contributed 28.7% variability, and PC3 contributed 10.7% variability as noted from the AMMI analysis (Table 3). The AMMI biplot showed 89.3% of PC1 and 28.7% of PC2 goodness of fit with 60.6% contribution from the IPCA line. With the highest mean values, E2 was found to be a favorable season. All four environments showed almost equal discrimination power. G46 was found near and closer to the origin and found to be stable. G18 farther from the IPCA line was found to be a specific adapter. G15 was found to be the best in E1 and E2, G21 was found to be the best in E1 and E3, and G26 was found to be the best in E2 and E4. According to the mean vs. stability graphs, G46 was found to be more stable RIL across the seasons. According to the Which Won Where/What graph, G21 won in E1 and E3, G15 won in E1 and E2, and G35 won in E4 (Supplementary Figure 14).



Identification of QTL


SSR Based

Out of 102 polymorphic SSRs, per chromosome the number ranged from 7 (chromosome 10 and 11) to 12 (chromosome 6). A linkage map of 4067.4 cM was constructed with the size of each chromosome ranging from 179.2 to 1202.1 cM with a mean of 338.95 cM (Table 4 and Figure 3). A total of 13 QTLs detected in 190 RILs with two seasons of BLUEs including advantage over check values (AOC). Out of 13 QTLs, nine QTLs were from the donor parent (Ranbir Basmati) and only two QTLs for SPY and DFF were from the recipient parent (PR116). Four QTLs for ZPR, IBR, SPY, and PH overlapped with QTLs for AOC of the same traits. Only one QTL with a moderate effect was observed for ZPR (qZPR.2.1: PV 11.3%) and IBR (qIBR.5.1: PV 10.1%) on chromosomes 2 and 5. The remaining QTLs were identified to be with low PV % (Table 4).


TABLE 4. Identification of SSR based QTL in 190 RILs with BLUE and AOC_BLUE.
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FIGURE 3. QTL identified with SSRs and SSR_AOC (red), SNPs and SNP_AOC (green) in RIL of PR116/Ranbir Basmati using IciMapping v4.2. AOC, advanced over check; ZPR, zinc content in polished rice (ppm); ZBR, zinc content in brown rice (ppm); IPR, iron content in polished rice (ppm); IBR, iron content in brown rice (ppm); SPY, single plant yield (g); TW, test weight (g); PH, plant height (cm); NT, number of tillers per plant.




Epistatic Interaction Analysis

Out of 75 epistatic interactions identified, only one interaction for ZPR (PV 11.3%) between chromosomes 1 and 4 was observed (Figure 4). For IBR, two digenic interactions between chromosomes 2 (PV > 12.7%) and 8 and chromosomes 7 and 8 (PV > 18.9%) were found. All the remaining interactions found to be with low PV% (<10%) (Supplementary Table 20).
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FIGURE 4. Epistatic interaction of SSR & AOC_SSR and SNP & AOC_SNP in 190 and 44 RILs using IciMapping v4.2.



GBS Based

A total of 19,626 SNPs were obtained with a maximum number of SNPs (11.82%) in chromosome 1 (2319) and a minimum number of SNPs (5.75%) in chromosome 10 (1129). Out of 19626, 5206 polymorphic SNPs between the parents were considered after removal of monomorphic SNPs. The linkage map was constructed with 1035 SNPs. A maximum number of polymorphic SNPs (13.22%) were found in chromosome 1 (688), and a minimum number of polymorphic SNPs (5.42%) were observed in chromosome 12 (542) (Supplementary Table 4). Genetic maps were constructed from linkage data of RIL population, and QTLs (≥2.5 LOD) were identified using composite interval mapping (CIM) with graphical output using IciM4.2 software (Jansen, 1994; Zeng, 1994).

Thirty SNP QTLs were identified for eight traits with PV ranging from 5 to 37.84% identified based on BLUEs derived from four seasons (Table 5 and Figure 3). A major SNP-QTL for ZPR as qZPR.1.1 (PV 37.84%) on chromosome 1 and a moderate QTL as qZPR.11.1 (PV 15.47%) on chromosome 11 were identified. Another major SNP-QTL was also detected for ZBR as qZBR.1.1 (PV 30.61%) on chromosome 1 along with a moderate QTL as qZBR.2.1 (PV 19.84%) on chromosome 2. Three SNP-QTLs, viz., qIPR.3.1 (PV 34.75%), qIPR.6.1 (PV 15.29%), and qIPR.7.1 (PV 12.66%), were found on chromosomes 3, 6, and 7 with two additional QTLs for AOC as qIPR.7.1 (PV 15.62%) on chromosome 7 and qIPR.11.1 (PV 31.65%) on chromosome 7. For IBR, a major QTL qIBR.5.1 (PV 33.02%) on chromosome 5 and a moderate QTL qAOC_IBR.7.1 with PV 22.13% on chromosome 7 were identified. The QTL for grain Zn and Fe traits (ZPR, ZBR, IPR, and IBR) were contributed from the donor parent (Ranbir Basmati). A major QTL qSPY.7.1 (PV 25.74%) was identified for SPY on chromosome 7 contributed by the recipient parent (PR116). Six QTLs for TW and AOC_TW such as qTW.1.1, qTW.3.1, qTW.6.1, qTW.7.1, qTW.7.2, and qTW.12.1 were identified spread over chromosomes 1, 3, 6, 7, and 12 with PV ranging from 4.99 to 36.93%. qTW.7.1 with the highest PV (36.93%) among identified QTLs for TW was contributed by the recipient parent (PR116). Another QTL, qPH.1.1 (PV 23.06%), was identified on chromosome 1 with for PH contributed by the donor parent. A major QTL qAOC_NT.12.1 for AOC_NT (PV 25.16%) on chromosome 12 was identified (Table 5).


TABLE 5. Identification of SNP based QTL in 44 RILs with SNP BLUE and AOC_BLUE.
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Epistatic Interaction Analysis


44 RILs With SNP and BLUE

A total of 28 epistatic interactions (PV 3.73 to 18.16%) were identified for five traits (ZBR, IPR, SPY, TW, and DFF) in the subset of 44 RILs with SNP_BLUE. Interestingly, out of five epistatic interactions for ZBR (>10 PV%), the locus on chromosome 1 has interacted with the locus on chromosome 2, which in turn has also shown interactions with four loci on chromosomes 5, 6, 7, and 10 (Figure 4). Interactions were also observed for AOC_ZBR on chromosome 3 with two loci of chromosomes 9 and 10, and another AOC_QTL for ZBR on chromosome 5 interacted with chromosome 10. A di-genic epistatic interaction within two loci of chromosome 5 was observed for AOC_QTL for IPR (PV 11.43%). Four epistatic interactions for SPY were found between two loci of chromosome 5; chromosome 1 with chromosome 3; and two loci of chromosome 2 and chromosome 2 with chromosome 10. For TW, a di-genic epistatic interaction with PV 15.57% was observed between chromosomes 1 and 9. Three interactions were noted for DFF between chromosomes 2 and 11 (PV 17.61%), chromosomes 4 and 7 (PV 18.16%), and within chromosome 12 (PV 17.1%) (Supplementary Table 21).



QTLs for Quality and Phytate (Single Environment)

With SSRs, major QTLs were identified for water uptake, kernel length after cooking, and elongation ration as qWU.9.1 (PV 55.7%), qKLAC.1.1 (PV 41%), and qER.9.1 (PV 49.3%) from the donor parent and a moderate QTL as qWU.8.1 (PV 21.74%) from the recipient parent. A major QTL for inorganic phosphate was also identified IP (qIP.9.1: PV 44.1%) from the recipient parent. Several minor QTLs < 10% for KL, ASV, and AC were also observed. Using SNPs, several major and moderate QTLs for hulling, milling, kernel breadth, kernel length/breadth ratio, and alkali spreading value were found as qHULL.4.1 (PV 46.7%), qMILL.1.1 (PV 58.2%), KB and KL/KB ratio (qKB.3.1: PV 24.3% and qKB.10.1: PV 22.1%), and qASV.6.1 (PV 28.65%) from the recipient parent along with minor QTLs for water uptake. Interesting major QTLs for phytic acid (qPA.2.1: PV 58.32%) and total phytate (qTP.2.1: PV 50.6%) were identified from the donor parent (Supplementary Tables 22, 23).



Common QTL

One common grain Zn QTL was identified between SSR and SNP QTL in the present study. The SSR QTL for grain Zn, qZPR.2.1 (PV 11.3%) was located in the 20.7–25.9-Mb region. The SNP QTL for grain Zn, qZBR.2.1 (PV 19.84%), was located within the QTL region (21.5–21.6 Mb) identified by SSR on chromosome 2.



Co-localization of QTLs

Among the main SNP QTLs (PV > 10%), the region on chromosome 1 (SNP_21667551–SNP_20715764) was identified with ZPR and ZBR. The genomic region on chromosome 7 (SNP_22039667–SNP_26142260) has shown co-localization of QTL for IPR, TW, and SPY (Table 5). Co-localization of SSR-QTL was not observed in the present study.



Candidate Gene Analysis in the Identified QTLs of the Present Study

Considering only the QTL for grain Zn and Fe content, we found 0 to 901 candidate genes for SSR-QTL and 7 to 337 candidate genes for SNP-QTL. Several transporter genes were observed in the identified QTL regions (Supplementary Tables 24, 25). WEGO analysis showed that the cation transport integral to the membrane under the biological process to be predominant with the candidate genes was identified in the QTL regions (Supplementary Figure 15). The identified putative candidate genes associated with mineral metabolism were selected from the annotated candidate genes in the two QTL regions. The role of two candidate genes in the Zn metabolism was evaluated using Knetminer (see text footnote 6) and also for the identification of relevant molecular functional pathways and temporal and spatial expression using RiceXPro version 3.0 (see text footnote 7) (Supplementary Figure 16). A network analysis of two genes using KnetMiner software in major QTL qZPR.1.1, viz., Os01g0556700, encoding peptide transporter PTR2, putative, expressed to be positioned within 21.03–21.04 Mb; and Os01g0560200 encoding vesicle transport v-SNARE protein, putative, expressed to be positioned within 21.275–21.278 Mb8 from the QTL region of qZPR.1.1 and qZBR.1.1 (20.71–21.66 Mb) on chromosome 1 showed the linkage of the Os01g0556700 gene linked with two genes, nine QTLs, and two molecular functions, viz., transport and symport activities (Figure 5). The second gene Os01g0560200 was found to be linked with 25 genes, nine QTLs, nine phenotype traits, and 20 molecular functions (Supplementary Figure 17). These candidate genes which were found to be tightly linked with identified QTL are being further investigated.
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FIGURE 5. Network analysis of candidate gene (Os01g0556700-peptide transporter PTR2, putative, expressed) in a majorQTLqZPR.1.1 using Knetminer.




Comparison of the Identified QTLs With Reported QTLs

All the QTLs identified for grain Zn and Fe content using SSRs coincided with the reported QTLs for earlier grain Zn and Fe content of rice (Supplementary Table 26). Only two novel QTLs (qZPR.11.1 and qIPR.7.1) were identified in the present study with the remaining QTLs concurred with the reported QTLs for grain Zn and Fe (Supplementary Table 27). Out of several single season QTLs identified for quality, SSR QTLs for ASV and AC (qASV.1.1 and qASV.6.1; qAC.8.1 and qAC.9.1) and SNP QTLs for AC (qAC.6.1 and qAC.6.2) coincided with the reported QTLs. For SPY, only QTLs observed on chromosome 12 shared the location with reported QTLs, while the remaining QTLs appear to be novel. Interestingly, many QTLs identified for grain mineral content coincided with reported QTLs for agro-morphological traits, yield, and yield-related components. Another important observation was the concurrence of identified QTLs for inorganic phosphorus (IP), total phosphate (TP), and phytic acid (PA) with the reported QTLs for yield and yield-related components and total number of tillers (Supplementary Tables 28, 29).



DISCUSSION

As per the recent global nutrient database, availability of micronutrients per day per person in South Asia is relatively poor compared to the world’s availability9. More than 32% of women across the world and 36.6% in Asia are estimated to be anemic (FAO et al., 2019)10. One third of the world’s population was reported to lack sufficient Zn nutrition (White and Broadley, 2011). The climate change through elevated CO2 has been also reported to be leading toward deficiencies of Zn, protein, and Fe for women of reproductive age and children (Smith and Myers, 2019). Out of suitable agricultural interventions to address micronutrient malnutrition, enriching grain micronutrient density through biofortification and encouraging dietary diversity were suggested to be ideal and long-term sustainable strategies (Bouis et al., 2019). For a staple food crop like rice, any incremental increase of micronutrients would have an impact on the malnutrition affecting most of the developing countries with rice as the principal calorie food. Enhancing micronutrient density in the staple crops, especially in cereals, has been demonstrated through release of several biofortified varieties across the world. In rice, a few biofortified varieties with high grain Zn have been developed and released in Asian countries (HarvestPlus and FAO, 2019). The released Zn-biofortified rice varieties were developed using the conventional breeding approach based on phenotyping for grain Zn and yield (Nakandalage et al., 2016; Khan et al., 2019). The use of MAS for major QTL-associated high grain Zn would be a focused approach for accelerating the development of Zn-biofortified rice varieties (Mahender et al., 2016). Based on the requirements and bioavailability of Zn, the recommended target content in polished biofortified rice grains has been enhanced to 28 ppm (Bouis and Saltzman, 2017). To meet the enhanced levels of high grain Zn in rice, identification and deployment of major QTLs would be useful to increase the efficiency of the breeding program and expedite the development of biofortified rice varieties with high grain Zn. In our study using the RIL population, we could identify two major QTLs for grain Zn using markers (SSRs and SNPs) based on BLUE values, a common QTL for grain Zn content on chromosome 2 across SSR and SNP maps, and also six promising lines with high grain Zn (mean > 28.0 ppm in polished rice) and yield (>20 g SPY).

A wide genetic variability within the RIL population for the 10 agro-morphological traits along with grain Zn and Fe was observed across two/four environments, which is in congruence of the published studies for grain Zn, Fe, yield, and other agronomic traits in mapping populations (Dixit et al., 2019; Calayugan et al., 2020). Continuous distribution of the studied traits including grain Zn suggests involvement of several genes leading to complex genetic action. Nine traits of the study showed high heritability values suggesting the early generation selection strategy for their improvement which also supported the observations of earlier reports (Calayugan et al., 2020). High heritability and variability for grain Zn values within the RIL population of the present study indicate its suitability for mapping. The grain Zn content in polished rice was found to be relatively higher in the dry season with the maximum values up to a recommended level of 28 ppm in the present study. Seasonal variations for grain Zn content during wet and dry seasons were observed as reported earlier (Swamy et al., 2018a; Descalsota-Empleo et al., 2019a; Dixit et al., 2019). Six transgressive variants obtained for grain Zn have also shown promising yield with SPY of >20 g. Transgressive variation for grain Zn content in RIL populations is possibly due to the pyramiding of the effects of moderate and minor QTL from both parents as happens in most of the quantitative traits (Lu et al., 2008; Gande et al., 2013; Zhang et al., 2014; Yu et al., 2015).

Rice consists of hull and inner edible portion including 89–94% starchy endosperm, 1–2% pericarp, 4–6% seed coat and aleurone, and 2–3% embryo (Juliano, 1972). Differential accumulation of Zn and Fe in the different parts of rice grain has been studied in detail (Liang et al., 2008; Lombi et al., 2009; Hansen et al., 2012). A significant amount of nutritionally important mineral elements accumulates in rice bran (embryo and aleurone layers), whereas a lower amount (6–9%) is found in the endosperm (Lamberts et al., 2007). Zinc is distributed throughout the endosperm (Takahashi et al., 2009; Johnson, 2013), which because of its relatively large mass accounts for 75% of grain Zn (Wang et al., 2011). Zn is distributed from the aleurone layer to the inner endosperm with more than one half of the total Zn present in the endosperm; Fe is localized in the aleurone layer (Iwai et al., 2012). The Fe concentration in the bran is seven times higher than that of the hull and endosperm, but Zn in the bran is only three times higher (Lu et al., 2013). Thus, the low values observed in polished rice substantiated the distribution of Fe in rice grain. Though a wide variation was observed for grain Fe content in brown rice with a maximum of 18 ppm, the range was limited up to 9.5 ppm in polished rice (Majumder et al., 2019; Calayugan et al., 2020). Highly significant positive correlations were obtained among ZPR, ZBR, IPR, and IBR, which is expected owing to the common metabolic pathways for uptake, assimilation, and translocation to the grains (Stangoulis et al., 2007; Kumar et al., 2014; Xu et al., 2015; Bashir et al., 2016; Swamy et al., 2018a; Descalsota-Empleo et al., 2019a; Wattoo et al., 2019). Among the agro-morphological traits, only days to 50% flowering has shown a moderate negative association with grain Zn. Varied or contradicting correlations of grain Zn with other agro-morphological traits across the studies involving different mapping populations and environments underscore the difficulty of breeding for high grain Zn (Calayugan et al., 2020; Jeong et al., 2019). Among the correlations obtained between the quality and grain Fe and Zn, the associations of IPR and IBR with kernel length after cooking (KLAC) and elongation ratio (ER) need further studies. The correlations of inorganic phosphate (IP) with kernel breadth (KB) and head rice recovery (HRR) also need to be validated.

The PCA clearly showed the role of four PCs (Eigen values are ≥1) contributing around 68% of variability. Nutritional traits comprised the first and fourth PCs with yield-attributing traits forming the second and third PCs underscoring the suitability of the material generated in the study for the improvement of grain nutrient content and yield. For a subset of 44 RILs, the first PC was also mainly attributed by nutrient traits; the second and third PCs were influenced by yield-attributing traits, and the fourth PC was grouped by both yield and nutrient traits.

Stepwise regression analysis of 190 RILs revealed the interdependence of ZPR, ZBR, IPR, and IBR for higher grain Zn/Fe content in brown and polished rice and also PH and GW for SPY. Differential control for grain Fe content with TW was obtained as a negative factor in polished rice and as a positive factor in brown rice, which could be because of the volume-to-surface ratio of the rice grain and the area covered by the bran layer. The interesting observation from the stepwise regression analysis in subset of 44 RILs with contrasting grain Zn was the negative association of ZPR with SPY and ZBR with SPY, PL, and TW. Grain Fe content of contrasting 44 RILs has shown DFF and TW as negative factors and PL and ZPR as positive factors in polished rice, and only ZPR as positive factor in brown rice. It is also interesting to note that correlation analyses indicated that DFF was negatively correlated with grain Zn. Stepwise regression analyses also showed DFF as a negative factor for Fe content in polished rice. The negative association of SPY and ZBR and ZPR in the subset of 44 RILs through stepwise regression analyses reiterated the negative association of grain mineral content and yield. In general, there is a negative association between grain Zn and yield; however, it is possible to obtain desirable recombinants for grain Zn and yield as observed in the present study.

Six promising RILs (G32, G17, G8, G18, G15, and G7) were identified for ZPR with >28 ppm based on the stability and G × E interaction analyses for the subset of 44 RILs across four environments (E1–E4). For SPY, promising RILs environment-wise (G1 and G17: wet season and G6: dry season) as well as across environments were noted (G3 and G19). G17 found to be promising RIL for ZPR and SPY also (mean of 28.3 ppm for ZPR and 23.5 g for SPY). Though there is negative association between high yield and grain Zn, the promising lines were identified as in the present study with high grain Zn and yield, though less in number, confirming the possibility of obtaining their combination (Swamy et al., 2016; Pradhan et al., 2020; Rao et al., 2020). G32 and G17 were also found to be promising for ZBR as expected. Though for IBR, G32, G3, and G18 were noted to be promising across environments with more than 16 ppm, but for IPR, the donor parent was found to be promising. Similarly, the best and stable performers were identified for TW, PH, PL, NT, and DFF. Through AMMI and GGE biplot models, the stable performers across the environments were identified and the total phenotypic variance was partitioned into individual factors (Gauch, 2006). In rice, stable performers for yield were identified across environments using AMMI and GGE (Balakrishnan et al., 2016, 2020). Through the Which Won Where/What plot, common winners could not be found across four environments for the 10 traits of study which could be due to the variability of performance of the RILs across wet and dry seasons. For rice grain Zn and Fe, stability and G × E analyses are generally used for identification of stable donors (Suwarto and Nasrullah, 2011; Ajmera et al., 2017; Babu et al., 2020; Naik et al., 2020). Considering the wide variability observed for the breeding lines with high grain Zn and Fe, stability and G × E analyses are being recently applied for selecting promising RILs in cereals. The contribution of environmental variation for grain Fe and Zn along with other agronomic traits in a RIL population of sorghum was demonstrated through a genotype × environment interaction, correlation, and GGE biplot analyses (Phuke et al., 2017). Stable RILs with higher grain Fe and Zn content were also identified in RILs of pearl millet using AMMI and GGE biplot analyses (Singhal et al., 2018). Different stable breeding lines were identified for different environments among eight Zn biofortified lines through stability and G × E analyses (Inabangan-Asilo et al., 2019).

Out of eight QTLs identified with 102 SSRs for five traits (ZPR, IBR, SPY, PH, and DFF), only two QTLs were identified with PV > 10%, viz., qZPR.2.1 (spanning 6.3 Mb region) and qIBR.5.1 (spanning 1.9 Mb). Several major and moderate QTLs for grain Zn and Fe were identified using SSRs in rice (Anuradha et al., 2012; Hu et al., 2016; Swamy et al., 2018b; Dixit et al., 2019). Most of the reported QTLs based on SSRs need to be validated in alternative mapping populations for their deployment in rice biofortification.

Based on GBS analyses, 1035 polymorphic SNPs between parents and subset of 44 RILs were used to construct a linkage map in the present study. Though the subset of 44 RILs is a small number, the subset has shown normal distribution for the Zn content. The range of Zn content of the subset of 44 RILs was 11.5 to 31 ppm, and the range of 190 RILs was 11 to 31 ppm. Also, it was also observed that the percentage of 190 RILs with Zn content was >20 ppm was 49.5% and <20 ppm was 51.5% (1:1 ratio). A similar distribution of Zn content was also observed in the subset of 44 RILs as >20 (50%) and <20 ppm (50%) (1:1 ratio). Thus, the assumption was that the subset of 44 RILs was the representation of 190 RILs for GBS analyses. In the present study, the less number of RILs subjected to GBS and subsequent QTL identification was compensated by the phenotype data of 44 RILs from four environments and extensive coverage of 12 chromosomes with 1305 SNP data points. Earlier linkage maps for identifying QTL associated with grain Zn reported SNPs ranging only from 296 to 541 (Swamy et al., 2018a; Descalsota-Empleo et al., 2019a; Calayugan et al., 2020). Out of 16 major QTLs (PV > 10%) from 19 QTLs identified with SNPs, only 11 QTLs were further analyzed for candidate genes as the interval was too large for two QTLs. The physical position of the identified QTLs in the rice genome spanned only a region of 0.1 to 3 Mb, which makes the QTL amenable to marker-assisted introgression to the genotypes with desirable background. The major QTLs on qZPR.1.1 (PV 37.84%) and qZPR.11.1 (PV 15.47%) identified in the present study can be deployed in the breeding program for high grain Zn as it is consistent across the environments (seasons). QTLs for grain Zn/Fe were mostly reported in brown rice (Stangoulis et al., 2007; Garcia-Oliveira et al., 2009; Du et al., 2013; Kumar et al., 2014; Zhang et al., 2014) and a few in polished rice (Lu et al., 2008; Yu et al., 2015). Only one study identified QTLs for brown and polished rice in the Backcross Inbred Line mapping population of Oryza sativa × O. rufipogon (Yu et al., 2018), however with no common QTLs between brown and polished rice have been found. Since in our study we mapped QTLs for brown and polished rice, the identified consistent major QTL qZPR.1.1 (PV 37.84%) overlapping with qZBR.1.1 (PV 30.61%) QTL reinforced the location of QTL for grain Zn.

Though QTLs were identified for 190 RILs with 102 SSR markers and 44 RILs with 1035 SNPs in the present study, only one common QTL on chromosome 2 for grain Zn was found across the SNP map (qZBR.2.1: PV 19.84%) (21.5–21.6-Mb region) and the SSR map (qZPR.2.1: PV 11.3%) (20.7–25.9-Mb region). Between the two environments for SSRs (E1, E2 for SSR) and among the four environments for SNP (E1, E2, E3, and E4 for SNP), we found some common QTLs. However, when the BLUEs were considered for the identification of QTLs, the number of common QTLs was very less. The probable reasons for not finding common QTLs between SSR and SNP could be attributed to the number of environments included in the QTLs of SNP analyses. Adding of two more environments E3 and E4 has reduced the common QTLs. Since BLUEs were advised for the identification of major and stable QTLs for grain Zn content (Calayugan et al., 2020), two more environments (E3 and E4) were added for the identification of stable SNP QTLs.

Zn and Fe are needed as essential mineral elements to the plant for its growth and development (Palmer and Guerinot, 2009); thus, an optimum concentration of grain Zn and Fe is always present in rice. Hence, we have included additional parameter as advantage over check (AOC) to the 10 traits of study for identification of QTLs. The rationale behind AOC, especially for grain Zn and Fe traits, is an optimum level of Zn and Fe which are present in the endosperm by default controlled by a set of genes/QTLs. Any additional amount of Zn/Fe in polished could be due to either different alleles of the same set of genes or different genes. Thus, two new AOC QTLs were identified with SSRs and three novel QTLs were observed with SNPs, suggesting AOC as a promising approach for identifying QTLs for grain mineral content.

Quantitative trait loci covering most of the chromosomes were reported for grain Fe and Zn in various biparental mapping populations as in F2, RILs, doubled haploid (DH), back cross inbred lines, and introgression lines (Stangoulis et al., 2007; Garcia-Oliveira et al., 2009; Anuradha et al., 2012; Kumar et al., 2014; Zhang et al., 2014; Xu et al., 2017; Swamy et al., 2018b; Descalsota-Empleo et al., 2019a). Most of the reported QTLs could not be deployed in breeding for biofortified rice varieties as they are genotype and environment specific. Analyses for QTLs using BLUEs enhanced the rigor of the identified QTL for their utility in breeding program of biofortification.

Nineteen significant digenic epistasis interactions (ZPR, ZBR, AOC_IPR, IBR, SPY, TW, and DFF) were detected with PV > 10% with SSR and SNP, suggesting the complex genetic regulation for the traits of the study. However, none of the identified digenic interaction swere found to be involved with main QTLs. Similar observations were earlier reported for epistatic interactions for grain Zn in rice (Lu et al., 2008; Norton et al., 2010; Zhang et al., 2014; Descalsota-Empleo et al., 2019b). Involvement of main effect QTLs in epistatic interactions suggests that the effect of single-locus QTL is mostly dependent on the alleles of other loci (Lu et al., 2008). The identification of main-effect QTL for grain Zn without association of epistatic interactions is counter-intuitive because the grain Zn content involves a complicated metabolic process of uptake, transport, assimilation, and remobilization controlled by temporal and spatial regulation of various genes (Bashir et al., 2016). Hence, the identified main-effect QTL is being further characterized for its genetic action.

Since the quality of rice grains is associated with nutritional quality as the ratio of bran to endosperm (surface to volume) which is greatly affected by grain shape (length, breadth, thickness), data on grain quality and cooking quality were included for the subset of 44 RILs in the present study. Grain traits like weight, length, thickness, and breadth found to be negatively correlated with grain Zn and Fe in rice (Jeong et al., 2019). Co-localization of QTLs of grain mineral elements with quality QTL was also reported (Zhang et al., 2014). Only grain Fe has shown correlation with kernel length after cooking, elongation ratio, and alkali spreading value based on single environment data in our study. The role of grain Fe in cooking quality needs confirmatory studies.

The total phosphate in the seed was studied as phytate phosphate and inorganic phosphate in the subset of 44 RILs of the present study. Myo-inositol 1,2,3,4,5,6-hexakisphosphate (InsP6), commonly known as phytic acid (PA), is the principle storage form of phosphorus (P) in cereal grains and may account for 65–85% of the total seed P (Raboy et al., 2000). In rice grains, approximately 70% of the total seed phosphorus is found in the form of phytic acid with ∼80% more present in the aleurone and pericarp and less than 10% in the embryo (O’Dell et al., 1972; Iwai et al., 2012). The remaining P is in the form of soluble inorganic phosphate (Pi: approximately 5%) and cellular P (approximately 10 to 20% of the total seed P), which is found in nucleic acids, proteins, lipids, and sugars (Larson et al., 2000). Expected correlations were observed between phytic acid and total phosphate among the subset of 44 RILs in the present study. PA is negatively charged and, thus, strongly chelates cations such as Fe and Zn and usually exists as mixed salts referred to as phytate or phytin in cereals (Raboy, 2009). Most notably, Zn and Fe deficiencies are reported to be linked to high PA intake (Al Hasan et al., 2016). Two QTLs for PA content were earlier identified to chromosomes 5 and 12 explaining 24% and 15% of the total phenotypic variation (Stangoulis et al., 2007). Unlike the study of Stangoulis et al. (2007), neither correlation with grain Zn/Fe nor co-localization with grain Fe/Zn QTLs was found in our study. The grain Zn and its association with phytate in the mapping populations need to be elucidated in future.

Several-candidate-gene-associated transporter activity was observed in the identified QTL; based on the network analyses in the present study, we narrowed down to two genes in the identified QTL and gene-associated nutrient homeostasis. The genes are being functionally characterized. Though information on grain Zn and Fe metabolism genes is available to some extent, genes associated with uptake, transport, assimilation, and remobilization of Zn and Fe still need to be characterized in rice. The concurrence of the identified QTLs with the reported QTLs reiterates rigor of the identified QTLs, at the same time novel QTLs explaining high phenotypic variance are useful for deployment in the breeding programs and identification of new genes associated with high grain Zn (Kawakami and Bhullar, 2018). The two RILs from the present study with the promising QTLs for grain Zn in polished rice and yield, viz., RP6211-PR/RIL-Q8 and RP6211-PR/RIL-Q181, have been selected and nominated to evaluation during wet season2020 under Biofortification trial of All India Coordinated Rice Improvement Programme, national varietal release program in India.



CONCLUSION

In conclusion, the RIL population of the study showed wide variation for agro-morphological traits, yield, grain Fe, and Zn across environments. Through stepwise regression analyses, factors among the agro-morphological and yield traits affecting the grain Zn and Fe were identified. Through AMMI, performance of RILs was analyzed for their stability across environments. The promising RILs, thus identified with grain Zn in polished rice >28 ppm and 20 g single plant yield, were nominated in the national evaluation programs for biofortified rice varieties. Several QTLs have been identified for agro-morphological traits, yield, and grain Fe and Zn using SSRs and SNPs. Inclusion of both brown and polished rice along with advantage over check strengthened the analyses of QTL in the present study. QTLs were also identified for single-season data of grain quality along with total seed phosphorus in the subset of RILs. Two major QTLs for grain Zn in polished rice spanning only <3 Mb genomic fragment offers scope for their deployment in rice biofortification. The potential of the two candidate genes in the QTLs were confirmed by network analyses.
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Nitrogen (N) and phosphorus (P) are two major plant nutrients, and their deficiencies often limit plant growth and crop yield. The uptakes of N or P affect each other, and consequently, understanding N–P interactions is fundamental. Their signaling mechanisms have been studied mostly separately, and integrating N–P interactive regulation is becoming the aim of some recent works. Lupins are singular plants, as, under N and P deficiencies, they are capable to develop new organs, the N2-fixing symbiotic nodules, and some species can also transform their root architecture to form cluster roots, hundreds of short rootlets that alter their metabolism to induce a high-affinity P transport system and enhance synthesis and secretion of organic acids, flavonoids, proteases, acid phosphatases, and proton efflux. These modifications lead to mobilization in the soil of, otherwise unavailable, P. White lupin (Lupinus albus) represents a model plant to study cluster roots and for understanding plant acclimation to nutrient deficiency. It tolerates simultaneous P and N deficiencies and also enhances uptake of additional nutrients. Here, we present the structural and functional modifications that occur in conditions of P and N deficiencies and lead to the organogenesis and altered metabolism of nodules and cluster roots. Some known N and P signaling mechanisms include different factors, including phytohormones and miRNAs. The combination of the individual N and P mechanisms uncovers interactive regulation pathways that concur in nodules and cluster roots. L. albus interlinks N and P recycling processes both in the plant itself and in nature.

Keywords: lupin, Lupinus, phosphorus, nitrogen, cluster roots, nodules, nutrient deficiency, nutrient interactions


INTRODUCTION

Nitrogen (N) and phosphorus (P) are the two main nutrients used by plants and, together with potassium (K), the most extensively used fertilizer elements that drive plant growth and crop yield. P and N deficiencies often limit primary productivity in both agricultural and natural systems (Menge et al., 2012; Ågren et al., 2012). The importance of N–P interactions has long been recognized; however, the metabolism and signaling pathways of N and P have been quite often studied separately. Some recent works are reporting progress in understanding N–P interactions, and the mechanisms integrating N–P interactive regulation pathways are being uncovered (Ueda and Yanagisawa, 2019; Hu and Chu, 2020). The uptakes of N or P affect each other, suggesting strategies to maintain N–P nutritional balance in plants (Güsewell, 2004).

Most studies on N–P interactions have been performed in model or in important crop plants, including N2-fixing legumes. The genus Lupinus is a singular one among legumes. Lupins can fix atmospheric N2 as a result of the symbiotic interaction with rhizobia. While it is generally accepted that lupins do not form mycorrhizas (Lambers et al., 2013), some lupin species are able to respond to P deficiency by developing a structural and functional root modification, the cluster roots. Cluster roots are mostly a characteristic of the Proteaceae but also of a few other plant species (Watt and Evans, 1999). They are associated with intense mobilization of P and other nutrients by root-induced chemical changes in the rhizosphere. They are bottlebrush-like clusters of hundreds of rootlets with limited growth that arise from the pericycle opposite the protoxylem poles mostly along the lateral roots (Neumann and Martinoia, 2002).

Lupin is a crop with great potential to be further developed for high-protein production (Lucas et al., 2015), as alternative protein sources are increasingly becoming a necessity (De Ron et al., 2017), and also for soil phytoremediation and recovery of degraded soils (Fernández-Pascual et al., 2007; Quiñones et al., 2013). The microsymbionts associated with lupins, which belong primarily to the genus Bradyrhizobium, penetrate the root at the junction between the root hair base and an adjacent epidermal cell. Bacteria invade the subepidermal cortical cell underneath the root hair, and the infected cell divides repeatedly to form the infected zone of the young nodule (González-Sama et al., 2004). Inside the infected cells, rhizobia are surrounded by a membrane to form the symbiosomes, and bacteria differentiate to N2-fixing bacteroids. Symbiosomes are distributed between the daughter cells in an analogous fashion to other cell organelles (Fedorova et al., 2007; Coba de la Peña et al., 2018). Endoreduplication processes associated with nodule development take place in a similar manner to other legumes (González-Sama et al., 2006).

Most Lupinus species (close to 300) are native of the New World (America), with only a small number of representatives in the Old World (Mediterranean Basin and Eastern Africa) (Aïnouche and Bayer, 1999). Cluster roots were initially thought to be confined to a few Old World species (Skene, 2000). Later studies have shown that some species in both the Old and the New World are capable of forming cluster roots, including the most cultivated lupin species worldwide, L. albus, L. angustifolius, and L. luteus, originally from the Old World, and the New World species L. mutabilis (Table 1). Some species need very low P concentrations to form cluster roots (Hocking and Jeffery, 2004).


TABLE 1. Lupinus species that have been tested for cluster roots formation.
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Unlike N, P is a non-renewable resource, and many recent studies anticipate that readily available sources of P will be eventually depleted in 200–300 years, or even by the end of this century (Valentine et al., 2017; Alewell et al., 2020). In this context, lupin appears as a perfect crop, as it reduces the need for P (and N) fertilizers, contributing to sustainable agriculture practices, and it is suitable for impoverished soils with important amounts of P which is hardly available for most plants. They can thrive in these poor soils and become productive crops or help restore degraded landscapes (Coba de la Peña and Pueyo, 2012).

There is a need to better understand the distinct N–P interactions that take place in lupins. Here, we will review the still limited knowledge of the interplay between N2-fixing nodules and cluster roots in lupins. Most published studies are on white lupin (L. albus), which is considered a model plant to study cluster roots and for understanding plant acclimation to nutrient deficiency (Hufnagel et al., 2020). The vast majority of published works deal with only one organ, either nodules or cluster roots, mostly under controlled conditions in different hydroponic systems. We will review the existing literature and combine studies on one organ or the other to better understand the connections between their metabolisms and highlight the importance of the N–P interactive regulation pathways taking place in both organs, which, functioning together, are able to interlink the N and P recycling processes and can reduce or even suppress the need for fertilization of this crop.



P AND N DEFICIENCIES AFFECT THE FORMATION AND METABOLISM OF LUPIN CLUSTER ROOTS AND ROOT NODULES

White lupin high tolerance to P deficiency is mediated by the formation of cluster roots, which may also be stimulated by iron deficiency (Lamont, 2003; McCluskey et al., 2004). Metabolic alterations occur that include an enhanced synthesis and secretion of organic acids, the induction of a high-affinity P transport system (Liu et al., 2001), secreted acid phosphatases, proton efflux (Vance et al., 2003), and flavonoid secretion (Tomasi et al., 2008). In L. albus, citrate production represents an important percentage of the plant dry weight (Dinkelaker et al., 1989), and it increases extraordinarily in the absence of external supplies of P (Johnson et al., 1996). This increase takes place by blocking citrate catabolism in the cytosol and increasing the supply of pyruvate and oxaloacetate (Kihara et al., 2003). Citrate is released through permeable channels (Zhang et al., 2004), coupled with H+-ATPases (Tomasi et al., 2009). Recently, an aluminum-independent specific malate transporter has been identified, which is upregulated under P deficit and can also transport metals from cluster roots to shoots and most likely to nodules via xylem (Zhou et al., 2019). Organic anion secretion and rhizosphere acidification mobilize not only P but also other nutrients like Fe, Ca, Mn, or Zn, increasing their uptake rates (Lamont, 2003). P is loaded into the xylem through transporters (Lucena et al., 2019).

Phosphorus deficiency initially reduces the levels of sugars (fructose, glucose, and sucrose) in shoots, and phosphorylated metabolites such as glycerol-3-phosphate, fructose-6-phosphate, glucose-6-phosphate, or myo-inositol-phosphate levels decrease in both shoots and roots of L. albus (Müller et al., 2015). Prolonged P deficiency eliminates such effects on sugar metabolite levels, but the level of phosphorylated metabolites is reduced. Organic acids, amino acids, and several shikimate pathway product levels are increased in P-deficient roots and shoots, suggesting that white lupins adjust their carbohydrate partitioning between root and shoot to supply their developing root system as an early response to P deficit (Müller et al., 2015).

The plant enzymes phosphoenolpyruvate carboxylase (PEPC) and malate dehydrogenase (MDH) play a crucial role in carbon metabolism of root nodules and cluster roots. In nodules, they provide carbon in the form of organic acids for bacteroid functioning (Rosendahl et al., 1990). In cluster roots, expression of MDH and PEPC is highly increased and a part of the exuded organic acids come from CO2 fixed by PEPC (Johnson et al., 1996; Uhde-Stone et al., 2003). About 30% of the organic C released is derived from CO2 fixation via PEPC in L. albus P-deficient roots (Johnson et al., 1996).

The formation of cluster roots in lupin induces important changes in gene expression (Rath et al., 2010). Transcriptomic analyses show that white lupin adaptation to P deficiency induces transcription of genes encoding proteins related to P transport, signaling proteins, transcription factors, genes involved in glycolysis and the alternative respiratory pathway, genes involved in malate biosynthesis, and several others (O’Rourke et al., 2013; Wang et al., 2014; Venuti et al., 2019). The genetic, structural, and metabolic changes described above that lead to the formation and functioning of cluster roots take place when N is not a limiting factor. When N is also deficient, additional changes occur in lupin roots.

The first and most evident effect of N deficiency on legumes is the formation of symbiotic nodules, the organs where nitrogen fixation takes place. Nodule organogenesis has been extensively studied (Brewin, 1991; Schultze and Kondorosi, 1998), so we will not go into depth in the subject here. Basically, nodulation starts with a dialogue between the plant and the bacteria involving plant-secreted flavonoids and rhizobial Nod factors. Bacteria enter the root by infection of a root hair (infection thread), or intercellularly (Ibáez et al., 2017). Depending on their origin and development, nodules can be determinate (round with limited growth) or indeterminate (cylindrical with an active apical meristem) (Brewin, 1991). Lupins present an unusual way of intercellular infection and a characteristic indeterminate “lupinoid” nodule with a lateral meristem that allows growth surrounding the lupin root (González-Sama et al., 2004). In general, temperate legume nodules, including lupin, export amino acids, Gln and Asn, while tropical legume nodules export ureides. Nodulation of white lupin is inhibited by N, and the inhibitory effects depend on the N source (Guo et al., 1992). The inhibition mechanisms are complex and involve miRNAs and transcription factors (Lin et al., 2018; Xu et al., 2020). Transcriptomic analyses have revealed numerous genes expressed and regulated during nodule development, transport, and metabolism (Udvardi and Poole, 2013 and references therein). The amino acids synthesized in the nodule are transported symplasmically to the xylem or released through transporters to the root apoplasm. Transfer to the phloem can be symplasmic or apoplasmic, depending on plasmodesmata and substrate concentrations. Exporters in the plasma membranes of the phloem parenchyma would be required for apoplasmic transport (Tegeder, 2014 and references therein). An amino acid permease associated with transport from the nodule has been identified in pea, and it is upregulated under N deficit (Garneau et al., 2018).

Low levels of N enhance formation of cluster roots under P deficiency, while high N levels have an inhibitory effect (Dinkelaker et al., 1995). The form of nitrogen acquisition by the plant has an effect on cluster roots (Sas et al., 2002). N2-fixing white lupin plants were compared with plants supplied with (NH4)2SO4 and NH4NO3. In the latter, N concentration was higher, and there was greater H+ extrusion and higher cluster root formation. The investment of resources in nodule organogenesis and functioning might decrease their allocation to cluster root formation (Sas et al., 2002). However, nodules are P sinks and it would be logical that cluster root number increased when the plant depends on symbiotic N. Wang et al. (2019a) also compared nodulated L. albus plants with plants that were provided with an amount of nitrate that was the same as the amount acquired by the nodulated plants, from both air and nutrient solution. They concluded that nodulation promoted cluster root formation in L. albus under low P.

Hakea actites (Proteaceae) cluster roots are capable of using glycine as N source. The amino acid is then metabolized via an aminotransferase to serine and other amino compounds (Schmidt and Stewart, 1999). Moreover, enhanced peptidase activity and high expression of amino acid and peptide transporters have been observed in Hakea cluster roots when protein is the N source (Schmidt et al., 2003; Paungfoo-Lonhienne et al., 2009). In fact, secretion by Hakea cluster roots of proteases capable of hydrolyzing proteins in the soil has also been reported; amino acids and di- and tri-peptides enter the root cell via plasma membrane transporters. The possibility of whole protein uptake has been suggested (Paungfoo-Lonhienne et al., 2008, 2009). L. albus cluster roots are also able to take up glycine (Hawkins et al., 2005), and when cattle manure is used as fertilizer, N accumulation in lupin is higher than the decrease in soil inorganic N indicating that lupin is capable of acquiring N from organic N sources (Watanabe et al., 2006). Whereas microbes in the rhizosphere can also secrete proteolytic enzymes, a recent study suggests that lupin cluster roots, rather than rhizosphere microorganisms, are responsible for the degradation of organic N (Fujiishi et al., 2020).

In general, relatively large amounts of P are required for N2 fixation (Vitousek et al., 2010; Valentine et al., 2017). P is preferentially allocated to nodules to maintain symbiotic N2 fixation during P deficiency, which might result in reduced plant growth (Høgh-Jensen et al., 2002). Nodules are strong P sinks, and bacteroids are able to scavenge P from the host cells to sustain their metabolism (Al-Niemi et al., 1997, 1998; Valentine et al., 2011). P can be absorbed from the soil by the nodule surface or translocated from the roots to the nodule via the vascular tissue (Al-Niemi et al., 1998). Most of the mobilized nutrients are transported to the nodule via xylem or phloem-transported from cluster roots. The high rate of RNA synthesis linked to the turnover of oxygen-damaged nitrogenase requires significant amounts of P. This is the main reason why nodules have a much higher demand for P compared to other plant tissues (Raven, 2012). Physiological studies have shown that, in the nodule, bacteroids accumulate high levels of P required to sustain nitrogenase activity (Sulieman and Tran, 2015).

Transcriptomics and metabolomics have been used to examine the effect of P deficiency on nodule functioning in several legumes (Abdelrahman et al., 2018 and references therein). P deficiency has an effect on legume nodule functioning, and numerous genes have been identified that are involved in nodule response to P limitations, some of which coincide with those induced in cluster roots, such as those related to glycolysis and the alternative respiratory pathway in bean nodules (Hernández et al., 2009). In Medicago truncatula, P deficiency induces downregulation of leghemoglobins and other nodule related genes; moreover, P deficiency and addition of nitrate have similar effects on the transcriptome of M. truncatula nodules (Liese et al., 2017). When it comes to white lupin nodules, P deficiency has not any remarkable effect on their functioning, when cluster roots are efficient in P mobilization and uptake (Schulze et al., 2006; Thuynsma et al., 2014a). White lupin plants grown under low P and low N that formed functional cluster roots and root nodules were used to examine the effects of N deficit in conditions of sufficient P supply on both organs. In cluster roots, there was a decrease in enzyme activities PEPC, pyruvate kinase, malic enzyme, and MDH, which are related to CO2 fixation and organic acid synthesis. The opposite effect was observed in nodules, probably to compensate the organic acids provided by the cluster root cells under P deficiency (Thuynsma et al., 2014b). High P inhibits cluster root formation in white lupin, and it has been proposed that citrate exudation is regulated by shoot P status, while proton efflux depends on local P supply (Li et al., 2008).



N–P INTERACTIVE REGULATION PATHWAYS

In white lupin roots, secreted acid phosphatase and phosphate transporter genes show significant induction in response to P deficiency (Liu et al., 2005). In addition, both these genes are expressed in N2-fixing nodules, indicating a connection between P deficiency and factors related to N2 fixation and metabolism. Sugars and/or sugar metabolites play an important role in signal transduction during N assimilation and are required for efficient N2 fixation, as they are also crucial for P-deficiency signal transduction (Liu et al., 2005).

Enhanced nodulation in cluster root zones has been reported (Schulze et al., 2006). The increased number of nodules might be a result of increased auxin concentrations in cluster root zones. Auxins are involved in cluster root initiation (Gilbert et al., 2000; Gallardo et al., 2019). The location of the nodules in the proximity of cluster roots under P deficiency suggests that tissue P concentration is involved in the regulation of nodule initiation (Almeida et al., 2000). Nodule formation requires high auxin levels to initiate cell division and the formation of the nodule primordium. Not only is auxin transported to the nodule, but also it might be synthesized in situ (Fedorova et al., 2005). YUCCA genes involved in auxin biosynthesis are expressed in nodule primordia (Wang et al., 2019b). In cluster roots, the expression of these genes has also been reported (Secco et al., 2014; Wang et al., 2015).

Cytokinin appears to be involved in the systemic suppression of P signaling (Martín et al., 2000). Several genes involved in cytokinin degradation have been reported in cluster roots (O’Rourke et al., 2013). P deprivation inhibits the action of cytokinin by reducing its concentration and decreasing the expression of cytokinin receptors in Arabidopsis (Franco-Zorrilla et al., 2005). Cytokinins play also a major role in the regulation of nodule formation and functioning. A homolog of cytokinin receptor AtAHK3 has been related to nodule organogenesis in L. albus (Coba de la Peña et al., 2008).

Ethylene also plays a pivotal role in modulating both local and systemic responses to P deficit. A decrease in extracellular P results in enhanced ethylene biosynthesis and responsiveness in roots, which promotes the necessary changes in the root system architecture to improve P mobilization capability (Nagarajan and Smith, 2012). Ethylene production in cluster roots might have a negative effect on nodule formation, but in functioning nodules, an ACC deaminase gene, which encodes an enzyme that catalyzes the degradation of the ethylene precursor ACC into ammonium and α-ketobutyrate to reduce ethylene levels, is expressed in bacteroids (Nascimento et al., 2018).

Plant microRNAs affect both the N-signaling pathways (Fischer et al., 2013) and the P-signaling as well. Expression of miR399 is upregulated under Pi deficiency in white lupin, suggesting a possible role as a long-distance signal of P deficiency (Zhu et al., 2010). Recently, miR399 has also been linked to legume nodule functional processes (Figueredo et al., 2020). The importance of ethylene and miR399 has been reported in the regulation of responses to Fe and P deficiencies (Lucena et al., 2019). Nitric oxide (NO) is another signaling molecule related to both N and P signaling. In L. albus, P deficiency greatly enhances NO production in cluster roots (Wang et al., 2010) and NO synthase activity has been reported in white lupin nodules (Cueto et al., 1996).

Altogether, it appears that P- and N-signaling pathways are interconnected by hormones and miRNAs, related to cluster root and nodule formation, functioning, and communication with each other and with the aboveground part of the plant. Both cluster roots and root nodules require resources, in the form of P, N, and C for growth and functionality. When any of them is limited, competition might occur between organs (Lynch and Ho, 2005; Kleinert et al., 2014). In L. albus, there are significant differences in specialized belowground allocation to cluster roots and nodules. Cluster roots improve the P nutrition to the nodules (Schulze et al., 2006; Mortimer et al., 2008). Valuable C and P resources are redirected from cluster roots to nodules during adequate P supply. Nodules seem to have adapted to maintain functionality and efficiency of N2 fixation, despite changes in P availability and costs associated with cluster roots formation and metabolism. The increase in the C costs of cluster root formation during P deficit is needed to improve the P nutrition of nodules in order to maintain N2 fixation under P stress. The high allocation of P to the nodules also leads to sink stimulation via photosynthesis for increased C supply (Thuynsma et al., 2014a).



DISCUSSION

The excessive use of N and P fertilizers has pernicious consequences, such as eutrophication of water sources. Improvement of crop nutrient acquisition is becoming crucial for both environmental and economic reasons (Vance, 2001; Welch and Graham, 2004). Lupins are a promising crop, which at present is not sufficiently exploited in agriculture. Lupins may also act as ecosystem facilitators by rendering P available for neighboring plants, as demonstrated for L. albus (Gardner and Boundy, 1983; Horst and Waschkies, 1987; Cu et al., 2005). Different Lupinus species have been used in ecosystem recovery (Lambers et al., 2012), and the benefits of using lupin in intercropping and crop rotation are also well known (Doyle et al., 1989). Lupins possess great advantages in agriculture and ecosystem restoration, but for the same reason, sometimes they might become invasive species (Jauni and Ramula, 2017).

N2-fixing legumes that do not form cluster roots have also evolved mechanisms to cope with P limitation. In general, nodules develop very flexible mechanisms for P recycling and internal P conservation, rather than specific mechanisms to acquire external P (Vardien et al., 2016). Reallocation of P from both leaves and roots to nodules has been described (Esfahani et al., 2016). Plants are capable of mobilizing P from internal resources, such as phospholipids and nucleic acids (Hernández et al., 2009). Additionally, roots are able to secrete some P-mobilizing compounds. However, despite these adaptations, legume nodules are sensitive to long-term P deficiency (Sa and Israel, 1991). Lupins that do not form cluster roots can be more resilient to P deficiency than other legumes (Le Roux et al., 2006; Lambers et al., 2013). L. albus is the most efficient species in cluster root formation and functioning. Schulze et al. (2006) evaluated white lupin nodulation and N2 fixation under P deficit. Plants were grown in the absence of N and subjected to sufficient or no P. Nodulation and N2 fixation were highly tolerant to P deficiency. There were no differences in N2 fixation rates between +P and −P supply, and shoots of nodulated plants did not show any signs of nutrient stress when grown under N and P deficiencies.

When lupins obtain N through symbiotic N2 fixation, there must be a trade-off in resource allocation between root nodules and cluster roots (Thuynsma et al., 2014a). Complex signaling systems involving different actors are elicited by N and P. These include hormones, miRNAs, and transcription factors and are dependent on N and P availability, the plant nutrients levels and their homeostasis in cluster roots and nodules. Lupin species also represent an important link that couples P and N cycles.

To summarize this review, Figure 1 shows a schematic representation of the interactions between N and P in the interrelated metabolisms of lupin nodules and cluster roots. In this scheme, we combine the effects that P and N deficiencies induce in both organs, and the P–N-regulated feedback. However, most of the information comes from studies on the effect of one nutrient on the metabolism of one organ. A comprehensive study of both organs under simultaneous P and N deficiencies and analyses of all the metabolic pathways involved is still necessary to fully comprehend the unique and complex interplay that takes place in lupin roots.


[image: image]

FIGURE 1. Simplified metabolism of Lupinus albus nodules and cluster roots under P and N deficiencies. In summary, sucrose is transported from the shoot via the phloem, and glycolysis is activated in both the symbiotic cells and the cluster root cells to increase the amount of malate and OAA, which are integrated into the TCA cycles running in both mitochondria and symbiosomes. In cluster root cells, malate is also secreted to the soil through a specific transporter and may be transported via xylem to fuel the symbiotic cell and to the aerial organs. In nodules, there is an upregulation of MDH, while in cluster roots PEPC is the principal upregulated glycolysis enzyme. In cluster roots, formate is produced by an upregulation of FORM, which leads to activation of the THF pathway, which produces ethylene. Formate is also used to synthesize malate by MS. Phospholipid degradation occurs to provide Pi and Ac-CoA, which in turn combines with OAA to yield citrate catalyzed by CS, or with glyoxylate to form malate by MS. Malate and citrate keep a balance mediated by the TCA cycles and several enzymes, inducing ACL, MDH, MS, and CS. Citrate is mainly produced in the mitochondrion and secreted to the soil through permeable channels. This process is associated with a membrane H+ ATPase, and protons are also released, leading to soil acidification. Additionally, APases are secreted to the soil. The combined action of carboxylates, the acidification of the medium, and the secreted APases is capable of mobilizing unavailable P in the soil and generate Pi, which is co-transported with protons into the root cell. Pi can reach the symbiotic cell by absorption through the nodule surface or, mainly, be transported via xylem. Pi is needed in the first place for the synthesis of nitrogenase RNA, which has a very high turnover. Carboxylates also chelate cations that bind to P, mainly Fe3+, which is reduced to Fe2+ by a plasma membrane Fe(III)R and enters the cell via a Fe2+ transporter. Other micronutrients are also mobilized and enter the root cell together with Fe2+. The nutrients are transported to the symbiotic cell and the rest of the plant via xylem. In the nodule, O2 permeates the cortex to bind leghemoglobin, controlling the right levels for nitrogenase functioning in the symbiosome, which produces NH3 that exits the symbiosome and is protonated in the symbiotic cell and then converted to Asn and Gln in a process catalized by several enzymes GS, GOGAT, AAT, and AS. Asn and Gln are transported to the plant, including the cluster root cells, where, among other functions, they are converted to Asp that enters the mitochondrion to fuel the TCA cycle through OAA, and to Glu that is converted to 2-OG and also enters the TCA cycle. Lupin cluster roots are also capable of secreting proteases that degrade organic N to amino acids and small di- and tri-peptides that enter the root cell through membrane transporters. Red arrows indicate the transport of Pi, malate, and nutrients to the symbiotic cell and the shoots. Green arrows indicate transport of Asn and Gln. Abbreviations: 2-OG, 2-oxoglutarate; AA, amino acids; AAT, aspartate aminotransferase; ACL, ATP citrate lyase; Ac-CoA, acetyl CoA; APase, acid phosphatase; AS, asparagine synthetase; CS, citrate synthase; F(III)R, F3+ reductase; FORM, formamidase; GOGAT, Glu synthase; GS, Gln synthetase; Lb, leghemoglobin; MDH, malate dehydrogenase; MS, malate synthase; N2ase, nitrogenase; OAA, oxaloacetate; Pase, protease; PEP, phosphoenolpyruvate; PEPC, phosphoenolpyruvate carboxylase; PL, phospholipids; PLA1, phospholipase A; PK, PEP kinase; SP, small peptides; SS, sucrose synthase; TCA, tricarboxylic acid; THF pathway, tetrahydrofolate pathway.
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Eucalyptus, the most widely planted tree genus worldwide, is frequently cultivated in soils with low water and nutrient availability. Sodium (Na) can substitute some physiological functions of potassium (K), directly influencing plants’ water status. However, the extent to which K can be replaced by Na in drought conditions remains poorly understood. A greenhouse experiment was conducted with three Eucalyptus genotypes under two water conditions (well-watered and water-stressed) and five combination rates of K and Na, representing substitutions of 0/100, 25/75, 50/50, 75/25, and 100/0 (percentage of Na/percentage of K), to investigate growth and photosynthesis-related parameters. This study focused on the positive effects of Na supply since, depending on the levels applied, the Na supply may induce plants to salinity stress (>100 mM of NaCl). Plants supplied with low to intermediate K replacement by Na reduced the critical level of K without showing symptoms of K deficiency and provided higher total dry matter (TDM) than those Eucalyptus seedlings supplied only with K in both water conditions. Those plants supplied with low to intermediate K replacement by Na had improved CO2 assimilation (A), stomatal density (Std), K use efficiency (UEK), and water use efficiency (WUE), in addition to reduced leaf water potential (Ψw) and maintenance of leaf turgidity, with the stomata partially closed, indicated by the higher values of leaf carbon isotope composition (δ13C‰). Meanwhile, combination rates higher than 50% of K replacement by Na led to K-deficient plants, characterized by the lower values of TDM, δ13C‰, WUE, and leaf K concentration and higher leaf Na concentration. There was positive evidence of partial replacement of K by Na in Eucalyptus seedlings; meanwhile, the ideal percentage of substitution increased according to the drought tolerance of the species (Eucalyptus saligna < Eucalyptus urophylla < Eucalyptus camaldulensis).

Keywords: sodium application, drought, stable carbon isotope, water use efficiency, water consumption, photosynthesis


INTRODUCTION

The genus Eucalyptus plays an important role in meeting the growing global wood demand (Paquette and Messier, 2010). However, it is largely dependent on fertilization (Smethurst, 2010) and vulnerable to drought, the main limiting factors for plant growth (Gonçalves et al., 2017). Against the background of a changing climate, the intensity, and frequency of drought will increase in the near future (IPCC, 2019). Adequate management strategies to improve tolerance to water deficit, such as enhancing plant water use efficiency (WUE), are necessary to mitigate the adverse impacts of drought (Asensio et al., 2020). Stomatal closure by osmotic adjustment (Oddo et al., 2011) is a key factor to mitigating the negative impacts of drought, avoiding excessive water loss at the expense of photosynthetic rate restrictions (Anjum et al., 2011) and turgor loss, decreasing cell growth (Steudle, 2000). Among the macronutrients, potassium (K) is one of the most required nutrients for Eucalyptus, enhancing yields by 50% compared to plants under K deficiency (Battie-Laclau et al., 2013). Changes in cell turgor involve the controlled uptake of K and other ions, mediated by voltage-gated K+ transporters at the cellular plasma membrane, inducing solute accumulation (Shabala and Lew, 2002), water uptake from the apoplast, and, finally, stomata aperture (Ahmad and Maathuis, 2014). Thus, the ion flux in and out of the guard cells mediates stomatal aperture and closure (Kim et al., 2010).

Sodium (Na), a beneficial element, is absorbed and taken up as Na+ and might replace K partially as an osmotically active solute, stimulating cell elongation and improving stomatal control, which, in turn, contributes to maintain cell turgor (Jeschke, 1977), directly affecting plant WUE (Mateus et al., 2019). Additionally, some ATPases require both K and Na for maximal activity (Marschner, 2012). This occurs due to the similarity between the hydrated ionic radii of Na (0.358 nm) and K (0.331 nm) (Marschner, 2012). Despite the well-known importance of K, the effects of Na application on water balance are not well studied (Gattward et al., 2012). A major benefit of replacing K fertilization by Na is the relatively lower cost of NaCl compared to KCl, bringing greater profitability to the forest sector; besides, nutrient interaction may be a strategy to increase K use efficiency and decrease the critical K leaf concentration (Laclau et al., 2003). K deficiency reduces plant tolerance to water deficit due to its influence on plant osmoregulation, playing a critical role in stress avoidance and adaptation (Tränkner et al., 2018). It also reduces the photosynthetic efficiency (Jin et al., 2011), consequently affecting carbon partitioning to wood production, influencing the plant’s anatomical composition (Epron et al., 2012). Moreover, maximum growth can be reached with concomitant application of Na and K, in addition to improving stomatal conductance (gs) and mitigating the anatomical and biochemical deficiencies of plants caused by low K availability (Battie-Laclau et al., 2013; Mateus et al., 2019).

A comprehensive literature indicates the benefits of Na supply to plants (Hampe and Marschner, 1982; Subbarao et al., 1999; Martínez et al., 2005; Idowu and Aduayi, 2006; Ivahupa et al., 2006; Ma et al., 2011; Wakeel et al., 2011; Kronzucker et al., 2013; Erel et al., 2014; Krishnasamy et al., 2014; Pi et al., 2014), as also in drought adaptations of halophyte plants (Lv et al., 2012; Yue et al., 2012; Xi et al., 2018). Non-halophytic plants, such as Eucalyptus, although salt-sensitive (Pardo and Quintero, 2002), are also able to utilize Na to some extent (Subbarao et al., 2003; Mateus et al., 2019). Depending on the species and the levels applied, the Na supply may be toxic for plants (Kronzucker et al., 2013), which in turn demands more attention with regard to using Na in fertilizing non-halophytes in order to fulfill plants’ nutritional requirements under K deficiency (Mateus et al., 2019). Plants can behave differently under nutritional stress conditions and vary in nutritional efficiency (Pita-Barbosa et al., 2016), which allows some species to grow more at the highest levels of Na (Subbarao et al., 2003). However, despite the great variety of studies involving nutrient application, plant growth, and water deficit (Müller et al., 2017), studies involving K and Na use efficiency of different species and water regimes are still scarce. Thus, this study aimed to evaluate the partial replacement of K by Na and its impacts on water use and K use efficiency in three useful Eucalyptus species under different water conditions, investigating to what extent Na can substitute K and attenuate the effects of drought.



MATERIALS AND METHODS


Experimental Design and Growth Conditions

The experiment was carried out in a greenhouse at the Center for Nuclear Energy in Agriculture (CENA-USP) in Piracicaba, São Paulo State, Brazil, from July to November 2018. Plants were grown at temperatures between 18 and 32°C (mean of 25°C) with an average relative humidity of 65%. Three Eucalyptus species with different levels of drought tolerance (Eucalyptus saligna Sm., drought sensitive; Eucalyptus urophylla S.T. Blake, moderate tolerance; and Eucalyptus camaldulensis Dehn., drought tolerant) (Gonçalves et al., 2017) of approximately 90 days old and 30 cm in height, germinated from seeds obtained from the Institute of Forest Research and Studies (IPEF, Brazil), were transplanted into individual plastic pots (5 kg) containing Oxisol soil (16% clay, 5% silt, and 79% sand), collected from the top layer at the Itatinga Experimental Station, Itatinga, São Paulo State, Brazil. The physiochemical characteristics were: pH = 4.2; organic matter = 25 g dm–3; P = 4 mg dm–3; K = 0.3 mmolc dm–3; Ca = 1 mmolc dm–3; Mg = 1 mmolc dm–3; H + Al = 25 mmolc dm–3; Al = 3 mmolc dm–3; B = 0.14 mg dm–3; Cu = 0.6 mg dm–3; Fe = 33 mg dm–3; Mn = 0.8 mg dm–3; and Zn = 0.8 mg dm–3.

Based on the soil K critical level (<1.20 mmolc dm–3 of K) for Eucalyptus to respond to potassium fertilization, K was replaced by Na (as NaCl), representing substitutions of 0/100, 25/75, 50/50, 75/25, and 100/0 (percentage of Na/percentage of K) for 120 days. Thus, the treatments consisted of five combinations of Na and K application rates (0/0.90, 0.22/0.67, 0.44/0.44, 0.67/0.22, and 0.90/0 mmolc dm–3 of Na/millimoles of charge per cubic decimeter of K), which, when added to the soil K content, reached the soil K critical level (1.20 mmolc dm–3 of K). The rates 0 and 0.90 mmolc dm–3 of Na represented the control (solely K supplied plants) and the K deficiency treatments, respectively. We would like to emphasize that the Na rates employed in studies regarding salinity-induced stress in plants are higher than those used hereby. For instance, Zhang et al. (2016) investigated salinity-induced stress on wheat seedlings’ growth in nutrient solution by adding a NaCl rate of 150 mM, while Quais et al. (2020) characterized the mechanisms of the underlying interactions between rice plants and brown planthopper under salinity stress (100 mM salinity level). According to Madsen and Mulligan (2006), the emergence of Eucalyptus citriodora, E. camaldulensis, Eucalyptus populnea, and Acacia salicina was substantially reduced by adding 100 mM of NaCl, while the survival of established plants was reduced only at 300 and 400 mM of NaCl.

In addition to the treatments with K and Na, all samples received the following complementary fertilization: 135 mg dm–3 of N plus 20 mg dm–3 of N in coverage at 2 months after the onset of the treatments, 300 mg kg–1 of P, 92 mg kg–1 of Ca, 7.2 mg kg–1 of Mg (reaching 7 mmolc dm–3 in a Ca+2/Mg+2 ratio of 4:1), 45 mg kg–1 of S, 0.82 mg kg–1 of B, 4.0 mg kg–1 of Zn, 3.66 mg kg–1 of Mn, 1.55 mg kg–1 of Fe, 1.39 mg kg–1 Cu, and 0.20 mg kg–1 of Mo, facilitating adequate plant development (Novais et al., 1991). The sources of the elements used were as follows: (NH4)H2PO4, CaCO3, MgCO3, elementary S, CuSO4.5H2O, ZnSO4.7H2O, FeSO4.7H2O, H3BO3, MnSO4.H2O, and MoO3.H2O.

The plants were exposed to two water conditions starting 60 days after the onset of the treatments: well-watered (WW) and water stress (WS) conditions, simulating adequate water availability and drought conditions, respectively. The soil relative water content (SRWC) of both water conditions was controlled daily by the gravimetric method using irrigation with deionized water up to 80 and 35% of the field capacity under WW and WS, respectively. Weighing and watering were conducted on a daily basis at dusk until the pots reached their corresponding target-adapted SRWC (Equation 1) (Xu et al., 2009); every 15 days, two plants were harvested and weighed to maintain the desired SRWC in the pots.
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where Wtotal is the current soil total weight (pot + soil + plant + water), Wpot is the weight of the empty pot, DWsoil is the dry soil weight, SFW is the fresh weight of two plants harvested every 15 days, and WFC is the soil weight at field capacity (soil + pot + water).

The experiment was performed in randomized blocks, with four replications in a 5 × 2 factorial design (five rates of K replacement by Na and two water conditions) for each Eucalyptus species, totaling 120 experimental units with one plant each.



Leaf Gas Exchange and Leaf Water Potential

The youngest fully expanded leaf of each plant was used to evaluate gas exchange in the morning (from 9 a.m. to 11 a.m.) using an infrared gas analyzer (IRGA, Li-6400XT, LICOR Inc., Lincoln, NE, United States) at environmental humidity and temperature. The external CO2 concentration (Ca) was fixed at 400 μmol and the photosynthetically active radiation (PAR) flux density at 1,200 μmol m–2 s–1. Photosynthesis (A), stomatal conductance (gs), and transpiration (E) were measured (Mateus et al., 2019). Mean leaf temperature during the measurement was 30°C. WUE (in grams dry matter per kilogram H2O–1) was calculated by dividing the total dry matter (TDM) value (belowground plus aboveground) by water consumption (WC) throughout the experiment (Martin and Thorstenson, 1988), which was obtained by calculating the daily weight reduction due to transpiration (Equation 2).
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where Sevap is the soil evaporation from the mean weight loss of four plantless pots.

In the same leaves, the predawn (3 a.m.) and noon (12 p.m.) leaf water potentials (ΨwPD and ΨwN, respectively) were also measured using a Scholander pressure chamber (Turner, 1981). All evaluations were realized prior to harvesting.



Stomatal Density and Leaf Area

Stomatal density (Std, stomates per square millimeter) was calculated using the two youngest fully expanded leaves per plant (Mateus et al., 2019) on abaxial and adaxial surfaces, applying the software package ImageJ1. Complementary micrograph material of Std was obtained by scanning electron microscopy (JEOL JSM-IT300 LV, Tokyo-Japan) at 20 kV, and digital images were recorded (Lavres et al., 2019).

Plants were harvested 120 days after the onset of the treatments, and their leaves, stems, branches, and roots were separated. Leaf area (LA) was obtained by passing all leaves through a leaf area integrator (LI-3100).



Dry Matter Production and Mineral Element Analysis

After drying in a forced air ventilation oven at 60°C for 72 h, each plant part was weighed to determine dry matter. Subsequently, the plant material was ground in a Wiley-type mill and forwarded to nitric–perchloric digestion (Malavolta et al., 1997) to quantify K and Na by inductively coupled plasma optical emission spectrometry (ICP-OES; iCAP 7000 Series, Thermo Fisher Scientific, Waltham, United States). Based on the leaf K and Na concentrations, we calculated the K/Na ratio, which was correlated with the estimated rate of maximum dry matter production (critical level of 90% maximum yield) of each genotype, obtained by equaling the equation to zero. The accumulations of K and Na were obtained by multiplying the concentration of each element in the tissue by the dry matter production of the respective tissue (root, stems, and leaves) and used to determine the use efficiency (UE, in grams per milligram) (Siddiqi and Glass, 1981) according to Equation 3.
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where nutrient refers to K or Na accumulation.



Leaf Carbon Isotope Composition (δ13C‰)

The same samples used for leaf dry matter determination were also used to assess the carbon isotope composition, determined using a mass spectrometer (ANCA-GSL Hydra 20-20 model, SERCON Co., Crewe, GBR) coupled to a C automatic analyzer (Barrie and Prosser, 1996), and the isotope values (in per mill) were calculated via Equation 4 (Farquhar and Sharkey, 1982).
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where R is the ratio of 13C/12C. The reference material is the Vienna Pee Dee Belemnite (PDB).



Statistical Analyses

Data were analyzed by the F test (p < 0.05), and significant differences among means were determined via Tukey’s post-hoc test (p < 0.05) to compare the WW and WS conditions. The significant effects of Na application were described by linear, quadratic, and square root regression models, in which the significant model (p < 0.05) with the highest determination coefficient (R2) was selected. The original data were standardized to be analyzed by principal component analysis (PCA) and cluster analysis, correlating the measured variables in each genotype and water condition. In cluster analysis, the treatments were grouped into functional units by their similarity; for the PCA, we used the treatments with Na supply for the first two main components (PC1 and PC2).

Statistical analyses were performed using the software packages SAS version 9.1 (SAS Institute Inc, 2004) and R version 3.5.1 (R Development Core Team, 2018). Data variability was indicated with standard error and shown graphically using SigmaPlot 11.0 (Systat Software Inc., San Jose, CA, United States).



RESULTS


Adaxial and Abaxial Stomatal Density

The leaves of E. saligna and E. urophylla were hypostomatic, occurring mainly on the abaxial surface, with lower than 25 stomates per square millimeter. In E. camaldulensis, however, the leaves were amphistomatous, with stomates occurring on both surfaces. Adaxial stomatal density (StdAD) was influenced by Na, WS, and Na∗WS in E. saligna, E. urophylla, and E. camaldulensis (Figures 1A–C). Abaxial stomatal density (StdAB) was influenced by Na and WS in E. saligna and E. urophylla, whereas in E. camaldulensis, it was affected by Na application (Figures 1D–F). E. saligna and E. camaldulensis seedlings grown under WW and WS conditions showed higher StdAD and StdAB levels with partial K replacement by Na. Additionally, the highest Na rate (0.9 mmolc dm–3 of Na) led to decreased StdAB levels by 50, 30, and 20% in E. saligna, E. urophylla, and E. camaldulensis, respectively. Water stress also decreased the mean StdAB by 15 and 10% in E. saligna and E. urophylla, respectively, irrespective of the Na rate.
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FIGURE 1. Stomatal density of the adaxial (StdAD) (A–C) and abaxial (StdAB) (D–F) leaf surfaces of Eucalyptus saligna (A,D), Eucalyptus urophylla (B,E), and Eucalyptus camaldulensis (C,F) seedlings under K partial replacement by Na in well-watered (WW) and water-stressed (WS) conditions. Vertical bars indicate standard errors among blocks (n = 4). The adjustment model is indicated by not significant (ns) and without suitable adjustment (wa).




Leaf Gas Exchange

Parameters A (assimilation rate; Figures 2A–C), E (transpiration rate; Figures 2D–F), and gs (Figures 2G–I) were influenced by Na and WS in all species. Partial K replacement by Na (up to 0.44 mmolc dm–3) increased A up to 55, 50, and 20% in E. saligna, E. urophylla, and E. camaldulensis, respectively, when compared to the control (0 mmolc dm–3 of Na). Meanwhile, the K-deficient plants of all genotypes had lower A. Compared to the control, the intermediary rates of Na also increased E up to 200 and 50% in E. saligna and E. urophylla, respectively, under both water conditions, and 40% in E. camaldulensis under WW. Against the other genotypes, E decreased until the intermediary Na rates for E. camaldulensis under WS conditions. The K-deficient plants had higher E, except for E. urophylla under WW. The gs increased with partial K replacement by Na up to 250% in E. saligna and to 50% in E. urophylla and E. camaldulensis under both water conditions compared to the control. K-deficient plants had significantly lower gs in E. urophylla under WW and E. camaldulensis under WS. Considering the mean of all rates, drought increased A by 20% in E. saligna and decreased its values by 15% in E. urophylla and E. camaldulensis; it also reduced the E values by 45, 35, and 75% and the gs values by 50, 30, and 55%, in E. saligna, E. urophylla, and E. camaldulensis, respectively, compared to those under WW.
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FIGURE 2. Photosynthetic rate (A) (A–C), leaf transpiration rate (E) (D–F), and stomatal conductance (gs) (G–I) in the leaves of Eucalyptus saligna (A,D,G), Eucalyptus urophylla (B,E,H), and Eucalyptus camaldulensis (C,F,I) seedlings under K partial replacement by Na in well-watered (WW) and water-stressed (WS) conditions. Vertical bars indicate standard errors between blocks (n = 4). The without suitable adjustment of a model is indicated by wa.




Leaf Carbon Isotope Composition (δ13C‰)

Factors Na, WS, and Na∗WS significantly influenced the leaf carbon isotopic compositions (δ13C‰) of E. saligna and E. urophylla, whereas for E. camaldulensis, it was affected by Na and WS (Figures 3A–C). Under WW, for E. saligna and E. camaldulensis, the δ13C‰ increased with lower Na application rates (0.22 mmolc dm–3 of Na) and decreased with higher Na rates. In contrast, the values of δ13C‰ for E. urophylla were reduced at lower rates (0.22 mmolc dm–3 of Na). The lowest δ13C‰ values were observed in K-deficient plants (0.9 mmolc dm–3 of Na) of E. urophylla and E. camaldulensis under both water conditions and in the intermediate Na rates (0.44 and 0.67 mmolc dm–3 of Na) of E. saligna under WS. Drought stress increased the δ13C‰ values of all species when compared to WW.
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FIGURE 3. Leaf Carbon Isotope Composition (δ13C‰) of Eucalyptus saligna (A), Eucalyptus urophylla (B), and Eucalyptus camaldulensis (C) seedlings under K partial replacement by Na in well-watered (WW) and water-stressed (WS) conditions. Vertical bars indicate standard errors among blocks (n = 4). The adjustment model is indicated by not significant (ns) and without suitable adjustment (wa).




Predawn and Noon Leaf Water Potentials

In E. saligna, both predawn (ΨwPD) and noon (ΨwN) leaf water potentials were affected by Na, WS, and Na∗WS (Figures 4A,D), while in E. urophylla (Figures 4B,E) and E. camaldulensis (Figures 4C,F), these were affected by Na and WS. The lowest ΨwPD and ΨwN values were found at low to intermediate Na rates (0.22 and 0.44 mmolc dm–3) in E. saligna as well as for E. urophylla under both water conditions, except the ΨwN of E. saligna under WW, which increased linearly with Na application. Otherwise, the ΨwPD of E. camaldulensis increased up to 0.67 mmolc dm–3 in both conditions, while the ΨwN decreased with increasing Na application rates. The ΨwPD values of all genotypes were lower under WS than under WW, while the opposite was found in ΨwN values since the WS conditions decreased up to 25, 10, and 55% for E. saligna, E. urophylla, and E. camaldulensis, respectively, considering the mean of all Na application rates.
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FIGURE 4. Predawn (ΨwPD) (A–C) and noon (ΨwN) (D–F) leaf water potentials of Eucalyptus saligna (A,D), Eucalyptus urophylla (B,E), and Eucalyptus camaldulensis (C,F) seedlings under K partial replacement by Na in well-watered (WW) and water-stressed (WS) conditions. Vertical bars indicate standard errors between blocks (n = 4).




Total Dry Matter Yield

The TDM of all genotypes was affected by Na, WS, and Na∗WS (Table 1). Partial K replacement by Na increased the TDM of all genotypes under both conditions, except in E. saligna under WS, which had a higher TDM than the control (0 mmolc dm–3 of Na), decreasing linearly with higher Na rates. The K-deficient plants (0.9 mmolc dm–3 of Na) had lower TDM levels by 35% under both water conditions compared to the control. Under WW, the maximum TDM (critical level) was reached with 0.048 mmolc dm–3 Na and 0.852 mmolc dm–3 K, corresponding to 5.3% substitution and 48.9 g per plant.


TABLE 1. Mean values (±standard errors, n = 4) of total dry matter (TDM) production, leaf area, and long-term water use efficiencies (WUEL) in the leaves of Eucalyptus saligna, Eucalyptus urophylla, and Eucalyptus camaldulensis seedlings under K partial replacement by Na in well-watered (WW) and water-stressed (WS) conditions.

[image: Table 1]In E. urophylla, a higher TDM level was found in plants with low Na rates (0.22 mmolc dm–3) at both water conditions, whereas K-deficient plants had decreased TDM by 50 and 30% than the control treatment in WW and WS, respectively. The estimated Na rate to give the maximum TDM was 0.06 mmolc dm–3 of Na and 0.84 mmolc dm–3 of K, which corresponded to 6.7% of substitution reaching 69.9 g per plant. Under WS, the estimated Na rate was 0.085 mmolc dm–3 and 0.815 mmolc dm–3 of K, corresponding to 9.3% substitution and 55.13 g per plant.

In contrast to the other genotypes, the higher TDM values of E. camaldulensis were observed up to an Na rate of 0.44 mmolc dm–3 under both water conditions, which means a substitution of K by Na around 50%. The K-deficient plants had lower TDM by 55 and 35% than the control treatment under the WW and WS conditions, respectively. The rates estimated to obtain the maximum TDM under WW was 0.27 mmol dm–3 of Na and 0.63 mmolc dm–3 of K, corresponding to a substitution level of 30% and 69.81 g per plant. Under WS, the estimated rates were 0.09 mmolc dm–3 of Na and 0.81 mmolc dm–3 of K, corresponding to 10% K replacement by Na and 46.4 g per plant.



Leaf Area

Leaf area (LA) was influenced by Na, WS, and Na∗WS in E. saligna (Table 1). Under WW, LA decreased up to 30% with higher Na application, while under WS, an increase around 10% occurred with intermediary rates of Na (0.44 and 0.67 mmolc dm–3) when compared to the control (0 mmolc dm–3 of Na). The LA of E. urophylla and E. camaldulensis was affected by Na and WS. Low to intermediary Na rates (0.22 and 0.44 mmolc dm–3) increased the LA of E. urophylla by up to 60 and 25% compared to the control under WW and WS, respectively. In E. camaldulensis, these Na rates increased the LA by 6% compared to the control under WW. Otherwise, K-deficient plants (0.9 mmolc dm–3 of Na) significantly decreased the LA up to 40% in all genotypes compared to the control. Water stress decreased the LA by 15, 35, and 36% in E. saligna, E. urophylla, and E. camaldulensis, respectively, according to the mean of all Na rates.



Water Use Efficiency

Water use efficiency (WUE) was influenced by Na, WS, and Na∗WS in E. saligna and E. camaldulensis, whereas in E. urophylla, it was only affected by Na and WS (Table 1). In E. saligna and E. urophylla under WW and in E. camaldulensis under both conditions, low K replacement by Na increased the WUE and decreased it in higher Na rates. Otherwise, plants of E. saligna and E. urophylla under WS decreased the WUE due to Na supply. Drought stress increased the WUE by 33, 35, and 17% in E. saligna, E. urophylla, and E. camaldulensis, respectively, irrespective of the Na rate. In addition, the mean WUE was higher in E. camaldulensis (drought tolerant), followed by E. urophylla (moderate tolerance) and E. saligna (drought sensitive) in both water conditions.



K and Na Leaf Concentrations and Efficiency of Use

The Na leaf concentration [Na] was influenced by Na and WS in E. saligna (Figure 5A), E. urophylla (Figure 5B), and E. camaldulensis (Figure 5C), While the K leaf concentration [K] was affected by Na, WS, and Na∗WS (Figure 5D) in E. saligna, E. urophylla (Figure 5E), and E. camaldulensis (Figure 5F). This affected only the Na rates and WS. Overall, K decreased and Na increased with increasing Na rates. In addition, the concentration levels were higher in plants under WW than in WS. In E. saligna under WW, the replacement of 5.3%, corresponding to 90% of TDM and reaching rates of 0.041 and 0.85 mmolc dm–3 of Na and K, respectively, decreased the K by 0.06 g kg–1, while Na increased by 0.12 g kg–1 compared to the application of only K, increasing plant growth. Furthermore, K of 2.9 g kg–1 was still above the critical level of K, without symptoms of deficiency. E. urophylla under WW with 6.7% of K replacement by Na reached the rates 0.06 and 0.83 mmolc dm–3 of Na and K, respectively; K decreased by 0.13 g kg–1, while Na increased by 0.018 g kg–1 compared to the application of only K. Under WS, 9.3% of K replacement by Na reached the rates 0.085 and 0.815 mmolc dm–3 of Na and K, respectively; K decreased by 0.07 g kg–1, while Na increased by 0.052 g kg–1 compared to the application of only K. Conversely, E. camaldulensis under WW, with 30% of K replacement by Na, reached the rates 0.27 and 0.63 mmolc dm–3 Na and K, respectively; K decreased by 0.46 g kg–1, while Na increased by 0.44 g kg–1 compared to the application of only K.


[image: image]

FIGURE 5. Leaf Na (A–C) and leaf K (D–F) concentrations of Eucalyptus saligna (A,D), Eucalyptus urophylla (B,E), and Eucalyptus camaldulensis (C,F) seedlings under K partial replacement by Na in well-watered (WW) and water-stressed (WS) conditions. Vertical bars indicate standard errors between blocks (n = 4).


Additionally, the leaf K/Na ratios decreased with increasing Na levels. According to the estimated rate of Na to achieve the maximum TDM of E. saligna, E. urophylla, and E. camaldulensis, the optimal leaf K/Na ratios were 1.7, 2.9, and 2.2, respectively, under WW and 2.6, 2.2, and 3.2, respectively, under WS (Table 2). UEK was affected by Na and WS, increasing up to 30% mainly with low K replacement by Na, while UENa was affected by Na, WS, and Na∗WS (Table 2), decreasing up to 70% with higher K replacement by Na. Water stress decreased the UE of both K and Na compared to WW.


TABLE 2. Mean values (±standard errors, n = 4) of leaf K/Na ratio and K and Na use efficiency of Eucalyptus saligna, Eucalyptus urophylla, and Eucalyptus camaldulensis seedlings under K partial replacement by Na in well-watered (WW) and water-stressed (WS) conditions.
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Characterization Among Genotypes

In E. saligna (Figure 6A), the total variance was explained by 64% (PC1 + PC2), with PC1 being explained by ΨwN, UEK, [K], and δ13C‰, while PC2 was explained by TDM, StdAB, and [Na]. The parameters A, WUE, LA, E, and gs contributed with average weights to explain the data variance in PC1 and PC2. Under WW, low to intermediate Na rates (up to 0.44 mmolc dm–3) were characterized by higher values of TDM and StdAB and lower values of Na and δ13C‰. Plants under lower Na rates and WS showed higher WUE and δ13C‰ values. The Na rate of 0.9 mmolc dm–3 resulted in higher Na levels and lower K, TDM, and StdAB values.
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FIGURE 6. Principal component analysis (PCA) (A,C,E) and hierarchical cluster analyses (B,D,F) of Eucalyptus saligna (A,B), Eucalyptus urophylla (C,D), and Eucalyptus camaldulensis (E,F) seedlings under K partial replacement by Na (0, 0.22, 0.44, 0.67, and 0.90 mmolc dm– 3 of Na) in well-watered (WW) and water-stressed (WS) conditions.


In E. urophylla (Figure 6C), the total variance was explained by 66% (PC1 + PC2), with PC1 being explained by gs and E and PC2 by WUE, δ13C‰, [K], TDM, and Na. The parameters StdAB, UEK, A, ΨwN, and LA contributed with average weights to explain the data variance in PC1 and PC2. Under WW, low to intermediate Na rates were characterized by higher values of TDM, StdAB, UEK, A, LA, gs, and E. Higher Na rates were identified by higher Na and lower TDM, [K], WUE, and δ13C‰ levels. Under WS, Na rates of 0 and 0.22 mmolc dm–3 resulted in higher WUE and δ13C‰ and lower LA, E, and gs levels.

In E. camaldulensis (Figure 6E), the total variance was explained by 77% (PC1 + PC2), with PC1 being explained by TDM, gs, LA, ΨwN, and [Na] and PC2 by WUE, δ13C‰, and E. The parameters [K], StdAB, A, and UEK contributed with average weights to explain the data variance in PC1 and PC2. Under WW, low to intermediate Na rates were characterized by higher values of TDM, gs, LA, ΨwN, and EUK and by lower values of [Na]. Moreover, the Na rate of 0.9 mmolc dm–3 resulted in higher E and [Na] and lower δ13C‰, WUE, and [K] values. Plants under WS with low to intermediate Na supply were characterized by higher values of [K], WUE, and δ13C‰ and by lower E values.

Cluster analysis showed the formation of three main groups among the treatments in all genotypes. In E. saligna (Figure 6B), group 1 was represented by Na rates of 0, 0.22, and 0.44 mmolc dm–3 under WW, which represented the control and low to intermediate rates; group 2 by the rate of 0.67 mmolc dm–3 under WW and the rates of 0, 0.22, 0.44, and 0.67 mmolc dm–3 under WS; and group 3 contained K-deficient plants (0.9 mmolc dm–3 of Na) under both conditions. In E. urophylla (Figure 6D), group 1 comprised plants receiving no Na under WW and 0.22, 0.44, and 0.9 mmolc dm–3 of Na under WS, while group 2 contained plants receiving 0.67 and 0.9 mmolc dm–3 of Na under WS. In group 3, the plants received 0.22, 0.44, and 0.67 mmolc dm–3 of Na under WW and no Na under WS. In E. camaldulensis (Figure 6F), group 1 was composed of plants receiving 0, 0.22, 0.44, and 0.67 mmolc dm–3 of Na under WW, while in group 2, plants received 0, 0.22, 0.44, and 0.67 mmolc dm–3 of Na under WS. In group 3, plants received only 0.9 mmolc dm–3 of Na under both water regimes.



DISCUSSION

To withstand drought periods, plants have evolved numerous mechanisms that vary among species (Merchant et al., 2007), which include morphological adaptations such as growth inhibition and stomatal closure (Warren et al., 2007), lowering its LA to avoid overheating (Ahrens et al., 2020) and water loss by leaf transpiration rates (Drake et al., 2019). For this, the plant reduces its tissue water content as a coordination of physiological and structural adaptations (Merchant et al., 2006), as well as cell contraction, turgor loss (Cosgrove, 1997), and slower leaf expansion (Pita-Barbosa et al., 2016). The ΨwN inducing stomatal closure plays a critical role in drought avoidance by protecting the integrity of xylem water transport, given that early stomatal closure and leaf shedding precede the beginning of embolism during prolonged drought stress (Li et al., 2020). The drought-induced reductions in plant growth were accompanied by a decrease in LA and leaf gas exchanges, differing in degree among species. Our findings clearly suggest that different genotypes provided adaptations to face drought stress, as indicated by the gs, ΨwN, and LA reductions, mainly observed in E. camaldulensis, showing a higher tolerance to drought stress (Table 1) and confirming Ψw as an effective indicator for measuring the drought tolerance of plants.

Furthermore, plants grown under WW showed the lowest decreases from ΨwPD to ΨwN, demonstrating a great reduction in osmotic pressure to maintain cell turgor in plants grown under WS, which unexpectedly showed higher ΨwPD than did plants under WW. Although different hydraulic systems have been found among species and genotypes of the same species (Costa e Silva et al., 2004), a lower ΨwPD was expected in WS relative to the WW condition (Drake et al., 2019). The replacement of K by Na in the vacuoles promoted a faster decrease in cell osmotic potential in plants under drought, as it also increased cell expansion in plants under adequate water availability (Hampe and Marschner, 1982). Albeit the three species demonstrated adaptive capacity to the experimental conditions, the values measured differently respond to treatments and water conditions due to the contrasting genotypic patterns that control drought tolerance (Ahrens et al., 2020). The variance in the Ψw values under the WW and WS conditions indicated that the differences in drought tolerance between the Eucalyptus species are associated with osmotic adjustments and drought avoidance mechanisms, turning essential the integration of several adaptive strategies simultaneously (Shvaleva et al., 2006). According to the authors, differences in the metabolic responses may also reflect distinct degrees of stress experienced throughout the experimental period. In general, osmolyte accumulation as a consequence of drought reduces the cell osmotic potential and improves the water absorption and cell turgor, sustaining future physiological processes, such as stomatal opening, photosynthesis, cell growth, and enhanced dehydration tolerance under drought conditions. As observed, the drought-avoidance mechanisms of E. camaldulensis did not reach the same degree of tolerance to drought stress by E. saligna and E. urophylla. Stomata distribution on the leaf surface was also related to the amount of energy used in transpiration (latent heat transfer; Jarvis and McNaughton, 1986). In E. saligna and E. urophylla, stomata occurred on the underside (hypostomatous leaves), which is common in plants of mesophytic habitats (Figure 1 and Supplementary Figure S1). However, the stomata of E. camaldulensis, the drought-tolerant genotype (Gonçalves et al., 2017), occurred on both sides (amphistomatous leaves), which is common in arid environments (Parkhurst, 1978) and has been correlated with a reduced internal diffusion resistance by the lower pathway length of CO2 molecules to the carboxylation sites (Mott and Michaelson, 1991). According to the authors, the occurrence of stomata on both sides would be advantageous in plants growing under high light intensity, where the internal CO2 concentration limits the photosynthetic rates. As observed in our study, adaptations to drought stress were stimulated in all Eucalyptus species with partial K replacement by Na.

An adequate K nutritional status of plants promotes tolerance to abiotic stress (Cakmak, 2005) and enhances the WUE of trees (Battie-Laclau et al., 2016) since water uptake by the roots and stomatal opening are facilitated by K accumulation in the root xylem vessels and guard cells, increasing the tissue’s water status and improving tolerance to water stress (Mengel et al., 2001). According to Ahrens et al. (2020), the WUE is correlated with δ13C‰, which in turn relates to leaf gas exchange properties. These statements are in agreement with our findings. Due to drought, the reduction in E (biophysical process) as a consequence of the significant decline in gs was not accompanied in the same degree by A (biophysical/biochemical process), increasing WUE, δ13C‰, and plant drought resistance (Egilla et al., 2005; Sarabi et al., 2019). In contrast to E. urophylla and E. camaldulensis, the drought increased A in E. saligna, which was unexpected. We hypothesize that evaluations in leaf scale as A, E, and gs produce accurate data of a specific time and may not always be reliable in predicting whole plant responses throughout their cycle (Jákli et al., 2016), which in turn can be reflected by δ13C‰ and WUE (Condon et al., 2002), integrative indicators of changes in the environmental conditions that occur during the entire experimental period (Seibt et al., 2008). Furthermore, drought stress reduced EUK and EUNa, being an adaptive strategy favoring nutrient accumulation in an unfavorable soil–climate situation to subsequently increase nutrient translocation and use under favorable growth conditions (Müller et al., 2017).

Our studies indicate that, to a certain degree, the replacement of K by Na promoted Eucalyptus growth (Subbarao et al., 1999; Krishnasamy et al., 2014), with a small amount of Na being equivalent to K in their function (Ivahupa et al., 2006). Plants with low K replacement by Na showed higher TDM compared to those receiving only K (0 mmolc dm–3 of Na) or of K-deficient plants (0.9 mmolc dm–3 of Na) even in those under WS, except for E. saligna, the drought-sensitive genotype (Table 1). As Na can partially substitute K in the vacuole, making more K available to the cytosol (Rodríguez-Navarro and Rubio, 2006), low K replacement by Na contributed to enhancing cell turgor and expansion (Wakeel et al., 2011), promoting plant growth (Martínez et al., 2005; Ma et al., 2011; Schulze et al., 2012; Battie-Laclau et al., 2013), as observed by the higher TDM concomitant to the lower ΨwN in plants. Furthermore, the estimated ideal percentage of substitution increased according to the drought tolerance of the genotypes, reaching 30% in E. camaldulensis under WW, confirming Na as a beneficial element in plant dry matter (Subbarao et al., 2003; Idowu and Aduayi, 2006; Wakeel et al., 2011; Kronzucker et al., 2013) even under drought (Yue et al., 2012; Xi et al., 2018). The leaf K/Na ratio is commonly used as a predictor of plant performance (Munns and Tester, 2008), varying among Eucalyptus genotypes (Marcar and Termaat, 1990). An appropriate leaf K/Na ratio was found for low K replacement by Na, as observed by the estimated maximum yield, varying from 1.5 to 3.1 among the Eucalyptus genotypes (Marcar and Termaat, 1990) and water regimes (Table 1). A similar leaf K/Na ratio of 3.4 was found by Mateus et al. (2019) in hybrid Eucalyptus subjected to K replacement by Na in the nutrient solution. This indicates that Na can reduce the critical levels of leaf K under an adequate K/Na ratio, providing changes in plant performance and demand, albeit without any symptoms of K deficiency (Besford, 1978; Krishnasamy et al., 2014). There is no evidence of key cytosolic components being hampered by a low Na supply, unlike under salinity conditions (Gattward et al., 2012), although a greater efficiency in the osmotic function of plants supplied with both K and Na was observed in our study, corroborating the results of previous studies (Jeschke, 1977). These authors suggested that the replacement of K by Na in the process of osmoregulation in vacuoles improved turgor and cell expansion (Pi et al., 2014). In our study, the low K replacement by Na (up to 50%) increased Std and, consequently, A, E, and gs at the expense of higher WUE values, evidencing the benefits of nutrient interaction to a certain degree.

Low K replacement by Na confirmed that nutrient interaction is a strategy to increase the UEK under low soil K availability, proposed by Laclau et al. (2003), not only allowing the maintenance of productivity despite the lower K supply but also favoring plant development (Ma et al., 2011) and allowing the increase in plant TDM. Notably, large proportions of substitution decreased the K/Na ratio and led to lower photosynthetic performance and biomass, as observed by the negative relationship between TDM and Na (Figure 6), evidencing the interaction among mineral nutrition, nutrient use, and soil water availability in Eucalyptus (Tariq et al., 2019). Potassium decreased concomitantly to the higher Na rates in Eucalyptus (Figure 5), suggesting that the Na ions were directed toward the vacuole as an alternative inorganic osmoticum (Flowers and Lauchli, 1983), including guard cells (Terry and Ulrich, 1973), and releasing K to the cytoplasm and metabolic pathways, such as in the chloroplast (Speer and Kaiser, 1991), stimulating photosynthesis (Krishnasamy et al., 2014) and water retention (Xi et al., 2018). It is widely hypothesized that despite the drop in K, the K cytoplasm concentration is maintained near 100 mmol L–1 K, which is required for adequate enzyme activities (Britto and Kronzucker, 2008), as also suggested by Gattward et al. (2012).

However, the stomata of plants under high K replacement by Na cannot function properly, favoring stomatal opening and promoting E. The absence of K stimulates ethylene synthesis (Benlloch-Gonzalez et al., 2010), impairing the action of abscisic acid on the stomata, decreasing gs and delaying stomatal closure (Tanaka et al., 2006), thus reducing WUE and TDM (White et al., 2009; Christina et al., 2018). The LA development was also directly affected by the plant mineral nutritional status (Marschner, 2012), especially K nutrition (Egilla et al., 2005; Battie-Laclau et al., 2013; Tavakol et al., 2018). In our study, yellowing in the leaf margins and even delayed stomatal closure were noticed in K-deficient plants (0.9 mmolc dm–3 of Na) (Wang et al., 2013), dramatically reducing LA (Bednarz et al., 1998). Plant yield also decreased due to K deficiency, an essential element that cannot be completely replaced (Arnon and Stout, 1939) due to its specific functions, such as enzyme activation, initiation (Spyrides, 1964), elongation (Lubin and Ennis, 1964), termination of translation (Näslund and Hultin, 1971), and conformation of ribosomes (Klein, 2004). Our results indicated that since K-deficient plants occurred at Na rates higher than 0.67 mmolc dm–3, a K/Na ratio of 1:0 is critical for Eucalyptus growth since lower ratios significantly decreased plant TDM. Thus, understanding the K/Na ratio mechanisms may be useful for the development of strategies to reduce K fertilization by replacing it with more cost- and energy-efficient alternatives (Benito et al., 2014).

Drought results in gs and gm impairments (Chaves et al., 2009), decreasing Ci and resulting in the fixation of available CO2 molecules. Thus, under drought, stomatal closure leads to the enrichment in 13C and, consequently, in a higher δ13C‰ (Robinson et al., 2000). In contrast, the decrease in δ13C‰ indicated higher stomatal aperture (Farquhar et al., 1989), as shown by the lower WUE, confirming that the stomata of K-deficient plants cannot function properly, favoring stomatal opening and promoting E. Therefore, K-deficient plants under both conditions were characterized by lower δ13C‰, WUE, TDM, and K levels and higher Na levels, which explains their grouping in the same cluster (0.9 mmolc dm–3 of Na under WW and WS) (Figure 6). Low K replacement, markedly under drought, also resulted in lower numbers of open stomata, indicated by the higher δ13C‰ (more positive) and WUE values, which was associated with a better response to drought, confirming the statement that the richer plants are in δ13C‰, the greater the WUE, as proposed by Farquhar et al. (1989). Our results also showed greater relative whole plant transpiration than the control plants, suggesting adequate stomatal closure by osmotic adjustment to avoid water loss at the expense of photosynthetic restriction and mitigating drought impacts. Moreover, plants with low replacement levels of K by Na were grouped into the same cluster, with similar responses characterized by higher Std, UEK, δ13C‰, WUE, TDM, and K levels and lower Na levels.



CONCLUSION

Regardless of the water condition, the substitution of K by Na at a level of 25–50% reduced the critical level of K without symptoms of K deficiency and allowed optimum Eucalyptus dry matter production. It also improved CO2 assimilation, Std, UEK, and WUE and maintained leaf turgidity by reducing ΨWN, with the stomata partially closed, indicated by the higher δ13C‰, mitigating the negative impacts of drought. Furthermore, the estimated ideal percentage of substitution increased according to the drought tolerance of the genotypes (E. saligna < E. urophylla < E. camaldulensis). When only Na was supplied, inferring K-deficient plants, in addition to the lower growth, plants were characterized by lower δ13C‰, WUEL, and K levels and higher Na levels. The ideal leaf K/Na ratio to provide the maximum yield varied from 1.7 to 3.2 among genotypes and water regimes; values below 1:0 were critical for Eucalyptus growth since lower ratios significantly decreased plant development.
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Leaf ionome indicates plant phylogenetic evolution and responses to environmental stress, which is a critical influential factor to the structure of species populations in local edaphic sites. However, little is known about leaf ionomic responses of local plant species to natural edaphic mineral variations. In the present study, all plant species and soil samples from a total of 80 soil sites in Shiozuka Highland were collected for multi-elemental analysis. Ioniomic data of species were used for statistical analysis, representing 24 species and 10 families. Specific preferences to ionomic accumulation in plants were obviously affected by the phylogeny, whereas edaphic impacts were also strong but limited within the phylogenetic preset. Correlations among elements resulted from not only elemental synergy and competition but also the adaptive evolution to withstand environmental stresses. Furthermore, ionomic differences of plant families were mainly derived from non-essential elements. The majority of variations in leaf ionome is undoubtedly regulated by evolutionary factors, but externalities, especially environmental stresses also have an important regulating function for landscape formation, determining that the contributions of each factor to ionomic variations of plant species for adaptation to environmental stress provides a new insight for further research on ionomic responses of ecological speciation to environmental perturbations and their corresponding adaptive evolutions.
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INTRODUCTION

Almost all terricolous plants depend on soil as their source of mineral nutrients and trace elements, including both essential and non-essential elements, to assemble an elemental composition in living organisms, which are defined as ionome (Salt et al., 2008). As a result of elemental accumulation, the ionome is regulated by both genetic and environmental factors (Neugebauer et al., 2020). With the development of high-throughput elemental analysis methods, such as inductively coupled plasma–mass spectrometry (ICP-MS) and ICP-atomic emission spectrometry (AES), ionomic research has been significantly accelerated (Huang and Salt, 2016).

To maintain ionomic homeostasis while adapting to different environments, the uptake, transport, and accumulation of mineral elements in different plant species are usually conducted with high specificity in terms of preference. Therefore, different plant species exhibit significant differences in ionome profile in the whole plant or in organs, tissues, or cells, although they live under identical soil conditions (Broadley and White, 2012; White et al., 2012; Watanabe et al., 2015). Fundamentally, natural selection causes plant species to choose different mutational and evolutionary strategies to adapt to environmental stresses, as reflected in the differences in their genomes and gene expression (Neugebauer et al., 2020). Because of limited resources in a small soil ecological environment, there may be overlapping niches among different plant species, leading to survival mode, with coexisting competition and cooperation (Treurnicht et al., 2019). Thus, the ionome of abundant plant species in a limited ecological system is largely influenced by the mineral nutritional status of soil and the considerable differences among plant species of contrasting nutrient acquisition strategies (Hayes et al., 2014). Generally, several plant species still have a high affinity to non-essential elements, although the quantity of essential elements in plants is much larger than that of non-essential ones (Watanabe et al., 2006). For example, Melastoma malabathricum was reported to hyperaccumulate aluminum (Al) combined with other nutrients in plant tissues to stimulate root activity, whereas the growth of barley was restricted with Al treatment (Watanabe et al., 2005). Furthermore, Praveen et al. (2019) planted wheat with several arsenic (As) accumulators (Pteris vittata, Phragmites australis, and Vetiveria zizanioides) in As-contaminated plots to reduce As accumulation in wheat. Consequently, the correlations of ionomic variations in plant species are important for ecological studies to understand how differences in soil mineral status affect elemental compositions in different plant species (Lai et al., 2018; Roeling et al., 2018; Pillon et al., 2019).

Plants living in different soil environments prefer to adjust their ionomic uptake and accumulation strategies to maximize their functional ionomic status. Thus, changes in soil conditions cause variations in plant ionome even for plants of the same species (Watanabe et al., 2015; Jiang et al., 2018). Genetic expression and regulation in plants are stimulated by environmental signals. Busoms et al. (2015) concluded that local adaptation occurred between coastal and inland populations of Arabidopsis Thaliana species living <30 km from each other and that adaptation was driven by different salinity levels. In Southwest Australia, members of the family Proteaceae efficiently evolved in terms of phosphorus (P) utilization mechanism to adapt to P-deficient soil (Lambers et al., 2015). Thus, the ionome of plants growing under different soil conditions is crucial for broadening current knowledge on ecologic adaptation.

Previous studies have mostly focused on the response of plants with respect to a single factor, such as plant species or soil condition, to environmental stress; however, very few studies have been conducted to elucidate the ionomic responses of different plant species of a large population to edaphic mineral variations. Foliar ionome depends largely, but not definitely (He et al., 2010; Geng et al., 2011), on soil mineral conditions and availability (Mueller et al., 2010). Furthermore, fallen senesced leaves can be degraded and returned to the roots, which may strongly affect productivity and diversity of microflora and ecosystems by changing soil humus quality and decomposition rates (Grime, 2001; Kitayama et al., 2004; Wardle et al., 2009). For these notions, we analyzed integrated leaf ionome across species and different soil conditions to reflect the nature and strength of mineral nutritional status in the ecosystem (Grime et al., 1997; Güsewell et al., 2005). We sampled and measured the concentration of 25 elements in leaves of different plant species via ICP-MS. We analyzed the obtained data through multivariate statistical analysis. The present study aims to examine the correlation among plant species and soil conditions on ionomic variations to reveal the responses of different plant species to environmental conditions.



MATERIALS AND METHODS


Plant Materials and Soil Sampling in the Sites

A field survey was conducted in Shiozuka Highland, Shikoku District, Japan (33°55′ N, 133°40′ E) (Figure 1). We examined a total of 80 sites, with a 1 m × 1 m quadrat in each site, within a 5-day period to avoid the potential effects of precipitation or temperature on ionomic variations. We sampled and recorded every plant species that were found in each site; however, only ionomic data of plant species found in more than 10 sites were subjected for subsequent analyses, which was represented by 24 plant species of 10 families (APG III, Smith et al., 2006; Supplementary Table 1). Plant samples were oven-dried at 70°C for 1 week and then ground into a fine powder using a vibrating cup mill made of zirconia (MC—4A, Ito Seisakusho, Tokyo, Japan). We collected soil samples from each site five times from a depth of 0 to 5 cm using a 100 mL cylindrical sampling core (5.0 cm high), and then, mixed them into one sample to represent the surface soil of each site, thereby eliminating edaphic imbalances.


[image: image]

FIGURE 1. Study area and sampling site. The top-left map shows the location of Shikoku in Japan and the bottom-left indicates the location of Shiozuka highland. The main map on the right shows the distribution of sampling sites in the Shiozuka highland.




Ionomic Analysis of Samples

An approximately 200 mg aliquot of the powdered plant sample was added to 10 mL of approximately 60% HNO3 (specially prepared reagent; Nacalai-Tesque, Inc., Kyoto, Japan) in a glass digestion tube, stood overnight at room temperature, and then heated at 110°C with a DigiPREP MS apparatus (GL Sciences, Inc., Tokyo, Japan) until the leaf powder had almost disappeared. Then, we mixed the sample solution with 1 mL of H2O2 (semiconductor grade; Santoku Chemical, Tokyo, Japan) and heated at 110°C using the DigiPREP MS apparatus, which resulted in a clear solution. After cooling, the digested solution was filled to 50 mL using Milli-Q water, filtered using a filter paper (No. 5B, Toyo Roshi Kaisha, Ltd., Tokyo, Japan), and then subjected to ICP-MS analysis (Elan, DRC-e; PerkinElmer, Waltham, MA, United States) to determine the concentrations of 25 elements, namely, phosphorus (P), potassium (K), sulfur (S), calcium (Ca), magnesium (Mg), iron (Fe), manganese (Mn), zinc (Zn), copper (Cu), boron (B), molybdenum (Mo), nickel (Ni), Al, barium (Ba), sodium (Na), rubidium (Rb), strontium (Sr), As, cadmium (Cd), cobalt (Co), chromium (Cr), cesium (Cs), selenium (Se), lithium (Li), and vanadium (V). Air-dried soil samples were extracted using two extractants, namely, water (soil:Milli-Q water; 1:2.5, w/v) and 1 M ammonium acetate (soil:ammonium acetate; 1:5, w/v), for analysis. We directly measured the water extracts through ICP-MS, and ammonium acetate extracts were digested using the aforementioned procedure and then determined using ICP-MS. Available P was measured using the method previously described by Bray and Kurtz (1945). For the determination of soil pH, exchangeable acidity, and electrical conductivity, a multifunctional soil meter was conducted (Supplementary Table 2).



Statistical Analysis

We conducted a linear mixed model using the residual maximum likelihood (REML) method to separate the estimated variance fractions of the total variance into plant species, soil sites, species–soil interaction, and residual components. The estimated means from the REML values were used as concentrations of individual elements to conduct a hierarchical cluster analysis (HCA). We performed a principal component analysis (PCA) using standardized (mean of zero and variance of one) leaf elemental concentrations in the plant families with the large ionomic differences in the results of HCA. Pearson’s correlation analysis was conducted at significance levels of p < 0.05 and p < 0.01. All statistical analyses were calculated using the Minitab 19 program (Minitab Inc., State College, PA, United States). We visualized data using multiple software, such as R (V.3.6.3) with “ggplot2” and “corrplot” packages, as well as TBtools (V.0.67) (Chen et al., 2020).



RESULTS


Ionomic Profile of Different Plants Species Living in Different Soil Sites

In the present study, we examined leaf ionomic profiles of plant species thriving in 80 different natural soil sites in Shiozuka Highland and finally selected 24 plant species belonging to 10 families that grow in more than 10 different sites for further analysis. The concentrations of nutrients and non-essential elements in plant leaves, respectively, as boxplots are shown in Figures 2, 3. For better visualization of the boxplots, we conducted a log10 conversion on raw ionomic data to avoid figure deformation caused by outliers. The concentration of elements in the leaves of different plant species followed an element specificity pattern of macroelements > microelements (Figures 2, 3). The concentration of each element in Disporum sessile was higher than that in Miscanthus sinensis, Arundinella hirta, Dactylis glomerata, and Agrostis gigantea, which belong to the family Poaceae, except for P, K, Mo, Ba, Rb, Cs, and Li. Furthermore, the leaf concentrations of most minerals in D. glomerate and A. gigantea were higher than those among other members of the family Poaceae. The concentration of most mineral elements was comparable among five plant species among the family Asteraceae, whereas the ionome of plant species among the family Fabaceae displayed a significant difference in several elements. For example, the concentrations of elements in the leaves of Uraria crinita were much lower than those in the leaves of other species among the family Fabaceae but contrastingly much higher in terms of Mo concentration. It demonstrated that there are different preferences for the accumulation of specific elements for different plant species, whereas species in the same family appear to have similar preferences for most elements.
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FIGURE 2. Boxplot showing leaf log10 concentrations of 12 essential elements (P, K, S, Ca, Mg, Fe, Mn, Zn, Cu, B, Mo, and Ni) of diverse plant species. Different box colors represent various plant families (as indicated below). Species from left to right: Disporum sessile, Miscanthus sinensis, Arundinella hirta, Dactylis glomerata, Agrostis gigantea, Artemisia japonica, Artemisia indica, Aster scaber, Aster microcephalus, Aster ageratoides, Cirsium nipponicum, Hydrangea paniculata, Patrinia scabiosifolia, Lysimachia clethroides, Pueraria lobata, Apios fortunei, Amphicarpaea bracteata, Lespedeza bicolor, Uraria crinita, Viola rossii, Potentilla freyniana, Potentilla fragarioides, Rubus parvifolius, and Pteridium aquilinum.
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FIGURE 3. Boxplot showing leaf log10 concentrations of 13 non-essential elements (Al, Na, Ba, Rb, Sr, As, Cd, Co, Cr, Cs, Se, Li, and V) for 24 different plant species.




Ionomic Variations of Leaf Elements and Their Contributing Sources

The results of our descriptive statistical analysis that was conducted to quantify the sources of variation affecting each mineral element are presented in Table 1. The coefficient of variation (CV, the ratio of the standard deviation to mean) for leaf element concentrations listed was in a range from 0.44 to 2.40, increasing in the order S < K < Cr < P < B < Mg < Sr = Ca < Zn < Rb < Mn < Ni = Cu = Fe < As < Na < Se < Ba < Cs < Al < V < Cd < Co < Mo < Li. It indicated that non-essential elemental concentrations had larger variations than that of essential elements, excluding Cr (0.53), Sr (0.68), and Rb (0.74); and the CVs of macroelement concentration tended to be less than that of microelement concentration, except for Cr and Sr. The demand for essential elements, which is crucial to plant growth and development, turned out to be more stable than that of non-essential elements.


TABLE 1. Variations in leaf elemental concentrations among plant species and soil conditions (n = 549).

[image: Table 1]The linear mixed model was conducted using the REML method to segregate variance components of the total variance into plant species and soil sites. Species explained 12.19–77.21% of the total variance in leaf elemental concentration, whereas soil sites and interaction among different sites and plant species explained 0.61–52.64% and 0.05–71.41%, respectively (Table 1). Species exerted the strongest effect on almost half of the elemental concentrations among the four variance components, including all macroelements, except for P. The >50% variance in leaf K, Ca, Mg, Zn, B, Ba, Sr, Cd, and Co concentrations in all sites may be due to plant species. Inversely, the residual component explained < 10% of the total variance in all elemental concentrations, except for Mn, Zn, Rb, Cd, and Cr, and had a stronger effect than other components only in that of Mn (42.70%; Table 1). Soil condition played a bigger role than species only in P, Mo, Rb, Cr, and Se concentrations. The variations of most leaf mineral concentrations in our survey may be due to the interaction between species and soil, with values > 20%, even up to 71%, in that of Li. Furthermore, results showed that there was no interactive influence by soil condition and plant species on the variations of leaf Zn and Mn concentrations (Table 1). The analysis of variance (ANOVA) analysis results showed that interspecific ionomic variations were extremely significant (p < 0.01), irrespective of whether it is for macroelements or microelements. By contrast, diverse soil conditions caused a weaker effect on variations of elemental concentration (Table 1), since only half of the elements showed extremely significant differences (p < 0.01).



Ionomic Network Among Different Plant Species and Soil Environment

To verify whether significant interactions existed for leaf ionome among diverse plant species and soil conditions in the ecologic niche, we conducted correlation analysis. Due to the similarity of ionomic profiles in the same plant family (Figures 2, 3), we performed leaf elemental correlation analysis in different families. For a large sample size and higher statistical credibility, four families (Rosaceae, Asteraceae, Fabaceae, and Poaceae) with over three plant species in each family were representatively chosen to visualize in the correlation-heatmaps (Figures 4A–D). Generally, ionomic interactions in different plant families showed phylogeny-specific traits. Most of the minerals in the family Fabaceae displayed significantly positive correlations; however, that in other families expressed weaker correlations. Furthermore, ionomic correlations in the family Rosaceae showed several similarities to family Asteraceae, as well as those in the family Fabaceae to the family Poaceae. The macroelements in the families Rosaceae and Asteraceae have much weaker correlations with other elements than that in the families Fabaceae and Poaceae. However, correlations among the heavy metals in the family Asteraceae tended to be stronger than those in the family Poaceae, excluding Sr, As, and Cd. Interestingly, the interaction among several minerals in different families was variable, even completely opposite. For example, in the family Rosaceae, P was significantly (p < 0.05) negatively correlated with almost all other minerals, whereas it turned out to have a significantly positive correlation in the families Fabaceae and Poaceae. Therefore, different plant leaf ionomes are largely regulated by phylogenetic traits.
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FIGURE 4. Heatmap showing correlation coefficients among leaf elements in the families (A) Rosaceae, (B) Asteraceae, (C) Fabaceae, and (D) Poaceae.


Furthermore, a correlation analysis between plant leaf and rooted soil minerals was conducted to better explain the response of leaf ionomic variations in plants to the effects of soil mineral status (Figure 5). Since the number of different plant species from different soils was not uniform, the correlation coefficient values of diverse species cannot be directly compared using the heatmap. We marked the significant correlation markers (∗ and ∗∗) in Figure 5 to aid our data interpretation. Hierarchical cluster analysis (HCA) results showed that the concentrations of Al, P, Ca, Mn, Ba, and Rb in soil showed significant correlations with those in most plant species. However, the significant correlations between most elements in leaf and soil were shown in only a few plant species, either for essential elements, such as K and Mg, or for non-essential minerals. For Na and Cr, no significant interaction was detected between leaf and soil in all species. Generally, the interactions between most minerals in leaf and soil were unremarkable. Interestingly, the leaf concentration of several heavy metals (Al, As, Cd, Cs, Se, V, Cu, and Zn) was notably negatively correlated with that in soil (Figure 5). It demonstrated that in the presently surveyed plant species, the phylogenetic traits can largely resist the variations of required soil minerals, but it may poorly adapt to fluctuations of soil P, Ca, and Mn concentrations.
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FIGURE 5. Heatmap showing correlation coefficients between leaves of different plant species and soil elemental concentrations. For soil elemental concentration data, P was shown as Bray II-P, and Soil B and Li were presented as a water-extractable form, respectively, whereas others were presented as a ammonium acetate-extractable form. Hierarchical cluster analysis was applied to minerals but not to plant species. Row data were normalized to fit the size relations of the correlation coefficients (r) for better visualization. The r was evaluated through Pearson’s correlation analysis. * and ** represent p < 0.05 and p < 0.01, respectively.




Ionomic Differences in Diverse Plant Species and Soil Sites

To determine ionomic differences, we conducted hierarchical clustering of the leaf mineral concentrations of plant species and families using the estimated means from the REML analysis, and then, we visualized the data as a combined looping heatmap; however, HCA was only conducted to minerals, but not to species, because of the better observed classification of the families (Figure 6). The minerals in the plant species were classified into two principal clusters: Cluster 1 contained microelements Rb, Cs, Mo, Se, and macroelement P, whereas Cluster 2 included other elements. Although there was no dendrogram conducted among plant species, we observed that species in the same family showed higher similarities for element accumulation. The species that accumulated more elements in Cluster 1 were Aster microcephalus, Aster ageratoides, Artemisia japonica, Artemisia indica (belonging to Asteraceae), Pteridium aquilinum, and Dactylis glomerata. According to family clusters, Cluster 1 contained Rb, Cs, Mo, and P, plus Cu, Ba, and Sr, without Se. It clearly displayed that for P, Cu, and Mo, the plants in the family Asteraceae showed high accumulation; and for Ba, Mn, Rb, and Cs, Pteridium aquilinum (of the family Dennstaedtiaceae) showed the highest accumulation. However, there is no high accumulation of P in the family Poaceae, contrary to D. glomerata. It indicated the affinity to P in other members of the family Poaceae is low. Leaf elemental accumulation in Cluster 2 was also observed to be diverse in different species and families. Roughly, Cu, Na, Li, Co, Zn, Cd, and macronutrient K were mainly accumulated in Disporum sessile, Viola rossii, and members of the family Asteraceae. Furthermore, Patrinia Scabiosifolia showed the highest affinity to Co among all the species that were surveyed. For S, Cr, Al, Fe, and V accumulation, D. sessile and V. rossii showed the highest accumulation, and the species in the family Fabaceae (Apios fortune and Amphicarpaea bracteata) ranked second. However, the leaves of Lespedeza bicolor, A. hirta, and M. sinensis appeared insensitive to mineral accumulation, and all elements maintained a low level among species, showing that the latter two species were totally different from the rest of the species in the family Poaceae. Because of this, ionomic accumulation in the family Poaceae showed the lowest value among all families. For Cluster 2 in family classification, ionomic accumulation greatly varied, and different families held specific preferences or exclusions to several elements (Figure 6). Generally, essential elements were not separated from non-essentials, and macronutrients were not segregated from micronutrients. Principal component analysis (PCA) was only conducted to classify several families with ionomic variations in HCA, including all (Figure 7A), essential (Figure 7B), and non-essential elements (Figure 7C). The score plot and loading plot were separately displayed. The separation of the families in the three plots was weakly conducted. Only the family Poaceae was separated from the families Valerianaceae and Violaceae in all and essential elements because it was formerly located on the negative axis of PC1 in the three plots (Figures 7A,B). However, in the loading plots, there was no element negatively loading on PC1. It indicated that the family Poaceae had no affinity to all elements, which is consistent with our HCA results (Figure 6). Furthermore, the plots of all elements were similar to those of non-essential elements, indicating that non-essential elements, rather than essential elements, dominantly contributed to the observed ionomic differences.
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FIGURE 6. Composite loop heatmap showing ionomes of leaf elemental concentrations in diverse plant species with their respective families. Hierarchical cluster analysis was applied to minerals but not to plant species. For better visualization, a log10 transformation was conducted on raw data. Column data in plant species and families of different elements were normalized.
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FIGURE 7. Principal component analysis (PCA) of elements in the leaves of plant species from different families. Scores on PC1 and PC2 with (A) all elements, (B) essential elements, and (C) non-essential elements, as well as the corresponding loading plots, respectively, were included.




DISCUSSION

Soil is known as a heterogeneous entity with possible elemental variations found within short distances (Baxter and Dilkes, 2012). Hence, we conducted a sampling design that corresponds to soil and plants and used multiple mixed means to reflect real soil conditions as close as possible. A widely edaphic mineral concentration range (CV from 0.36 K to 2.36 Mo) observed in this geographic scale suggests that the purpose of the present study, that is, to evaluate natural ionomic variations of plant species under diverse soil conditions, is achievable (Supplementary Table 2).

The interspecific and intraspecific variations of elemental concentration are shown in Figures 2, 3. Ionomic response to edaphic conditions among families tended to vary for most elements; however, preferences of different species in the same family to minerals were not always similar. As a result of the intervention of soil properties, several outliers existed in almost all the elements that are used by plant species under diverse soil conditions, resulting in higher ranges of the CV of leaf elements; however, the magnitude of leaf elemental concentration still followed the range of element specificity, that is, macroelements > microelements, which is similar to several previous studies (White et al., 2012; Watanabe et al., 2016; Stein et al., 2017; Neugebauer et al., 2020). The ANOVA and REML analysis results showed the species that dominantly contributed to variances in K, Ca, Mg, Fe, Cu, Zn, B, Ba, Sr, Cd, and Co concentrations, of which there is no significant difference among diverse soil sites in terms of Fe, Cu, Zn, Ba, and Sr concentrations (Table 1), which indicated more robust adaptation strategies to edaphic perturbations of these metallic elements than other elements, agreeing with the results of a study by White et al. (2012). Furthermore, leaf accumulation of heavy metals, such as Zn, Cd, and Pb, showed soil-independent population-related variations in A. halleri populations (Stein et al., 2017), which also supports the conclusion that the influence of soil to accumulation affinity to heavy metals is species-dependent (Xu et al., 2020). Contrastingly, soil factor contributed more than species to variations in P, Mo, Rb, Cr, and Se concentrations, especially more than 50% in Mo, and we coincidentally observed much higher variations in P and Mo concentrations in soil in the current survey (Supplementary Table 2). The same situation was observed in P, K, S, and Na in a previous study, with annual differential fertilizations (White et al., 2012). It demonstrated that high mineral concentration gradients of several elements in soil, to a certain extent, can perturb leaf ionome profiles. We also considered the species–soil interaction as a factor that is independent of residual components (Table 1). Most of the leaf mineral concentration variations in the present survey can be due to species–soil interaction, even up to 71% in that of Li. It indicated that ionomic variations represent the sum of ancient evolutionary occurrences in phylogeny and living environmental adaptations in ecosystems (van der Ent et al., 2018); hence, phylogenetic and environmental factors cannot be considered independent of each other in terms of affecting leaf ionome (Watanabe et al., 2006). Furthermore, because of the small geographic scale of our survey, the residual components that largely contributed to the findings in a previous study, such as latitude (Zhang et al., 2012), were small, except for Zn and Mn (Table 1). The real profiles of Zn and Mn in soil may be masked because of the strong heterogeneity of these elements, and results consequently underestimated the contributions of soil factors. In conclusion, for the main ionomic variation factor, there are considerable disagreements regarding this matter, as many researchers believed that species/families are the biggest driver for ionomic variations (Chu et al., 2015; Miatto and Batalha, 2016; Watanabe et al., 2016; Zhao et al., 2016), whereas (Zhang et al., 2012) and (Zhao et al., 2017) held the arguments that these variations were mainly driven by environmental conditions. Our results indicated that phylogenetic traits largely controlled the variations of leaf elemental concentration among plant species, whereas environmental impacts are limited within the preset range but still strongly affect variations of several elements.

Correlation analysis, as a common method for interaction (Feng et al., 2017; Du et al., 2020), was conducted to build the heatmap (Figures 4, 5). To stress the influences of phylogeny on ionomic interaction, correlations among elements were analyzed based on families. Several significant interactions were shown among elements in four plant families (Figure 4). For most elements, correlations showed similar positive/negative situations among families at different degrees. Elements with similar physicochemical properties are known to share or compete pathways or transporter systems to accumulate in leaves, as demonstrated in several studies on elements, such as Al and Fe (Watanabe et al., 2006), Cd and Zn (Baekgaard et al., 2010), As and S (Watanabe et al., 2014), As and Se (Zhou, 2017), and Cd and Se (Affholder et al., 2019). Interestingly, in the families Rosaceae and Asteraceae, the interaction between P and most of the other elements were significantly negative, whereas that in the families Fabaceae and Poaceae were positive. The OsWRKY28 gene affects As (V) and P accumulation in rice by influencing phytohormone homeostasis (Wang et al., 2018). It is consistent with the relations between As and P in the families Fabaceae and Poaceae, whereas it was the opposite in the families Rosaceae and Asteraceae. In A. thaliana, roots and coumarin variation response to P deficiency were regulated by Fe homeostasis and vice versa (Chutia et al., 2019; Wang et al., 2019). However, in the family Rosaceae, the correlation between P and Fe was negative. It indicated that interactions between P and other elements were driven not only by mineral speciation but also by phylogenetic traits and environmental facilitation (Baxter, 2009); however, positive correlations consequently could not always be deduced for the same pathways (Baxter, 2009; Du et al., 2019). A low-P-tolerant species, Hakea prostrata, living in Southwest Australia was observed to have a similarly lower concentration of Zn and Cu under both hydroponic and soil conditions, whereas the concentrations of these metals in the hydroponics were much higher than in the soil conditions (Turner and Laliberté, 2015; Prodhan et al., 2017). H. prostrata was reported to take a strategy to reduce P use by controlling protein synthesis, leading to strict restrictions on Zn and Cu utilization (Prodhan et al., 2019). Therefore, we reasonably hypothesized that interactions among elements are regulated not only by pathway/transport systems but also by survival strategies to environmental stresses and genetic evolutions. The correlation analysis of elemental concentrations between leaf and soil provided a complementary explanation for ionome networks (Figure 5). Leaf P and Ca concentrations were significantly positively correlated to the corresponding minerals in the soil for most of the species; as well as leaf concentrations of Mn, Rb, Al, and Ba for more than five species (Figure 5). It is consistent with our previous analysis that soil contributed largely to P concentration variations in plant leaves (Table 1), supporting that leaf P concentration was strongly affected by soil conditions. However, as a robust mineral to soil variations, Ca also showed a strong positive correlation with soil Ca concentration without species disturbance. It is likely that the soil also has a strong effect on Ca concentration variations in leaves; however, species dominantly contributed to these variations. Notably, there were negative correlations observed in several species between leaf and soil for Cd, As, Cu, Se, Cs, and Al concentrations, respectively. A similar situation involving Arabidopsis halleri populations in heavy metal-contaminated sites exhibited lower Zn and Cd accumulation than A. halleri populations in non-metalliferous sites (Bert et al., 2002; Stein et al., 2017), which was interpreted as an outcome of natural selection by restricting plant growth and root activity, and this selection on heavy metals in leaf ionome seems more complex than other elements (Stein et al., 2017). It demonstrated that physiologic strategies of several species for hyper-tolerance were activated by heavy metal-polluted edaphic sites, implying adaptive evolution (Pauwels et al., 2012).

Hierarchical cluster analysis showed that the clustering of elements in species was similar to that in the families. Essential elements were not separated from non-essentials ones similarly that macronutrients were not departed from micronutrients at both species and family levels (Figure 6). According to HCA at the family level, minerals were clearly clustered and families were separated by ionomic profiles, which is consistent with many previous studies that distinguished plant families using their corresponding shoot or leaf ionomes (White et al., 2012; Watanabe et al., 2016; Neugebauer et al., 2020). However, PCA results did not perfectly support the conclusions, which may be due to the fact that only 50.5 and 44.7% of the total variance were explained by PC1 and PC2 in all essential and non-essential elements; hence, several separation information may be hidden by other dimensionalities. Most plant species strategically meet similar essential elements for growth and propagation, even those with extremely diverse preferences to non-essential elements and heavy metals (Marschner, 2012). Consistent with our PCA results (Figure 7), ionomic profile difference, to a certain extent, was driven by preference to non-essential elements.

As discussed, different plant species/families have different preferences and tolerances to soil properties. The competition of plants is imposed by natural selection to limit ecological niches, and only the fittest shall survive. Hence, we conducted the correlation analysis between vegetation cover ratio (VCR) and soil properties (Table 2). Results show that the VCR of M. sinensis showed significantly positive correlations for Al, Na, and other heavy metals but showed a negative correlation for P. Contrastingly, the VCR of A. hirta was negatively correlated with Al, and that of A. indica, with Na, Rb, and Se. It indicated that M. sinensis has stronger competitiveness to occupy ecological niches under acidic soil conditions than other competing species. Further research is warranted on the apoptosis/harvest of plants in the whole growth period under controlled regions to accurately study the ecologic niche competition driven by soil ionome.


TABLE 2. Correlation coefficients between vegetation cover ratios and soil extractable elemental concentrationsa.

[image: Table 2]
All in all, the present study complemented and provided a novel insight into the specific preferences that affect ionomic variations in plants, which were largely controlled by phylogenetic factors, whereas edaphic impacts were also strongly but limitedly (especially heavy metals) within the phylogenetic preset for species survival. Furthermore, these preferences and tolerances for minerals were ultimately translated into one of the determinants for plant survival under environmental stress conditions and in interspecific competition. Therefore, the present study presented new prospects and challenges for further research on ionomic responses of different plant species to environmental perturbations and adaptive evolutions.
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To cope with P, S, or Fe deficiency, dicot plants, like Arabidopsis, develop several responses (mainly in their roots) aimed to facilitate the mobilization and uptake of the deficient nutrient. Within these responses are the modification of root morphology, an increased number of transporters, augmented synthesis-release of nutrient solubilizing compounds and the enhancement of some enzymatic activities, like ferric reductase activity (FRA) or phosphatase activity (PA). Once a nutrient has been acquired in enough quantity, these responses should be switched off to minimize energy costs and toxicity. This implies that they are tightly regulated. Although the responses to each deficiency are induced in a rather specific manner, crosstalk between them is frequent and in such a way that P, S, or Fe deficiency can induce responses related to the other two nutrients. The regulation of the responses is not totally known but some hormones and signaling substances have been involved, either as activators [ethylene (ET), auxin, nitric oxide (NO)], or repressors [cytokinins (CKs)]. The plant hormone ET is involved in the regulation of responses to P, S, or Fe deficiency, and this could partly explain the crosstalk between them. In spite of these crosslinks, it can be hypothesized that, to confer the maximum specificity to the responses of each deficiency, ET should act in conjunction with other signals and/or through different transduction pathways. To study this latter possibility, several responses to P, S, or Fe deficiency have been studied in the Arabidopis wild-type cultivar (WT) Columbia and in some of its ethylene signaling mutants (ctr1, ein2-1, ein3eil1) subjected to the three deficiencies. Results show that key elements of the ET transduction pathway, like CTR1, EIN2, and EIN3/EIL1, can play a role in the crosstalk among nutrient deficiency responses.

Keywords: iron, ethylene, sulfur, phosphatase, reductase, phosphorus


INTRODUCTION

Phosphorus (P), sulfur (S), and iron (Fe) are essential mineral elements for plants (Takahashi et al., 2011; Briat et al., 2015a,b; Lucena et al., 2015). P represents a building block for vital organic molecules such as DNA, RNA, ATP, and phospholipids (Ajmera et al., 2019; Crombez et al., 2019), and S and Fe, among other functions, are needed for many proteins of the photosynthetic and respiratory chains (Couturier et al., 2013; Vigani and Briat, 2016; Mendoza-Cózatl et al., 2019). The main sources of P, S, and Fe for plants are phosphate, sulfate, and Fe ions (Fe2+ for dicot plants), which are absorbed through specific transporters (Maruyama-Nakashita et al., 2006; Kobayashi and Nishizawa, 2012; Briat et al., 2015b; Lucena et al., 2015; Wawrzynska and Sirko, 2016; Ajmera et al., 2019; Crombez et al., 2019). Phosphate, sulfate, and Fe ions have low availability in some soil conditions (i.e., Fe ions in calcareous soils or phosphate in both calcareous and acid soils) in such a way that P, S, and Fe deficiencies have become a global threat for agricultural food production (Briat et al., 2015a,b; Lucena et al., 2015, 2018; Zuchi et al., 2015; Ajmera et al., 2019; Crombez et al., 2019; Venuti et al., 2019; Siddiqui et al., 2020).

To cope with P, S, or Fe deficiency, dicot plants develop several physiological and morphological responses (mainly in their roots) aimed at facilitating the mobilization and acquisition of these nutrients. Among these responses are the enhanced expression of specific transporters and the alteration of the root system architecture (Maruyama-Nakashita et al., 2006; Takahashi et al., 2011; Zhang et al., 2014; Briat et al., 2015b; García et al., 2015; Lucena et al., 2015; Ajmera et al., 2019; Crombez et al., 2019; Venuti et al., 2019). In Arabidopsis, the main phosphate transporters implicated in its acquisition from the medium are PHT1;1 and PHT1;4 (also named PT1 and PT2; Nagarajan and Smith, 2012; Lucena et al., 2018, 2019; Crombez et al., 2019); the ones for sulfate are SULTR1;1 and SULTR1;2 (Maruyama-Nakashita et al., 2006; Takahashi et al., 2011; Yamaguchi et al., 2020), and the one for Fe2+ is IRT1 (Kobayashi and Nishizawa, 2012; Lucena et al., 2015). Nutrient deficiencies also alter the expression of internal transporters, like PHT1;5, which plays a critical role in mobilizing phosphate from source to sink organs (Nagarajan et al., 2011; Nagarajan and Smith, 2012; Zhang et al., 2014).

Both Fe and P deficiencies can induce other responses, like the acidification of the rhizosphere; the increased synthesis and release of organic acids and phenolics to the rhizosphere; and the development of subapical root hairs (Kobayashi and Nishizawa, 2012; Correia et al., 2014; Wang et al., 2014; Zhang et al., 2014; García et al., 2015; Lucena et al., 2015, 2018, 2019; Neumann, 2016; Tsai and Schmidt, 2017; Venuti et al., 2019). Particularly, Fe deficiency can induce an enhanced ferric reductase activity (FRA), due to increased expression of the FRO2 gene (Kobayashi and Nishizawa, 2012; Lucena et al., 2015), and P deficiency an enhanced phosphatase activity (PA), due to increased expression of PAP genes, like PAP7 or PAP17 (also named ACP5; Lei et al., 2011; Zhang et al., 2014; Lucena et al., 2018, 2019; Venuti et al., 2019).

In recent years, considerable advances have been achieved in the identification of genes related to different responses in Arabidopsis and in other plant species and in the master transcription factors (TFs) regulating them. In relation to P deficiency, the master TF is PHR1, a MYB TF which interacts with other related TFs, like PHL1, to activate the expression of P starvation genes, like PHT1;1, PHT1;4, and PAP17 (Rubio et al., 2001; Bustos et al., 2010; Nagarajan and Smith, 2012; Briat et al., 2015b; Sun et al., 2016). In relation to Fe deficiency, the master TF is FIT, a bHLH TF which interacts with other related bHLH TFs, like bHLH38 and bHLH39, to activate the expression of Fe starvation genes, like FRO2 and IRT1 (Kobayashi and Nishizawa, 2012; Lucena et al., 2015; Gao et al., 2019; Schwarz and Bauer, 2020). Finally, in relation to S deficiency, the master TF is SLIM1, an ethylene insensitive 3-like (EIL3) family TF which could interact with other TFs to activate the expression of S starvation genes, like SULTR1;1 and SULTR1;2 (Maruyama-Nakashita et al., 2006; Takahashi et al., 2011; Wawrzynska et al., 2015; Wawrzynska and Sirko, 2016, 2020; Yamaguchi et al., 2020). These master TFs could be regulated transcriptionally and post-transcriptionally. In the case of FIT, its transcriptional (increased expression in Fe-deficient roots) and post-transcriptional regulation is clear (Lingam et al., 2011; Yang et al., 2014; Lucena et al., 2015; Gao et al., 2019; Wu and Ling, 2019; Schwarz and Bauer, 2020). However, the transcriptional regulation of PHR1 and SLIM1 is less clear and presents some controversy. While some authors have found PHR1 upregulation under P deficiency (Huang et al., 2018), others did not (Rubio et al., 2001; Sega and Pacak, 2019 and references therein). For SLIM1, there are no data supporting its upregulation under S deficiency (Maruyama-Nakashita et al., 2006; Wawrzynska and Sirko, 2016).

The responses to nutrient deficiencies share two important characteristics. First, they are induced transiently in such a way that, once the nutrient has been acquired in enough quantity, the responses are switched off to minimize energy costs and toxicity. In this sense, it should be noted that Fe2+ and S2− are highly reactive and potentially toxic (Mendoza-Cózatl et al., 2019). Second, although the responses to each deficiency are rather specific, coordination and crosstalk between them do exist. This is reflected in many results showing that a nutrient deficiency can alter the content and expression of genes related to other nutrient(s). Fe deficiency can induce the expression of sulfate and phosphate acquisition genes while P or S deficiency can induce the expression of Fe acquisition genes and its accumulation (Ward et al., 2008; García et al., 2010; Paolacci et al., 2014; Briat et al., 2015b and references therein; Lucena et al., 2015, 2018 and references therein, 2019; Zuchi et al., 2015; Venuti et al., 2019). Some P-related genes, like PAP17 and PHT1;4, and PA, are induced under Fe deficiency (García et al., 2010; Lucena et al., 2019; Park et al., 2019). P deficiency can also induce the expression of sulfate transporter genes (Rouached et al., 2011).

One possible reason for the crosstalk between P, S, and Fe deficiency could be the participation of the same hormones and signaling molecules, like ethylene (ET), auxin, and nitric oxide (NO), in the activation of the responses to the different deficiencies (Lucena et al., 2006, 2015, 2018, 2019; Romera et al., 2011, 2016, 2017, 2021; Nagarajan and Smith, 2012; Zhang et al., 2014; García et al., 2015; Song and Liu, 2015; Wawrzynska et al., 2015; Koprivova and Kopriva, 2016; Neumann, 2016; Liu et al., 2017; Huang et al., 2018; Buet et al., 2019; Galatro et al., 2020; Siddiqui et al., 2020). In relation to ET, its involvement in the regulation of P, S, and Fe deficiency responses is supported by many experimental results. At first, a higher ET production has been detected in P-, S-, and Fe-deficient roots, associated with the upregulation of ET synthesis and signaling genes (Romera and Alcántara, 2004; Zuchi et al., 2009; Nagarajan and Smith, 2012; García et al., 2015; Lucena et al., 2015; Moniuszko, 2015; Song and Liu, 2015; Wawrzynska et al., 2015; Romera et al., 2016, 2017, 2021; Li and Lan, 2017). On the other hand, ET has been involved in the upregulation of key Fe acquisition genes, like FIT, FRO2, and IRT1 (Lucena et al., 2006; García et al., 2010), and P acquisition genes, like PHT1;1, PHT1;4, and PAP17 (Lei et al., 2011). Finally, in relation to S nutrition, several S-responsive genes, like SULTR1;1, are upregulated by S limitation more significantly in wild-type (WT) Arabidopsis than in slim1 mutants (Maruyama-Nakashita et al., 2006). SLIM1 was identified as an allele of EIL3 (see above; Maruyama-Nakashita et al., 2006), possibly related to ET signaling (Wawrzynska et al., 2015; Wawrzynska and Sirko, 2016, 2020).

ET's mode of action is not fully understood, but a linear canonical signaling pathway has been proposed in Arabidopsis (Shakeel et al., 2013; Wang et al., 2013; Dubois et al., 2018; Binder, 2020):
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In this signaling pathway, EIN3/EILs and ERFs are TFs (for more details, see Shakeel et al., 2013; Wang et al., 2013; Lucena et al., 2015; Dubois et al., 2018; Binder, 2020). According to this pathway, ctr1 mutants present constitutive responses to ET while ein2, ein3, and eils are insensitive to ET (Wang et al., 2013). In recent years, several components of this signaling pathway have been implicated in the regulation of the master TFs controlling P, S, and Fe deficiency responses. In Fe deficiency responses, it has been shown that EIN3 and EIL1 interact with MED16 (mediator) to form a complex involved in the transcription of FIT (Yang et al., 2014). Moreover, Lingam et al. (2011) found that EIN3 and EIL1 also participate in the post-transcriptional regulation of FIT. In P deficiency responses, EIN3/EIL1 have been implicated in PHR1 expression (Liu et al., 2017) while in S deficiency responses, EIN3 has been proposed to negatively interact with SLIM1 for the upregulation of S acquisition genes (Wawrzynska and Sirko, 2016).

In Fe and P deficiency responses, the activating effect of ET is dependent on the Fe or P status of the plants, which suggests the involvement of Fe- and P-related repressive signals that would counteract ET action (García et al., 2011, 2013, 2015, 2018; Lei et al., 2011; Romera et al., 2017, 2021). In agreement with this affirmation, neither the Arabidopsis ET constitutive mutant ctr1 nor the Arabidopsis ET overproducer mutant eto present full constitutive activation of P and Fe acquisition genes when grown under nutrient sufficiency (Lei et al., 2011; García et al., 2014, 2015). An essential question is whether ET regulates all the P, S, and Fe deficiency responses through the same transduction pathway or not. The results obtained with different ET signaling mutants suggest that it does not. For example, the upregulation of the PHT1;4 (PT2) gene, induced under P deficiency, is drastically impaired in the Arabidopsis ET-insensitive ein2 mutant (Lei et al., 2011) while the one of the IRT1 gene, induced under Fe deficiency, is not (García et al., 2010; Angulo et al., 2021).

In this work, we have examined different P, S, and Fe physiological responses in Arabidopsis WT Columbia and some of its ET signaling mutants (ctr1, ein2-1, and ein3eil1) subjected to the three deficiencies. The objective has been to gain insight into the role of ET signaling components in the crosstalk between the three deficiencies. The election of the mutants is based on several reasons. At first, CTR1 and EIN2 are key components of the ET canonical signaling pathway and EIN3/EIL1 have been involved in the activation of the master TFs controlling the regulation of Fe, P, and S acquisition genes (see above). Furthermore, while ctr1 mutants show constitutive responses to ET, ein2 and ein3eil1 are insensitive to ET, which allow to contrast their possible activating or deactivating role on the responses.



MATERIALS AND METHODS


Plant Materials, Growth Conditions, and Treatments

To analyze the effects of Fe, P, or S deficiency on the induction of Fe-, P-, and S-related responses, we used WT Arabidopsis (Arabidopsis thaliana (L.) Heynh ecotype Columbia) plants. In addition, we used the Arabidopsis ctr1 mutant that shows constitutive upregulation of ET responses (Guo and Ecker, 2003; Huang et al., 2003) and the ein2-1 and ein3eil1 mutants that show insensitivity to ET (Shakeel et al., 2013; Wang et al., 2013; Dubois et al., 2018; Binder, 2020; all mutants were obtained from the European Arabidopsis Stock Center). Arabidopsis plants were grown under controlled conditions as previously described (Lucena et al., 2006, 2007). Briefly, seeds were germinated in black peat and, when appropriate, seedlings were transferred to individual containers (of 70 ml volume) with complete nutrient solution continuously aerated. The nutrient solution had the following composition: macronutrients: 2 mM Ca(NO3)2, 0.75 mM K2SO4, 0.65 mM MgSO4, 0.5 mM KH2PO4, and micronutrients: 50 μM KCl, 10 μM H3BO3, 1 μM MnSO4, 0.5 μM CuSO4, 0.5 μM ZnSO4, 0.05 μM (NH4)6Mo7O24, and 20 μM Fe-EDDHA. Plants were grown in a growth chamber at 22°C day/20°C night temperatures, with relative humidity between 50 and 70%, and an 8-h photoperiod (to postpone flowering) at a photosynthetic irradiance of 300 μmol m−2 s−1 provided by fluorescent tubes (Sylvania Cool White VHO).

When plants were ~45 days old, they were directly transferred, without washing, from this complete nutrient solution to the different treatments. The treatments imposed were: control: complete nutrient solution with 40 μM Fe-EDDHA; –Fe: nutrient solution without Fe; –P: nutrient solution without P (0.5 mM KH2PO4 was not added to the nutrient solution; instead, 0.5 mM KCl was added); –S: nutrient solution without S (only 2 μM S from the micronutrients added; 0.75 mM K2SO4 and 0.65 mM MgSO4 were not added to the nutrient solution; instead, 1.5 mM KCl and 0.65 mM Mg(NO3)2 were added). After 2, 4, 6, and 8 days of the treatments, root ferric reductase activity (FRA) and acid phosphatase activity (PA) were determined in plants from the four treatments, as previously described (Lucena et al., 2006, 2019; see also below). After FRA determination, roots were collected and kept at −80°C for subsequent analysis of mRNA levels. Each experiment was repeated at least twice, and representative results are presented.



Acid Phosphatase Activity

It was determined as previously described (Zakhleniuk et al., 2001). Briefly, roots of intact plants were placed in Petri dishes containing a solution with 5-bromo-4-chloro-3′-indolyphosphate p-toluidine salt (BCIP) 0.01% (w/v) for 4 h. Blue color of roots is higher with increased PA. After 4 h, photographs of roots were taken with a stereoscopic microscope.



Root Ferric Reductase Activity

It was determined as previously described (Lucena et al., 2006, 2007). Briefly, intact plants were placed in a Fe(III) reduction assay solution containing Fe(III)-EDTA and ferrozine for 60 min. The FRA was determined spectrophotometrically by measuring the absorbance (562 nm) of the Fe(II)-ferrozine complex and using an extinction coefficient of 29,800 M−1 cm−1. After the reduction assay, roots were excised and weighed, and the results were expressed on a root fresh weight basis. Data are given as means of six replicates.



qRT-PCR Analysis

Roots were ground to a fine powder with a mortar and pestle in liquid nitrogen. Total RNA was extracted using the Tri Reagent solution (Molecular Research Center, Inc. Cincinnati, OH, USA) according to the manufacturer's instructions. M-MLV reverse transcriptase (Promega, Madison, WI, USA) was used to generate cDNA from 3 μg of DNase-treated root RNA as the template and random hexamers as the primers.

The study of gene expression by qRT-PCR was performed by using a qRT-PCR Bio-Rad CFX connect thermal cycler and the following amplification profile: initial denaturation and polymerase activation (95°C for 3 min), amplification, and quantification repeated 40 times (90°C for 10 s, 57°C for 15 s, and 72°C for 30 s), and a final melting curve stage of 65 to 95°C with increment of 0.5°C for 5 s, to ensure the absence of primer dimer or nonspecific amplification products. PCR reactions were set up in 20 μl of SYBR Green Bio-RAD PCR Master Mix, following the manufacturer's instructions. Controls containing water instead of cDNA were included to check for contamination in the reaction components. Gene-specific primers used are listed in Table 1. Oligonucleotides in García et al. (2018) were used to amplify FRO2, IRT1, and FIT cDNA, and those in Lucena et al. (2019) and Maruyama-Nakashita et al. (2006) to amplify PAP17 and SULTR1;1, respectively. Oligonucleotides used to amplify PHT1;5, PHR1 and SLIM1/EIL3 were designed by using the Primer-BLAST software from the NCBI site. Standard dilution curves were performed for each primer pair to confirm appropriate efficiency of amplification (E = 100 ± 10%). Constitutively expressed SAND1 and YLS8 genes, which do not respond to changes in the Fe conditions (Han et al., 2013), were used as reference genes to normalize qRT-PCR results. The relative expression levels were calculated from the threshold cycles (Ct) values and the primer efficiencies by the Pfaffl method (Pfaffl, 2001). Each PCR analysis was conducted on three biological replicates and each PCR reaction repeated twice.


Table 1. Primer pairs for Arabidopsis genes.
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Statistical Analysis

All experiments were repeated at least twice and representative results are presented. The values of qRT-PCR represent the mean of three independent biological replicates. The values of FRA represent the mean of six replicates. Within each day and genotype, *P < 0.05 or **P < 0.01 indicate significant differences in relation to the control treatment using one-way analysis of variance (ANOVA) followed by a Dunnett's test.




RESULTS

In this work, different Fe, P, and S deficiency physiological responses have been examined along time in Arabidopsis WT Columbia and some of its ET signaling mutants (ctr1, ein2-1, and ein3eil1) subjected to the three deficiencies. The physiological responses studied include ferric reductase activity, phosphatase activity, and Fe-, P-, and S-related genes associated with the responses. Results corresponding to each particular deficiency are presented separately. It should be noted that plants did not show visible symptoms of deficiency in any of the treatments.


Fe Deficiency Responses

In WT Columbia plants, as expected, FRO2, IRT1, and FIT expression, and ferric reductase activity (FRA; associated with FRO2), were greatly induced after 2 days of Fe deficiency. Later on, the induction decayed and tended to recover some days after the deficiency (Figures 1–3). In relation to the other deficiencies, most of the Fe-related genes (FRO2, IRT1, and FIT) were also induced in WT Columbia plants under both P and S deficiency but to a much lower extent than under the Fe deficiency itself (Figures 1–3). However, FRA was not appreciably induced in WT Columbia plants under either P or S deficiency (Figure 1E).
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FIGURE 1. Effect of Fe, P, or S deficiency on the expression of the Fe-related gene FRO2 (left: A–D) and of ferric reductase activity (FRA; right: E–H) in roots of the Arabidopsis WT Columbia and its ethylene mutants ctr1, ein2-1, and ein3eil1. Plants were grown in complete nutrient solution. When appropriate, some of them were transferred to complete nutrient solution (control), nutrient solution without Fe (–Fe), without P (–P), or without S (–S). After 2, 4, 6, and 8 days of the treatments, FRA and FRO2 expression were determined. Relative expression was calculated in relation to the control of each genotype and day. Data of FRO2 expression represent the mean of three independent biological replicates. Data of FRA represent the mean of six replicates. Within each day and genotype, *P < 0.05 or **P < 0.01 are significant differences in relation to the control treatment.
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FIGURE 2. Effect of Fe, P or S deficiency on the expression of the Fe-related gene IRT1 in roots of the Arabidopsis WT Columbia and its ethylene mutants ctr1, ein2-1 and ein3eil1 (A–D). Treatments and gene expression determination as in Figure 1. Within each day and genotype, * or ** indicate significant differences (P < 0.05 or P < 0.01) in relation to the control treatment.
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FIGURE 3. Effect of Fe, P or S deficiency on the expression of the Fe-related gene FIT in roots of the Arabidopsis WT Columbia and its ethylene mutants ctr1, ein2-1 and ein3eil1 (A–D). Treatments and gene expression determination as in Figure 1. Within each day and genotype, * or ** indicate significant differences (P < 0.05 or P < 0.01) in relation to the control treatment.


In the ctr1 mutant, FRA was also greatly induced after 2 days of Fe deficiency while the Fe-related genes (FRO2, IRT1, and FIT) were also induced but after 4 days of the Fe deficiency and, in general, to lower levels than in the WT Columbia (Figures 1–3). In relation to the other deficiencies, neither FRA nor FIT were induced under either P or S deficiency while FRO2 and IRT1 were slightly induced under S deficiency (Figures 1–3).

In the ein2-1 mutant, FRO2, FRA, and IRT1 induction under Fe deficiency were delayed in relation to the WT Columbia and, in general, the maximum values achieved were lower than in the WT (Figures 1, 2). Surprisingly, despite FRO2 and IRT1 induction under Fe deficiency, FIT expression was not upregulated in this mutant at any time studied (Figures 1–3). In relation to the other deficiencies, FRA was not induced in this mutant under either P or S deficiency (Figure 1G). Similarly to the results obtained under Fe deficiency, neither FIT nor the Fe acquisition genes FRO2 and IRT1 were clearly upregulated in the ein2-1 mutant under either P or S deficiency (only FRO2 was slightly induced after 2 days of S deficiency; Figures 1–3).

In the ein3eil1 mutant, as occurred in the WT Columbia, FRO2, FRA, IRT1, and FIT were greatly induced after 2 days of Fe deficiency. It should be noted that the maximum values of FRO2, IRT1, and FIT expression were attained in this mutant, where some values were several times those obtained in the WT Columbia (Figures 1–3). In relation to the other deficiencies, neither FRA nor the Fe acquisition genes FRO2 and IRT1 were significantly induced under either P or S deficiency (Figures 1, 2). However, FIT was upregulated under both P and S deficiency in this mutant (Figure 3D).

Collectively, the results show that Fe deficiency responses can also be induced under P or S deficiency but to lower intensities and more transiently. The induction of the Fe deficiency responses under Fe deficiency itself or under P or S deficiency differs depending on the ET signaling mutants. However, FRA was only induced by Fe deficiency itself but neither by P deficiency nor by S deficiency in any of the genotypes studied.



P Deficiency Responses

In WT Columbia plants, PHT1;5, PAP17, and PHR1 expression, and phosphatase activity (PA; associated with PAP genes), were induced after 2–4 days of P deficiency (Figures 4A, 5, 9A). In relation to the other deficiencies, PHT1;5 was also induced under Fe deficiency (Figure 4A). PAP17 was also induced under both Fe and S deficiency while PA was induced by Fe deficiency but not by S deficiency (Figure 5). PHR1 was also upregulated by both Fe and S deficiency (Figure 9A).
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FIGURE 4. Effect of Fe, P or S deficiency on the expression of the P-related gene PHT1;5 in roots of the Arabidopsis WT Columbia and its ethylene mutants ctr1, ein2-1 and ein3eil1 (A–D). Treatments and gene expression determination as in Figure 1. Within each day and genotype, * or ** indicate significant differences (P < 0.05 or P < 0.01) in relation to the control treatment.
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FIGURE 5. Effect of Fe, P or S deficiency on the expression of the P-related gene PAP17 (A); and of phosphatase activity (PA; B) in roots of the Arabidopsis WT Columbia. Treatments and gene expression determination as in Figure 1. After 2, 4, 6, and 8 days of the treatments, PA was determined in several plant replications and representative results are presented. Within each day and genotype, * or ** indicate significant differences (P < 0.05 or P < 0.01) in relation to the control treatment.


In the ctr1 mutant, PHT1;5 expression under P deficiency achieved the highest values of its induction (Figure 4). PA, PAP17, and PHR1 were also induced in this mutant under P deficiency (Figures 6, 9). In relation to the other deficiencies, PHT1;5 was also induced under S deficiency (Figure 4B). PA was also induced under both Fe and S deficiencies while PAP17 was not (Figure 6). PHR1 was not induced by Fe deficiency, but it was slightly upregulated by S deficiency (Figure 9B).


[image: Figure 6]
FIGURE 6. Effect of Fe, P or S deficiency on the expression of the P-related gene PAP17 (A); and of phosphatase activity (PA; B) in roots of the Arabidopsis ethylene mutant ctr1. Treatments and determinations as in Figure 5. Within each day and genotype, * or ** indicate significant differences (P < 0.05 or P < 0.01) in relation to the control treatment.


In the ein2-1 mutant, PHT1;5 was induced under P deficiency (Figure 4C). In this mutant, PAP17 expression was induced under P deficiency but PA was not (Figure 7). PHR1 was also upregulated under P deficiency but after 6 days of P deficiency and to lower levels than in the other genotypes (Figure 9). In relation to the other deficiencies, neither PHT1;5 nor PHR1 were induced under either Fe or S deficiency in the ein2-1 mutant (Figures 4C, 9C). However, both PA and PAP17 were induced under Fe deficiency in the ein2-1 mutant (Figure 7).
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FIGURE 7. Effect of Fe, P or S deficiency on the expression of the P-related gene PAP17 (A); and of phosphatase activity (PA; B) in roots of the Arabidopsis ethylene mutant ein2-1. Treatments and determinations as in Figure 5. Within each day and genotype, * or ** indicate significant differences (P < 0.05 or P < 0.01) in relation to the control treatment.


In the ein3eil1 mutant, PHT1;5 expression was delayed, starting after 6 days of the P deficiency, attaining the lowest values within the different genotypes, while PHR1 expression reached its highest level of induction (Figures 4, 9). Both PA and PAP17 were also induced under P deficiency (Figure 8). In relation to the other deficiencies, PHT1;5 was induced after 8 days of S deficiency (Figure 4D). PA, PAP17, and PHR1 were induced under both Fe and S deficiencies (Figures 8, 9D).
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FIGURE 8. Effect of Fe, P or S deficiency on the expression of the P-related gene PAP17 (A); and of phosphatase activity (PA; B) in roots of the Arabidopsis ethylene mutant ein3eil1. Treatments and determinations as in Figure 5. Within each day and genotype, * or ** indicate significant differences (P < 0.05 or P < 0.01) in relation to the control treatment.
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FIGURE 9. Effect of Fe, P or S deficiency on the expression of the P-related gene PHR1 in roots of the Arabidopsis WT Columbia and its ethylene mutants ctr1, ein2-1 and ein3eil1 (A–D). Treatments and gene expression determination as in Figure 1. Within each day and genotype, * or ** indicate significant differences (P < 0.05 or P < 0.01) in relation to the control treatment.


Collectively, the results show that P deficiency responses can also be induced under Fe or S deficiency. In this case, some P deficiency responses attained similar or higher intensities under Fe deficiency, and in some cases under S deficiency, than under P deficiency itself: see, for example, PAP17 expression and PA under Fe deficiency (Figures 5, 8). The induction of the P deficiency responses under P deficiency itself or under Fe or S deficiency differs depending on the ET signaling mutants.



S Deficiency Responses

In WT Columbia plants, SULTR1;1 expression was upregulated after 2 days of S deficiency. By contrast, SLIM1/EIL3 was not upregulated under S deficiency at any time. In relation to the other deficiencies, both SULTR1;1 and SLIM1/EIL3 were upregulated under both P and Fe deficiency (Figures 10A, 11A).
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FIGURE 10. Effect of Fe, P or S deficiency on the expression of the S-related gene SULTR1;1 in roots of the Arabidopsis WT Columbia and its ethylene mutants ctr1, ein2-1 and ein3eil1 (A–D). Treatments and gene expression determination as in Figure 1. Within each day and genotype, * or ** indicate significant differences (P < 0.05 or P < 0.01) in relation to the control treatment.
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FIGURE 11. Effect of Fe, P or S deficiency on the expression of the S-related gene SLIM1/EIL3 in roots of the Arabidopsis WT Columbia and its ethylene mutants ctr1, ein2-1 and ein3eil1 (A–D). Treatments and gene expression determination as in Figure 1. Within each day and genotype, * or ** indicate significant differences (P < 0.05 or P < 0.01) in relation to the control treatment.


In the ctr1 mutant, SULTR1;1 reached the highest values of its expression under S deficiency while SLIM1/EIL3 was not upregulated by S deficiency. In relation to the other deficiencies, neither SULTR1;1 nor SLIM1/EIL3 were upregulated by either Fe or P deficiency (Figures 10B, 11B)

In the ein2-1 mutant, SULTR1;1 was upregulated after 2 days of S deficiency while SLIM1/EIL3 was slightly upregulated but only after 8 days of the deficiency. In relation to the other deficiencies, SULTR1;1 was not upregulated by either Fe or P deficiency while SLIM1/EIL3 was upregulated under Fe deficiency (Figures 10C, 11C).

In the ein3eil1 mutant, SULTR1;1 was upregulated after 2 days of S deficiency while SLIM1/EIL3 was not upregulated under S deficiency at any time. In relation to the other deficiencies, SULTR1;1 was upregulated by both Fe and P deficiency while SLIM1/EIL3 was not (Figures 10D, 11D).

Collectively, the results show that SULTR1;1 expression (a S deficiency response) can also be upregulated under Fe or P deficiency in the WT Columbia and in the ein3eil1 mutant (Figure 10). In the case of SLIM1/EIL3, the results obtained in this work show its lack of induction upon S deficiency in the WT Columbia. However, it can be upregulated under S, Fe, or P deficiency depending on the ET-related genotype of the plants (Figure 11).




DISCUSSION

The Fe-related genes (FIT, FRO2, and IRT1), the P-related genes (PHR1, PHT1;5, and PAP17) and the S-related gene SULTR1;1 were induced by their respective deficiencies in the WT Columbia (Figures 1–10), which agrees with already published results (see “Introduction”). Only the S-related gene SLIM1/EIL3 was not induced by its corresponding deficiency (Figure 11), which also coincides with previous results (Maruyama-Nakashita et al., 2006). In the case of PHR1, although its upregulation under P deficiency is controversial (Rubio et al., 2001; Sega and Pacak, 2019), our results show it is upregulated (Figure 9), as in Huang et al. (2018). In addition to the WT Columbia, most of the above genes were also induced under their respective deficiencies in the ET signaling mutants used but with different intensities and at different times than in the WT (Figures 1–11). It should be noted the importance of timing in the results (Harkey et al., 2018) since the maximum expression of the genes was frequently reached at different times depending on the genotypes (Figures 1–11).

Besides the upregulation of the genes by their specific deficiencies, most of the genes were also upregulated by the other deficiencies, which confirms previous published results (see “Introduction”). In any case, the upregulation was differentially affected by the ET signaling mutations, as discussed below. This further supports a key role for ET in the regulation of Fe, P, and S deficiency responses and in the crosstalk between them. To our knowledge, it is the first time that ET and some key components of its signaling pathway, such as EIN2 and EIN3/EIL1, are involved in such crosstalk.

In most cases, the highest values of induction in the WT Columbia plants were reached by the specific deficiency: for example, the highest values of FRO2, IRT1, and FIT expression were obtained under Fe deficiency and those of PHT1;5 expression under P deficiency (Figures 1–4). There are two clear exceptions to this trend: the highest values of PAP17 expression under Fe deficiency and those of SLIM1/EIL3 expression under P and Fe deficiency (Figures 5A, 11A). Another difference between the induction of the responses by specific and nonspecific deficiencies is that the induction provoked by a nonspecific deficiency is more transitory. For example, PHT1;5 and SULTR1;1 expression in WT Columbia plants under Fe deficiency was intense after 2 days of the deficiency but then decayed drastically for the remainder of the experiment (Figures 4A, 10A). These results suggest that, for the regulation of the responses, ET should act in conjunction with nutrient-specific repressive signals (Lucena et al., 2006, 2015; Lei et al., 2011; García et al., 2013, 2015, 2018; Romera et al., 2017). In the presence of such nutrient-specific repressive signals, ET could help to induce the responses but they would be quickly repressed to avoid the excessive uptake of the nutrient that is already in adequate concentrations inside the plant.

In relation to FRA and PA activities, their behavior was completely different. While FRA was induced in the WT Columbia and in all the mutants only under Fe deficiency (Figure 1), PA was also induced by both Fe and S deficiencies, besides P deficiency, depending on the genotypes (Figures 5B–8B). The lack of induction of FRA under P or S deficiency, despite FRO2 upregulation under both deficiencies (Figure 1), suggests the existence of a post-transcriptional regulation of FRO2 depending on Fe-related repressive signals (Connolly et al., 2003). The possible post-transcriptional regulation of the PAP genes seems to be less dependent on the existence of P-related repressive signals since PA is clearly induced under the other deficiencies, mainly under Fe deficiency (Figures 5–8). The tight post-transcriptional regulation of FRO2 is probably associated with the fact that Fe2+ in excess is highly reactive and potentially toxic (Mendoza-Cózatl et al., 2019). However, P in excess is less toxic and consequently the post-transcriptional regulation of PAP genes is not so critical.

Besides the participation of nutrient-specific repressive signals, another possibility to explain the differential role of ET in the regulation of responses to the three deficiencies is to consider its action through different signaling pathways. In fact, nutrient deficiencies can affect ET responsiveness by altering the expression of genes involved in ET signaling, such as CTR1, EIN2, EIN3, and ERFs (García et al., 2010, 2015; Lucena et al., 2015; Song and Liu, 2015; Li and Lan, 2017; Romera et al., 2017). To test the involvement of ET signaling in the regulation of Fe, P, and S deficiency responses, and in the crosstalk between them, we have studied their induction in the Arabidopsis WT Columbia and in three of its ET signaling mutants: the ctr1 mutant, that presents constitutive ET responses; and the ein2-1 and ein3eil1 mutants, that are described as insensitive to ET (Alonso et al., 1999; Guo and Ecker, 2003; Huang et al., 2003; Shakeel et al., 2013; Wang et al., 2013; Dubois et al., 2018; Binder, 2020). In the following paragraphs, the results obtained in this work in relation to the CTR1, EIN2, and EIN3/EIL1 components of the ET signaling pathway are discussed separately.


CTR1

The ctr1 mutant displays the known “triple-response” morphology in the absence of exogenously added ET (Huang et al., 2003). In relation to CTR1, the results presented in this work (Figures 1–4, 6, 9–11) show that the ctr1 mutant does not present constitutive upregulation of any of the Fe-, P-, and S-related genes studied, all of them are upregulated upon the imposition of the deficiencies. In the same way, this mutant does not show constitutive activation of either FRA or PA (Figures 1F, 6B). These results agree with previous ones showing that PHT1;4 (PT2) is not constitutively upregulated in the hsp2 (ctr1) mutant (Lei et al., 2011) and that Fe-related genes, like FRO2, IRT1, and FIT, and FRA, are not constitutively induced in the ctr1 mutant (García et al., 2014). Taken together, all these results suggest that, for the activation of physiological responses by ET, a defective CTR1 is not enough and an internal decrease of some nutrient-specific repressive signals would be necessary. This decrease would not be required for some morphological responses, like the development of subapical root hairs, since the ctr1 mutant does present them even when grown in complete nutrient solution (Romera and Alcántara, 2004).

In relation to the crosstalk between the three deficiencies, CTR1 seems to play a role since Fe deficiency did not induce either the P-related genes PHT1;5, PAP17, and PHR1 or the S-related genes SULTR1;1 and SLIM1/EIL3 in the ctr1 mutant while it did in the WT Columbia (Figures 4–6, 9–11). The reasons for this are not clear and would need further research. In addition, PA was induced by Fe deficiency in the ctr1 mutant despite PAP17 was not (Figure 6). This result could be explained by the induction of other PAP genes, besides PAP17, encoding phosphatases (Sun et al., 2016).



EIN2

The ein2-1 mutant has been described as insensitive in most responses to ET (Alonso et al., 1999; Shakeel et al., 2013; Wang et al., 2013; Dubois et al., 2018; Binder, 2020). In fact, EIN2 has been considered one of the central players in the linear canonical signaling pathway proposed for ET action (see Introduction; Wang et al., 2013; Dubois et al., 2018; Binder, 2020). In relation to each particular deficiency, FIT (encoding a key TF) was not induced under Fe deficiency (Figure 3C) while PHR1 (also encoding a key TF) was only slightly induced under P deficiency in the ein2-1 mutant (Figure 9C). Despite these results, the genes activated by both TFs, such as FRO2 and IRT1, and PAP17, were upregulated under Fe deficiency or P deficiency, respectively (Figures 1C, 2C, 7A). In spite of PAP17 induction, PA was not induced under P deficiency in this mutant (Figure 7B), which conforms to previous results showing the impairment of PA induction in the ein2-5 mutant under P deficiency (Lei et al., 2011). All these results could be partly explained by taking into account that both FIT and PHR1, and perhaps PAP17, can also be subjected to post-transcriptional and post-translational modifications (Lingam et al., 2011; Jung et al., 2018; Sega and Pacak, 2019; Wu and Ling, 2019). Another possibility could be the existence of additional FIT-and PHR1-independent pathways to control the expression of genes like FRO2, IRT1, and PAP17 (Figure 12).


[image: Figure 12]
FIGURE 12. Possible participation of ethylene, through CTR1, EIN2, and EIN3/EIL1, in the regulation of the Fe-, P-, and S-related genes considered in this study. Ethylene (ET) production is enhanced in Fe-, P-, and S-deficient roots. ET then acts in a signaling pathway which includes ET receptors (ETR) and the CTR1 and EIN2 proteins. This latter one can act through the EIN3/EIL1 TFs (represented as EIN3 in the figure), which have been implicated in the regulation of the FIT, PHR1, WRKY75, and SLIM1 TFs controlling the activation of Fe-, P-, and S-related genes, like FRO2, IRT1, PAP17, PHT1;5, and SULTR1;1 (see text for details). Results in this work suggest that the EIN2 protein plays a key role in the regulation of the physiological responses to the three deficiencies and in the crosstalk between them. Moreover, the results support that TFs in addition to EIN3/EIL1, like ERF1 and other ERFs, could participate in the upregulation of Fe- and P-related genes (dotted lines). In red, ET-related TFs; in green, Fe-related TF and genes; in purple, P-related TFs and genes; in blue, S-related TF and gene. “ → ” promotion; “−∥” inhibition.


In relation to the crosstalk between the three deficiencies, EIN2 probably plays a key role on it because the Fe-related gene IRT1, the P-related gene PHT1;5, and the S-related gene SULTR1;1 were not appreciably induced in the ein2-1 mutant under nonspecific deficiencies (Figures 2, 4, 10). In the case of Fe and P deficiencies, the relevant role of EIN2 in the crosstalk between them is further supported by the results showing its great influence on the upregulation of the genes encoding the key TFs FIT (Fe) and PHR1 (P). Neither FIT was induced under P deficiency nor PHR1 was induced under Fe deficiency in the ein2-1 mutant, as occurred in the WT Columbia (Figures 3, 9).

Besides its role in the crosstalk between Fe and P deficiencies through its effects on FIT and PHR1 expression (see above), EIN2 could also affect other genes not activated by these TFs, like PHT1;5, encoding an internal P transporter (Nagarajan et al., 2011). PHT1;5 is not activated by the PHR1 TF but by the WRKY75 TF (Nagarajan et al., 2011), which is also regulated by ET through EIN3/EIL1 (Figure 12; Guo et al., 2017). It seems that EIN2 plays an important role in the PHT1;5 upregulation under nonspecific deficiencies, since PHT1;5 was only induced under P deficiency in the ein2-1 mutant while in the WT Columbia was also induced under Fe deficiency (Figure 4).



EIN3/EIL1

Similar to the ein2-1 mutant, the ein3eil1 double mutant has also been considered insensitive in most responses to ET (Shakeel et al., 2013; Wang et al., 2013; Dubois et al., 2018; Binder, 2020), although it does not present complete insensitivity (Harkey et al., 2018). The results obtained in this work show that most genes considered in this study (except SLIM1) were upregulated in the ein3eil1 double mutant under their specific deficiencies, as occurred in the WT Columbia (Figures 1–5, 8–11). These results coincide with previous ones showing upregulation of FIT under Fe deficiency (Lingam et al., 2011), and of PAP17 (ACP5) under P deficiency (Liu et al., 2017), in the ein3eil1 mutant. Moreover, several genes, like FRO2, IRT1, FIT, PHR1, and SULTR1;1 attained their highest expression, and also the lowest one, in the ein3eil1 mutant (Figures 1–3, 9, 10). PA was also greatly induced in this mutant under P deficiency (Figure 8B). In the case of FIT and PHR1, their highest expression was somewhat surprising since EIN3/EIL1 have been involved in the activation of FIT (Yang et al., 2014) and PHR1 (Liu et al., 2017). A possible explanation for the above results could be the existence of additional EIN3/EIL1-independent pathways for the control of FIT and PHR1 expression, and/or for the Fe and P acquisition genes controlled by them (Figure 12). The idea of an EIN3/FIT-independent pathway has already been proposed by Balparda et al. (2020), showing that FRO2 and IRT1 expression, besides its control by FIT, could also be directly controlled by the ERF1 TF (also associated with ET; see “Introduction”). The existence of EIN3/EIL1-independent pathways for the control of PHR1, and consequently for P acquisition genes, is also possible because several transcriptomic analyses have shown altered expression of ERF genes, like ERF1, ERF2, and ERF5, in Pi-starved Arabidopsis roots (Song and Liu, 2015 and references therein). The possibility exists that the EIN3/EIL1-independent pathways could be potentiated when the EIN3/EIL1-dependent pathway is impaired. This would explain why some nutrient-deficiency responses are greatly induced in the ein3eil1 mutant (see above).

In relation to the crosstalk between the three deficiencies, the EIN3/EIL1 mutation, by contrast to the EIN2 mutation, did not impair the upregulation of most of the genes under nonspecific deficiencies (Figures 1–4, 8–11). This again suggests the existence of EIN3/EIL1-independent pathways for the control of Fe- and P-related genes (Figure 12). In the case of SULTR1;1, its higher upregulation under S deficiency, and also under P deficiency, in the ein3eil1 mutant (Figure 10) could be partly explained by considering that EIN3 can negatively interact with SLIM1/EIL3 for the upregulation of S acquisition genes (Wawrzynska and Sirko, 2016). The results agree with those of Wawrzynska and Sirko (2016) showing higher upregulation of SULTR1;1 in the ein3-1 mutant than in the WT Columbia.

EIN3/EIL1 could also play a role in the crosstalk between Fe and P deficiencies related to PHT1;5 expression. This gene, activated by the WRKY75 TF (Nagarajan et al., 2011), was not upregulated under Fe deficiency in the ein3eil1 mutant while it was in the WT Columbia (Figure 4). It should be noted that WRKY75 expression can be activated by ET through the EIN3/EIL1 TFs (Figure 12; Guo et al., 2017).

In conclusion, the results obtained in this work further support the existence of crosstalk between Fe, P, and S deficiency responses. In general, the responses are induced more intensively and less transiently under the specific deficiency. However, there are some exceptions, like PA induction under Fe deficiency, and SLIM1/EIL3 upregulation under P or Fe deficiency. The results also support a relevant role for ET, through its signaling components, in the regulation of the physiological responses to the three deficiencies and in the crosstalk between them. At first, the ET constitutive ctr1 mutant does not present constitutive activation of any of the responses while several responses are impaired in the ET insensitive ein2-1 mutant, either under specific or nonspecific deficiencies. This suggests an important role for EIN2 in the activation and crosstalk of several nutrient deficiency responses. However, in the ET-insensitive ein3eil1 mutant, several P and Fe deficiency responses attained their highest values of induction. These results are somewhat surprising since EIN3/EIL1 have been implicated in the activation of the key TFs FIT and PHR1 controlling Fe and P acquisition genes. At first, it would suggest the existence of additional EIN3/EIL1-independent pathways for the control of FIT and PHR1 expression.

The results presented in this work along with previous published results unravel the great complexity of ET signaling in the control of nutrient deficiency responses. This complexity becomes even greater if we consider that some ET- and nutrient-related TFs, like EIN3, SLIM1/EIL3, FIT, or PHR1, could promote ET biosynthesis in an autocatalytic manner, as occurs during the ripening of climacteric fruits (Lü et al., 2018). The above TFs have been implicated in the activation of ET synthesis genes, like MTK, SAM, ACS, and ACO (Nagarajan and Smith, 2012; Lucena et al., 2015; Song and Liu, 2015; Liu et al., 2019), and consequently could promote ET synthesis. This perhaps is necessary to keep a consistent ET production along the time of the deficiency.
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Nitrogen (N), phosphorus (P), sulfur (S), zinc (Zn), and iron (Fe) are some of the vital nutrients required for optimum growth, development, and productivity of plants. The deficiency of any of these nutrients may lead to defects in plant growth and decreased productivity. Plant responses to the deficiency of N, P, S, Fe, or Zn have been studied mainly as a separate event, and only a few reports discuss the molecular basis of biological interaction among the nutrients. Macro-nutrients like N, P, and/or S not only show the interacting pathways for each other but also affect micro-nutrient pathways. Limited reports are available on the investigation of two-by-two or multi-level nutrient interactions in plants. Such studies on the nutrient interaction pathways suggest that an MYB-like transcription factor, phosphate starvation response 1 (PHR1), acts as a master regulator of N, P, S, Fe, and Zn homeostasis. Similarly, light-responsive transcription factors were identified to be involved in modulating nutrient responses in Arabidopsis. This review focuses on the recent advances in our understanding of how plants coordinate the acquisition, transport, signaling, and interacting pathways for N, P, S, Fe, and Zn nutrition at the molecular level. Identification of the important candidate genes for interactions between N, P, S, Fe, and/or Zn metabolic pathways might be useful for the breeders to improve nutrient use efficiency and yield/quality of crop plants. Integrated studies on pathways interactions/cross-talks between macro‐ and micro-nutrients in the agronomically important crop plants would be essential for sustainable agriculture around the globe, particularly under the changing climatic conditions.
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INTRODUCTION

Plant growth and development are largely determined by nutrient availability; therefore to ensure better productivity of crop plants, it becomes essential to understand the dynamics of nutrients uptake, transport, assimilation, and their biological interactions (Wawrzyńska and Sirko, 2014). A wealth of information has been generated during the last two decades on morphological and physiological adaptations of plants in response to the changes in the availability of mineral nutrients (Gniazdowska and Rychter, 2000; Maathuis, 2009; Krouk et al., 2011; Gruber et al., 2013; Zhao and Wu, 2017; Krouk and Kiba, 2020). Protein-coding genes involved in the uptake, mobilization, storage, and assimilation of macro/micro-elements have been characterized to some extent; and regulatory networks affecting their expression in response to the changing nutritional status are being elucidated (Schachtman and Shin, 2007; Giehl et al., 2009; Gojon et al., 2009; Liu et al., 2009; Pilon et al., 2009; Hindt and Guerinot, 2012; Vigani et al., 2013; Briat et al., 2015; Chaiwong et al., 2020). Crop plants are frequently subjected to nutrients imbalance which adversely affects several metabolic processes. However, plants have evolved strategies to cope up with nutritional deficiencies. Although a large number of elements are naturally available in the soil, 17 elements are currently known to be important for the proper growth and development of crop plants. While Nitrogen (N), Phosphorus (P), Potash (K), Calcium, Sulfur (S), and Magnesium are known as macro-nutrients (required in comparatively larger amounts), Iron (Fe), Zinc (Zn), Copper, Boron, Manganese Molybdenum, Chloride, and others are the micro-nutrients (required in a smaller quantity) for the growth and development of crop plants. The use of N and P fertilizers has been one of the key factors to produce enough food materials to feed the burgeoning human population world over, which is considered to be one of the important components of the Green Revolution during the 1960s (Kumar, 2013).

Nitrogen is one of the nutrients essentially required for the vegetative growth of crop plants as it is needed for the synthesis of starch in leaf, production of amino acids for protein synthesis, and thus yield of the crop. Phosphorus is an essential constituent of nucleic acids, cellular membranes, and enzymes. It is needed for diverse cellular processes like photosynthesis, carbohydrate metabolism, energy production, redox-homeostasis, and signaling. P works as an activator for more than 60 enzymes in plants, regulates water content, and reduces the adverse effects of salts in plants. Similarly, sulfur is essentially required for the synthesis of amino acids like cysteine and methionine, as a cofactor/prosthetic group in Fe-S center, thiamine, S-adenosyl methionine, and in several primary and secondary metabolites (Wirtz and Hell, 2006; Khan et al., 2010; Koprivova and Kopriva, 2014). The majority of S in living organisms is present in a reduced form of organic-sulfur and thiols, while it is predominantly present in the oxidized-inorganic forms in the environment. Only plants, algae, fungi, and bacteria are capable of S assimilation (taking up the inorganic-sulfate from the soil, reducing it to sulfide and synthesize various biomolecules; Davies et al., 1996; Maruyama-Nakashita et al., 2004; Koprivova and Kopriva, 2014). Deficiency symptoms of S resemble those of N-deficiency: the leaves become pale-yellow. However, unlike nitrogen deficiency, the symptoms appear first on the younger leaves and persist even after an adequate supply of nitrogen. Moreover, S availability in the soil fluctuates; hence, a plant needs to reprogram its metabolism according to the changing nutrients status.

The micro-nutrients like Fe and Zn play very important roles in the physiological processes of crop plants; however, they are required in very little amounts. Fe is required for chlorophyll synthesis and maintenance of chloroplast structure and functions. It is generally present in higher quantities in soil, but its bioavailability becomes limited in aerobic and neutral pH environments (Colombo et al., 2014). In aerobic soils, Fe is found predominantly in the Fe+3 form, with extremely low solubility, which does not fulfills the plant’s iron requirement. Hence, Fe-deficiency becomes a common nutritional disorder in many crop plants, resulting in interveinal-chlorosis in young leaves, stunted root growth, poor yield, and reduced nutritional quality. Similarly, Zn is required for optimum plant growth, as it influences several biological processes including cell proliferation, carbohydrate metabolism, and P-Zn interactions (Rehman et al., 2012). Zn is the only metal required for all the six classes (hydrolases, oxidoreductases, lyases, transferases, ligases, and isomerases) of enzymes (Coleman, 1998). Although it plays a structural role in some of the regulatory proteins (Berg and Shi, 1996), its higher concentration is toxic for the cell (Sresty and Madhava Rao, 1999; Xu et al., 2013). Zn deficiency in a plant results in deformed chlorotic leaves, interveinal necrosis, decreased photosynthesis, and reduced biomass production leading to reduced plant growth, lesser yield, and poor nutritional quality of the produce (Zhao and Wu, 2017).

Reports on interactions between multiple nutrient elements suggest that they affect uptake, transport, or assimilation of each other. Therefore, multi-level interactions between the nutrient elements need to be studied to better understand the sensing and signaling pathways triggered in response to the varying availability of nutrient elements. The multi-level study, integrating the transcriptome through enzymatic activities to the metabolome, helps to understand the strategies of a plant to reprogram metabolic pathways in response to the deficiency, resupply, sufficiency, and/or excessiveness of mineral nutrients. This provides insights into how plants adjust metabolic pathways in the absence/resupply of mineral nutrient(s) for its proper growth and development (Amtmann and Armengaud, 2009; Kellermeier et al., 2014). Phosphorus and sulfur being essential macro-nutrients for plant growth, development, and productivity, they show interactions in terms of substituting phospholipids with sulfolipids and galactolipids in cellular membranes under P-deficiency stress (Okazaki et al., 2013). While such biological interactions between N, P, and S are well-known (Aulakh and Pasricha, 1977; Sinclair et al., 1997; Smith et al., 2000; Gojon et al., 2009; Islam et al., 2012; Chotchutima et al., 2016; Krouk and Kiba, 2020), the knowledge of signaling pathways involved in responses to nutrient availability/deficiency is still limited. Nutritional deficiencies and interactions are not restricted to macro-elements only, micro-nutrients, such as Zn and Fe, have their homeostasis and show biological interactions. The interactions between Zn and Fe have also been studied (Connolly et al., 2002; Kerkeb et al., 2008; Barberon et al., 2011; Haydon et al., 2012; Xie et al., 2019). Deficiency of micro-element results in certain physiological disorders impacting plant growth, development, and productivity. Such interactions have been partially understood at physiological and molecular levels, the intricate nutritional cross-talks need to be extensively studied to maximize crop productivity.



INTERACTION BETWEEN N AND P HOMEOSTASIS IN PLANTS

Owing to the Haber-Bosch process, N availability is considered to be virtually infinite but the global P reserves are becoming scarce for agriculture in the 21st century. Therefore, understanding plant responses to the availability of these nutrients and biological interactions are crucial for reduced/optimum fertilizer use in agriculture (Medici et al., 2019). The effects of N‐ and P-fertilizer on crop yield have been largely studied in isolation, but recent findings suggest interactions between the macro-nutrients. Elser et al. (2007) reported synergistic interactions between N and P in providing a much higher yield under diverse ecosystems. While an adequate supply of N positively affects the uptake of P (Smith and Jackson, 1987), P-starvation negatively affects N uptake and assimilation (Gniazdowska and Rychter, 2000). This suggests a mutual interaction between N and P nutrition in plants (Güsewell, 2004). For a crop plant to successfully reach its reproductive phase, sufficient availability of the essential mineral nutrients, such as N, P, and K, needs to be ensured for various biochemical, physiological, and metabolic processes to occur appropriately. N is not only required as a nutrient for the synthesis of starch and amino acids, but nitrate (N) also acts as a signal molecule to modulate phosphate response, and to coordinate the N–P balance (Figure 1).

[image: Figure 1]

FIGURE 1. Schematic representation of nitrogen-starvation response and phosphate-starvation responses explaining N/P interactions. PHR1 acts as a major transcriptional regulator of P-starvation response, which is accompanied by the activation of phosphate starvation-induced (PSI) genes followed by phosphate uptake and translocation by phosphate transporters (PHO1 and PHT1s). PHR1 is negatively regulated by SPXs through inositol polyphosphate (insP)-triggered Pathway. During P-starvation, PHR1 up-regulates the IPS1 and miR399 expression. miR399 represses PHO2, which acts in association with NLA (an E3 ligase) to repress/degrade PHO1 and PHT1. OsSPX4 is degraded through 26S proteasome pathway in response to N supply (+N) via the action of OsNRT1.1B and an E3 ligase OsNBIP1 (NRT1−NBIP). SPXs transcription is directly repressed in response to +N by NIGT1/HHOs. On the contrary, PHR is positively regulated by +N. PHO2 expression is down-regulated in response to +N by NIGT1/HHOs and CHL1/NRT1.1. Thus, the phosphate-starvation response is attenuated by N-starvation because of the accumulation of negative regulators (SPXs and PHO2) and a decrease in the positive regulator (PHR1).


N-related long-distance signaling involves cytokinin biosynthesis, C-terminal encoded peptide (CEP), and glutaredoxins (Tabata et al., 2014; Ohkubo et al., 2017; Poitout et al., 2018). Interaction between N and P signaling was reported to be mediated by Nitrogen limitation adaptation (NLA) and PHO2 that control phosphate transporter activity resulting in N-dependent P accumulation in shoots (Peng et al., 2007; Lin et al., 2013). A transcription factor GARP and Nitrate-inducible GARP-type translational repressor 1.4 (NIGT1.4) were reported to affect primary root growth according to the nitrate and phosphate ion signals via transcription and protein accumulation, respectively (Medici et al., 2015). Moreover, PHR1 was reported to be a central regulator of NIGT1 (Kiba et al., 2018). Cerutti and Delatorre (2013) reported N–P interaction in modulating root architecture by a regulatory component (PDR1) of N and P signaling mediated by cytokinin. While P-starvation triggers the formation of shorter primary and lateral roots (Hufnagel et al., 2014; Zhang et al., 2019) to better explore the soil for P acquisition, N-deficiency represses lateral root development and favors primary root elongation to explore deeper soil for better N acquisition (Jia and von Wiren, 2020). Such biological interactions might be the strategy of plants to coordinate N and P acquisition under varying nutritional conditions for optimum growth and yield. However, our current understanding of the molecular basis of such interaction is still elusive.

Thus, evidence suggests that N availability modulates phosphorus starvation responses (Rufty et al., 1990; Kant et al., 2011; Liang et al., 2015; Medici et al., 2019). Under P-starvation, N supplementation activates P acquisition, while N-starvation represses the P-starvation responses. This indicates that a plant modulates its regulatory system to prioritize N nutrition over P. Three major signaling factors involved in N–P interaction have been identified, which include SPXs, PHRs, and PHO2. Expression of SPX1, SPX2, and SPX4 was reported to be repressed in response to N supplementation in Arabidopsis and rice (Kiba et al., 2018; Ueda et al., 2020). In rice, a nitrate sensor [nitrate transporter (NRT), NRT1.1B] was reported to interact with a phosphate-signaling repressor (SPX4; Hu et al., 2019). Phosphate starvation response (PHR) was reported to be positively regulated by N at transcriptional and post-transcriptional levels (Sun et al., 2018; Varala et al., 2018). However, PHR1 stability was reported to decrease by N-starvation (Medici et al., 2019). Moreover, the microRNA (miR827)–NLA module was reported to be involved in nitrate-dependent phosphate homeostasis in Arabidopsis (Kant et al., 2011). Evidence indicates an important role of cytokine in P and N signaling (Cerutti and Delatorre, 2013; Poitout et al., 2018). Several other potential factors involved in N-dependent PHR regulation have been reported in Arabidopsis, including miR399 (Liang et al., 2015) and NPF7.3/NRT1.5 (Cui et al., 2019); however, their roles in N-dependent PHR regulation are yet unexplored. Only a few proteins have been reported to be involved in nitrate transport in rice. Medici et al. (2019) reported that N-deficiency in rice strongly affects shoot growth, but N availability minimizes the effects of P-deficiency on shoot growth. More importantly, the effect of N-deficiency is less important for plants under P-deficiency. Recently, Pueyo et al. (2021) reported structural and functional modifications in roots, leading to the formation of clusters and altered nodule metabolism, under P and N deficiencies. Signaling factors, including phytohormones and miRNAs, were reported to be the important players in the N and P interactions. We observed down-regulated expression of a high-affinity nitrate transporter (LOC_Os02g38230) in roots of rice under P-starvation stress, with more down-regulation in the P-deficiency stress-sensitive (Pusa-44) rice genotype (our unpublished data). Hence, a comprehensive understanding of the interactions between the macro-nutrients would be essential to optimize/maximize the crop yields under diverse nutritional status in the soils.



INTERACTION BETWEEN P AND S HOMEOSTASIS IN PLANTS

A major source of S for plants is the inorganic sulfate (SO4−2; Leustek et al., 2000), and several S transporters (SULTRs) have been functionally characterized in plants (Takahashi, 2010). It has also been reported that plant cells rapidly replace sulfolipids with phospholipids under S-deficiency, and phospholipids with sulfolipids during P-deficiency (Yu et al., 2002; Sugimoto et al., 2007; our unpublished data). Interestingly, the genes involved in the replacement of phospholipids with sulfolipids under P-deficiency in plants (SQD1 and SQD2) contain a PHR1 binding sequence (P1BS) in the promoter and get induced by P-deficiency (Franco-Zorrilla et al., 2004; Stefanovic et al., 2007). Increased synthesis of miR395 was reported due to P-starvation (Hsieh et al., 2009), which increases S translocation from root to shoot by SULTR2;1, and enhances sulfolipid biosynthesis. Evidence for co-regulation of P-S signaling is getting accumulated. In Arabidopsis, the central regulator of P-starvation signaling (PHR1) is potentially involved in S, Fe, and Zn homeostasis as it regulates the expression of three sulfate transporters (SULT1;3, SULT2;1, and SULT3;4), two zinc transporters (Zinc/Iron-regulated transporter (Zrt/Irt)-related proteins, ZIP2 and ZIP4), and a ferritin (FER1) protein (Rouached et al., 2011; Bournier et al., 2013; Bouain et al., 2014a; Briat et al., 2015). This suggests that macro‐ and micro-nutrient homeostasis, at least partially, relies on the regulation of the expression of transporter genes. We observed up-regulated expression of two sulfate transporters (LOC_Os01g52130 and LOC_Os06g05160) in rice, with higher expression in P-deficiency tolerant genotype, under P-starvation. Such nutrients’ homeostasis is supposed to make NIL-23 to be tolerant to P-deficiency stress. PHR1 has been reported to positively regulate SULTR1;3 expression, while it negatively affects the expression of SULTR2;1 and SULTR3;4 under P-deficiency (Rouached et al., 2011).

Recently, Garcia et al. (2021) reported the involvement of phytohormone ethylene (ET) in the regulation of crosstalk between P, S, or Fe deficiency. Some of the key elements of the ET transduction pathway (CTR1, EIN2, and EIN3/EIL1) were reported to play roles in nutrient deficiency responses. Dicot plants, like Arabidopsis, adopt several strategies (mainly in roots) to facilitate mobilization/uptake of nutrients to cope up with P, S, or Fe deficiency. Such responses include modification in root morphology, increased activity of transporters, enhanced synthesis/release of nutrient solubilizing compounds, and improved activities of ferric reductase or phosphatase activity.



INTERACTIONS BETWEEN P, FE, AND ZN HOMEOSTASIS IN PLANTS

Cross-talks between P, Zn, and Fe homeostasis have been reported earlier in many plants (Briat et al., 2015), molecular basis and biological significance of the nutritional interactions have largely been unknown. Complex tripartite cross-talks among P, Zn, and Fe are being reported (Zheng et al., 2009; Briat et al., 2015; Rai et al., 2015; Xie et al., 2019). Whole transcriptome analysis revealed more than 500 overlapping genes regulated by both P‐ and Fe-deficiency in roots of rice and Arabidopsis (Zheng et al., 2009; Li and Lan, 2015). Gene expression in plants under P-deficiency/starvation is determined by the presence/absence of Fe (Misson et al., 2005; Thibaud et al., 2010). Fe-deficiency was reported to alter the transcription of P assimilation-related genes (Zheng et al., 2009; Moran et al., 2014). Under P-starvation, expression of FER1 (encoding Fe storage protein ferritin), NAS3, and YSL8 genes (responsible for Fe homeostasis) are induced (Bustos et al., 2010; Bournier et al., 2013). In Arabidopsis, double mutations for phr1 phl1 altered Fe distribution and expression of Fe-related genes (Bournier et al., 2013; Briat et al., 2015). This suggests that PHR1 and PHL1 might be involved in integrating P and Fe nutrient signaling. A high-affinity copper (Cu) transporter COPT2 was reported to act as a key player in the interaction between P‐ and Fe-deficiency signaling in Arabidopsis (Perea et al., 2013). COPT2 plays a dual role under Fe-deficiency; it helps in Cu uptake and distribution to minimize Fe losses (Xie et al., 2019). Moreover, loss of functions of COPT2 aggravates the P-starvation responses in Arabidopsis. We observed up-regulated expression of Fe2+ transporter genes in roots and shoots of the tolerant rice (NIL-23) genotype, whereas down-regulated expression of the transporters was observed in the sensitive (Pusa-44) genotype under P-starvation stress. Notably, a rice vacuolar-membrane transporter OsVIT1 (LOC_Os09g23300) was observed to be induced by ~1.5-fold in roots and shoots of NIL-23 under the stress, while it was significantly down-regulated (>2.5-fold) in roots and shoots of Pusa-44 (a stress-sensitive rice genotype).

Similarly, Zn-deficiency induces the expression of several P assimilation-related genes (van de Mortel et al., 2006), while P-deficiency activates the expression of the genes involved in Zn and Fe homeostasis (Misson et al., 2005; Bustos et al., 2010). Expression of several ZIP genes (OsZIP1, OsZIP4, OsZIP5, plasma membrane Zn transporters) was reported to be induced by Zn-deficiency and controlled by the availability of divalent cations such as Zn2+, Fe2+, Cu2+, Mn2+ in rice (Suzuki et al., 2012). We observed up-regulated expression of OsZIP3 and OsZIP4 (LOC_Os04g52310 and LOC_Os08g10630) in NIL-23, while they were down-regulated in Pusa-44 under P-starvation stress. Fe-deficiency caused up-regulated expression of the genes involved in Zn uptake and homeostasis in leaf and root of soybean (Moran et al., 2014). A Fe-deficiency-responsive gene AtIRT1 was reported to play a key role in coordinating the signaling for Zn‐ and Fe-deficiency in Arabidopsis (Briat et al., 2015). An MYB family transcription factor PHR1 acts as a common regulator of P, Fe, and Zn homeostasis, and functions as an integrator of multiple nutrient signals (Briat et al., 2015). Transcriptional activation of some of the genes involved in Fe homeostasis was reported to be PHR1-dependent (Figure 2), including FER1 (encoding the Fe storage protein), and PHO1;1 (encoding P transporter). PHO1;1 was reported to be involved in coordination between Fe transport and P–Zn deficiency signaling in rice (Saenchai et al., 2016). Excessive Zn was reported to cause Fe deficiency because of decreased IRT1 protein in Arabidopsis root (Connolly et al., 2002) due to ubiquitin-mediated proteasomal degradation of IRT1 (Kerkeb et al., 2008; Barberon et al., 2011). Moreover, Fe starvation was also reported to affect S uptake and assimilation. Forieri et al. (2013) reported 2.5-fold down-regulation of high-affinity S transporter SULTR1;1 under Fe deficiency. The role and abundance of Fe–S cluster in various nutritional stresses need to be studied (Forieri et al., 2013). However, the basics of the cross-talk between P-, Fe-, Zn and S-deficiency signaling in plants remain to be elucidated. We also observed that P-starvation stress increased carbon-flux via glycolysis for the synthesis of organic acids, altered lipid metabolism, and Fe/Zn metabolism, which corroborate with the earlier report (Wasaki et al., 2003).
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FIGURE 2. Schematic representation of the macro‐ and micro-nutrient homeostasis. The interactions between phosphorus (P), iron (Fe), sulfur (S), and zinc (Zn) homeostasis are indicated by ↔ arrows. At the molecular level, transcription factor PHR1 (initially identified as a key regulator of the phosphate-starvation induced genes) up-regulates phosphate transporters (PHT1;1), PHO1;H1, and the genes involved in phosphate deficiency sensing/signaling (SPX1, miR399, and miR827). Other genes known to be involved in P-deficiency signaling/sensing include miR827 and miR399. Transcriptional regulation of some of the genes involved in maintaining Fe and Zn homeostasis is PHR1-dependent; it includes FER1 (encoding Fe storage protein ferritin) and ZIP2 and ZIP4 (zinc transporters). PHR1 also acts as a central regulator of sulfate transport (SULTR1;3, SULTR2;1, and SULTR3;4). The arrow-heads and flat-ended lines indicate the positive and negative effects of PHR1, respectively. PHR1 acts as a regulator of P-transporters (PHT1 and PHO1) via the PHR1–miR399–PHO2 module. Also, ZIP2 and ZIP4 are activated by PHR1 binding to the P1BS sequences in the promoter of the genes. Likewise, Zn sufficiency inactivates the Zn-regulatory network and represses Zn transporters for Zn homeostasis. Besides, PHO1;H3 is repressed by sufficient Zn supply, and the PHR1 and PHO1 proteins help to maintain the Pi–Zn homeostasis cross-talk. Similarly, Fe homeostasis is also regulated in a PHR1-dependent manner.


Leskova et al. (2017) reported enhanced uptake of Zn to mimic Fe-deficiency by high ferric-chelate reductase activity, not due to Zn-inhibited Fe uptake but Zn-simulated transcriptional response of Fe-regulated genes. This indicates that Zn affects Fe homeostasis by sensing the availability of Fe. Recently, Brumbarova and Ivanov (2019) reported the involvement of three transcriptional regulators (HY5, PIF4, and the NF-Y complex) in modulating nutrient responses in Arabidopsis. These transcriptional regulators play important role in light signaling and modulate global transcriptome to adjust nutrient availability.



MASTER REGULATORS OF MULTIPLE-NUTRIENT HOMEOSTASIS

Transcription factor PHR1 was initially identified as a major regulator of P homeostasis in plants (Fujii et al., 2005; Aung et al., 2006; Bari et al., 2006). Subsequently, reports indicate that PHR1 also regulates the expression of genes involved in S, Fe, and Zn homeostasis (Rouached et al., 2011; Bournier et al., 2013; Khan et al., 2014). Thus, PHR1 is considered as a molecular link between the pathways controlling macro‐ and micro-nutrient homeostasis. The regulatory role of PHR1 has been documented based on two-by-two interactions of some of the nutrient elements like P and S, P and Fe, P and Zn. PHR1 is one of the important regulators of P-deficiency responses, but other regulators like WRKY45/75, ZAT6, MYB62, PTF1, and bHLH32 have also been reported.

Subsequently, higher-order coordinators such as light-response transcription factors/complexes (PIF4, HY5, and the NF-Y) were identified as master transcriptional regulators coordinating plant growth and nutrient utilization (Brumbarova and Ivanov, 2019). Based on the available reports and nutritional interactions, it can be concluded that PHR1 and HY5 act as master regulators of multiple nutrient homeostasis. Moreover, the role of miRNAs as a potential regulator of the cross-talks between the nutrient homeostasis is also being deciphered (Hsieh et al., 2009; Pant et al., 2009; Liang et al., 2015; Pueyo et al., 2021). The involvement of epigenetic and epitranscriptomic marks (Wang et al., 2016; Kumar et al., 2018; Kumar and Mohapatra, 2021) in regulating nutrient interactions is yet to be explored. The need of the day is to conduct more extensive, multi-level interaction studies with a system biology approach, and to decipher the integrative gene-networks to better manage the nutrient deficiencies in crop plants, towards maximizing the yield and quality of the produce (Kumar, 2018).



CONCLUSION

The combinations of high-throughput “Omics” and reverse genetics approaches have resulted in the characterization of genes involved in the interactions between multiple nutrients homeostasis. Interactions between macro-nutrients have been evident from the morphological, physiological, and agronomic studies; however, molecular bases of such biological interactions between macro-, micro-, and macro-micro-nutrients are being elucidated. Biological interactions have not only been detected between N and P, but P and micro-nutrients (Fe and Zn) have also been reported in plants (Bouain et al., 2014b; Briat et al., 2015), which would be very important to maximize crop yield, particularly on marginal lands under the changing climatic conditions (Kumar, 2020). Studies involving various combinations of macro‐ and micro-nutrient stress, and integrative signaling molecules would provide the genetic-basis for multi-partite cross-talks in plants. Therefore, future research would also need to focus on integrative studies to decipher the mechanisms involved in coordinating multiple nutrient interactions and nutrient-stress signaling to mitigate the harmful effects of nutrient(s) deficiency in crop plants. Besides, identification of the genes involved in the interactions between different nutrients (e.g., N, P, Fe, Zn, and/or Fe), their transport, and signaling in crop plants will help breeders/agronomists to develop alternate strategies for nutrient management in crops (Xie et al., 2019). In conclusion, the multi-partite integrative studies on the interactions between nutrient metabolic pathways would be of great importance for sustainable agricultural production/development all over the world (Kaur and Kumar, 2020).
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Applying large amounts of potash fertilizer in apple orchards for high apple quality and yield aggravates KCl stress. As a phytoalexin, resveratrol (Res) participates in plant resistance to biotic stress. However, its role in relation to KCl stress has never been reported. Herein we investigated the role of Res in KCl stress response of Malus hupehensis Rehd., a widely used apple rootstock in China which is sensitive to KCl stress. KCl-stressed apple seedlings showed significant wilting phenotype and decline in photosynthetic rate, and the application of 100 μmol Res alleviated KCl stress and maintained photosynthetic capacity. Exogenous Res can strengthen the activities of peroxidase and catalase, thus eliminating reactive oxygen species production induced by KCl stress. Moreover, exogenous Res can decrease the electrolyte leakage by accumulating proline for osmotic balance under KCl stress. Furthermore, exogenous Res application can affect K+/Na+ homeostasis in cytoplasm by enhancing K+ efflux outside the cells, inhibiting Na+ efflux and K+ absorption, and compartmentalizing K+ into vacuoles through regulating the expression of K+ and Na+ transporter genes. These findings provide a theoretical basis for the application of exogenous Res to relieve the KCl stress of apples.
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INTRODUCTION

Soil salinity is one of the most harmful adverse factors affecting crop productivity in irrigated land (Hu et al., 2015; Zorb et al., 2019). Current research shows that more than 125 million hectares of land has already been salinized, and the area is still increasing. Due to severe salinization, available arable land has been greatly reduced (Liu M. M. et al., 2020). NaCl and KCl are soluble salts that seriously damage the growth of plants. Among the different plant responses to NaCl stress, the core process is to reject sodium (Na) and absorb potassium (K) to maintain Na+/K+ balance in the cytoplasm (Zhu, 2016). As an essential nutrient element in plants, K maintains the activities of various metabolic enzymes in cells (Zhu et al., 1998). However, recent research found that a high K concentration could also induce salt stress and inhibit the growth of plants (Hassini et al., 2017). Apple (Malus domestica Borkh.) is one of the most productive and economically valuable horticultural crops worldwide. Proper soil conditions and nutrient balance are the key factors to guarantee yield and quality (An et al., 2018). However, potash fertilizer consumption has reached 30 million tons per year worldwide and about 5.6 million tons per year in China (Huang et al., 2019; Wu X. W. et al., 2019). Applying large amounts of potash fertilizer for high apple yield and quality has resulted in serious KCl stress (Zheng et al., 2021). This phenomenon damages the soil structure and limits the sustainable development of apple orchards (Jia et al., 2020). Most studies on salt stress mainly focused on the damage of NaCl stress; however, the molecular mechanism underlying the apple’s response to KCl stress remains unclear.

Salt stress includes osmotic stress and ion toxicity, the two primary reactions inducing the accumulation of reactive oxygen species (ROS) and indirectly leading to oxidative damage in plants. The presence of various stresses inhibits plant growth and energy metabolism, which results in premature aging and even death (Guo et al., 2009; Guo H.Y. et al., 2017). When plants experience KCl stress, excessive K+ is absorbed into the cytoplasm through an electrochemical potential gradient due to the large amount of K+ in the external environment; this phenomenon breaks the original balance of cytoplasm Na+/K+ and generates ion toxicity (Park et al., 2016). For K+ balance in the cytoplasm, ion transporters regulate the ion balance (Li et al., 2006). The Stellar K+-Outward Rectifier (SKOR) is located in the plasma membrane to transport K+ from the cytoplasm to outside the cell (Sun et al., 2019). For K+ absorption, inward channels KAT1 and KAT2 mediate the K+ uptake into the cell. KAT1 and HAK5 are high-affinity transporters that regulate sufficient K+ uptake for plant growth (Zhao et al., 2016). Except for K+ absorption and efflux, voltage-dependent K+ channel (TPKs) and vacuolar K+/H+ antiporters such as NHX1 and NHX2 are present in the tonoplast to facilitate K+ influx and efflux in the vacuoles (Zhu et al., 2018). Furthermore, the Na+, Ca2+, and Fe2+ transporters are involved in the balance of K+/Na+, Ca2+, and Fe2+ in the cytoplasm (Latz et al., 2013; Yuan et al., 2016; Li et al., 2017). Excessive K+ concentration in the soil environment reduces the water potential of the soil, impedes the water uptake of the plants, and leads to osmotic stress (Yang and Guo, 2018). Osmotic stress reduces the stomatal openings through the guard cells of plant leaves, decreases plant photosynthesis, and affects plant growth and development (Meloni et al., 2003; Campos et al., 2012). Plants regulate the osmotic potential by increasing the concentrations of osmolytes such as proline, glycine betaine, soluble sugar, and soluble protein (Yang and Guo, 2018). Osmotic stress and ion toxicity destroy the selective permeability of the membrane, leading to large electrolyte extravasation and excessive ROS accumulation (Demidchik et al., 2014). Excessive ROS concentrations cause lipid peroxidation, protein oxidation, nucleic acid damage, and enzyme inactivation and result in programmed cell death (Affenzeller et al., 2009; Miller et al., 2010). To cope with this oxidative damage, plants develop enzyme, and non-enzyme systems to eliminate ROS (Ahmad et al., 2010). Plant antioxidant enzymes mainly include superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT), and the non-enzyme system mainly involves ascorbic acid, alkaloids, carotenoids, and flavonoids (Tan et al., 2006; Ahmad et al., 2010). Plants can improve the activities of their antioxidant enzymes, accumulate non-enzyme scavengers to alleviate the oxidative damage (Zhan et al., 2019), and induce the expression of ROS-related genes to eliminate ROS. Rice transcription factor OsMADS25 could ameliorate salt tolerance by directly binding to the promoter of glutathione transferase gene OsGST4 to improve its expression (Xu et al., 2018).

Applying exogenous substances effectively alleviates salt stress (Su et al., 2020). These substances are commonly divided into the following three categories: The first category is the plant growth regulators, such as jasmonate (JA), cytokinin, and abscisic acid (Moons et al., 1997; Zhu, 2016; Wu J. X. et al., 2019). JA has a positive regulatory role in plant resistance to salt stress, and its exogenous application can improve the salt tolerance of Arabidopsis, tomatoes, and rice (Garcia-Abellan et al., 2015; Ken-Ichi et al., 2015; Valenzuela et al., 2016). The second category is osmotic adjustment substances, such as proline, glycine betaine, and sugars (Finkelstein and Lynch, 2000; Yang and Lu, 2005). Exogenous glycine betaine application can alleviate NaCl stress by regulating osmotic stress (Yang and Lu, 2005). The third category contains substances that increase the antioxidant capacity of plants, such as NO, silicon, and melatonin (Hu et al., 2017; Zeng et al., 2018; Zhu et al., 2019). Exogenous melatonin can eliminate ROS and enhance NaCl stress resistance in horticultural crops such as grapes, apple, and cucumber (Zheng et al., 2017; Xu et al., 2019). However, most studies focused on NaCl stress; reports on substances that are effective against KCl stress are rare. As a member of the stilbene family of phenolic compounds, resveratrol (Res) has been identified in grapevines, red wine, sorghum bicolor, berries, and peanuts (Kostopoulou et al., 2014). This antimicrobial phytoalexin contributes to plant resistance to biotic stress (Kiselev et al., 2017). Grapevines could metabolize additional Res to protect themselves from Botrytis cinerea and Plasmopara viticola (Langcake et al., 1979; Kiselev et al., 2009). Gonzalez Ureña et al. (2003) reported that exogenously applying trans-resveratrol could improve postharvest resistance in fruits. Res can also help improve the resistance to Venturia inaequalis in apples (Heuer, 2003). In addition to acting as a phytoalexin, Res is involved in plant resistance to abiotic stress and plant response to ozone, wounding, or UV light (Grimmig et al., 2003). In citrus seedlings, the external application of Res and α-Toc mediates salt adaptation (Kostopoulou et al., 2014). However, the effect of Res on KCl stress and its molecular mechanism are still unclear, especially in woody plants such as apples.

In this study, we aimed at exploring the effect and its underlying mechanism of Res on KCl stress in apple. Our study applied different concentrations of exogenous Res on Malus hupehensis seedlings under KCl stress and analyzed the positive regulation of Res under KCl stress in terms of the photosynthetic system, ionic homeostasis, osmotic balance, and oxidative damage. Additionally, K+ and Na+ transporter genes and key KCl-responsive genes under Res treatments were also determined. Our results suggest that Res alleviates the KCl salinity stress of Malus hupehensis seedlings by regulating K+/Na+ homeostasis, osmotic adjustment, and ROS scavenging. The results of this study shed light on the new effect of Res and enhance the application of Res in apples under abiotic stress.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

Seeds of M. hupehensis after low-temperature vernalization were planted in nutrient soil (65% fertile garden soil, 10% fine sand, 25% burning soil, and 0.4% calcium magnesium phosphate fertilizer) and sand with the ratio of 1:1. When the seedlings developed to four leaves, they were transplanted into a 7 × 7 × 8-cm plastic pot, watered with Hoagland’s nutrient solution every 3 days, and cultivated under a greenhouse environment with the temperature controlled at 25 ± 2°C, humidity of 62 ± 2%, light intensity of 100 μmol⋅m–2⋅s–1 and photoperiod of 16/8-h light/dark. After 10 days, the seedlings with similar growth status were selected for subsequent KCl and exogenous Res treatment.



KCl Stress and Exogenous Res Treatment

A total of 360 M. hupehensis seedlings were randomly divided into five groups, and each group had 72 apple seedlings. Group I was treated with Hoagland’s nutrient solution as control, and groups II–V were irrigated with 50 mM KCl stress (KCl dissolved into Hoagland’s nutrient solution). In addition, groups III–V were sprayed with exogenous Res with a concentration of 10, 100, and 200 μM, respectively; Res (Solarbio, Beijing, China) was dissolved in ethanol at a concentration of 10 mM and stored at −20°C and sprayed every 2 days. The Hoagland’s nutrient solution with/without KCl stress were irrigated every 3 days. After 15 days of treatment, the phenotype was photographed firstly, then the wilting rate, plant height, fresh weight, and dry weight of the apple seedlings were measured. Both the biological and technical duplications of each experiment were repeated three times.



Determination of Wilting Rate, Plant Height, Fresh Weight, and Dry Weight

After 15 days of KCl stress and exogenous Res treatment, the wilting rates of the apple seedlings in five groups were counted (wilting rate = number of wilting seedlings/total number of seedlings in each group × 100%). Twenty seedlings from each group were randomly selected to measure the plant height. The distance from root collar to the top of the stem was measured as plant height using a ruler. Then, the 20 apple seedlings were washed and dried with filter paper. The fresh weight was detected by analytical balance (Mettler toledo, Zurich, Switzerland). For the measurement of dry weight, the apple seedlings were dehydrated at 105°C for 30 min and then baked at 80°C for continuous 72 h; then, dry weight was measured using analytical balance (Mettler Toledo, Zurich, Switzerland). Both the biological and technical duplications of each experiment were repeated three times.



Determination of Chlorophyll Content and Photosynthetic Parameters

Twenty apple seedlings from each group were randomly selected to determine the chlorophyll content and basic photosynthetic parameters after KCl stress and exogenous Res treatment for 15 days. Three leaves of each seedlings were measured. Under light condition, the chlorophyll content was measured by SPAD-502 Plus (Konica Minolta, Tokyo, Japan) at 9 am to 11 am. Photosynthesis rate, transpiration rate, and stomatal conductance were measured by CIRAS-3 portable photosynthetic apparatus (PP Systems, Amesbury, United States). Light intensity was set at 800 μmol⋅m–2⋅s–1 supplied by the built-in light source, humidity was 50%, and temperature was controlled at 23°C. The photosynthetic parameters were all measured between 9 am and 11 am. Both the biological and technical duplications of each experiment were repeated three times.



Determination of ROS Level and MDA Content

Twenty apple seedlings, after KCl stress and exogenous Res treatment for 15 days, were randomly selected from each group to detect the ROS levels, including O2.– and H2O2. For O2.– measurement, the leaves were vacuum-infiltrated with 0.1 mg/ml nitroblue tetrazolium (Sangon Biotech, Shanghai, China) in 25 mM HEPES buffer (pH = 7.8) for 30 min and kept at 23°C in the dark for 2 h. For the detection of H2O2, the leaves were vacuum-infiltrated with 0.1 mg/ml diaminobenzidine (Sangon Biotech, Shanghai, China) in 50 mM Tris-acetate (pH = 3.8) for 30 min and were kept at 23°C in the dark for 24 h. Then, leaves for either O2.– or H2O2 detection were washed in 80% ethanol every 10 min at 70°C until the leaves lost their green color completely (Zheng et al., 2017). After decoloration, the leaves were photographed. Each experiment was independently repeated three times.

For malondialdehyde (MDA) detection, 0.5 g of fresh leaves from each group after KCl stress and exogenous Res treatment for 15 days were ground in a pre-cooled mortar with 5 ml of extract buffer and then centrifuged at 12,000 rpm for 10 min. MDA content was determined using a plant MDA extraction kit (Grace, Suzhou, China). Both the biological and technical duplications of each experiment were repeated three times.



Determination of Antioxidant Enzyme Activity

After KCl stress and exogenous Res treatment for 15 days, 0.5 g of fresh leaves from each group was ground in 5 ml of extract buffer to determine the activity of antioxidant enzymes including SOD, POD, and CAT in apple leaves. After centrifugation at 12,000 rpm for 10 min, the activities were determined using SOD, POD, and CAT kits (Grace, Suzhou, China). Both the biological and technical duplications of each experiment were repeated three times.



Determination of Electrolyte Leakage and Osmolyte Content

Twenty leaves after KCl stress and exogenous Res treatment for 15 days were randomly selected from each group to detect electrolyte leakage. The detection of electrolyte leakage was estimated as described previously (Ahmad et al., 2016). Firstly, the electrical conductivity (ECa) of the 20 leaf disks submerged was measured. Secondly, the leaf disks were put in test tubes and incubated at 55°C for 25 min, and the electrical conductivity (ECb) was measured. Finally, the test tubes were boiled at 100°C for 10 min, and the electrical conductivity (ECc) was determined. Electrolyte leakage was calculated using the following formula: electrolyte leakage (%) = (ECb – ECa)/ECc × 100. Both the biological and technical duplications of each experiment were repeated three times.

After KCl and exogenous Res treatment for 15 days, 0.5 g of fresh leaves from each group was used for the detection of osmolytes including proline, soluble sugar, and soluble protein. The leaves were ground in 5 ml of pre-cooled extracted buffer, and centrifugation (12,000 rpm) was carried out at 4°C for 10 min. The supernatants were used for proline, soluble sugar, and soluble protein content assays using the proline, soluble sugar, and soluble protein kits (Grace, Suzhou, China). Both the biological and technical duplications of each experiment were repeated three times.



Quantification of Mineral Elements

A total of 3 g of apple seedlings were collected after 15 days of KCl stress and Res treatment and then cleaned with deionized water. The plants were dehydrated at 105°C for 30 min and then baked at 80°C for 72 h. Afterward, 0.5 g of dried seedlings was ground into powder and added with 12 ml of HNO3 and HClO4 (ratio of 5:1). After digestion, the solution was diluted with deionized water to 25 ml for the detection of mineral elements. The macronutrient (K, Ca, Na, Mg, and P) and micronutrient (Fe, Mn, Zn, and Cu) contents were determined by inductively coupled plasma-optical emission spectrometry (PerkinElmer, Waltham, United States). Both the biological and technical duplications of each experiment were repeated three times.



RNA Extraction and Quantitative Real-Time PCR Analysis

After 15 days of KCl and Res treatments, the total RNA of different groups was extracted using the RNAprep pure Plant Plus Kit (Tiangen, Beijing, China). Inverse transcription and qPCR assay were conducted as described by Zheng et al. (2020). KCl-responsive genes in apple were screened from RNA-seq results (NCBI number PRJNA588566), and apple actin (accession number: MDP0000774288) was used as the internal reference. The primers used for qPCR were designed by Primer 5 software and are shown in Supplementary Table 1. Both the biological and technical duplications of each experiment were repeated three times.



Experimental Design and Statistical Analysis

All experiments were repeated thrice according to a completely randomized design. The data were analyzed by ANOVA followed by Fisher’s least significant difference or Student’s t-test analysis. Statistically significant differences were indicated by P < 0.05. Statistical computations were conducted using SPSS (IBM, Armonk, NY, United States).



RESULTS


Effects of Exogenous Res on the Growth of Apple Seedlings Under KCl Stress

As shown in Supplementary Figure 1, the seedlings were wilted and seriously damaged by 50 mM KCl stress. When different Res concentrations were applied to the KCl-stressed apple seedlings, the leaves were still kept green, and the wilting rates were significantly reduced (Supplementary Figure 1A). However, different degrees of protection were observed when spraying varying Res concentrations under KCl stress. When low (10 μM) and high concentrations (200 μM) were used, the wilting rates of the apple seedlings were significantly decreased from 68.9 to 38.9 and 41.1%, respectively (Supplementary Figure 1B), and the fresh weights were significantly increased to 104 and 39.5%, respectively (Supplementary Figure 1C). When 100 μM exogenous Res was applied, the wilting rate was significantly decreased to as low as 15.0% compared with that of group II (Figure 1B). In addition, the plant height, fresh weight, and dry weight were all remarkably increased in the seedling sprayed with 100 μM Res compared with that without exogenous Res under KCl stress for 15 days (Figure 1). The plant height decreased from 6.7 to 3.2 cm under KCl stress but recovered to 5.2 cm after 100 μM Res application (Figure 1C). The fresh and dry weights also significantly increased to 148 and 107%, respectively, compared with those of group II under KCl stress for 15 days (Figures 1D,E). These results indicated that exogenous Res could protect the apple seedlings from KCl stress. The treatment of 100 μM exogenous Res exhibited the best phenotype and was therefore selected for further research.
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FIGURE 1. Phenotypes of Malus hupehensis seedlings treated with 50 mM KCl stress and exogenous 100 μmol Res on day 0 and day 15 (A). Effect of Res on wilting rate (B), plant height (C), fresh weight (D), and dry weight (E) of apple seedlings after KCl stress for 15 days. The bar (A) represents 4.0 cm. The data represent the mean ± SD of biological replicates. Different lowercase letters indicate significant differences according to Fisher’s least significant difference (P < 0.05).




Effects of Exogenous Res on Chlorophyll Content and Photosynthetic Parameters Under KCl Stress

In consideration of the wilting phenotype on the leaves of apple seedlings under KCl stress, the chlorophyll content and photosynthetic parameters were measured. The chlorophyll content was significantly reduced in the plants after 15 days of KCl stress (2.75 SPAD) and was only one-fifth that of the control group (15.85 SPAD). When exogenous Res was sprayed, the chlorophyll content of apple seedlings under KCl stress significantly recovered to as high as 14.4 SPAD, with no significant difference from that of the control group (Figure 2A). A similar variation tendency was observed for the photosynthetic parameters including photosynthesis rate, transpiration rate, and stomatic conductance under KCl stress and exogenous Res treatment. All values were significantly inhibited under KCl stress but increased by exogenous Res application (Figures 2B–D), especially the photosynthesis rate. Under KCl stress, the photosynthesis rate decreased significantly from 19 to 2.85 μmol⋅m–2⋅s–1 but recovered to 14.35 μmol⋅m–2⋅s–1 when exogenous Res was applied (Figure 2B). These results indicated that exogenous Res could protect the chlorophyll level and photosynthetic system against KCl stress.
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FIGURE 2. Effects of Res treatment on chlorophyll content (A), photosynthesis rate (B), transpiration rate (C), and stomatic conductance (D) of apple seedlings under KCl stress. The data represent the mean ± SD of biological replicates. Different lowercase letters indicate significant differences according to Fisher’s least significant difference (P < 0.05).




Effects of Exogenous Res on the Oxidative Damage and Antioxidant Enzyme Activity of Apple Seedlings Under KCl Stress

The O2.– and H2O2 staining results revealed that the leaves of apple seedlings were seriously damaged by KCl stress for 15 days. When exogenous Res was applied, the O2.– and H2O2 levels were significantly decreased (Figure 3A). The variation tendency of the MDA content was similar to that of O2.– and H2O2 under KCl and Res treatment. The MDA content under KCl stress (2.17 nmol/g) was more than twice that of the control group (0.83 nmol/g) but was significantly decreased to as low as 1.28 nmol/g after exogenous Res was applied (Figure 3B).
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FIGURE 3. Effects of Res treatment on H2O2, O2– (A), and malondialdehyde (MDA) content (B), superoxide dismutase activity (C), peroxidase activity (D), and catalase activity (E) under KCl stress. The bar (A) represents 1.0 cm. The data represent the mean ± SD of biological replicates. Different lowercase letters indicate significant differences according to Fisher’s least significant difference (P < 0.05).


Superoxide dismutase, POD, and CAT activities were also detected. As shown in Figure 3C, SOD activity was not significantly changed under KCl stress and exogenous Res treatment. Different from that of SOD, the POD and CAT activities under KCl stress were significantly decreased from 13.2 and 2,813 to 5.09 and 905 U/g, respectively. However, when exogenous Res was applied, the POD activity recovered to 16.3 U/g, which was as high as that under normal conditions (Figure 3D), and the CAT activity significantly increased to 2,177 U/g (Figure 3E).



Effects of Exogenous Res on the Electrolyte Leakage and Osmolytes of Apple Seedlings Under KCl Stress

Electrolyte leakage was detected after KCl stress and exogenous Res treatment for 15 days. After KCl stress, the electrolyte leakage increased significantly from 16.07 to 59.6% but decreased to as low as 28.9% when exogenous Res was applied (Figure 4A).
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FIGURE 4. Effects of Res treatment on electrolyte leakage (A), proline content (B), soluble protein content (C), and soluble sugar content (D) under KCl stress. The data represent the mean ± SD of biological replicates. Different lowercase letters indicate significant differences according to Fisher’s least significant difference (P < 0.05).


Osmolyte content under KCl stress and exogenous Res treatment was also detected. As shown in Figure 4, the proline, soluble sugar, and soluble protein contents were all significantly increased by KCl stress. However, when exogenous Res was applied, the proline content was significantly decreased from 25.2 to 17.3 μg/g, and those of soluble sugar and soluble protein content had no significant changes.



Effects of Exogenous Res on the Mineral Elements of Apple Seedlings Under KCl Stress

The mineral elements of apple seedlings were measured after KCl stress and exogenous Res treatment for 15 days. For the macronutrients (Figure 5A), K level was significantly increased from 9.06 to 27.25 mg/g under KCl stress but decreased to 16.34 mg/g when exogenous Res was applied. The variation tendency of Ca was similar to that of K. Different from those of K and Ca, Na content had no significant changes under KCl stress. However, when exogenous Res was applied, Na significantly increased by 56.9%. For the micronutrients (Figure 5B), Mn was reduced by KCl stress but significantly increased from 21.27 to 28.96 mg/kg when exogenous Res was applied. The Fe content had no significant changes under KCl stress but significantly increased by 100.5% when exogenous Res was applied. As an important indicator of plant tolerance to salt stress, K/Na ratio was detected before and after KCl stress and exogenous Res treatment for 15 days. The K/Na ratio of the apple seedlings from the three groups had no significant difference before the treatment. However, after KCl stress and exogenous Res treatment for 15 days, the K/Na ratio was significantly increased to 489% under KCl stress but decreased from 5.3 to 2.4 after exogenous Res treatment (Figure 5C).
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FIGURE 5. Effects of exogenous Res treatment on macronutrient content (A), micronutrient content (B), and K/Na ratio (C) under KCl stress. The data represent the mean ± SD of biological replicates. Different lowercase letters indicate significant differences according to Fisher’s least significant difference (P < 0.05).




Effects of Exogenous Res on the Expression Levels of KCl-Related Genes in Apple Seedlings Under KCl Stress

As shown in Figure 6, the expression levels of 18 candidate genes, which were screened out from RNA-Seq data under KCl stress, were detected under KCl and exogenous Res treatment. These genes were categorized into five groups. First, the six K+ transporter genes including MhSKOR, MhHAK5, MhKAT1, MhTPK1, MhNHX1, and MhNHX2 had a significantly increased expression under KCl stress. However, those of MhHAK5, MhKAT1, MhTPK1, MhNHX1, and MhNHX2 were significantly downregulated, whereas that of MhSKOR was further upregulated by exogenous Res treatment (Figure 6A). Second, three Na+ transporter genes including MhCAX5, MhCHX15, and MhSOS1 showed a similar decreasing tendency under KCl stress and exogenous Res treatment (Figure 6B). Third, the expression of antioxidant enzyme genes MhGPX6, MhPER65, and MhpoxN1 was significantly induced by KCl stress, and only that of MhGPX6 was significantly affected by exogenous Res treatment (Figure 6C). Finally, the expression of three selected transcription factors, namely, MhERF017, MhMYB39, and MhWRKY28, and three kinases, namely, MhMAPK3, MhANP2, and MhGK, was also significantly changed under KCl and exogenous Res treatment. This finding indicated their potential important functions under plant response to KCl stress and Res signaling transduction pathway.
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FIGURE 6. Eighteen candidate genes are divided into K+ transporters (MhSKOR, MhHAK5, MhAKT1, MhTPK1, MhNHX1, and MhNHX2) (A), Na+ transporters (MhCAX5, MhCHX15, and MhSOS1) (B), antioxidant enzymes (MhGPX6, MhPER65, and MhpoxN1) (C), transcription factors (MhERF017, MhMYB39, and MhWRKY28) (D), and kinase (MhMAPK3, MhANP2, and MhGK) (E). The expression of the 18 candidate genes under KCl stress and exogenous Res treatment for 15 days. The data represent the mean ± SD of biological replicates. Different lowercase letters indicate significant differences according to Fisher’s least significant difference (P < 0.05).




DISCUSSION

Potash is applied as a fertilizer to fulfill the requirement of K, which is an essential nutrient for plant growth and physiology (Hasanuzzaman et al., 2018; Huang et al., 2019). K has a regulatory function in several biochemical and physiological processes, such as protein synthesis, enzyme activation, carbohydrate metabolism, and photosynthesis (Zhu et al., 1998; Huang et al., 2018; Wu X. W. et al., 2019). However, K+ at concentrations higher than 50 mM can induce salt stress and disrupt normal plant growth and metabolism (Hassini et al., 2017; Ntatsi et al., 2017). M. hupehensis is one of the most popular rootstocks for apple production and cultivation (Su et al., 2020) but unfortunately suffers from serious KCl stress due to the huge amount of potassium fertilizer applied to orchards (Zheng et al., 2021). Introducing exogenous substances such as plant growth regulator, osmotic adjustment substances, and antioxidants effectively alleviates salt stress (Li et al., 2012; Chen et al., 2019; Hamani et al., 2020). As an antimicrobial phytoalexin, Res has an effect on high boron in pepper plants and alleviates NaCl stress in citrus seedlings (Kostopoulou et al., 2014; Sarafi et al., 2017). However, the roles and molecular mechanism underlying Res activity on KCl stress have never been reported. In this study, the role of different Res concentrations was examined in M. hupehensis seedlings under KCl stress. The treatment of 100 μmol Res for KCl stress produced the lowest wilting rate and the highest fresh weight and therefore had a better effect than 10 μmol (low concentration) and 200 μmol (high concentration) (Figure 1 and Supplementary Figure 1). Exogenous plant regulators usually affect plant growth and development in a dose-dependent manner. In Malus baccata seedlings, 600 μmol for irrigation or 200 μmol for spraying is selected as the best concentration of melatonin to maximize its role under waterlogging stress (Zheng et al., 2017). Our results revealed that 100 μmol Res would be an appropriate concentration to alleviate KCl stress in M. hupehensis seedlings. This is consistent with the efficient concentration of Res to NaCl stress in citrus seedlings (Kostopoulou et al., 2014). Therefore, 100 μmol Res would be an appropriate concentration to alleviate salinity stress in woody plants like apple and citrus.

Under KCl stress, the direct injury to plants is called ion toxicity (El-Zawily et al., 2019). Large amounts of K+ flow into the cytoplasm and cause an imbalance between the cations. When the apple seedlings were under KCl stress, the K content was sharply induced, and that of Ca was also substantially increased (Figure 5). Ca is an important secondary messenger, and maintaining its concentration in the cytoplasm helps to regulate plant signal transduction pathways under salt stress (Ding et al., 2010). Therefore, increasing the Ca content must be the stress response of the apple seedlings to balance K+/Ca2+ in the cytoplasm. When exogenous Res was applied, the decreased K content and increased Na, Fe, and Mn indicated that Res could affect the ion transport under KCl stress. Fe and Mn play a key role in plant resistance to oxidative stress (Yuan et al., 2016; Kohli et al., 2019), so the increase of their contents after Res treatment would be the response to oxidative damage caused by KCl stress. In plant responses to salt stress, the core process is the balance of K+/Na+ in the cytoplasm (Ashraf and Harris, 2004; Hasanuzzaman et al., 2014). K+/Na+ ratio was significantly induced under KCl stress but decreased to control level when exogenous Res was applied (Figure 5). To investigate the cause of the K+/Na+ ratio change, the expression of K+ and Na+ transporter genes responding to KCl stress was analyzed from previous RNA-seq data (NCBI number: PRJNA588566). First, SKOR family, which is located in the plasma membrane, is mainly responsible for K+ efflux from the cytoplasm to outside of the cell. HAK and KAT proteins function for K+ absorption (Sun et al., 2019). The present study indicated that MhSKOR expression was sharply induced by KCl stress and even enhanced by exogenous Res application, and the expression levels of MhHAK5 and MhKAT1 were induced by KCl stress but inhibited by exogenous Res application (Figure 6). These results indicated that exogenous Res could enhance K+ efflux and inhibit K+ influx under KCl stress. Second, for the compartmentalization of K+ in cells, the two-pore-channel TPK1 gene encodes the vacuolar K+ conductance and plays a role in K+ homeostasis (Wang et al., 2018). Vacuolar K+/H+ antiporters NHX1 and NHX2 are present in the tonoplast to facilitate K+ influx and efflux in the vacuoles (Zhu et al., 2018). In this study, the expression levels of MhTPK1, MhNHX1, and MhNHX2 were induced by KCl stress and inhibited by exogenous Res treatment but remained higher than the control level (Figure 6). We hypothesized that MhTPK1, MhNHX1, and MhNHX2 could function to compartmentalize K+ into the vacuoles to balance K+ homeostasis in the cytoplasm under KCl stress. When exogenous Res was applied, the expression of these genes was reduced to regulate K+ influx and efflux in the vacuoles and ensure K+ homeostasis in the cytoplasm and vacuoles. Therefore, exogenous Res could affect K+ homeostasis in the cytoplasm by enhancing K+ efflux outside the cells, inhibiting K+ absorption, and compartmentalizing K+ into vacuoles under KCl stress. For Na+ transport under KCl stress, Na+ balance is mainly the result of passive influx and active efflux (Zhu, 2003). Therefore, the expression of Na+/H+ and cation/H+ antiporter genes was detected. The expression of MhCHX15 and MhCAX5, which expel Na+ from cells, was significantly inhibited under KCl and Res treatment (Figure 6). These results indicated that exogenous Res could decrease the expulsion of Na+ out of the cells to ensure K+/Na+ homeostasis in the cytoplasm under KCl stress. In summary, exogenous Res could alleviate KCl stress-induced ion toxicity by regulating the transcription of K+, Na+, and Ca2+ transporters and maintaining the homeostasis of K+/Na+, K+/Ca2+, K+/Fe2+, and K+/Mn2+ in the cytoplasm.

Osmotic stress is another direct injury to plants caused by KCl stress (Guo et al., 2009). The results indicated that electrolyte leakage was significantly induced by KCl stress but inhibited by exogenous Res treatment. This result was in agreement with a previous study which stated that Res could protect plants from osmotic stress (Fernández-Mar et al., 2012). To investigate the function mechanism of Res on osmotic stress, we detected the proline, soluble sugar, and soluble protein contents under KCl and Res treatment. Our results indicated that exogenous Res could affect the proline content but not the soluble sugar and soluble protein contents under KCl stress (Figure 4). Accumulation of osmotic substances, such as proline, soluble sugar, and soluble protein, is a common defense mechanism of plants subjected to salinity (Munns and Tester, 2008). In citrus seedlings, exogenous Res could increase carbohydrates and proline concentration after NaCl treatment (Kostopoulou et al., 2014). Therefore, exogenous Res could protect plants from osmotic stress through affecting the accumulation of proline.

Oxidative damage is the subsequent injury caused by osmotic stress and ion toxicity (Guo et al., 2009). It is believed that some of the beneficial actions of Res are due to its extremely efficient free radical scavenger activity, thus preventing the peroxidative damage of cellular structures (Stojanovic et al., 2001). In this study, the O2.–, H2O2, and MDA contents were significantly higher under KCl stress, and exogenous Res could eliminate O2.– and H2O2 and decrease the MDA content under KCl stress in apple seedlings (Figure 3). This was consistent with the fact that Res was reported to function in scavenging ROS and alleviating oxidative damage in cell systems (Fernández-Mar et al., 2012). SOD, POD, and CAT are the three main antioxidant enzymes in enzymatic antioxidant systems (Tan et al., 2012; Abdelaal et al., 2018). The POD and CAT activities were inhibited by KCl stress, and the SOD activity had no change (Figure 3). This finding was consistent with that under NaCl stress (Kostopoulou et al., 2014). Although these enzymes are antioxidants, their activities could be inhibited by serious salt stress. When exogenous Res was applied, the POD and CAT activities were significantly increased, and the SOD activity remained unchanged (Figure 3). SOD is the major element in ROS scavenging (Gupta et al., 2019). Under NaCl stress and Res treatment, the SOD activity was only slightly induced, leading to low H2O2 production (Hasanuzzaman et al., 2014). However, the SOD activity had no change under KCl and Res treatment. This finding explains the difference of SOD function under KCl and NaCl stresses. POD and CAT activities showed a similar variation tendency under KCl and Res treatment, indicating their important role in ROS scavenging by Res under KCl stress. Furthermore, the expression levels of three ROS-related genes (MhGPX6, MhPER65, and MhpoxN1) screened out from RNA-seq data under KCl stress were also detected under KCl and Res treatment. The results showed that the expression levels of peroxidase gene MdPER65 and peroxidase N1 gene MhpoxN1 were significantly induced by KCl stress but showed no change under Res treatment. However, MhGPX6, the glutathione peroxidase gene, was significantly induced by KCl stress but inhibited by exogenous Res treatment (Figure 6). Thus, exogenous Res could alleviate oxidative damage by regulating the expression of the glutathione peroxidase gene MhGPX6 and enhancing the enzyme activities of POD and CAT under KCl stress.

In addition to the ion transporters and antioxidant enzyme genes, the expression levels of kinases (MhMAPK3, MhANP2, and MhGK) and transcription factors (MhERF017, MhMYB39, and MhWRKY28) screened out from RNA-Seq data under KCl stress were also detected. MAPK3 participates in the signaling pathway of salt stress in Arabidopsis, soybean, cucumber, and other plants (Im et al., 2012; Liu J. et al., 2020). ANP2 is a gene of the MAPKKK family associated with NPK1 and is an important kinase in abiotic stress in rice (Ning et al., 2008; Lian et al., 2018). G-protein kinase plays an active role in plant response to salt stress (Shen et al., 2019). In this study, the expression of MhMAPK3, MhANP2, and MhGK was induced by KCl stress but inhibited by Res treatment (Figure 6). These results indicated that these three kinase genes would take part in responding to KCl and Res treatment. ERF, MYB, and WRKY transcription factors serve as connecting links between the upstream signal and the expression of functional genes under salt stress (Wang et al., 2019). MYB46 remarkably improves the salt tolerance of Betula platyphylla (Guo R. et al., 2017), and MdWRKY28 is an important regulator in apple salt adaptation (Dong et al., 2020). The data showed that the expression levels of MhMYB39 and MhWRKY28 were induced by KCl stress and exogenous Res treatment, indicating their important role in KCl and Res signaling transduction pathway. Furthermore, the variation tendency of MhERF017 was similar to that of the three kinase genes (MhMAPK3, MhANP2, and MhGK), Na+/K+ transporter genes (MhHAK5, MhKAT1, MhTPK1, MhNHX1, and MhNHX2), and glutathione peroxidase gene MhGPX6, indicating their potential relationship. These kinases, transcription factors, ion transporters, and Res-signaling genes might have complicated regulation and interaction mechanisms. Future research will focus on this relationship and the Res-signaling transduction pathway under abiotic stress.
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Iron (Fe) excess is a major constraint on crop production in flooded acidic soils, particularly in rice cultivation. Under Fe excess, plants activate a complex mechanism and network regulating Fe exclusion by roots and isolation in various tissues. In rice, the transcription factors and cis-regulatory elements (CREs) that regulate Fe excess response mechanisms remain largely elusive. We previously reported comprehensive microarray analyses of several rice tissues in response to various levels of Fe excess stress. In this study, we further explored novel CREs and promoter structures in rice using bioinformatics approaches with this microarray data. We first performed network analyses to predict Fe excess-related CREs through the categorization of the gene expression patterns of Fe excess-responsive transcriptional regulons, and found four major expression clusters: Fe storage type, Fe chelator type, Fe uptake type, and WRKY and other co-expression type. Next, we explored CREs within these four clusters of gene expression types using a machine-learning method called microarray-associated motif analyzer (MAMA), which we previously established. Through a comprehensive bioinformatics approach, we identified a total of 560 CRE candidates extracted by MAMA analyses and 42 important conserved sequences of CREs directly related to the Fe excess response in various rice tissues. We explored several novel cis-elements as candidate Fe excess CREs including GCWGCWGC, CGACACGC, and Myb binding-like motifs. Based on the presence or absence of candidate CREs using MAMA and known PLACE CREs, we found that the Boruta-XGBoost model explained expression patterns with high accuracy of about 83%. Enriched sequences of both novel MAMA CREs and known PLACE CREs led to high accuracy expression patterns. We also found new roles of known CREs in the Fe excess response, including the DCEp2 motif, IDEF1-, Zinc Finger-, WRKY-, Myb-, AP2/ERF-, MADS- box-, bZIP and bHLH- binding sequence-containing motifs among Fe excess-responsive genes. In addition, we built a molecular model and promoter structures regulating Fe excess-responsive genes based on new finding CREs. Together, our findings about Fe excess-related CREs and conserved sequences will provide a comprehensive resource for discovery of genes and transcription factors involved in Fe excess-responsive pathways, clarification of the Fe excess response mechanism in rice, and future application of the promoter sequences to produce genotypes tolerant of Fe excess.
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INTRODUCTION

Iron (Fe) is an essential metal for the survival of virtually all living organisms. It is a vital element used by plants for photosynthesis, electron transport, and other redox reactions (Marschner, 1995). It is the fourth most abundant element on Earth, and most soils are rich in Fe. However, its availability to plants is strongly affected by environmental factors including soil type, soil pH, and cultivation conditions (Römheld and Marschner, 1986; Colombo et al., 2014; Masuda et al., 2019). Fe is present in the less-soluble ferric form, Fe(III), and has low availability to plants in aerobic soils, upland cultivation, and high-pH soils. In such environments, all graminaceous plants, including rice, use a chelation strategy (Strategy II), while non-graminaceous plants use a reduction strategy (Strategy I) (Römheld and Marschner, 1986). However, rice is fundamentally grown in flooded anaerobic soils. Under such conditions, Fe(III) is reduced to the highly soluble ferrous (Fe2+ ion) form and occurs as ferrous ions in soil, which can be directly taken up by rice roots via ferrous ion transporters such as OsIRT1 and OsIRT2 (Ishimaru et al., 2006). In flooded anaerobic soils, particularly those with low pH, an excess amount of Fe2+ ion existed in the soil is absorbed by rice roots, leading to excess Fe accumulation in plant cells. This process causes leaf bronzing and necrosis due to cell death, hindering plant growth and development. Thus, excessive Fe absorption is detrimental to plant growth, and strict regulation of the Fe uptake mechanism at the genetic level is crucial. About 30% of land worldwide and more than 50% of potentially arable land is estimated to have acidic soils (von Uexküll and Mutert, 1995). Rice is a major staple food crop for half of the world’s population. Regions of high rice production such as China, India, and Southeast Asia, west and central Africa are mainly covered with acid soils (NRCS, 2005) in which Fe toxicity is a serious problem (Asch et al., 2005).

The molecular mechanism of the Fe excess stress response in plants is not yet well understood. Recently, comprehensive analyses of Fe excess stress in plants have been conducted using various approaches, including transcriptomics and genome-wide association (Quinet et al., 2012; Finatto et al., 2015; Aung et al., 2018b; Wairich et al., 2020), which have suggested that rice plants employ four defense mechanisms against Fe excess to maintain Fe homeostasis (Aung and Masuda, 2020). In defense 1, rice undergoes rhizospheric oxidization through the formation of Fe plaques on the root surface to avoid massive Fe uptake by roots (Becker and Asch, 2005). The expression of Fe uptake-related transporters such as OsIRT1, OsIRT2, OsYSL2 (NA-Fe(II) transporter), OsYSL15 (DMA-Fe(III) transporter), and OsNRAMP1 (ferrous ion transporter) are strongly down-regulated in roots, preventing Fe uptake by roots at various Fe excess levels by microarray analyses (Quinet et al., 2012; Finatto et al., 2015; Aung et al., 2018b). Moreover, the rice ubiquitin ligases (OsHRZ1 and 2), which are negative regulators of the Fe-deficiency response (Kobayashi et al., 2013), exhibit hypersensitivity to excess Fe in knockdown rice (Aung et al., 2018a). Together, this evidence supports the important role of Fe uptake-related genes and OsHRZ in defense 1 (Fe exclusion from roots) (Aung and Masuda, 2020).

In defense 2, rice may allow excess Fe uptake and then retain it in the roots, preventing Fe translocation from roots to shoots (Tadano, 1975; Becker and Asch, 2005). Next, in defense 3, Fe may be translocated from the roots to shoots and then accumulated in a non-toxic form in vacuoles or as ferritins (Briat et al., 2010). The expression of vacuolar iron transporter (OsVIT2, Zhang et al., 2012) and the Fe storage proteins ferritins (OsFERs, Briat and Lobréaux, 1997; Stein et al., 2009; Briat et al., 2010) increase in roots and shoots of Fe overload plants (Quinet et al., 2012; Finatto et al., 2015; Aung et al., 2018b). Furthermore, the expression of Fe chelator, the nicotianamine (NA) synthase gene (OsNAS3) increases markedly in various tissues in response to Fe excess (Aung et al., 2018b) and its knockout plants are sensitive to Fe excess, suggesting an important role of OsNAS3 in the tolerance mechanism (Aung et al., 2019). It indicates that these genes participate in defense 2 (Fe retention in roots) and defense 3 (Fe compartmentalization in shoots) (Aung and Masuda, 2020). Defense 4 is reactive oxygen species (ROS) detoxification (Aung and Masuda, 2020), wherein rice may resist Fe overload in leaves through enzymatic detoxification or scavenging of ROS with antioxidants (Becker and Asch, 2005; Stein et al., 2009). However, further in-depth characterizations are needed to discover the detailed mechanisms of these adaptation strategies.

Transcription factors are proteins that regulate the expression of genes at the transcriptional level by binding to specific DNA sequences (Mitsis et al., 2020). Therefore, predicting the DNA-binding motifs of the transcription factors is an important component of the functional analyses of transcription factors. cis-regulatory elements (CREs) are genomic sequences in promoter regions to which transcription factors bind, and they play a crucial role in precise control of gene expression (Hernandez-Garcia and Finer, 2014). Studies on the transcription factors involved in Fe homeostasis (Fe deficiency and Fe excess responses) have been reported. Kobayashi et al. (2003) identified two Fe-deficiency-responsive CREs, IDE1 (containing a CATGC sequence) and IDE2 (containing a CA[A/C]G[TC][T/C/A][T/C/A] sequence). These CREs bind specifically to the plant-specific transcription factors that regulate Fe homeostasis in rice, IDEF1 (IDE-binding factor 1, ABI3/VP1 family, Kobayashi et al., 2007) and IDEF2 (IDE-binding factor 2, NAC family, Ogo et al., 2008), respectively, which positively regulate the expression of Fe-deficiency-induced genes (Kobayashi et al., 2014). Moreover, another Fe-deficiency-responsive transcription factor, OsIRO2 (bHLH family), binds to a CRE with a CACGTGG sequence and positively regulates Fe-deficiency-responsive genes (Ogo et al., 2007). Furthermore, an Fe-dependent regulatory sequence (IDRS) CCTCCAC sequence has been reported to be responsible for Fe-deficient repression of ZmFer1 expression in maize and AtFer1 expression in Arabidopsis (Petit et al., 2001). Zhang et al. (2017) reported that OsHRZ1 may be a sensor of the balance between Zn and Fe that interacts with OsPRI1/OsbHLH60. Among the important WRKY superfamily of transcription factors, transcription factors including OsWRKY80, OsWRKY55-like, OsWRKY46, OsWRKY64, and OsWRKY113 have been reported to be Fe excess-induced or related-transcription factors, also in addition to responding to other abiotic stresses such as senescence and drought (Ricachenevsky et al., 2010; Finatto et al., 2015; Viana et al., 2017). Moreover, Viana et al. (2017) suggested that CREs related to abiotic stress, such as light responses and the salicylic acid (SA) pathway, may also be involved in molecular signaling in the Fe excess response. Finatto et al. (2015) analyzed CRE occurrence in putative promoters of Fe excess regulated genes. They reported that CREs related to auxin-responsive element and ABA-responsive elements are present. Maltzahn et al. (2020) reported that the promoters of rice autophagy-related genes (OsATG) are rich in W-box CREs that bind WRKY transcription factors, suggesting the possible involvement of these genes in the early response to Fe toxicity. However, the specific and core CREs in promoter sequences that coordinate the expression of most Fe excess-responsive genes in rice remain unknown. Further promoter analyses of cis-acting elements and promoter sequences are essential to understanding Fe excess defense mechanisms in rice.

Today, bioinformatics and machine learning approaches are widely employed to reveal regulatory networks at a genome-wide scale, including high-accuracy prediction of CREs and the genes they regulate. Previous studies have explored CREs related to stress responses in Arabidopsis using computational models and machine learning approaches. Zou et al. (2011) identified biotic and abiotic stress-responsive CREs in Arabidopsis. Uygun et al. (2019) identified high-salinity-responsive CREs in Arabidopsis. Schwarz et al. (2020) identified more than 100 putative CREs associated with the Fe deficiency response in Arabidopsis roots. Then, weighted correlation network analysis (WGCNA) can be used to identify modules or clusters of highly correlated genes, summarize those clusters based on the module eigengene or an intramodular hub gene, relate modules to one another and to external sample traits, and calculate cluster membership measures (Langfelder and Horvath, 2008). R version 3.6 (R Core Team, 2017) and WGCNA-R software (version 1.68) can classify gene expression patterns based on transcriptomic data (e.g., Hongwei et al., 2018) through network analyses. Machine learning programs, such as support vector machine (SVM) light (Joachims, 1999), PARTY (version 1.3–5, Hothorn et al., 2008, 2015), and XGBoost version 3 (Chen and Guestrin, 2016), along with the feature selection program Boruta (version 0.3, Kursa and Rudnicki, 2010) have been reported to be efficient applications for the modeling of large datasets. PlantPAN3 (Chow et al., 2019) and PLACE (version 30.0) (Higo et al., 1999) are the largest cis-element databases for plants. We also previously developed an innovative bioinformatics method, the microarray-associated motif analyzer (MAMA), for identifying novel cis-acting elements based on weighted sequence similarities and gene expression profiles of microarray data (Kakei et al., 2013). In previous report, MAMA precisely simulated more than 87% of gene expression levels after machine learning SVM optimization (Kakei et al., 2013). Particularly, MAMA is an efficient method for precise prediction of CREs in plants subjected to stress. For example, it can identify the CREs responsible for Fe deficiency in rice (Oryza sativa) based on the sequences of Fe-deficiency-induced genes (Kakei et al., 2013). In addition, several novel candidate CREs, corresponding to the known cis-acting elements ZDRE, ABRE, and DRE, have been identified in zinc-deficient rice and salt-stressed Arabidopsis using MAMA (Kitazumi et al., 2018).

Recently, we performed comprehensive morphological, physiological, and transcriptomic (microarray) analyses of hydroponically grown rice subjected to Fe excess stress treatment for 14 days using various levels of Fe excess (× 1, × 10, × 20, × 50, and × 70 Fe) in several tissues (roots, discrimination center [DC, junction notes between root and shoot.], stems, old leaves, and the newest leaves) (Aung et al., 2018b). In this study, to elucidate the regulation of the Fe excess response, we further explored novel Fe excess-responsive CREs and promoter structures in various rice tissues using the microarray database and specific bioinformatics and machine learning approaches, including MAMA. Moreover, we also built a model tree of candidate CRE motifs to simulate the molecular model regulating Fe excess-responsive genes. Our findings may provide to uncover the genes and transcription factors involved in Fe excess-responsive pathways and consequently Fe excess tolerance mechanisms in rice. Moreover, after screening among the investigated promoter sequences, the functional promoters could be further applied to enhance the expression of the target genes for producing Fe excess-tolerant rice.



MATERIALS AND METHODS


Plant Growth and Microarray Data Analyses

The microarray data for various rice tissues and Fe excess levels used for bioinformatic analyses were obtained from Aung et al. (2018b). The plant growth conditions were described in Aung et al. (2018b), and can be briefly summarized as follows: 24-day-old rice seedlings (Oryza sativa L. cv. Tsukinohikari) were exposed to various ferrous Fe (FeCl2) concentrations, including × 10 Fe (0.36 mM), × 20 Fe (0.71 mM), × 50 Fe (1.79 mM), × 70 Fe (2.50 mM) relative to a control solution of × 1 Fe (35.7 μM) for 14 days at pH 4.0 in a modified Kasugai’s hydroponic culture solution. Then, RNA samples were taken from various rice tissues (roots, DC, stems, old leaves [third newest leaves], and newest leaves) under various levels of Fe excess (× 10, × 20, × 50, and × 70 Fe) versus control condition (× 1 Fe), and microarray analyses were conducted using the two-color method. The geometric mean of two biological replicates was used to compare gene expression levels. The rice 44K oligo DNA microarray (Agilent Technologies, Santa Clara, CA, United States) was used to identify Fe-regulated genes, as it contains 43,733 rice DNA probes, covering approximately 24,000 assumed genes and microRNAs based on sequences from the National Institute of Agrobiological Sciences, RefSeq, and Genbank 2007. In this study, the geometric mean gene expression ratios of the Fe-excess groups for each tissue were used for analyses because clustering analyses of the microarray data showed that gene expression patterns under Fe excess ratios of × 10, × 20, × 50, and × 70 were generally consistent (Supplementary Figure 1). Another reason to use mean expression value is to simplify the analyses. Next, the regulation mechanism in Fe excess is closely related to Fe and Zn deficiencies, and Fe excess response genes may show opposite or same behavior patterns associated with Fe-deficient or Zn-deficient condition. Thus, microarray data on Fe-deficient rice roots were obtained from Ogo et al. (2006) and microarray data on Zn-deficient rice roots were obtained from Suzuki et al. (2012). All microarray data used for this study are from microarray analyses by the two-color method which compared stress condition vs normal condition. Fe excess-responsive CREs were elucidated using these microarray data and following the workflow illustrated in Figure 1.
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FIGURE 1. Workflow for the discovery of Fe excess-responsive CREs. Description in the yellow hatched area indicates the data analyzed in each bioinformatics process. The software and methods used to produce bioinformatics data are shown to the right of the arrow.




Network Analyses of Gene Expression Patterns

Genes that showed more than 2-fold (21) differences in expression between non-treated and treated rice were used for network analyses. However, in the case of Fe-deficient rice roots, genes that differed by more than 2.82-fold (21.5) were considered differentially expressed genes. R software (version 3.6) and the WGCNA package (version 1.68) were used to perform network analyses of gene expression patterns (Figure 2A). For the visualization of clustered genes, representative genes with names in the Rice Annotation Project Database (RAP-DB) gene symbol system are included in Figure 2B. In our other modeling analyses, all named and unnamed genes were included (as shown in Figures 3, 6, 7). The 100 least-affected genes, with differences of less than two-fold, were selected as no-response genes for modeling.
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FIGURE 2. Network analyses of gene expression patterns related to the transcriptional response to Fe excess in each rice tissue type (root, DC, stem, old leaf and newest leaf) analyzed and visualized using the R package WGCNA (weighted correlation network analyses, version 1.68). Differentially expressed genes in four Fe excess treatments (× 10 Fe, × 20 Fe, × 50 Fe, × 70 Fe) were used for this analysis. In addition to the transcriptional response to Fe excess in each tissue, the responses to Fe deficiency and Zn deficiency in rice were also concurrently analyzed. To visualize the clustered genes, only genes with names (under the RAP-DB Gene Symbol system) were used. In this network, similar expression patterns were clustered (A), connected to each other and placed together (B). Expression was largely clustered into four categories. As representative genes for each category, the transcriptional responses (times induced under each stress) of OsWRKY76 (WRKY and other co-expression), OsNAS3 (metal chelator), Ferritin 1 (Fe storage) and OsYSL15 (Fe uptake) are shown as log2-ratio bar graphs. In each cluster, the gene with a clear role and function in Fe homeostasis are selected as a representative example and shown in red letter.
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FIGURE 3. Presence of known CREs and the confusion matrix of gene expression models based on presence and absence of CREs. (A) Presence of known Fe-related CREs. Each CRE sequence was searched from 500 bp upstream of the transcription start site (TSS) of each gene included in the Fe response groups. (B) Confusion matrix from the gene expression pattern simulation model based on the presence of known Fe-related CREs. (C) Confusion matrix of gene expression pattern simulation model based on the presence of MAMA-extracted motifs. (D) Confusion matrix of gene expression pattern simulation model based on the presence of MAMA-extracted motifs and CREs recorded in PLACE. Numbers shows the number classified by the model. Color shows Enrichment (%). A total of 20% enrichment equals to random and meaningless model. The higher the diagonal values of the confusion matrix the better, indicating accurate predictions.




Analyses of cis-Regulatory Element Candidates From Fe Excess-Treated Rice Microarray Data

Transcription factor binding sites (TFBSs), which are shared among the genes of the same expression type, were searched using the PlantPAN3 web tool, an efficient method for investigating critical cis- and trans-regulatory elements in the promoters of plant genes (Chow et al., 2019). The sequence regions 1,000 bp upstream from of transcription start site (TSS), 100 bp downstream of the TSS, and 500 bp downstream of the transcription end site were set as the search target areas. Then we constructed a tree model (XGBoost version 3; Chen and Guestrin, 2016) to explain the expression patterns in the four Fe excess response clusters and control based on the presence or absence of the Fe-related CREs, IDE1, IDE2, IDRS and binding sequences of IDEF1, IDEF2, OsIRO2, and WRKY (Figures 3A,B). In addition to CREs of Fe excess-responsive genes, we hypothesized that CREs of Fe- or Zn- deficiency-responsive genes might have a new role in Fe excess. Thus, we next explored the new or novel CREs in the Fe excess microarray datasets of Aung et al. (2018b) and the reported or known CREs in the Fe-deficiency or Zn-deficiency microarray datasets of Ogo et al. (2006) and Suzuki et al. (2012), respectively, for their new roles in Fe excess using MAMA version 1.0 Kakei et al. (2013); it is available at https://sourceforge.net/projects/microarray-motif-analyzer/; Source code used for various analyses in this study were shown in Supplementary Data 2–4) by extracting the regulatory sequences in −500 to +150 bp relative to TSS of Fe excess-responsive genes (Figure 3C). Then a gene expression pattern model was constructed from the CREs recorded in PLACE (version 30.0), which is a database of plant CREs (Higo et al., 1999). To obtain highly accurate gene expression simulation, a combined approach of PLACE and MAMA was used (Figure 3D). Genome sequences, TSS, and gene annotations (IRGSP-1.0) were obtained from the RAP-DB website1.



Modeling of Gene Expression Patterns

The R package Boruta (version 0.3; Kursa and Rudnicki, 2010) was used for feature (motif and CRE candidates for modeling) selection. The R package XGBoost (version 1.2.0) was used as the main tree classifier for modeling. The R package rpart (version 4.1–15) was used for the construction of a simple tree model to build a mechanistic model. The R package caret (version 6.0–86) was used to check the accuracy of models by determining the mean of balanced accuracy, area under the receiver operating characteristics curve (AUC-ROC), and confusion matrix (Figures 3B–D). The mean of balanced accuracy was used to optimize the model.




RESULTS


Network Analyses of Gene Expression Patterns and Transcriptional Responses to Fe Excess

In general, the expression patterns of genes are tightly linked to CREs existence in their upstream promoter sequences. Thus, we assumed that CREs closely related to Fe excess could be predicted by classifying the expression patterns of Fe response genes and examining the CRE sequences within each expression pattern cluster. Therefore, we performed bioinformatic analyses for identifying Fe excess-responsive CREs based on the workflow shown in Figure 1. We first performed weighted gene co-expression network analyses via WGCNA, and calculated module-trait correlations based on a Fe excess microarray dataset of Aung et al. (2018b). Here, gene expression patterns in each tissue were similar among the × 10, × 20, × 50, and × 70 Fe excess treatments (Supplementary Figure 1). Also, to avoid the complexity with huge data by the analyses of each Fe excess treatment and to make a simple model, in WGCNA analysis, the four levels of Fe excess treatment were merged to obtain a mean expression value for subsequent network analysis. Furthermore, there are several genes that show various gene expression patterns depending on Fe status (Fe excess by Aung et al., 2018b or Fe deficiency by Ogo et al., 2006). Hence, we assumed that the expression patterns of Fe homeostasis-related genes under Fe excess conditions could be better visualized by analyzing the gene expression patterns under Fe deficiency reported by Ogo et al. (2006). Additionally, the behavior of Fe and Zn nutrition in rice are closely related, and likely involve similar regulation processes of gene expression (Suzuki et al., 2012; Masuda et al., 2020). OsHRZs and IDEF1 regulate downstream genes by sensing the balance between Zn and Fe availability (Kobayashi et al., 2013). Therefore, we compared transcriptional response data from microarray analyses of Fe-deficient and Zn-deficient rice roots, in addition to tissue-specific data from rice plants under Fe excess conditions (Figure 2).

Interestingly, network analyses of Fe excess-regulated genes showed that they can be largely categorized into four expression clusters, namely the Fe storage, metal chelator, Fe uptake, and WRKY and other co-expression types (Figure 2A). The identification codes (gene locus ID) and names of the genes in each type are listed in Supplementary Table 1. Genes categorized as Fe storage type were up-regulated under Fe excess conditions in all tissues and down-regulated in the root under Fe-deficiency treatment (Figure 2B). Fe storage type genes include the Fe storage-related ferritin genes OsFer1, OsFer2, and the vacuolar processing enzyme gene OsVPE2. Genes categorized as metal chelator type were up-regulated under Fe excess and Zn-deficiency treatments. This group includes the OsNAS3, OsPR1, and OsPR4 genes. OsNAS3 plays a role in the synthesis of nicotianamine, a chelator of Fe and Zn. Genes categorized as Fe uptake type include TOM (DMA efflux transporter; Nozoye et al., 2011), OsIRT1, OsYSL2, OsYLS15, and OsNRAMP1. Genes categorized as WRKY and other co-expression type include stress response genes such as OsWRKY76.



Prediction of Fe Excess-Related CREs Through Machine Learning Approaches

Genes with similar expression patterns may be regulated by the same transcription factor and molecular mechanism, and therefore may share the same CRE set. To investigate whether CREs are shared among genes in the same expression type, TFBSs that are shared among genes with the same expression type were explored using an efficient machine learning method, the PlantPAN3 web tool (Chow et al., 2019). The sequences 1,000 bp upstream of the TSS, where most CREs are occurred, 100 bp downstream of the TSS, and 500 bp downstream of the transcription end site were set as the target areas. We found that 93% of Fe storage type genes shared binding sequences of the TBP, AP2, AT-Hook, NF-YB, TCP, homeodomain, B3, bZIP, or alpha-amylase transcription factors (Supplementary Table 2). On the other hand, more than 90% of the least-regulated sequences (which did not regulate downstream genes) shared the AT-Hook, NF-YB, TCP, homeodomain, B3, bZIP, SBP, C2H2, or bHLH transcription factor binding sequences (Supplementary Table 3).

To explore the presence of CREs in Fe excess-responsive genes more specifically, reported Fe-associated CREs, i.e., the binding sequences of the transcription factors IDEF1, IDEF2, IRO2, and WRKY and the promoters IDS1, IDS2, and IDRS, were used as search queries against sequences 500 bp upstream of the TSS for genes in each expression cluster type based on Fe excess conditions (Figure 3) and for genes whose expression is not regulated by Fe excess treatment. This query 500 upstream of TSS is reported to have more transcription factor-binding motifs in plants (Weirauch et al., 2014). The percentage of genes with each CRE in the 500 bp upstream region are shown in Figure 3A. The results showed that Fe uptake type genes contained more IDE2 and WRKY binding sequences in their upstream regions than genes showing no response. IDRS was enriched at the upstream of Fe storage-, metal chelator- and WRKY-type genes. However, enrichment of other CREs in the promoter sequence regions was not significantly elevated among Fe excess-responsive genes by Fisher’s exact test. Overall, the presence of these CREs alone was not specific to Fe excess-related genes.

Next, we constructed a tree model (XGBoost version 3; Chen and Guestrin, 2016) to explain expression types (four Fe excess response types and the no response type) based on the presence or absence of Fe-related CREs. Ksouri et al. (2021) reported that motif extraction was successful using −500 to +200 regions. MAMA has a function to extract motifs from −500 to +150 region (Kakei et al., 2013). Therefore, the search target of motifs was set as −500 to +150 relative to TSS in the following analyses. The tree model classified the data using a combination of criteria, namely, the combination of CREs present, to classify the expression patterns. Figure 3B shows the confusion matrix of gene expression pattern simulation model resulting from classification simulation with a constructed model based on the presence of combinations of reported or known CREs (Fe-related CREs including IDE1, IDE2, IDRS, OsIRO2- and WRKY- binding site motifs, etc.). For example, among the total 78 genes considered Fe storage type genes in this simulation, only 26 were actually categorized as Fe storage type genes based on microarray data (Figure 3B). The remaining 13, 8, 13, and 18 genes were categorized as Fe uptake type, metal chelator type, WRKY and other co-expression type, and no response type, respectively. If the simulation is completely random and shows no difference, all genes are categorized as 20% each and none will be enriched. This tree model based on reported Fe-related CREs explained only 56.9% of gene expression patterns as balanced accuracy (average of specificity and sensitivity) (Table 1). This parameter is useful when evaluating a classification model of imbalanced data. The whole result of statistical data including specificity and sensitivity is shown in Supplementary Data 1. The confusion matrix showed that gene expression patterns simulated with this tree model were generally inconsistent with the referenced data (Figure 3B). This finding indicates that the use of only reported Fe-related CREs was insufficient to explain the overall expression patterns of Fe excess-responsive genes. Therefore, we hypothesized that other CREs exist, which are specific to Fe excess-responsive genes rather than to known Fe-homeostasis genes.


TABLE 1. Accuracy of the gene expression pattern simulation model.
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Thus, to explore novel Fe excess CREs and obtain a better mechanistic understanding of the Fe excess response and the sequence of upstream genes involved, the CRE prediction tool MAMA (Kakei et al., 2013) was applied to microarray data from Fe excess-treated newest leaves, old leaves, stem, DC, and root samples. Based on the resulting CRE predictions, we found that MAMA-predicted CREs were specifically enriched among Fe excess-regulated genes, in contrast to the results obtained from PlantPAN3 (Supplementary Figures 2–6). At the same time, MAMA constructed a gene expression model, which showed whether genes are regulated or not by the predicted CREs. This MAMA simulation accurately classified genes as Fe excess-regulated genes with CRE candidates or as non-responsive genes. The accuracy of the MAMA simulation (SVM classification model of the Fe excess response in each tissue based on the presence or absence of predicted CREs) is described in Table 2. The accuracy of the Fe excess response for all tissues was more than 86% (Table 2). The models showed that more than 86% of randomly selected and under sampled test data was accurately simulated in 5 times cross validation. Table 2 also provides accuracy and AUC-ROC values for the Fe excess response simulation model. AUC-ROC generally ranged between 1.0 (highest, indicating perfect specificity) and 0.5 (not specific, random). The average AUC-ROC value of the simulation models was 0.77. We considered these accuracy and specificity (AUC-ROC value) estimates sufficiently high to support use of the MAMA program to build a hypothetical model.


TABLE 2. Accuracy of the Fe excess response simulation model in each tissue.
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Using microarray data of Fe excess-treated rice tissues, MAMA suggested about 50 expression-related CRE candidates from 500 bp upstream and about 30 CRE candidates from −50 to +150 of TSS in each tissue (Supplementary Tables 4–8). In addition to these CRE candidates identified from newest leaves, old leaves, DC, stems, and roots of Fe excess-treated rice (Aung et al., 2018b), CRE candidates were extracted from microarray data of Fe-deficient (Ogo et al., 2006) and zinc-deficient (Suzuki et al., 2012) rice roots (Supplementary Tables 9, 10). In this manner, a total of 560 CRE candidates were extracted using MAMA (Supplementary Tables 4–10). Then, the list of motifs was further narrowed using the Boruta all-relevant feature selection method (Kursa and Rudnicki, 2010), which can identify important motifs for machine learning models. This selected 30 CRE candidate MAMA motifs in the 500 bp sequence upstream of the TSS (Supplementary Table 11). Top 10 CRE candidates were IDEF1 binding (CATGCATG), Downstream core promoter element in plant 2 (DCEp2: ATCGATCG), Novel motif extracted from Zn deficiency-responsive genes (ATAATGGC), Novel GCWGCWGC motif, Novel CGACACGC motif, Novel Myb binding-like motif CACCAACC, Zinc finger binding motif GCGCGCCA and bZIP/bHLH binding motif CTACGTGC. The importance (weight in tree model) of these CREs are described in Table 3 and Supplementary Table 11. Then, the XGBoost tree model was constructed based on the MAMA-extracted CRE candidates. The confusion matrix of the gene expression pattern simulation model showed good consistency between the number of genes categorized through simulation and those categorized from real microarray data (Figure 3C). For example, 45 genes (70.3%) were categorized as Fe storage genes from referenced microarray data, among a total of 64 genes considered Fe storage type genes for simulation (Figure 3C). This ratio is clearly higher than that based on the presence of known Fe-related CREs shown in Figure 3B. The tree model based on MAMA motifs correctly explained a total of 80.9% of gene expression patterns (Figure 3C and Table 1).


TABLE 3. Important motifs in the gene expression pattern model.
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CREs which previously identified for stress response such as SA-related CREs and WRKY-related CREs, also play roles in the Fe excess response (Viana et al., 2017). Therefore, we constructed a gene expression pattern model based on both MAMA and CREs recorded in PLACE (version 30.0), a database of plant CREs (Higo et al., 1999). Figure 3D shows the confusion matrix of the gene expression pattern simulation model by the Boruta-XGBoost tree model using MAMA CREs and PLACE CREs. It showed better consistency between the number of genes categorized through simulation and those categorized from actual microarray data (Figure 3D). We compared the accuracy of Boruta-XGBoost models based on various CREs and found that Fe-related (reported) CREs had 56.9% accuracy, PLACE CREs had 66.8% and MAMA motifs had 80.9% (Table 1). The maximum accuracy was obtained using both PLACE and MAMA, at 83.0% which is the highest (Table 1).



Important CRE Candidates Located Upstream of Fe Excess-Responsive Genes

We identified 560 CRE candidates, including known or novel CREs, extracted using MAMA analyses (Supplementary Tables 4–10). We obtained known CRE sequences, which are related to Fe excess response, from MAMA analyses and the plant CRE database PLACE (Figure 4 and Table 3). Then, among these CRE candidates, we selected 42 important motifs through Boruta-XGBoost gene expression simulation, as described above. From this simulation, we identified the most important CREs identified by MAMA, which were annotated as IDEF1 binding (CATGCATG), DCEp2 (ATCGATCG), EECCRCAH1 (GANTTNC), and bZIP/bHLH binding (CTACGTGC) (Table 3). EECCRCAH1 was important to classify no response genes. From our results, the distributions of these known CREs important CRE candidates in upstream regions of Fe excess-responsive genes are illustrated in Figure 4. Novel CREs including ACAATGGC (putative Zn-responsive CRE), GCWGCWGC, CGACACGC, and CACCAACC (Myb binding-like) were important for improving model accuracy (Figure 5). The other important CREs are illustrated in Supplementary Figures 2–6. The distributions of these important motifs in all genes and Fe excess-regulated genes in specific tissues were determined based on relative frequency in the region of −3,000 bp to +2,000 bp relative to the TSS (Figures 4A,C,E,G, 5A,C,E,G). Moreover, the appearance of these important motifs in genes induced or suppressed to varying degrees (considering induced as a change from 1 to over 5, and suppressed from 1 to under 0.2) are illustrated using the coverage ratio (percentage of sequences including motif) of these important motifs in the region −500 bp to +150 bp relative to the TSS in specific tissues (Figures 4B,D,F,H, 5B,D,F,H).
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FIGURE 4. Distribution of important CRE candidates in upstream sequences of Fe excess-responsive genes. (A) Distribution of the CATGCATG (IDEF1 binding) motif in all genes and in Fe excess-regulated genes of roots. Blue line shows all genes and red line shows the Fe excess-regulated genes. (B) Coverage ratio (percentage of genes including motif among the up- or down-regulated genes by Fe excess as fold changes described under graph) of the CATGCATG motif in the –500 bp to +150 bp area relative to the transcription start site (TSS) in Fe excess-treated rice roots. (C) Distribution of the ATCGATCG (DCEp2) motif in Fe excess-treated newest leaves. (D) Coverage ratio of the ATCGATCG motif in Fe excess-treated rice newest leaves. (E) Distribution of the GANTTNC motif (EECCRCAH1) in Fe excess-treated DC. (F) Coverage ratio of the GANTTNC motif (EECCRCAH1) in Fe excess-treated rice DC. (G) Distribution of CTACGTGC (bZIP/bHLH binding) motif in Fe excess-treated root. (H) Coverage ratio of the CTACGTGC (bZIP/bHLH binding) motif in Fe excess-treated rice roots. Graphs (A,C,E,G) show relative frequency compared to the percentage frequency in each 50 bp window within –3,000 to +2,000 bp of the TSS. Graphs (B,D,F,H) show coverage ratio of the motifs in the -500 bp to +150 bp area relative to the TSS in Fe excess-treated tissues. Numbers below the graphs (B,D,F,H) indicate gene expression ratios in Fe excess-treated rice relative to non-treated rice. DC means discrimination center or junction nodes between root and shoot.
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FIGURE 5. Distribution of novel CRE candidates upstream of Fe excess-responsive genes. (A) Distribution of the ACAATGGC motif (novel) in all genes and Zn deficiency-regulated genes in root tissue. Blue line shows all genes and red line shows the Fe excess-regulated genes. (B) Coverage ratio (percentage of genes including motif among the up- or down-regulated genes by Zn deficiency as fold changes described under graph) of the ACAATGGC motif (novel) in the –500 bp to +150 bp area relative to the transcription start site (TSS) of Zn deficiency-treated root tissue. (C) Distribution of the GCWGCWGC motif (novel) in Fe excess-treated newest leaves. (D) Coverage ratio of the GCWGCWGC motif (novel) in newest leaves. (E) Distribution of the CGACACGC motif (novel) in Fe excess-treated old leaf tissue. (F) Coverage ratio of the CGACACGC motif (novel) in Fe excess-treated old leaf tissue. (G) Distribution of the Myb binding-like novel motif (CACCAACC) in Fe excess-treated newest leaves. (H) Coverage ratio of the Myb binding -like novel motif (CACCAACC) in Fe excess-treated newest leaf tissue. Graphs (A,C,E,G) show relative frequency compared to the average frequency in each 50 bp window within –3,000 to +2,000 bp of the TSS. Graphs (B,D,F,H) show coverage ratio of the motifs in the -500 bp to +150 bp area relative to the TSS in Fe excess-treated tissues. Numbers below the graphs (B,D,F,H) indicate gene expression ratios in Fe excess- or Zn deficiency-treated rice compared to non-treated rice.


For example, the distribution of the IDEF1-binding CRE (CATGCATG) was determined in roots upstream of Fe excess-regulated genes and in all genes (Figure 4A). These data indicate that IDEF1-binding CREs are two times more frequent between −200 and 0 bp of the TSS in Fe excess-induced genes compared to all other genes. Such motifs appeared frequently, occurring in approximately 50% of genes induced two-fold and 70% of the genes induced by over five-fold (Figure 4B). This CRE occurred in only 40% of genes unregulated by Fe excess (between 0.66 to 1.5 times) but in more than 50% of genes regulated by Fe excess (with changes greater than 2-fold or less than 0.5-fold). The DCEp2 CRE (ATCGATCG) was found in the proximal downstream region of the TSS of Fe excess-regulated genes in the newest leaf (Figure 4C), and it presented at about 50% of Fe excess-downregulated genes less than 0.2 fold, compared to only a few percentage of genes unregulated by Fe excess (Figure 4D). Moreover, EECCRCAH1 (TTATTT) was relatively common (100%) in the upstream sequences of Fe excess-regulated genes (Figures 4E,F) while no response genes occasionally do not have the motif. A CRE bZIP/bHLH binding (CTACGTGC) sequence is related to the Fe excess response in roots (Figures 4G,H).

The MAMA-extracted novel CRE candidates ACAATGGC (putative -Zn responsive CRE), GCWGCWGC, CGACACGC and Myb binding-like (CACCAACC) are distributed in the proximal region of the TSS of Zn deficient roots, Fe excess-regulated genes in the newest leaves and old leaves (Figures 5A,C,E,G), and the motif appears in about 10% more of genes induced by over three-fold (Figures 5B,D,F,H). Other important MAMA-identified motifs located upstream of Fe excess-responsive genes in various rice tissues were investigated as known or novel CRE candidates; these motifs were CACCAACC (novel: Myb binding-like), FAM1 (AGCTAGCT), and ACACACTC (novel) in the newest leaves (Figure 6A, Supplementary Figure 2, and Supplementary Table 4); FAM1 (AGCTAGCT), GATCGATC (novel), and GCATGCAC (novel) in old leaves (Figure 6B, Supplementary Figure 3, and Supplementary Table 5); FAM1 (AGCTAGCT), TCGATCGA (novel), TGCACGC (novel), and CpG islands/E2F (CGCGCGTG) in stems (Figure 6C, Supplementary Figure 4, and Supplementary Table 6); FAM1 (AGCTAGCT), AGCTAAGCT (novel), GATCGATC (novel), and CpG islands/E2F (CGCGCGCG) in DCs (Figure 6D, Supplementary Figure 5, and Supplementary Table 7); and FAM1 (AGCTAGCT), ATCGATCG (novel), and CpG islands/E2F (GCGCGCCA) in roots (Figure 6E, Supplementary Figure 6, and Supplementary Table 8).
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FIGURE 6. List of extracted CRE candidates from each tissue: (A) Newest leaf, (B) Old leaf, (C) Stem, (D) DC and (E) Root. DC means discrimination center or junction notes between root and shoot. White background cells show CRE candidates from –50 to +150 window, colored background shows CRE candidates from 500 bp upstream of TSS. (N) indicates CRE candidates that were not reported before. CpG islands/E2F (CGCGCGCA) motif has variants CGCGCGCG, CGCGCGTA, and CGCGCGTG. They were annotated as “(CpG islands/E2F).” Enrichment of motifs were calculated as (number in regulon)/(total length of 500 bp upstream or –500 bp to +150 bp sequence of regulon) divided by (number in all genes)/(total length of upstream 500 bp sequence of all genes). P-value was calculated as binominal test using number of motifs found in regulon, number of regulon genes, chance of motif found in all genes. The enrichment and p-value were also calculated using the same size of random sequence instead of sequence of all genes.




Hypothetical Modeling of the Fe Excess-Responsive Transcriptional Regulation

To identify the model of transcriptional regulation and promoter structures for Fe excess response, combinations of CREs involved in transcriptional regulation under Fe excess were analyzed. The tree model generated using Boruta-XGBoost is complicated and does not indicate a straightforward hypothetical model. A tree model built using the R package party (version 1.3–5) is much simpler and easier to understand than that from the XGBoost model, although it is less accurate. Thus, based on the important motifs which identified using the Boruta selection method, in this study, we generated a tree model (YES-NO-Flowchart) using the party package (Figure 7A). This model shows the percentage of each gene expression pattern associated with the presence or absence of CRE elements. Five numbers are shown in each box, indicating the percentage of the genes with specific motif categories: Fe storage type, Fe uptake type, chelator type, WRKY and other co-expression type, and no response type. Starting from all undersampled genes that contain 20% of each type, for example, the DCEp1 motif (AGCTAGCT) is present in 56% of genes and absent from 44% of genes. The 56% of genes containing this motif is highly enriched (24%) in chelator synthesis type genes, while the remaining 44% of genes are most enriched (33%) in no-response genes. The DCEp1 motif (AGCTAGCT) and GACTTTAC are both present in 4% of genes, while 52% of genes contain DCEp1 motifs (AGCTAGCT) and no GACTTTAC motif. The average accuracy of this tree in cross-validation was 68.4% (confusion matrix not shown).
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FIGURE 7. Hypothetical model revealing the underlying Fe excess-responsive transcriptional regulation. (A) Simple tree model and YES-NO-Flowchart to explain Fe excess-responsive gene expression patterns. CRE candidate motifs were searched in the regions –500 bp to +150 bp relative to TSS of genes to classify gene expression patterns and each gene is divided by YES or NO flowchart by whether specific CRE candidate motifs described under the box is present or not. The percentage side of the flowchart line indicates the percentage of genes which present (YES) or absent (NO) the CRE shown above. The five numbers shown in each box indicate the percentage of genes belongs in the (left to right) Fe storage type, Fe uptake type, chelator type, WRKY and other response type or no response type patterns. The name of a representative gene expression type is provided in each box. (B) Representative molecular model for the regulation of Fe excess-responsive genes based on the above simple tree model. Each molecular model (a–e) represents the simulation output (marked as a–e) in the above tree model, respectively. In this hypothesis, the transcription factor IDEF1 binds to CATGCATG, bZIP binds to SGBFGMGMAUX28, TBP binds to CTATAAAT, and CAB2 binds to CRTDREHVCBF2. The transcription factors (TFs) that bind to CTACACCT, FAM1, and DCEp1 remain unknown and they are shown as “Unknown TF.” TAF, TBP associated factor. The percentage was calculated as follows: ((Percentage of specific type genes in specific branch) × (percentage of all types in specific branch))/(percentage of specific type (20%)/percentage of all types (100%)). For example, 12.5% of Fe uptake type genes described in B model was calculated as follows: (0.05 * 0.50)/(20/100) = 0.125.


From this tree model, we generated a hypothesis of the molecular model of promoter structures regulating the five types of Fe excess-related gene expression patterns (Figure 7B). Fe storage type genes tended to simultaneously contain the DCEp1 motif (AGCTAGCT), and FAM1 motifs. Fe uptake type genes tended to have FAM1-like motif (ACGTACGC), TATABOX5 and DCEp1 motif (AGCTAGCT). Metal chelator synthesis type genes tended to have DCEp1 motif (AGCTAGCT) and IDEF1-binding motif (CATGCATG). WRKY and other co-expression type genes generally contained the DCEp1 motif (AGCTAGCT), bZIP-binding SGCFGMGMAUX28 motif, and CAB2 binding CRTDREHVCBF2 motif. The genes that did not respond to Fe excess did not include any motif listed above.




DISCUSSION


Fe Excess Co-Expression Clusters Based on Network Analyses

The workflow used for elucidation of Fe excess-responsive CREs is presented in Figure 1. Firstly, the four levels of Fe excess treatment (× 10 Fe/ × 1 Fe, × 20 Fe/ × 1 Fe, × 50 Fe/ × 1 Fe, × 70 Fe/ × 1 Fe) were merged for WGCNA analysis to obtain a mean expression value for subsequent network analysis in Figure 2. In this study, four Fe excess levels for WGCNA analysis were not differentiated to simplify the MAMA analyses. Then, we performed network analyses to predict Fe excess-related CREs through categorization of the expression patterns of Fe-responsive gene types and examination of the CRE sequences in each cluster using the microarray dataset of Fe excess-treated rice from Aung et al. (2018b). In addition, we used microarray data of Fe-deficient and Zn-deficient roots by the following reasons. To perform network analysis in Figure 2, we hypothesized that there are several genes that show various gene expression patterns depending on Fe status based on the microarray results of Fe deficiency by Ogo et al. (2006) and Fe excess by Aung et al. (2018b). In addition, it has been found that Fe excess condition causes Zn deficiency in plants, and there was an increased expression of the genes involved in Zn absorption (Aung et al., 2018b). Moreover, the gene regulation process of Fe and Zn nutrition are strongly related (Suzuki et al., 2012; Masuda et al., 2020). Thus, we thought that by taking into consideration the Fe-deficient and Zn-deficient microarray data in the analyses of Fe excess data using MAMA, it can be revealed the links between control of the Fe excess, Fe deficiency and Zn deficiency responses, along with their upstream transcription factors.

From this network analysis, interestingly, we found four major gene expression type clusters, namely, Fe storage type, metal chelator type, Fe uptake type, and WRKY and other co-expression type (Figure 2 and Supplementary Table 1). As shown in Figure 2, Fe storage type genes were up-regulated under Fe excess in all tissues and down-regulated under Fe deficiency in the root. Fe storage type genes include OsFER1 and OsFER2, which are important for Fe storage and detoxification in rice (Stein et al., 2009). Metal chelator and synthesis type genes were up-regulated with Fe excess and Zn-deficiency treatments. Fe excess leads to Zn deficiency and a decrease in Zn concentration was proportionately related to an increase in Fe concentration in roots (Figure 2, Aung et al., 2018b). This expression type of metal chelator includes OsNAS3 genes involved in synthesis of nicotianamine, a metal chelator of Fe and Zn in higher plants. OsNAS3 expression was elevated in roots and shoots of rice under Fe excess (Aung et al., 2018b) or Zn-deficient conditions (Suzuki et al., 2008). OsNAS3 expression is important for detoxification of Fe excess and metal transport (Aung et al., 2019). Next, genes categorized as Fe uptake type were suppressed in Fe excess-treated rice, particularly in roots, and up-regulated in Fe-deficiency-treated rice roots (Figure 2). Fe uptake type genes include the Fe uptake-related genes TOM, OsIRT1, OsYSL2, OsYSL15, and OsNRAMP1, which are down-regulated in roots under Fe excess (Aung et al., 2018b) and up-regulated in Fe-deficient roots (Ogo et al., 2006). WRKY and other co-expression type genes include stress response genes such as OsWRKY76, which were up-regulated in stems under Fe excess (unpublished data and microarray data of Aung et al., 2018b) and down-regulated in Fe-deficient roots (Ogo et al., 2006). Some WRKY TFs are involved in the Fe toxicity response in rice (Ricachenevsky et al., 2010; Finatto et al., 2015; Viana et al., 2017). WRKY transcription factors are also involved in transcriptional regulation of OsATG (autophagy-related) genes under Fe toxicity, and W-box CREs targeted by WRKY TFs are enriched in the promoters of OsATG genes (Maltzahn et al., 2020). They suggested these genes are involved in the early Fe toxicity response and may be regulated via WRKY.



Efficiency of the MAMA Method for Identifying CRE Candidates in the 500 bp Upstream Region

Various approaches to searching for CRE candidates have been described, and it is critical to use an approach that is highly accurate. We hypothesized that genes with similar gene expression patterns that are activated or regulated by the same molecular mechanisms would share the same CRE sets. Thus, in this study, we searched for CRE candidates and confirmed whether the same CREs are shared among genes with the same expression pattern (Figure 7). Searching with the TFBSs which shared among the genes with same expression type, we found that 93% of Fe storage type genes shared the binding sequences of the TBP, AP2, AT-Hook, NF-YB, TCP, homeodomain, B3, bZIP, or alpha-amylase transcription factors (Supplementary Table 2) and up to 90% of genes non-responsive to Fe excess shared the TFBSs of the AT-Hook, NF-YB, TCP, homeodomain, B3, bZIP, SBP, C2H2, or bHLH TFs (Supplementary Table 3). The results were similar between Fe storage type genes and no-response genes, with high percentages of these TFBSs in no-response genes. This condition caused difficulty identifying functional CREs involved in the Fe excess response. This might be because the target area (−1,000 bp from the TSS) was too long to search for frequently occurred CRE sequences such as IDEF1 (5 bp, more than 90% chance of occurrence) and the WRKY binding site. These short and frequently occurring CREs are common in the 1,000 bp upstream sequences of genes. On the other hand, the IDEF1 binding site is enriched in the shorter 500 bp sequence upstream of the TSS of Fe deficiency-regulated genes (Kobayashi et al., 2009).

Thus, the presence of CREs in Fe excess-responsive genes was investigated in the sequences 500 bp upstream of the TSS using reported Fe homeostasis-related CREs (i.e., the binding sequences of IDEF1, IDEF2, IRO2, and WRKY and the IDS1, IDS2, and IDRS promoters) and then we constructed a tree model (Figure 2). CRE prediction using a tree model constructed with XGBoost version 3 and confusion matrix of simulated gene expression patterns did not provide clear results (Figures 3A,B). However, we obtained the highest accuracy of gene expression pattern prediction after using MAMA CRE candidates. The Fe excess response in all tissues was explained by MAMA-predicted CRE candidates with an accuracy of more than 85% (Table 2). Furthermore, in combination with Boruta-XGBoost machine learning methods, these CRE candidates explained a total 80.9% of gene expression patterns correctly (Table 1), showing good consistency with simulated gene expression patterns (Figure 3C). Moreover, a tree model based on a combination of MAMA CREs and PLACE CREs accurately explained 83.0% of gene expression patterns (Figure 3D and Table 1). Our results suggest that MAMA is a powerful tool for CRE prediction to search novel CREs and new role of reported CREs involved in gene regulation of specific tissue/condition/treatment. MAMA can be applied to the transcriptome data such as microarray, RNA-seq, etc. It can also be applied to other living things such as Arabidopsis, mice, humans, etc. as long as the genome database is available.



Method, Database and Target Sequences of Motif Search

PlantPAN3 uses 30,000 reliable promoters (−5,000 to +1,000 relative to TSSs) and the cut-off of false-positive rate to find motifs was estimated from them. In the following analysis, we compared motif occurrences between regulon and no-response genes and used their shorter promoter regions (−500 to +150 relative to TSSs). As Ksouri et al. (2021) reported, shorter sequence around TSS is much effective for a modeling of CRE. This may explain the difference in results.

CisDB is another largest database of TFBS not only for plants (Weirauch et al., 2014). We attempted to build a Boruta-xgboost model using motifs recorded in CisDB. The highest accuracy using CisDB motifs was 61% (Supplementary Data 1). We searched motifs recorded as position weight matrix (PWM) against background A:T:G:C occurrence in −500 to +150 relative to TSS as {“A”:0.52, “C”: 0.48, “G”: 0.48, “T”: 0.52} (The source code is available at https://github.com/zebul6/Modeling-of-Fe-excess-regulated-transcriptions/tree/main, and Supplementary Data 2–4). Since A:C:G:T occurrence has a position-specific trend around TSS, separating background models to the narrower windows may lead to better accuracy.

We assumed that motifs in PLACE, PlantPAN3, and CisDB are important. It is natural that MAMA scored good because MAMA extracted enriched motifs from regulon. We suggest that CRE prediction methods such as MAMA can provide additional candidates.



Identifying Novel and Known CRE Candidates Involved in the Fe Excess Response

Both Fe-deficiency stress and Fe excess stress depend on the level of Fe within the rice plant body. Thus, they may be regulated by some of the same mechanisms. For example, ferritin expression is clearly suppressed under Fe-deficiency relative to normal conditions (Ogo et al., 2006), but is strongly induced under Fe excess compared to normal conditions (Aung et al., 2018b). Therefore, we assumed that the expression pattern of the Fe excess response could be better visualized by considering the changes under Fe deficiency treatment reported by Ogo et al. (2006). Furthermore, the behavior of Fe and Zn nutrition in rice and the regulation of gene expression are closely related (Suzuki et al., 2012; Masuda et al., 2020), with OsHRZs and IDEF1 regulating downstream genes by sensing the balance between the availability of Fe and Zn (Kobayashi et al., 2013). Therefore, through comparison of transcriptional response data from studies conducted under Fe excess (Aung et al., 2018b), Fe deficiency (Ogo et al., 2006), and Zn deficiency (Suzuki et al., 2012), we identified 560 CRE candidates (also known as motifs or conserved sequences) related to Fe excess in roots, DC, stems, old leaves, and newest leaf tissues (Supplementary Tables 4–10), in Fe-deficient roots (Supplementary Table 9), and in Zn-deficient roots (Supplementary Table 10) using a high-accuracy CRE prediction tool, the MAMA method. Among these candidates, important motifs were analyzed (Table 3) and their distributions in the upstream sequences of Fe excess-responsive genes were reported (Figures 4, 5 and Supplementary Figures 2–6). The top 10 motifs included known CREs, such as IDEF1 binding (CATGCATG), DCEp2 (ATCGATCG), EECCRCAH1 (PLACE CRE) (GANTTNC), CRTDREHVCBF2 (PLACE CRE) (GTCGAC), and bZIP/bHLH binding (CTACGTGC) motifs. They may play important roles in the Fe excess response and its regulation. IDFE1 is involved in regulatory systems related to both Fe sufficiency and Fe deficiency (Kobayashi et al., 2010). Moreover, we explored new CREs with no previous reports (novel), namely, ATAATGGC, GCWGCWGC, CGACACGC and Myb binding sequence-like (CACCAACC) (Figure 5). These novel CREs might be the binding sequences of important transcription factors that regulate Fe homeostasis in rice.



Representative Molecular Model Regulating Fe Excess-Responsive Gene Expression Patterns

We generated a representative molecular model for regulation of Fe excess-responsive gene expression patterns using a simple tree model (Figure 7A). Based on these data, we identified specific CRE combinations that commonly occur in each of four gene expression types. We built a model to explain Fe excess-responsive transcriptional regulation based on the combination of presence and absence of CREs predicted with MAMA and PLACE as well as known CREs (Figure 3C). The highest accuracy of the model was 82% (Table 1). The tree model (Figure 7) explained 64% of Fe excess regulated gene expression patterns and was helpful for determining a hypothetical model of transcriptional regulation under Fe excess conditions. Basic core promoters such as the TBP/MADS-box binding (CTATAAAT) and the CpG islands/E2F binding motif (GCGCGCCA) were common in the upstream sequences of Fe storage type genes (Figure 6 and Supplementary Tables 4–8). These promoter sequences are conserved in the upstream sequences of stress-regulated (TATA box) and tissue-specific (CpG islands) genes, and are not common upstream of housekeeping genes (Deaton and Bird, 2011). Stress response and tissue-specific response processes are important to the Fe excess stress response. Therefore, the presence of these CREs upstream of Fe excess genes is reasonable.

A CAB2 promoter (CAAAACGC) binding site in the dark response element (DtRE) of the chlorophyll a/b-binding protein 2 (CAB2) gene in Arabidopsis was commonly shared among metal chelator, WRKY and other co-expression (Figure 7A). These genes are responsive in tissues other than the root (Figure 2). The CAB2 promoter plays a role in the light response and is a regulator of photosynthesis (Maxwell et al., 2003). Therefore, enrichment of CAB2 promoter is related to tissue-specific regulation of genes between shoots and roots. A large portion of the gene expression patterns observed in this study were explained by these core promoters and tissue-specific CREs, as regulation in the root is a key factor used to distinguish expression patterns in this study. The FAM1 (AGCTAGCT) and IDEF1 binding sequence (CATGCATG) motifs are common upstream of Fe excess-, Fe- deficiency-, and Zn-deficiency-regulated genes. IDEF1 binding sequence (CATGCATG) motif was important, but FAM1 (AGCTAGCT) was not designated as important (Table 3). A novel candidate CRE motif (CGACACGC) was specifically enriched upstream of Fe excess-regulated genes but not Fe- and Zn-deficiency-regulated genes (Supplementary Tables 9, 10). A Zn-deficiency-related motif (ATAATGGC) was specifically enriched downstream of Zn-deficiency-regulated genes (Figures 5A,B).

The presence of the IDRS core promoter sequence (CCTCCAC) could not be used to explain the transcriptional response to Fe excess, as IDRS was not specifically conserved in the upstream sequences of Fe excess-responsive genes (Figure 3A). However, as Petit et al. (2001) noted, the 3′ sequence of IDRS is important for the Fe excess response. The 3′ sequence of IDRS through GCG may include part of the bHLH binding sequence (G box, CACGTG), although another G box sequence is present in the upstream sequence of ZmFer1, and deletion of a G box did not alter the Fe excess response. Overall, the abundance of G box-containing motifs was higher in Fe excess-responsive genes (data not shown, based on Supplementary Tables 4–8). The position of the G box sequence and interactions with the other CREs may affect the G box-regulated response to Fe excess.

In addition to the basic promoter motifs of TATA box, DCEp1, DCEp2 (These three were tandemly co-exist in many genes), E2F binding and CpG islands, motifs such as the IDEF1 binding sequence-containing motif CATGCATG and FAM1, were commonly enriched among genes responsive to Fe excess, Fe deficiency, and Zn deficiency (Supplementary Tables 4–10), and therefore were selected as important motifs for explaining gene expression patterns in the Fe response. Our findings suggest that Fe deficiency, Zn deficiency, and Fe excess may partially share the same regulatory mechanism. Nowadays, many reports have noted that Fe deficiency and Fe excess are regulated by the same or similar transcription factors. Among AtbHLH genes, AtbHLH104 and AtbHLH034 are involved in regulation under Fe deficiency, whereas AtbHLH047 (PYE) is involved in Fe excess (Zhang et al., 2015; Li et al., 2016; Liang et al., 2017). OsHRZ is related to regulation under both Fe deficiency and Fe excess conditions (Kobayashi et al., 2013; Aung et al., 2018a).

There are previous studies of identification of the important CREs which were able to use as a powerful promoter. Kobayashi et al. (2003) identified functional two CREs, IDE1 and IDE2 (iron-deficiency-responsive element 1 and 2), which synergistically induced Fe-deficiency-specific expression in tobacco roots. Using those CREs, they constructed artificial promoters that highly respond to Fe deficiency in rice (Kobayashi et al., 2004). Furthermore, Hayami et al. (2015) also reported that based on new CREs related to stress response (cold, high light, and UV-B) explored by computer simulation, they could artificially produce new promoters which lead to a high expression under stress condition (cold, high light, and UV-B). In this study, we only selected the best motifs to explain Fe excess-responsive expression patterns. Further studies are required to confirm that these motifs function in vivo. Then, it is possible to produce powerful Fe excess-responsive promoters and subsequently to produce a new Fe excess tolerant rice by enhancing the expression of target genes using those artificial promoters. Moreover, based on the novel CREs sequences related to the Fe excess response identified in this study, new transcription factors that bind to these CREs and regulate the rice Fe excess response through unknown mechanisms might be found in the future.




CONCLUSION

We observed four gene expression types in the Fe excess response through gene network analyses based on microarray data collected under Fe excess, Fe deficiency, and Zn deficiency. We elucidated a total of 560 CREs (also known as motifs or conserved sequences) directly related to Fe excess response mechanism in various rice tissues using machine learning approaches. Here, we report novel CREs as well as known CREs that were significantly related to the Fe excess response. Moreover, we developed a model regulating Fe excess-responsive genes based on the identified cis-elements. Overall, our results provide novel CREs and conserved sequences that may be used as an important data source for further clarification of the Fe excess response mechanism in rice, discovery of genes and transcription factors involved in Fe excess-responsive pathways. In addition, these novel CRE sequences represent an important source of information for studies aimed at modifying promoter sequences or enhancing gene expression to produce new rice varieties that are tolerant of Fe excess.



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/s.



AUTHOR CONTRIBUTIONS

YK, MSA, and HM conceived of the study and methodology. MSA, HM, and NKN provided microarray data. YK analyzed and prepared the data. YK, HM, and MSA led the writing of the manuscript, with suggestions from NKN and HH. MSA, NKN, and HH supported the project. All authors interpreted the data, contributed to the article, and approved the submitted version.



FUNDING

This research was supported by a Japan Society for the Promotion of Sciences (JSPS) Grant-in-Aid for Young Scientists (JSPS KAKENHI Grant No. 18K14367) to MSA.



ACKNOWLEDGMENTS

We thank Dr. Yuko Ogo (National Agriculture and Food Research Organization, Ibaraki, Japan) for the Fe-deficient rice root microarray data (Ogo et al., 2006) and Dr. Motofumi Suzuki (Aichi Steel Corporation, Aichi, Japan) for the Zn-deficient rice root microarray data (Suzuki et al., 2012).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.660303/full#supplementary-material


FOOTNOTES

1https://rapdb.dna.affrc.go.jp/download/irgsp1.html


REFERENCES

Asch, F., Becker, M., and Kpongor, D. S. (2005). A quick and efficient screen for resistance to iron toxicity in lowland rice. J. Plant Nutr. Soil Sci. 168, 764–773. doi: 10.1002/jpln.200520540

Aung, M. S., Kobayashi, T., Masuda, H., and Nishizawa, N. K. (2018a). Rice HRZ ubiquitin ligases are crucial for response to excess iron. Physiol. Plant. 163, 282–296. doi: 10.1111/ppl.12698

Aung, M. S., and Masuda, H. (2020). How does rice defend against excess iron?: Physiological and molecular mechanisms. Front. Plant Sci. 11:1102. doi: 10.3389/fpls.2020.01102

Aung, M. S., Masuda, H., Kobayashi, T., and Nishizawa, N. K. (2018b). Physiological and transcriptomic analysis of responses to different levels of iron excess stress in various rice tissues. Soil Sci. Plant Nutr. 64, 370–385. doi: 10.1080/00380768.2018.1443754

Aung, M. S., Masuda, H., Nozoye, T., Kobayashi, T., Jeon, J.-S., An, G., et al. (2019). Nicotianamine synthesis by OsNAS3 is important for mitigating iron excess stress in rice. Front. Plant Sci. 10:660. doi: 10.3389/fpls.2019.00660

Becker, M., and Asch, F. (2005). Iron toxicity in rice – conditions and management concepts. J. Plant Nutr. Soil Sci. 168, 558–573. doi: 10.1002/(ISSN)1522-2624

Briat, J. F., Duc, C., Ravet, K., and Gaymard, F. (2010). Ferritins and iron storage in plants. Biochim. Biophys. Acta Gen. Subj. 1800, 806–814. doi: 10.1016/j.bbagen.2009.12.003

Briat, J. F., and Lobréaux, S. (1997). Iron transport and storage in plants. Trends Plant Sci. 2, 187–193. doi: 10.1016/S1360-1385(97)85225-9

Chen, T., and Guestrin, C. (2016). “Xgboost: a scalable tree boosting system,” in Proceedings of the ACM SIGKDD Intern. Conf. Knowledge Discovery and Data Mining (ACM ArXiv:160362754), 785–794.

Chow, C. N., Lee, T. Y., Hung, Y. C., Li, G. Z., Tseng, K. C., Liu, Y. H., et al. (2019). PlantPAN3.0: a new and updated resource for reconstructing transcriptional regulatory networks from ChIP-seq experiments in plants. Nucleic Acids Res. 47, D1155–D1163.

Colombo, C., Palumbo, G., He, J. Z., Pinton, R., and Cesco, S. (2014). Review on iron availability in soil: interaction of Fe minerals, plants, and microbes. J Soils Sediments 14, 538–548. doi: 10.1007/s11368-013-0814-z

Deaton, A. M., and Bird, A. (2011). CpG islands and the regulation of transcription. Genes Dev. 25, 1010–1022. doi: 10.1101/gad.2037511

Finatto, T., Oliveira, A. C., Chaparro, C., Maia, L. C., Farias, D. R., Woyann, L. G., et al. (2015). Abiotic stress and genome dynamics: specific genes and transposable elements response to iron in rice. Rice 8:13. doi: 10.1186/s12284-015-0045-6

Hayami, N., Sakai, Y., Kimura, M., Saito, T., Tokizawa, M., Iuchi, S., et al. (2015). The responses of arabidopsis early light-induced protein2 to ultraviolet B, high light, and cold stress are regulated by a transcriptional regulatory unit composed of two elements. Plant Physiol. 169, 840–855. doi: 10.1104/pp.15.00398

Hernandez-Garcia, C. M., and Finer, J. J. (2014). Identification and validation of promoters and cis-acting regulatory elements. Plant Sci. 217, 109–119. doi: 10.1016/j.plantsci.2013.12.007

Higo, K., Ugawa, Y., Iwamoto, M., and Korenaga, T. (1999). Plant cis-acting regulatory DNA elements (PLACE) database. Nucleic Acids Res. 27, 297–300. doi: 10.1093/nar/27.1.297

Hongwei, D., Jiao, Z., and Bo, Z. (2018). Gene co-expression network analysis identifies the hub genes associated with immune functions for nocturnal hemodialysis in patients with end-stage renal disease. Medicine 97:e12018. doi: 10.1097/MD.0000000000012018

Hothorn, T., Hornik, K., Strobl, C., and Zeileis, A. (2008). Party: A Laboratory for Recursive Partitioning. R Package Version 0.9-9993. Available online at: URL http://CRAN.R-project.org/package=party.

Hothorn, T., Hornik, K., Strobl, C., and Zeileis, A. (2015). Party: A Laboratory for Recursive Partytioning. R Package Version 1.0-20. Available online at: http://CRAN.R-project.org/package=party (accessed March 03, 2021).

Ishimaru, Y., Suzuki, M., Tsukamoto, T., Suzuki, K., Nakazono, M., Kobayashi, T., et al. (2006). Rice plants take up iron as an Fe3+- phytosiderophore and as Fe2+. Plant J. 45, 335–346. doi: 10.1111/j.1365-313X.2005.02624.x

Joachims, T. (1999). “Making large-scale SVM learning practical,” in Advances in Kernel Methods – Support Vector Learning, eds B. Schölkopf, C. Burges, and A. Smola (Cambridge, MA: MIT Press), 169–184.

Kakei, Y., Ogo, Y., Itai, R. N., Kobayashi, T., Yamakawa, T., Nakanishi, H., et al. (2013). Development of a novel prediction method of cis-elements to hypothesize collaborative functions of cis element pairs in iron-deficient rice. Rice 6:22. doi: 10.1186/1939-8433-6-22

Kitazumi, A., Pabuayon, I. C. M., Ohyanagi, H., Fujita, M., Osti, B., Shenton, M. R., et al. (2018). Potential of Oryza officinalis to augment the cold tolerance genetic mechanisms of Oryza sativa by network complementation. Sci. Rep. 8:16346. doi: 10.1038/s41598-018-34608-z

Kobayashi, T., Itai, R. N., and Nishizawa, N. K. (2014). Iron deficiency responses in rice roots. Rice 7:27. doi: 10.1186/s12284-014-0027-0

Kobayashi, T., Itai, R. N., Ogo, Y., Kakei, Y., Nakanishi, H., Takahashi, M., et al. (2009). The rice transcription factor IDEF1 is essential for the early response to iron deficiency, and induces vegetative expression of late embryogenesis abundant genes. Plant J. 60, 948–961. doi: 10.1111/j.1365-313x.2009.04015.x

Kobayashi, T., Nakanishi, H., and Nishizawa, N. K. (2010). Dual regulation of iron deficiency response mediated by the transcription factor IDEF1. Plant Signal Behav. 5, 157–159. doi: 10.4161/psb.5.2.10459

Kobayashi, T., Nagasaka, S., Senoura, T., Itai, R. N., Nakanishi, H., and Nishizawa, N. K. (2013). Iron-binding haemerythrin RING ubiquitin ligases regulate plant iron responses and accumulation. Nat. Commun. 4: 2792.

Kobayashi, T., Nakayama, Y., Takahashi, M., Inoue, H., Nakanishi, H., Yoshihara, T., et al. (2004). Construction of artificial promoters highly responsive to iron deficiency. Soil Sci. Plant Nutr. 50, 1167–1175. doi: 10.1080/00380768.2004.10408590

Kobayashi, T., Ogo, Y., Itai, R. N., Nakanishi, H., Takahashi, M., Mori, S., et al. (2007). The transcription factor IDEF1 regulates the response to and tolerance of iron deficiency in plants. Proc. Natl. Acad. Sci. U.S.A. 104, 19150–19155. doi: 10.1073/pnas.0707010104

Kobayashi, T., Yoshihara, T., Jiang, T., Goto, F., Nakanishi, H., Mori, S., et al. (2003). Combined deficiency of iron and other divalent cations mitigates the symptoms of iron deficiency in tobacco plants. Physiol. Plant. 119, 400–408. doi: 10.1034/j.13993054.2003.00126.x

Ksouri, N., Castro-Mondragón, J. A., Montardit-Tardà, F., Van Helden, J., Contreras-Moreira, B., and Gogorcena, Y. (2021). Tuning promoter boundaries improves regulatory motif discovery in non-model plants: the peach example. Plant Physiol. 185, 1242–1258. doi: 10.1093/plphys/kiaa091

Kursa, M. B., and Rudnicki, W. R. (2010). Feature selection with the Boruta package. J. Stat. Softw. 36, 1–13.

Langfelder, P., and Horvath, S. (2008). WGCNA: an R package for weighted correlation network analysis. BMC Bioinform. 9:559–564.

Li, X., Zhang, H., Ai, Q., Liang, G., and Yu, D. (2016). Two bHLH transcription factors, bHLH34 and bHLH104, regulate iron homeostasis in Arabidopsis thaliana. Plant Physiol. 170, 2478–2493. doi: 10.1104/pp.15.01827

Liang, G., Zhang, H., Li, X., Ai, Q., and Yu, D. (2017). bHLH transcription factor bHLH115 regulates iron homeostasis in Arabidopsis thaliana. J. Exp. Bot. 68, 1743–1755. doi: 10.1093/jxb/erx043

Maltzahn, L. E., Viana, V. E., Busanello, C., Venske, E., Girardi, C. L., Oliveira, A. C., et al. (2020). ATG genes, new players on early Fe toxicity response in rice (Oryza sativa L.). Plant Breed. 139, 1–13. doi: 10.1111/pbr.12860

Marschner, H. (1995). Mineral Nutrition of Higher Plants, 2nd Edn. London: Academic.

Masuda, H., Aung, M. S., Kobayashi, T., Hamada, T., and Nishizawa, N. K. (2019). Enhancement of iron acquisition in rice by the mugineic acid synthase gene with ferric iron reductase gene and OsIRO2 confers tolerance in submerged and nonsubmerged calcareous soils. Front. Plant Sci. 10:1179. doi: 10.3389/fpls.2019.01179

Masuda, H., Aung, M. S., Kobayashi, T., and Nishizawa, N. K. (2020). “Iron biofortification: the gateway to overcoming hidden hunger,” in The Future of Rice Demand: Quality Beyond Productivity, eds A. C. de Oliveira, C. Pegoraro, and V. E. Viana (Switzerland: Springer Nature), 149–177. doi: 10.1007/978-3-030-37510-2

Maxwell, B. B., Andersson, C. R., Poole, D. S., Kay, S. A., and Chory, J. (2003). HY5, circadian clock-associated 1, and a cis-element, DET1 dark response element, mediate DET1 regulation of chlorophyll a/b-binding protein 2Expression1. Plant Physiol. 133, 1565–1577. doi: 10.1104/pp.103.025114

Mitsis, T., Efthimiadou, A., Bacopoulou, F., Vlachakis, D., Chrousos, G., and Eliopoulos, E. (2020). Transcription factors and evolution: an integral part of gene expression (Review). World Acad. Sci. J. 2, 3–8.

Nozoye, T., Nagasaka, S., Kobayashi, T., Takahashi, M., Sato, Y., Uozumi, N., et al. (2011). Phytosiderophore efflux transporters are crucial for iron acquisition in graminaceous plants. J. Biol. Chem. 286, 5446–5454. doi: 10.1074/jbc.M110.180026

NRCS (2005). Global soil regions map, National Resources Conservation Services (NRCS). Washington, DC: US Department of Agriculture (USDA), Soil Conservation Service.

Ogo, Y., Itai, R. N., Nakanishi, H., Inoue, H., Kobayashi, T., Suzuki, M., et al. (2006). Isolation and characterization of IRO2, a novel iron-regulated bHLH transcription factor in graminaceous plants. J. Exp. Bot. 57, 2867–2878. doi: 10.1093/jxb/erl054

Ogo, Y., Itai, R. N., Nakanishi, H., Kobayashi, T., Takahashi, M., Mori, S., et al. (2007). The rice bHLH protein OsIRO2 is an essential regulator of the genes involved in Fe uptake under Fe-deficient conditions. Plant J. 51, 366–377. doi: 10.1111/j.1365-313x.2007.03149.x

Ogo, Y., Kobayashi, T., Itai, R. N., Nakanishi, H., Kakei, Y., Takahashi, M., et al. (2008). A novel NAC transcription factor IDEF2 that recognizes the iron deficiency-responsive element 2 regulates that genes involved in iron homeostasis in plants. J. Biol. Chem. 283, 13407–13417. doi: 10.1074/jbc.M708732200

Petit, J. M., van Wuytswinkel, O., Briat, J. F., and Lobréaux, S. (2001). Characterization of an iron-dependent regulatory sequence involved in the transcriptional control of AtFer1 and ZmFer1 plant ferritin genes by iron. J. Biol. Chem. 276:55845590. doi: 10.1074/jbc.M005903200

Quinet, M., Vromman, D., Clippe, A., Bertin, P., Lequeux, H., Dufey, I., et al. (2012). Combined transcriptomic and physiological approaches reveal strong differences between short- and long-term response of rice (Oryza sativa) to iron toxicity. Plant Cell Env. 35, 1837–1859. doi: 10.1111/j.1365-3040.2012.02521.x

R Core Team. (2017). R: A language and Environment for Statistical Computing. Vienna: R Foundation for Statistical Computing.

Ricachenevsky, F. K., Sperotto, R. A., Menguer, P. K., and Fett, J. P. (2010). Identification of Fe-excess-induced genes in rice shoots reveals a WRKY transcription factor responsive to Fe, drought and senescence. Mol. Biol. Rep. 37, 3735–3745. doi: 10.1007/s11033-010-0027-0

Römheld, V., and Marschner, H. (1986). Evidence for a specific uptake system for iron phytosiderophore in roots of grasses. Plant Physiol. 80, 175–180. doi: 10.1104/pp.80.1.175

Schwarz, B., Azodi, C. B., Shiu, S. H., and Bauer, P. (2020). Putative cis-regulatory elements predicts iron deficiency responses in Arabidopsis roots. Plant Physiol. 182, 1420–1439. doi: 10.1104/pp.19.00760

Stein, R. J., Duarte, G. L., Spohr, M. G., Lopes, S. I. G., and Fett, J. P. (2009). Distinct physiological responses of two rice cultivars subjected to iron toxicity under field conditions. Ann. Appl. Biol. 154, 269–277. doi: 10.1111/j.17447348.2008.00293.x

Suzuki, M., Bashir, K., Inoue, H., Takahashi, M., Nakanishi, H., Nishizawa, N. K., et al. (2012). Accumulation of starch in Zn-deficient rice. Rice 5:9. doi: 10.1186/1939-8433-5-9

Suzuki, M., Tsukamoto, T., Inoue, H., Watanabe, S., Matsuhashi, S., Takahashi, M., et al. (2008). Deoxymugineic acid increases Zn translocation in Zn-deficient rice plants. Plant Mol. Biol. 66:609. doi: 10.1007/s11103-008-9292-x

Tadano, T. (1975). Devices of rice roots to tolerant high iron concentrations in growth media. Japan Agri. Res. Q. 9, 34–39.

Uygun, S., Azodi, C. B., and Shiu, S. H. (2019). Cis-regulatory code for predicting plant cell-type transcriptional response to high salinity. Plant Physiol. 181, 1739–1751. doi: 10.1104/pp.19.00653

Viana, V. E., Marini, N., Finatto, T., Ezquer, I., Busanello, C., Dos Santos, R. S., et al. (2017). Iron excess in rice: from phenotypic changes to functional genomics of WRKY transcription factors. Genet. Mol. Res. 16:gmr16039694. doi: 10.4238/gmr16039694

von Uexküll, H. R., and Mutert, E. (1995). “Global extent, development and economic impact of acid soils,” in Plant–Soil Interactions at Low pH: Principles and Management, eds R. A. Date, N. J. Grundon, G. E. Raymet, and M. E. Probert (Dordrecht: Kluwer Academic Publishers), 5–19. doi: 10.1007/978-94-011-0221-6_1

Wairich, A., de Oliveira, B. H. N., Wu, L., Marugaiyan, V., Margis-Pinheiro, M., Fett, J. P., et al. (2020). Chromosomal introgressions from Oryza meridionalis into domesticated rice Oryza sativa result in iron tolerance. J. Exp. Bot. 72, 2242–2259. doi: 10.1093/jxb/eraa461

Weirauch, M. T., Yang, A., Albu, M., Cote, A. G., Montenegro-Montero, A., Drewe, P., et al. (2014). Determination and inference of eukaryotic transcription factor sequence specificity. Cell 158, 1431–1443. doi: 10.1016/j.cell.2014.08.009

Zhang, H., Li, Y., Yao, X., Liang, G., and Yu, D. (2017). Positive regulator of iron homeostasis1, OsPRI1, facilitates iron homeostasis. Plant Physiol. 175, 543–554. doi: 10.1104/pp.17.00794

Zhang, J., Liu, B., Li, M., Feng, D., Jin, H., Wang, P., et al. (2015). The bHLH transcription factor bHLH104 Interacts with IAA-LEUCINE RESISTANT3 and modulates iron homeostasis in Arabidopsis. Plant Cell 27, 787–805. doi: 10.1105/tpc.114.132704

Zhang, Y., Xu, Y. H., Yi, H. Y., and Gong, J. M. (2012). Vacuolar membrane transporters OsVIT1 and OsVIT2 modulate iron translocation between flag leaves and seeds in rice. Plant J. 72, 400–410. doi: 10.1111/j.1365-313x.2012.05088.x

Zou, C., Sun, K., Mackaluso, J. D., Seddon, A. E., Jin, R., Thomashow, M. F., et al. (2011). Cis-regulatory code of stress-responsive transcription in Arabidopsis thaliana. Proc. Natl. Acad. Sci. U.S.A. 108, 14992–14997. doi: 10.1073/pnas.1103202108


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.

Copyright © 2021 Kakei, Masuda, Nishizawa, Hattori and Aung. 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.











	 
	REVIEW
published: 23 June 2021
doi: 10.3389/fpls.2021.697592





[image: image]

Interactions of Silicon With Essential and Beneficial Elements in Plants

Jelena Pavlovic1†, Ljiljana Kostic1†, Predrag Bosnic1†, Ernest A. Kirkby2 and Miroslav Nikolic1*

1Institute for Multidisciplinary Research, University of Belgrade, Belgrade, Serbia

2Faculty of Biological Sciences, Leeds University, Leeds, United Kingdom

Edited by:
Francisco Javier Romera, University of Córdoba, Spain

Reviewed by:
Joerg Schaller, Leibniz Center for Agricultural Landscape Research (ZALF), Germany
Rivka Elbaum, The Hebrew University of Jerusalem, Israel

*Correspondence: Miroslav Nikolic, mnikolic@imsi.bg.ac.rs

†These authors have contributed equally to this work and share first authorship

Specialty section: This article was submitted to Plant Nutrition, a section of the journal Frontiers in Plant Science

Received: 19 April 2021
Accepted: 27 May 2021
Published: 23 June 2021

Citation: Pavlovic J, Kostic L, Bosnic P, Kirkby EA and Nikolic M (2021) Interactions of Silicon With Essential and Beneficial Elements in Plants. Front. Plant Sci. 12:697592. doi: 10.3389/fpls.2021.697592

Silicon (Si) is not classified as an essential element for plants, but numerous studies have demonstrated its beneficial effects in a variety of species and environmental conditions, including low nutrient availability. Application of Si shows the potential to increase nutrient availability in the rhizosphere and root uptake through complex mechanisms, which still remain unclear. Silicon-mediated transcriptional regulation of element transporters for both root acquisition and tissue homeostasis has recently been suggested as an important strategy, varying in detail depending on plant species and nutritional status. Here, we summarize evidence of Si-mediated acquisition, uptake and translocation of nutrients: nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), sulfur (S), iron (Fe), zinc (Zn), manganese (Mn), copper (Cu), boron (B), chlorine (Cl), and nickel (Ni) under both deficiency and excess conditions. In addition, we discuss interactions of Si-with beneficial elements: aluminum (Al), sodium (Na), and selenium (Se). This review also highlights further research needed to improve understanding of Si-mediated acquisition and utilization of nutrients and vice versa nutrient status-mediated Si acquisition and transport, both processes which are of high importance for agronomic practice (e.g., reduced use of fertilizers and pesticides).
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INTRODUCTION

Silicon (Si) is the second most abundant element (after oxygen) in the Earth’s crust, mainly occurring as various silicate minerals in most soils. The concentration of the plant-available form of Si in soil solutions, monosilicic acid (H4SiO4), varies between 0.1 and 0.6 mM, which is about two orders of magnitude higher than the concentrations of phosphorus (P) (Yan et al., 2018). Silicon in taken up and translocated through the plant to be deposited as SiO2 phytoliths in the lumen, cell walls and intercellular spaces (see Hodson and Evans, 2020). However, plants species differ greatly in their ability to accumulate Si with values ranging from 0.1% to 10% Si on a dry weight basis (Epstein, 1994, 1999). Consequently, some plant species are minimally affected by Si fertilization compared to others (Coskun et al., 2019). This variation among species can be explained by different expression and functionality of Si transporters (see “Essential and Beneficial Element Status Affects Silicon Uptake and Distribution” section, below).

The essentiality of Si for plants has been the matter of a long debate dating back to the 19th century (e.g., J. von Sachs versus E. Wolff and C. Kreuzhage, see Sreenivasan, 1934; Katz et al., 2021). It is now reasonably well established that Si is essential for only a few species of plants, the silicophiles, high in Si concentration (see Marschner, 2012; Hodson and Evans, 2020). However, its classification as a beneficial element has been recognized for more than 50 years by those teaching and researching in plant nutrition (e.g., Mengel and Kirkby, 2001; Epstein and Bloom, 2008; Marschner, 2012). Numerous more recent studies, have confirmed its beneficial effects in a variety of species growing under a wide range of environmental conditions as reviewed by, e.g., Epstein (1994, 1999), Ma (2004); Liang et al. (2007) and Debona et al. (2017). This overwhelming evidence together with studies of Si transporters in plants and yield benefits of Si fertilization of crops probably eventually led the International Plant Nutrition Institute (IPNI) to upgrade Si from complete omission to a listing as “beneficial substance” in 2015 (Coskun et al., 2019). Indeed, as far as we are aware, Si appears to be the only known element that effectively alleviates both biotic (pathogens and pests) and abiotic (e.g., drought, salinity, heavy metals, UV irradiation, nutrient imbalance) stresses in many plant species. On the other hand, its physiologically versatile mode of action, regardless of the stress, is still uncertain and has recently been debated by Coskun et al. (2019). Interestingly, the ability of Si to alleviate different stresses has been confirmed even in species with a low Si accumulation potential, such as tomato (Hoffmann et al., 2020; Sun et al., 2020).

The past decade has seen a considerable increase in knowledge of the role of Si in plant biology and agriculture, as illustrated by the rapidly increasing number of both research and review articles (Figure 1), including recent special topics or issues devoted to Si in plants in peer-reviewed international journals (e.g., Frontiers in Plant Science, Journal of Experimental Botany, Plants). In general, most of the recent Si-related reviews deal with cycling and mobility of Si in soil, transport of Si (including Si transporters) in plants and on its role in biotic and/or abiotic stresses, while only a few focus on the role of Si on alleviating deficiency of nutrients (Herandez-Apaolaza, 2014; Ali et al., 2020).
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FIGURE 1. Number of publications related to silicon in plants from 2010 to 2020, based on Scopus search with the title words: “Silicon” or “Silicate” and “Plants,” refined to “Agricultural and Biological Sciences” (March, 2021). Total number of publications: 351; research articles: 290; reviews: 61.


This review attempts to summarize current evidence of interactions of Si with essential (nutrients) and beneficial elements in various crop species. We consider not only the ways in which Si supply affects rhizosphere mobility, uptake and transport of nutrient elements under different environmental conditions, but also the influence of plant nutrient status on the acquisition and transport of Si itself. Here we have not focused on Si chemistry and interactions of Si with other elements in soil mainly because this issue has already been updated in the review of Schaller et al. (2021) and also because of lack of evidence for direct mobilization of elements by Si in agricultural soils, with exception of peatlands (Reithmaier et al., 2017; Hömberg et al., 2020). After much deliberation we decided to base this review on individual elements rather than processes (e.g., rhizosphere acquisition, uptake, transport, utilization), taking the view that this approach would be more conducive to the reader and to finding information of interest. Finally, by comparative analysis of the literature describing both direct and indirect effects of Si in nutrient acquisition and utilization, we suggest research directions to elucidate how Si functions to support plants to overcome nutrient and beneficial element disorders, processes which urgently need to be explored experimentally and their implications for agricultural practice advanced.



INTERACTIONS OF SILICON WITH MACRONUTRIENTS


Nitrogen

Application of Si positively affects almost all aspects of nitrogen (N) nutrition, i.e., uptake, assimilation, and remobilization (Detmann et al., 2012; Wu et al., 2017; Haddad et al., 2018; Gou et al., 2020). This beneficial effect of Si on overall plant performance has been established under low, optimal, and excessive N supply. In addition to a direct effect on N metabolism, Si supply induces changes in carbon (C) and P stoichiometry in shoots (Schaller et al., 2012; Neu et al., 2017; Deus et al., 2020) and increases nutrient acquisition by roots (Barreto et al., 2017), which in turn can contribute to improving N utilization within plant tissues. Plant species and genotypes preferentially utilize different mineral N sources (NO3– or NH4+), and show substantial variation in strategies to cope with N imbalance (Esteban et al., 2016). This may explain the high variation in interactions between Si and N observed in different plant species.

Increased N uptake under suboptimal N supply mediated by Si has been reported in different plant species, e.g., cowpea (Vigna unguiculata) (Mali and Aery, 2008a), maize (Zea mays) (Mabagala et al., 2020), rice (Oryza sativa) (Pati et al., 2016; Cuong et al., 2017; Deus et al., 2020). Increased tissue concentration of N has been attributed to enhanced N2 fixation (Mali and Aery, 2008a), increased N availability in soil, transcriptional up-regulation of genes involved in N uptake (Haddad et al., 2018; see Table 1), and enhanced transport efficiency (Sheng et al., 2018). Up-regulation of genes encoding NO3– transporters (BnaNTR2.1 and BnaNTR1.1) was proposed as an important strategy to overcome N deficiency in rapeseed (Brassica napus). Moreover, Si supplementation increased expression of BnaNTR2.1 even before imposition of N starvation. In addition to the effect on gene expression, it has been suggested that Si increases the efficiency of the NH4+ transporter (OsAMT) without up-regulation of OsAMT (Sheng et al., 2018). On the other hand, enhanced rate of N assimilation has been proposed as another Si-mediated mechanism to alleviate N starvation (Wu et al., 2017). In rice grown at low N supply, the relative expressions of N-uptake genes (OsNTR1.1 and OsAMT1;1) were unaffected or even down-regulated by Si supply, whereas N-assimilation genes (OsGS2, OsFd-GOGAT, OsNADH-GOGAT2, OsGDH2, and OsNR1) were up-regulated (Wu et al., 2017). Even in non-stressed rice with an adequate N supply, Si nutrition was shown to modulate the flux from 2-oxoglutarate into amino acid metabolism (Detmann et al., 2012). However, the exact mechanisms by which Si induces change in N metabolism still remain unknown. One explanation could be that Si mediates increase in cytokinin activity in the leaf N source/sink balance via the increased expression of the gene CWINV1 encoding β-fructofuranosidase, insoluble isoenzyme 1 (Markovich et al., 2017).


TABLE 1. Evidence for Si-mediated expression of genes encoding transporters for essential and beneficial elements in plants.

[image: Table 1]Silicon fertilization is known to improve N use efficiency and agronomic parameters of crops (yield and nutritional value) as observed in the long-term experiments in rice (Cuong et al., 2017), maize (Mabagala et al., 2020), rapeseed (Laine et al., 2019), and wheat (Triticum aestivum) (Neu et al., 2017). Although the underlying mechanism has not been studied in detail, it has been demonstrated that Si-induced biosynthesis of amino acids and remobilization of N (Detmann et al., 2012) can partially explain this phenomenon. Theoretically, remobilization of N (mainly in amino-acids forms) from storage pools in vegetative organs to the grains is considered as one of the major factors regulating high seed yields (Tegeder and Masclaux-Daubresse, 2017). Another proposed effect of Si might be alteration of C:N:P stoichiometry (Schaller et al., 2012; Neu et al., 2017; Deus et al., 2020). The science underpinning these studies is that in Si accumulator plants especially (e.g., rice, grasses and sugarcane), Si might partially replace C in shoot tissues to stabilize function and enhance photosynthesis thereby changing C:N:P stoichiometry. The highly beneficial effects of partial replacement of C by Si have recently been shown very clearly in a pot experiment with soil applied Si to sugarcane (Frazāo et al., 2020). Replacement of C by Si induced lower plant C concentration and was associated with greater biomass production resulting from higher rates of N and P uptake and accumulation and enhanced rates of photosynthesis. Considering that Si incorporation into vegetative tissues is bioenergetically cheaper than the formation of structural C compounds, plants might well benefit from altered C:N stoichiometry, especially under limited N supply (Neu et al., 2017).

Enhanced growth of Si-fed plants exposed to high N concentration was often attributed to increased photosynthetic efficiency, antioxidant capacity and improved water status (Barreto et al., 2017; Viciedo et al., 2019; Campos et al., 2020). However, responses to Si application differ even among cultivars of the same species (Barreto et al., 2017, 2021; Campos et al., 2020). In particular, supply of Si is of importance for the high yielding cultivation systems with dense planting and large application doses of N fertilizers (Liang et al., 2015). Under such conditions, excess N causes lodging, mutual shading and susceptibility to biotic stresses. Recent evidence suggests a new role of Si in reducing N uptake (Wu et al., 2017), optimization of N assimilation (Gou et al., 2020), or increased uptake of cations (Barreto et al., 2017) under high N supply. In rice exposed to high N supply, Si primarily affected N uptake genes (OsNTR1.1 and OsAMT1;1), reducing their expression level and therefore limiting N uptake (Wu et al., 2017). Apart from OsGS1, none of the genes involved in N assimilation were affected by Si nutrition under N excess (Wu et al., 2017). A possible explanation for the down-regulation of N-uptake genes by Si is increased cytokinin level (Kiba et al., 2011; Barreto et al., 2021), however, this proposal needs to be supported by further experimental evidence. By contrast, increased activity of N-assimilation enzymes (NR, NiR, GS and GOGAT, and NADH-GDH) was suggested as a key factor of Si-mediated alleviation of nitrate toxicity in cucumber (Cucumis sativus) cv. Jinyou 1 (Gou et al., 2020). Supply of Si in cauliflower (Brassica oleracea var. Botrytis) and broccoli (Brassica oleracea var. Italica) exposed to NH4+ toxicity increased uptake of K+ (Barreto et al., 2017), which activates enzymes GS and GDH that convert ammonium to amino acids and therefore mitigate tissue accumulation of toxic NH4+ (Sarasketa et al., 2014; Esteban et al., 2016).



Phosphorus

The influence of Si on P nutrition has been extensively studied. Evidence suggests that Si plays a significant role in P nutrition, but the precise nature of that role still remains unclear; in particular, experimental evidence at molecular or protein level is scarce. So far, an alleviating effect of Si under P limiting conditions has been reported in wheat (Kostic et al., 2017; Neu et al., 2017), maize (Owino-Gerroh and Gascho, 2005), tomato (Solanum lycopersicum) (Zhang et al., 2019), rice (Ma and Takahashi, 1990; Pati et al., 2016; Hu et al., 2018) and potato (Solanum tuberosum) (Soltani et al., 2017; Soratto et al., 2019). Two major mechanisms of Si-mediated alleviation of P deficiency are proposed: (1) increased root uptake and (2) enhanced utilization of P within the plant tissues. Increased P uptake followed by soil Si fertilization has widely been reported (Owino-Gerroh and Gascho, 2005; Neu et al., 2017; Zhang et al., 2019). Silicon can increase P availability in soil, through pH changes, decreased P sorption by soil minerals, due to competition between P and Si (as depending on Si speciation in soil solution) or by changes in the dynamics of the microbial community (e.g., P-mobilizing microorganisms) (Owino-Gerroh and Gascho, 2005; Li et al., 2019; Schaller et al., 2019, 2021). However, the effect of Si on soil availability of P is dependent on soil type, mineralogical and microbial composition, pH, as well as on type and amount of Si fertilizers (Hu et al., 2021). In addition, some Si fertilizers increase soil pH and thus eradicate the rhizotoxic effect of Al3+ in acid low P soils, thereby restoring overall root acquisition potential (Kostic et al., 2017).

On the other hand, the effect of Si on increased gene expression relating to inorganic P (Pi) uptake has been demonstrated in wheat (Kostic et al., 2017). In an acid low P soil, Si up-regulated genes encoding Pi transporters (TaPHT1;1 and TaPHT1;2) and consequently increased Pi uptake. The effect of Si on up-regulation of transcript levels of Pi transporters was significantly greater than the effect of liming, suggesting that the ameliorative Si effect could not simply be attributed to Si-induced pH correction and increased P availability in soil. Silicon also stimulated root Pi acquisition by increasing the exudation of carboxylates (Kostic et al., 2017), although the effect of exuded carboxylates on P-mobilization in the soil is still controversial (Wang et al., 2016).

Improved internal P utilization as a response to Si supplementation in a low P environment was observed in rice and potato (Ma and Takahashi, 1990; Soratto et al., 2019). In rice, Si application resulted in decreased Fe and Mn uptake, while P uptake was unaffected (Ma and Takahashi, 1990). Given the high affinity of phosphates to metals such as Fe and Mn, the internal availability of P in plants may be affected by levels of these metals when P concentration is low (Ma and Takahashi, 1990). The influence of Si on Fe and Mn uptake is discussed in detail in “Interactions of Silicon with Micronutrients” section, below. Results for Si application to potato on a soil low in P were similar to those for rice. Si did not increase total P uptake, but concentrations of soluble inorganic P and total soluble P of the leaves were enhanced (Soratto et al., 2019). Soluble inorganic P is the main plant P reserve and it is tightly regulated. Plants have developed a series of coordinated responses to conserve, recycle, and remobilize internal inorganic P to maintain P homeostasis (Chiou and Lin, 2011). The increase in soluble inorganic P concentration in leaves as a response to Si application therefore indicates that Si may play a role in maintenance of plant growth under low P availability (Soratto et al., 2019).

Excessive P levels in soil disturb plant growth and reduce food quality (Zhang et al., 2015; Nikolic et al., 2016). The Si-mediated decrease in P uptake under excessive P supply has been observed in several plant species such as rice (Hu et al., 2018), soybean (Glycine max) (Miyake and Takahashi, 1985), strawberry (Fragaria ananassa) (Miyake and Takahashi, 1986), and cucumber (Marschner et al., 1990). This decrease is often attributed to the formation of physical apoplastic barriers by Si deposition in the root thereby decreasing P uptake (Ma, 2004). The effect of Si in regulating root Pi transporters was demonstrated, for the first time in rice by Hu et al. (2018). Under excessive P supply, Si amendment decreased expressions level of OsPHT1;6 and consequently decreased Pi uptake. The importance of Si accumulation in shoots on P uptake was elegantly demonstrated by comparing expression levels of OsPHT1;6 and P accumulation between wild type (WT) rice cultivar Oochikara and a rice mutant lsi1 defective in the Lsi1 transporter for Si uptake (Hu et al., 2018).



Potassium

The interaction of Si with potassium (K) in plants has been less well investigated than that with N and P, although many studies have reported that Si can affect tissue K concentration under stress conditions such as salinity, drought or N excess (Kaya et al., 2006; Barreto et al., 2017; Yan et al., 2021b). Over the past decade, an increasing number of studies have focused on the direct effect of Si on K-deprived plants (Miao et al., 2010; Chen et al., 2016a,b; Hosseini et al., 2017; Buchelt et al., 2020; dos Santos Sarah et al., 2021). Increased uptake of K and restored physiological performance impaired by K deficiency has been reported as the main beneficial role of Si in K-deficient plants. In soybean and some forage crops (Panicum maximum and Brachiaria ruziziensis × Brachiaria brizanth), Si supplementation resulted in higher K concentration in leaves (Miao et al., 2010; Buchelt et al., 2020). In addition, Si also alleviated K-deficiency-induced membrane lipid peroxidation and oxidative stress by modulating antioxidant enzymes (Miao et al., 2010; Chen et al., 2016a).

Increased K uptake by Si supplied rice plants grown under saline conditions may possibly be explained by Si-mediated stimulation of H+-ATPase activity (Liang et al., 2003) or up-regulation of K+ transporter genes, i.e., OsHAK5, OsAKT1, and OsSKOR by Si (Yan et al., 2021b). On the other hand, in K-deprived maize and sorghum, Si supplementation did not increase K uptake but restored physiological activity commonly impaired by K deficit, i.e., water use efficiency and photosynthesis (Chen et al., 2016b; dos Santos Sarah et al., 2021). High xylem K+ concentration reduces osmotic potential and thus contributes to xylem hydraulic conductance (Zwieniecki et al., 2001; Nardini et al., 2010). Chen et al. (2016b), showed that increased K+ concentration in the xylem sap of Si-fed plants was accompanied by up-regulated transcript levels of SKOR genes (SKOR1 and SKOR2) mediating K secretion from root cortex cells into the xylem and down-regulated transcript levels of AKT1 and HAK5 (Table 1) to maintain high K in the xylem. The authors propose that Si plays a role in plant signaling regulation under K-deficient stress, but clear evidence of this is still lacking. In relation to drought stress, Hosseini et al. (2017) investigated the effects of combined K deficiency and PEG-induced osmotic stress in barley (Hordeum vulgare). Since Si did not did not have a direct ameliorative effect on K deficiency, the authors suggest that the beneficial role of Si appears most likely mediated by abscisic acid (ABA) homeostasis and increased activity of cytokinin isopentenyl adenine.



Calcium

Different effects of Si on calcium (Ca) uptake and accumulation are reported in the literature depending on plant species, experimental conditions, stress type, and amount of Si applied. Several studies have reported that Si promotes Ca uptake in various crops grown under optimal conditions (Mali and Aery, 2008b; Gottardi et al., 2012; Greger et al., 2018), or in plants exposed to various forms of stress, as for instance in maize grown under drought stress (Kaya et al., 2006). By contrast, other studies suggested that Si does not affect (Cooke and Leishman, 2016) or even decreases Ca accumulation (Ma and Takahashi, 1993; Brackhage et al., 2013; Jang et al., 2018). Moreover, a progressive decline in tissue Ca accumulation with increasing Si supply has been demonstrated in rice and common reed (Phragmites australis) (Brackhage et al., 2013; Jang et al., 2018). However, these studies were not directly focused on the Si effect in Ca-deficient plants. Decreased Ca accumulation in response to Si application can be attributed to lowered transpiration caused by deposition of Si in the leaves (Ma and Takahashi, 1993), reduced Ca2+ uptake due to biosilicification of root structures (Fleck et al., 2015) and Si-Ca interaction in the growing media or apoplast (Dishon et al., 2011). Recently, Bosnic et al. (2019c) reported that high Si supply may also decrease activity of Ca2+ in nutrient solution high in Na+ under alkaline conditions. Increased Ca uptake can result as a consequence of Si-mediated alleviation of primary stress, due to restored plasma membrane integrity and increased activity of H+-ATPase (Liang, 1999; Kaya et al., 2006). Experimental evidence of a direct role of Si in Ca-deficient plants is still lacking. Very recently da Silva et al. (2021) demonstrated Si-mediated alleviation of Ca deficiency in cabbage (Brassica oleracea var. capitata) grown in water culture which revealed an interesting Ca-Si interaction pattern. In Ca-sufficient cabbage, Si addition decreased Ca accumulation in aerial parts but increased it in roots whereas in Ca-deficient cabbage, Si addition increased Ca accumulation in aerial parts but was without effect on root accumulation.



Magnesium and Sulfur

According to the limited available literature on interactions of Si with magnesium (Mg), the effect of Si appears to depend on plant species and environmental circumstances. Greger et al. (2018) reported that the addition of Si increased Mg uptake and accumulation in the shoots of several species grown in solution culture with optimal nutrient supply. Other studies likewise reported Si-mediated Mg accumulation in plants exposed to stress, as for instance under ammonium excesses in broccoli and cauliflower (Barreto et al., 2017) and in P-deficient tomato (Zhang et al., 2019). Investigating Si supply to drought stressed cultivars of sunflower (Helianthus annuus) in a pot experiment, 8 of the 12 cultivars accumulated higher amounts of Mg in their shoots when supplied with Si compared to drought stress alone (Gunes et al., 2009). The effect on uptake per se, however, was not so clear-cut when yield data were taken into account (Gunes et al., 2008). To date, the effect of Si on the expression of Mg transporters has not been demonstrated. Indeed, only two studies have investigated the effect of Si on Mg-deficient plants. Buchelt et al. (2020) reported Si-mediated alleviation of Mg stress in forage crops, but attributed it to increased Mg use efficiency, rather than increased Mg uptake. The study by Hosseini et al. (2019) showed that Si supply had no influence on the uptake and/or translocation of Mg in maize plants. The authors proposed the growth of the deficient plants was sustained indirectly by the beneficial role of Si in significantly increasing the levels of chlorophyll and by regulating sugar metabolism and hormonal balance (Hosseini et al., 2019).

Work on interactions of Si with sulfur (S) is at a preliminary stage. Early results indicate that uptake and accumulation of S was unaffected by Si supply in forages crops (Panicum maximum and Brachiaria ruziziensis × Brachiaria brizantha) (Buchelt et al., 2020) while Si supply even decreased shoot accumulation of S in barley and rice exposed to S deficiency (Maillard et al., 2018; Réthoré et al., 2020). Molecular analysis also showed that the addition of Si tended to decrease transcript levels of S transporters (OsSULTR) in rice (Réthoré et al., 2020; see Table 1).



INTERACTIONS OF SILICON WITH MICRONUTRIENTS


Iron

The effect of Si on iron (Fe) nutrition was clearly demonstrated in different plant species grown in optimal, low or high Fe conditions (e.g., Gonzalo et al., 2013; Pavlovic et al., 2013; Chalmardi et al., 2014; dos Santos et al., 2019; Nikolic et al., 2019; Becker et al., 2020; Hernández-Apaolaza et al., 2020). In general, the results suggest that Si addition strongly affects Fe availability in the rhizosphere and the root apoplast (directly or indirectly), as well as the expression of genes involved in Fe transport at both root and leaf level, thus influencing Fe uptake, translocation and distribution within different plant organs and tissues.

The alleviating effect of Si on Fe deficiency has been shown in both Strategy 1 (dicots and non-graminaceous monocots with reduction-based Fe uptake; Gonzalo et al., 2013; Pavlovic et al., 2013; Bityutskii et al., 2014) and Strategy 2 (graminaceous monocots that exhibit chelation-based Fe uptake; Nikolic et al., 2019; Teixeira et al., 2020) plant species. Moreover, the Si-ameliorative effect on Fe deficiency was found to be species-specific and pH-dependent (Gonzalo et al., 2013; Bityutskii et al., 2018). Supplying Si to cucumber roots, extended the binding pool for Fe in the root apoplast, and further promoted apoplastic Fe-mobilization by increasing the expression of key genes involved in the biosynthesis of organic acids acting as strong Fe chelators, i.e., ICD for citric acid and MDH for malic acid (Pavlovic et al., 2013). Silicon supply also induces up-regulation of the Strategy 1 genes (FRO encoding transmembrane protein involved in Fe3+ reduction and IRT1 encoding Fe2+ transporter; see Table 1) in both common corn salad (Valerianella locusta) (Gottardi et al., 2012) and cucumber (Pavlovic et al., 2013). Enhancement of Fe distribution toward apical shoot parts, along with the tissue accumulation of Fe-mobilizing compounds such as citrate (in leaves and roots) and catechin (in roots) appears to be the major alleviating effect of Si (Bityutskii et al., 2014). Furthermore, Stevic et al. (2016) showed that addition of Si(OH)4 to Fe-deprived cucumber plants can increase Fe bioavailability through formation of an Fe-Si complex and maintaining the redox potential in both root apoplastic and xylem fluids, thus facilitating root-to-shoot Fe translocation via the xylem. At the leaf level, Si stimulated the expression of both CsNAS1, and subsequent accumulation of nicotianamine (NA), and CsYSL1 the encoding transporter involved in phloem loading/unloading of the Fe–NA complex, thereby enhancing remobilization and retranslocation of Fe from older (sink) to younger (source) leaves in Fe-deficient cucumber plants (Pavlovic et al., 2016; Table 1). Moreover, Nikolic et al. (2019) recently reported that Si mitigates Fe deficiency in barley (Strategy 2 species) by enhancing the expression of genes involved in Fe uptake and transport in roots, such as HvNAS1 and HvDMAS1 [responsible for biosynthesis of phytosiderophores (PS)], HvTOM1 (encoding efflux transporter of PS), and HvYS1 (encoding influx transporter for Fe-PS), thereby increasing Fe uptake. Additionally, Si supply increased the transcript abundance of HvYS1 and HvDMAS1 in leaves, responsible for metal redistribution between root and shoot. Interestingly, the effect of Si on regulation of both Strategy 1 and Strategy 2 genes transcripts showed strong time-dependency (see Table 1).

The role of Si in Fe-toxicity, extensively studied in rice, demonstrated that Si alleviates Fe-toxicity through precipitation of Fe in the growth media or formation of Fe plaque at the root surface (Fu et al., 2012). It has been suggested that Si supply decreases Fe uptake and translocation to aerial parts in rice, thus lowering Fe concentrations in both leaf and root tissues of plants exposed to Fe excess (Chalmardi et al., 2014; Dufey et al., 2014; dos Santos et al., 2019). Several recent studies on rice (Carrasco-Gil et al., 2018.; Becker et al., 2020) and cucumber (Hernández-Apaolaza et al., 2020) have reported that the addition of Si to the growth media caused higher Fe plaque formation, thus decreasing Fe uptake and activating root Fe deficiency responses even at optimal Fe supply, supporting the hypothesis postulated by Coskun et al. (2019) that Si may cause an apoplastic obstruction.



Zinc

Several strands of evidence indicate interaction between Si and zinc (Zn) in plants under both deficient and excess Zn conditions (e.g., Gu et al., 2012; Bityutskii et al., 2014). For instance, Si application prevented certain symptoms of Zn-deficiency (necrotic spots) in cucumber plants, most probably due to its indirect effect by enhancing antioxidant defense capacity in plant tissues, rather than to its direct effect on mobility, uptake and tissue distribution of Zn (Bityutskii et al., 2014). In rice, Si supply increased shoot biomass and grain yield under low Zn conditions, which was associated with increased Zn concentration in the shoots (Mehrabanjoubani et al., 2015). Pascual et al. (2016) proposed that Si treatment enhanced Zn accumulation in the root apoplast as well as its movement to shoots when soybean plants were subjected to Zn deficiency, thus mitigating stress symptoms. However, the direct effects of Si on Zn-transporters by maintaining optimum Zn-concentration within plants have not as yet been verified.

The beneficial effects of Si have been observed under Zn-toxicity stress in several crop species such as rice (Song et al., 2011, 2014; Gu et al., 2012; Huang and Ma, 2020), cotton (Gossypium hirsutum) (Anwaar et al., 2015) and maize (Vieira da Cunha et al., 2008; Kaya et al., 2009). However, in some studies Si application did not alleviate Zn-toxicity as for instance in young seedlings of sorghum (Masarovič et al., 2012) and maize (Bokor et al., 2013). In spring sandwort (Minuartia verna), a dicotyledonous Si-accumulator, co-precipitated Zn-silicates were detected in the leaf epidermal cell wall which was associated with Zn tolerance (Neumann et al., 1997). Gu et al. (2012) also observed Zn and Si co-localized in cell walls in stems, sheaths and leaves of rice seedlings after Si addition. In addition to in planta Zn-Si colocalization, many studies reported that Si reduces bioavailability of Zn in soil by allocating this metal into more stable fractions such as organic matter and crystalline Fe-oxides (Vieira da Cunha et al., 2008). Fan et al. (2016) showed that Si affects the exudation of various organic acids (e.g., oxalic, acetic, tartaric, maleic and fumaric acids), from rice roots which may be involved in amelioration of Zn toxicity possibly by immobilization/co-precipitation in the soil solution.

Song et al. (2011) demonstrated that Si supply significantly decreased Zn concentration in shoots of two rice cultivars differing in tolerance to Zn excess, indicating lower root-to-shoot translocation of Zn, despite increased root Zn concentrations. However, the authors suggest that Si-mediated alleviation of Zn toxicity is mainly attributed to increased Si-mediated antioxidant defense capacity and membrane integrity (Song et al., 2011). Furthermore, Huang and Ma (2020) investigated the interaction between Si and Zn in rice at different levels of Zn supply using WT cv. Oochikara and its lsi1 mutant defective in Si uptake. In contrast to the previous study (Song et al., 2011), a short-term uptake experiment of Huang and Ma (2020) demonstrated that Si decreased root uptake of the stable isotope 67Zn, but did not affect the root-to-shoot translocation of 67Zn in the WT. The results of this study suggest that Si accumulated in the shoot suppresses Zn through down-regulation of OsZIP1, the encoding transporter involved in Zn uptake (see Table 1), rather than by directly alleviating symptoms of Zn toxicity (e.g., oxidative tissue damage) as observed in the study of Song et al. (2011).

Greger et al. (2018) also reported that Si decreased Zn net accumulation in several plant species [(i.e., maize, lettuce (Lactuca sativa), wheat, carrot (Daucus carota) and pea (Pisum sativum)] even with adequate Zn supply, although the root Zn concentration increased. The authors therefore conclude that the binding of Zn to Si in the roots prevents Zn translocation to the shoot. But this poses another question which urgently needs an answer. Does Si application under low Zn conditions induce Zn deficiency?



Manganese

Greger et al. (2018) showed that Si applied to soil increases manganese (Mn) availability and promotes Mn uptake and translocation to shoots in various plant species grown under conditions of adequate Mn supply. Only two studies, however, reported Si-mediated alleviation of Mn-deficiency (Bityutskii et al., 2014; de Oliveira et al., 2019). In cucumber, Si addition partly alleviated Mn-deficiency, possibly by indirectly reducing oxidative stress without increasing Mn transport and tissue accumulation (Bityutskii et al., 2014). Similarly, de Oliveira et al. (2019) showed that Si mitigates the effects of oxidative stress induced by Mn deficiency in sorghum plants by regulating the physiology and activity of antioxidative enzymes. Accumulation of Mn as a consequence of Si application was not observed. Considered together, these findings suggest that for plants inadequately supplied with Mn, Si supply plays an indirect role of improving antioxidant performance in mitigating the symptoms of Mn deficiency induced by ROS formation, rather than a direct one of increasing uptake and/or remobilization of Mn.

Interactions between Si and Mn in rice plants subjected to high Mn have been mainly attributed to decreased Mn accumulation in shoots (Horiguchi, 1988; Li et al., 2012). Decrease in Mn uptake can be explained by enhanced Mn oxidizing capacity of the rice roots, resulting in oxidation of plant-available Mn2+ on the root surfaces (Okuda and Takahashi, 1962). Che et al. (2016) showed Si-decreased Mn accumulation in rice shoots by decreasing root-to-shoot translocation of Mn, Mn-Si complex formation in root cells, and down-regulation of Mn-transporter gene OsNramp5. Enhanced Mn-tolerance was stimulated by Si in both Mn-tolerant and Mn-sensitive rice genotypes (Li et al., 2012). In the sensitive genotypes Mn increased in roots but not in shoots, whereas in the tolerant cultivars Mn was lower in both roots and shoots (Li et al., 2012). Indirectly, Si also enhanced Mn tolerance in rice by increasing synthesis of chlorophyll and ATP molecules and by stabilizing the structure of photosystem I (PSI) impaired by toxic Mn, which resulted in increased CO2 assimilation (Li et al., 2015). The exact mechanisms controlling Si-increased Mn tolerance in rice still remain unknown.

By contrast to rice, in many other plant species Si-induced Mn tolerance was attributed to altering Mn distribution within the plant, rather than by reducing Mn uptake (e.g., Dragisic-Maksimovic et al., 2012; Li et al., 2012; Che et al., 2016). For example, Si increased Mn-tolerance in pumpkin by localized accumulation of Mn in a metabolically inactive form at the base of trichomes of the leaf surface (Iwasaki and Matsumura, 1999). Conversely Si application resulted in homogenous distribution of Mn in the leaves of barley and common bean (Williams and Vlamis, 1957; Horiguchi and Morita, 1987). In maize, Si alleviates Mn toxicity by increasing the thickness of the epidermal layers, suggesting that Mn storage in non-photosynthetic tissue could be a Mn tolerance mechanism in this C4 crop (Doncheva et al., 2009). Iwasaki et al. (2002) also showed that total shoot Mn concentration was unaffected by Si supply. In cucumber, Si increased binding capacity of the cell wall to Mn, thereby lowering Mn concentration within the symplasm (Rogalla and Römheld, 2002a) and decreasing the free leaf apoplasmic Mn2+ as a catalyst for the Fenton reaction (Dragisic-Maksimovic et al., 2012). In support of these findings, Blamey et al. (2018) demonstrated that Si decreases Mn toxicity symptoms in cowpea, soybean and sunflower through increased Mn localization in leaf tissues by directly increasing apoplastic sequestration of Mn, in a nontoxic form, thereby decreasing apoplastic Mn2+ and excess Mn accumulation in the cytoplasm or apoplast. High Mn concentrations may have inhibited photosynthesis through several mechanisms, including suppressing chlorophyll and ATP synthesis, decreasing light-harvesting processes, impairing (PSI) stability and structure, and slowing activity of phosphoribulokinase.



Copper

So far, interactions of Si with copper (Cu) have been studied in the context of Cu excess. Addition of Si relieved symptoms of Cu-toxicity such as chlorosis and reduction of the shoot and root biomass in wheat (Nowakowski and Nowakowska, 1997) and Arabidopsis thaliana (Li J. et al., 2008; Khandekar and Leisner, 2011). In general, Si-mediated alleviation of Cu-toxicity is mostly attributed to the immobilization of toxic Cu ions by enhancement of the cell wall binding capacity and the synthesis of Cu-binding molecules, both in roots and shoots. Although Si decreased the expression levels of two Cu transporter genes, AtCOPT1 and AtHMA5 in Arabidopsis roots (Table 1), it did not cause any changes in Cu status in leaves (Li J. et al., 2008). The authors explained that Si deposits formed in the cell walls increased Cu-binding sites and thus decreased impact of high Cu level in plant cells (Li J. et al., 2008). Furthermore, the expression of metallothioneins (MTs), the Cu-binding molecules, was maintained at high levels or is even increased in Si-treated plants suggesting that Si may also contribute to regulation of intracellular homeostasis of Cu, besides extending the additional cell wall binding sites for Cu (Khandekar and Leisner, 2011). However, Keller et al. (2015) found that Si induces Cu accumulation in the root epidermal cells, thus limiting root-to-shoot Cu translocation wheat (Triticum turgidum) seedlings. The author proposed a three-step mechanism: (1) increased Cu adsorption onto the outer thin layer root surface and immobilization in the vicinity of root epidermis; (2) increased Cu complexation by both inorganic and organic anions such as aconitate; and (3) limitation of translocation through the thickened Si-loaded endodermis areas. In bamboo (Phyllostachys fastuosa), Si also increased the concentration of S-ligands that chelate Cu+ into a less toxic form (Collin et al., 2014). Mateos-Naranjo et al. (2015) found that Si plays an important role in the Cu-tolerance of Spartina densiflora by reducing the excessive Cu translocation from roots to leaves.

Carrasco-Gil et al. (2018) demonstrated that Si application causes higher Fe plaque formation on the root surface of rice which significantly increased Cu concentration, probably as a consequence of a Fe/Cu antagonism. Silicon reduces Cu toxicity symptoms in Erica andevalensis by decreasing translocation of Cu from roots to shoots, and also by immobilizing or deactivating Cu in the Si phytoliths in leaves (Oliva et al., 2011). Recently, Bosnic et al. (2019a) provided evidence that binding of Cu to the Cu-chelating proteins, such as Zn/Cu SOD in roots and plastocyanin in leaves, are important components of the Si-alleviating mechanism in cucumber exposed to Cu excess. In cucumber, Si supply also enhanced the Cu binding capacity of the root cell wall, as well as the accumulation of Cu-ligands such as organic acids (citrate and malate in the roots and aconitate in the leaves) and amino acids (nicotianamine and histidine) in leaves (Bosnic et al., 2019a,b). Flora et al. (2019) suggested that Si-mediated alleviation of Cu toxicity in tobacco (Nicotiana tabacum) by decreasing root uptake of Cu, also down-regulates expression of NtCOPT1 (Table 1), and elevates expression of genes involved in biosynthesis of ethylene. Similarly, Kim et al. (2014) suggested that a higher accumulation of Si in the roots of Cu-stressed rice plants in turn reduced influx of Cu by down-regulation of metal transporter genes OsHMA2 and OsHMA3 (Table 1).



Boron

The beneficial effect of Si on boron (B) disorders (deficiency and excess) has been reported for both dicotyledonous and graminaceous species and several mechanisms have been proposed by which Si can alter B uptake and transport. Both elements show considerable chemical similarity as for example in the presence of weak undissociated acids in aqueous solution and affinity for binding to polyhydroxy compounds (Brown et al., 1999; Kinrade et al., 1999). Moreover, both elements are taken up as uncharged acids (H4SiO40, pKa of 9.8; H3BO30, pKa of 9.2) either actively or passively depending on their external concentrations. Under certain environmental conditions it is therefore possible that Si complexes with B in soil solution thus reducing availability of B and its potential phytotoxic effect (Nozawa et al., 2018). Although ameliorative effect of Si via decreased B accumulation has been reported in numerous species, i.e., tomato (Kaya et al., 2011), grapevine rootstocks (Vitis sp.) (Soylemezoglu et al., 2009) and spinach (Spinacia oleracea) (Gunes et al., 2007), the mechanism of Si-mediated B uptake and/or transport still remains purely speculative. According to Rogalla and Römheld (2002b), application of Si to cucumber exposed to high B had no effect on total B concentration, but strongly affected B compartmentation within leaves; a higher B concentration was found in the cell wall fraction than in the press sap of leaves of Si-treated cucumber plants.

In barley, Akcay and Erkan (2016) showed that simultaneous application of B and Si increased the transcript level of the gene encoding the BOR2 efflux transporter (see Table 1), responsible for B detoxification in the apoplast. Interestingly, the authors reported a higher transcript response in the shoot compared to the root which could explain the effective prevention of B accumulation and increased tolerance to high B (Miwa and Fujiwara, 2010). Accordingly, Akcay and Erkan (2016) reported the existence of a certain degree of competition within the B transport system favoring Si uptake, which was also the mechanism proposed for oilseed rape grown in excessive B (Liang and Shen, 1994). Indeed, in both barley and rice, B can be transported through the multifunctional HvNIP2;1 transporter (homolog of OsLsi1) which has been demonstrated in oocyte experiments (Schnurbusch et al., 2010; Mitani-Ueno et al., 2011). However, in barley genotypes differing in susceptibility to B toxicity, no competitive interaction was found in the uptake of Si and B (Nable et al., 1990).



Chlorine and Nickel

In saline soils, high concentrations of both sodium (Na) and chlorine (Cl) are equally phytotoxic. Most studies regarding the beneficial effect of Si under saline conditions have dealt with uptake, exclusion and compartmentation of Na. It is for this reason that the effect of Si on Cl transport and accumulation under saline condition is much less well understood compared to Na (see “Sodium” subsection, below). In a study using three rice cultivars differing in salt tolerance, Shi et al. (2013) demonstrated that Si improved growth of all three cultivars and markedly decreased shoot but not root Cl– concentration. Moreover, Si supply increased transpiration rate, net photosynthetic rate, and stomatal conductance in plants exposed to salinity. The authors suggest, however, that Si-mediated alleviation of Cl toxicity was mainly attributed to the reduction in root-to-shoot transport (Shi et al., 2013). In addition, some authors suggest that Cl– recirculation from shoot to root via the phloem could offer an efficient mechanism in controlling Cl– accumulation in the plant shoot (White and Broadley, 2001). Liang and Ding (2002) reported lower Cl– accumulation in the epidermal, cortical and stellar cells of barley roots subjected to salt stress. Moreover, Si markedly decreased Cl concentration in various plant organs, such as shoots of tomato and spinach (Gunes et al., 2007), root of grapevine (Soylemezoglu et al., 2009), and root, stem, and leaves of aloe (Xu et al., 2015). However, the mechanism by which Si affects Cl transport, distribution and its accumulation in plant tissues remains to be elucidated.

It appears that only two studies have reported Si-mediated regulation of Ni uptake and accumulation in plants. It has been shown that Si addition decreased Ni concentrations in both roots and leaves of mustard (Brassica juncea) and cotton plants, thus alleviating the inhibitory effect of Ni stress on biomass production (Khaliq et al., 2016; Abd_Allah et al., 2019). The reason for reduced Ni uptake, however, may possibly be that of decreased soil Ni availability due to the increase in pH of soil fertilized with sodium metasilicate, rather than a Si-alleviating effect per se (Weng et al., 2003).



INTERACTIONS OF SILICON WITH BENEFICIAL ELEMENTS


Aluminum

Numerous studies, have shown that Si supply affects aluminum (Al) uptake, and subsequently plant tolerance to Al-toxicity, by either external (ex planta) and/or internal (in planta) mechanisms (see Hodson and Evans, 2020 and reference therein). Early investigations showed that the ameliorative effect of Si on Al toxicity could mainly be attributed to increased pH of the rhizosphere. Likewise in a hydroponic study with sorghum, Li et al. (1996) reported that Si-induced alleviation of Al toxicity was due to increase in pH and not to the direct effects of Si on Al in nutrient solution. From chemical studies on Al-Si interaction in solution it was also known that pH influenced the formation of sub-colloidal inert hydroxyaluminosilicate species (HAS) (Exley and Birchall, 1992, 1993). However, the potential impact of HAS on plant growth was not appreciated until Baylis et al. (1994) reported that at low pH, a higher concentration Si was required to ameliorate Al toxicity by soybean; the authors postulated that basis for this higher demand for Si was the higher affinity of Si for Al in HAS formation at low pH (see Hodson and Evans, 2020). The beneficial effect of silicic acid was also confirmed in later studies on Al-Si interaction in maize (Ma et al., 1997). Interaction between Al and Si in the root apoplast is considered as a complex process governed by a range of interacting factors, such as apoplastic pH and concentrations of Al and Si. Accordingly, Rowatt and Williams (1996) suggested that Si added to maize, buffered H+ in the root apoplast which increased pH at the root surface, and thereby induced HAS formation. Similarly, Cocker et al. (1998) proposed the Si-induced formation of nontoxic HAS in the root apoplast of wheat as a more likely mechanism for controlling Al availability.

In addition to HAS formation, Corrales et al. (1997) suggested that decreased Al uptake can be due to enhanced root exudates that precipitate Al. In this study, maize plants pre-treated with Si showed more hematoxylin stainable precipitates at the root surface compared to the -Si control. Colocalization of Si and Al was shown in the epidermal cells of sorghum roots (Hodson and Sangster, 1993) and in epidermal and hypodermal cells of wheat roots (Cocker et al., 1997). These authors hypothesized that colocalization of Si and Al may, to some extent, slow down Al transport from entering the inner root cortex. Recently, Kopittke et al. (2017) confirmed this hypothesis by clearly demonstrating colocalization of Al and Si in both mucigel and outer apoplast of the root apex of sorghum. Besides grasses, Si and Al codeposition in roots cortex cell walls has also been confirmed in woody species such Norway spruce (Picea abies L.) (Hodson and Wilkins, 1991; Prabagar et al., 2011). Likewise, in a study on Faramea marginata (Rubiaceae), considered as an Al accumulator, Britez et al. (2002) provided first evidence for Al-Si complexation, in plant shoot tissue. Since most species considered as Al accumulators use organic ligands (Hodson and Evans, 2020) for Al complexation, this work was first to show the complexation role of inorganic ligands. Similarly, in a study conducted on another member of Rubiaceae (Rudgea viburnoides), Malta et al. (2016) reported Al and Si co-localization mostly in the epidermis of roots, stems, and leaves.

Moreover, an interesting study by Feng et al. (2019) involving the root border cells of pea, showed that these cells were coated with extracellular silica layers, and therefore were able to adsorb Al on their surfaces preventing Al transport into the cells. Very recently, Xiao et al. (2021) reported involvement of Si in decreasing Al accumulation (i.e., non exchangeable Al fraction) in the cell wall of rice root apex by decreasing hemicellulose content, which is a main binding site for Al in the cell wall without affecting its cation exchange capacity.



Sodium

Extensive studies have shown that precipitated amorphous Si deposits can fortify the root apoplast and cell wall surrounding the vasculature (Gong et al., 2006). Si can therefore act as a mechanical barrier for root-to-shoot translocation of Na+ via the apoplastic bypass route (Yeo et al., 1999), thus preventing accumulation of Na+ in the shoot. However, bypass flow of Na+ in response to Si in rice has been shown to be cultivar dependent (Yeo et al., 1999; Flam-Shepherd et al., 2018). Very recently, Yan et al. (2021a) investigated the role of Si in bypass flow and root-to-shoot translocation of Na+ in rice using lsi1 and lsi2 mutants defective in OsLsi1 and OsLsi2, respectively, and their wild types (WTs). Under salt stress, Si promoted plant growth and decreased root-to-shoot Na+ translocation in WTs but not in mutants. The authors concluded that Si-induced Na+ bypass flow is a spatially dependent process which occurs mainly in the root endodermis. Besides acting directly as the apoplastic bypass route blocker, Si supply can also enhance lignification and suberization of the Casparian band (Fleck et al., 2015), by altering the expressions of genes related to phenol biosynthesis (Hinrichs et al., 2017), thus further protecting plants against uncontrolled Na+ influx. Although evidence of tissue Na+ complexation by Si is lacking, Si co-precipitation with Na+ in the extracellular matrix was reported for wheat (Saqib et al., 2008). Bosnic et al. (2019c) demonstrated that Si supply increases binding capacity of cell walls of maize roots for Na+, thereby decreasing free Na+ for transport through the plasma membrane. Considering that influx of Na+ is mediated by various transporters some of which are sensitive to Ca2+ (Davenport and Tester, 2000; Demidchik and Tester, 2002), interaction of Si and Ca in growing media can lead to increased Na accumulation in roots (Dishon et al., 2011; Bosnic et al., 2019c).

Bosnic et al. (2018) demonstrated that Si supply to moderately NaCl-stressed maize plants reduced Na concentration in the root symplast by up-regulating the expression of SOS1 (responsible for Na+ efflux) and down-regulating the expression of HKT1 (responsible for Na+ influx). These authors also demonstrated higher sequestration of Na+ in the leaf vacuoles and concomitantly lower Na+ concentrations in chloroplasts. This effect can be partially attributed to Si-mediated increase of both H+-ATPase and H+-PPase activities (Liang, 1999; Liang et al., 2005; Xu et al., 2015). However, a direct link between enzyme activities and the potential to generate a motive force for H+/Na+ antiport for both plasma membrane and tonoplast still remains speculative.

Flam-Shepherd et al. (2018) tested the effects of Si in mediating 24Na+ membrane flux regulation in two hydroponically grown rice cultivars, one salt-sensitive (IR29) and the other salt-tolerant (Pokkali). Si had no effect on Na+ influx or efflux or on Na+ stimulated plasma membrane depolarization. However, it increased growth and lowered Na in shoots of both cultivars. In the salt sensitive cultivar IR29, Si lowered shoot Na by a large reduction in bypass flow whereas in cv. Pokkali where bypass flow was small, the lower Na resulted from growth dilution. The authors suggest that additionally other Si triggered processes are likely to underlie the improved growth of the two cultivars including changes in gene expression (Debona et al., 2017). The study also casts doubt on possible influence of Si on Na+ transport across cell membranes into and out of roots.



Selenium

Selenium (Se) is an essential nutrient in the human diet and supplied to nearly half the world‘s population by the staple rice crop, a Si accumulator, which is however low in Se (Zhou et al., 2020). The interaction between Se and Si is thus of high importance. Two main plant-available Se inorganic forms viz. selenite and selenate are readily taken up by plant roots via both active and passive transport systems (Li H.-F. et al., 2008; Lazard et al., 2010). In rice, selenite, the main bioavailable Se form in paddy soils, uses the same root influx transporter (OsNIP2;1, known as OsLSi) as silicic acid (Zhao et al., 2010). These authors showed a significant decrease in the selenite concentration in both xylem sap and shoots in lsi1 rice mutant, but not in lsi2 mutant defective in Lsi2 efflux transporter (Zhao et al., 2010). Furthermore, they hypothesized that in the lsi1 mutant the absence of an antagonistic effect from silicic acid could be due to specific metabolic processes of Se in root cells following uptake with such Se-organo-complexes being loaded into the xylem via efflux transporters other than Lsi2.

In tomato, addition of a high Si dose (1 mM) significantly decreased root concentration of Se at pH 3, but had no effect at higher (up to 8) pH (Wang et al., 2019). Such pH-dependent disparity on Si effect could partially be explained by Si-influx transporter affinity for Se form available at the given pH. Moreover, the presence of the fully operative Si influx transporter (SlLsi1), and the lack of functional Si efflux transporter (SlLsi2; involved in xylem loading of Si) in tomato (Sun et al., 2020), could also explain the lower Se accumulation in the tomato roots as a consequence of Si/Se uptake antagonism, as well as lack of Si effect on Se accumulation in the shoot reported by Wang et al. (2019).



ESSENTIAL AND BENEFICIAL ELEMENT STATUS AFFECTS SILICON UPTAKE AND DISTRIBUTION

To date, two different Si transporters, Lsi (channels) and Lsi2 (anion-type transporter) have been characterized in the roots of various plant species including rice, barley, maize, wheat, soybean, pumpkin, cucumber, tobacco, sorghum, tomato (for recent review see Mitani-Ueno and Ma, 2020), and recently date palm (Phoenix dactylifera) (Bokor et al., 2019) and grapevine (Noronha et al., 2020) have been added to the list. All these species differ greatly in ability to accumulate Si in upper plant parts. Silicon in the form of H4SiO4 enters the roots via influx aquaporin channels belonging to the Nodulin 26-like intrinsic proteins (NIPs) and is then, exported out of the endodermis as H4SiO3– via the efflux anion H+/antiporter Lsi2, and loaded into the xylem. However, the expression pattern, cell-type-specific expression, polar localization and functionality of these transporters differ among plant species. For instance, tomato which shows very low shoot accumulation of Si, has the functional influx transporter SlLsi1 for root uptake of Si, but not the functional efflux transporter SlLsi2 for its upward transport (Sun et al., 2020). Once loaded into the xylem, Si is moved upward to the shoot by the transpiration stream, and is finally unloaded from the xylem vessels via Lsi6 (Mandlik et al., 2020). Lsi6 is an influx channel homolog of Lsi1, which shows polar localization in the xylem parenchyma cells. As yet, Lsi6 has been characterized only in rice, barley and maize.

Whether nutrition imbalance (deficiency or excess) can influence root uptake, root-to-shoot transport and tissue distribution of Si is still unknown. Resolving this puzzle is additionally complicated due to a lack of overall understanding of the Si uptake/transport system in the whole plant. Factors affecting the regulation of the Si-transport systems are almost completely unknown. So far, it has been demonstrated that Si down-regulates influx and efflux Si transporters (OsLsi1 and OsLs2) in rice (Mitani-Ueno et al., 2016). By contrast, in maize and barley, only efflux transporters (Lsi2) are down-regulated by Si (Mitani et al., 2009), while influx transporters Lsi1 are unaffected (Chiba et al., 2009). According to available literature, environmental factors such as drought or herbivore attack can also modulate Si uptake (e.g., Reynolds et al., 2009; Yamaji and Ma, 2011).

Increasing evidence suggests that nutritional status can affect Si accumulation and distribution in plants (e.g., Kim et al., 2014; Bokor et al., 2015; Hosseini et al., 2017; Wu et al., 2017; Chaiwong et al., 2020; Minden et al., 2020; Xiao et al., 2021). However, only a few studies have investigated the effect of specific nutrient imbalances on the expression of Si transporters and could be additionally affected by the Si concentration in the shoot (Mitani-Ueno and Ma, 2020). It has been shown that limited supply of the macronutrients (N, P, K) and the micronutrient Fe, can induce Si accumulation in plant roots and/or shoots (Wu et al., 2017; Chaiwong et al., 2018, 2020; de Tombeur et al., 2020; Minden et al., 2020). Exudation of organic ligands (mainly PSs) by roots of Fe deficient barley plants can indirectly increase Si availability in the rhizosphere (Gattullo et al., 2016), as a consequence of nutrient (e.g., Fe) mobilization from silicate minerals by liberation of silicic acid. In rice roots, low supply of both N and Fe led to up-regulation of OsLsi1 (Wu et al., 2017; Chaiwong et al., 2020) and OsLsi2 (Wu et al., 2017). A similar effect was observed in K-deficient barley, where up-regulation of HvLsi1, HvLsi2 and HvLsi6 was responsible for accumulation of Si in the shoot (Hosseini et al., 2017). Moreover, N and P starvation influenced not only uptake but also distribution of Si; under P deficiency, the grass (Holcus lanatus) tended to accumulate Si in aboveground parts, whereas in N deficient plants of the same species, Si was accumulated in the roots (Minden et al., 2020). Under optimal growing conditions, however, Si was evenly distributed between shoot and roots. At a whole plant level, P-deficient plants take up more Si than those subjected to N deficiency (Minden et al., 2020).

On the other hand, exposure of plants to excessive supply of mineral nutrients also modulates expression of Si transporters, however, the effect (up- or down-regulation) seems to be dependent not only on plant species, but also on specific nutrient conditions. High N and Zn supply reduced transcript levels of Lsi1 and Lsi2 in rice and maize, thus limiting Si uptake and, consequently, decreasing Si content in roots and/or leaves (Bokor et al., 2015; Wu et al., 2017). Interestingly, in maize, ZmLsi6 was up-regulated (Bokor et al., 2015), potentially indicating Si re-translocation as a response to metal toxicity. In addition to the previously mentioned studies, several reports also showed that high N supply limits Si accumulation in various plant species such as wheat, rice and Brachypodium distachyon (e.g., Wu et al., 2017; Głazowska, 2018; Deus et al., 2020). The negative effect of high N supply on Si accumulation was confirmed in Brachypodium distachyon by comparing Si accumulation between WT and Bdls1-1, mutant defective in influx Si transporter Lsi1 (Głazowska, 2018). By contrast, high Cu or Al resulted in higher Si accumulation in tobacco, rice and ryegrass roots and/or leaves (Kim et al., 2014; Pontigo et al., 2017; Flora et al., 2019; Xiao et al., 2021), as a result of the increased expression of Lsi1 and Lsi2 (see Table 2).


TABLE 2. Evidence for expression of Si transporter genes affected by supply of essential and beneficial elements.
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CONCLUSION AND PERSPECTIVES

From this review, it is clear that interactions of Si with essential (nutrients) and beneficial mineral elements are largely plant-specific and also dependent on mineral status (deficiency or excess). These interactions firstly occur in the rhizosphere and in the root apoplast which include mobilization of nutrients from the rhizosphere by root exudates under low nutrient conditions and by buffering soil and cell wall availability under excess (Figure 2). Moreover, Si is able to control the availability of different elements in soils by competing for binding on soil particles depending on speciation of silicic acid (for review see Schaller et al., 2021). In the context of root uptake and transport (including remobilization) of nutrients, Si supply affects the expression of transporter genes differently for several mineral elements (Table 1), although the use of gene expression as a proxy for change in transport protein abundance or activity needs to be treated with caution (Coskun et al., 2019). On the other hand, nutrient status and excess of some beneficial elements may alter expression of Si transporter genes (Lsi1, Lsi2, Lsi6) thereby changing uptake and distribution of Si in plants (Table 2). The effectiveness of Si on overall plant performance depends on both Si and nutrient tissue concentrations, so that the existence of a feed-back loop between Si and nutrients is self-evident although the nature of this cross-linkage is unclear.


[image: image]

FIGURE 2. Processes directly involved in rhizosphere mobilization, root uptake, root-to-shot transport and shoot utilization of essential (nutrients) and beneficial elements modulated by Si. Left (blue), nutrient deficiency; right (pink), excess of nutrients and beneficial elements; middle (blue/pink), nutrient deficiency or excess of nutrients and beneficial elements. General ameliorating effect of Si in stressed plants (e.g., increased tissue antioxidant capacity) may also improve overall plant performance thereby enhancing the above-mentioned processes.


The role of Si in modulating nutrient acquisition and utilization appears to be more complex (Figure 2), and thus the possibility of a signaling function of Si in transcriptional regulation of genes responsible for root acquisition and tissue retranslocation cannot be disregarded. Clearly, Si is involved in a variety of mechanisms in regulating nutrient deficiency and toxicity in different plant species. Therefore, a comprehensive understanding of the role of Si in regulation of uptake and transport systems for nutrients and other mineral elements (including beneficial elements) and vice versa is urgently needed. In particular, we are far from fully understanding the molecular mechanisms of Si-mediated nutrient transport which may explain the wide diversity among plant species.

In this respect, a deeper understanding of exactly how Si regulates transcription of transporter genes will be of benefit in improving crop productivity, yield quality and food safety. Also, detailed knowledge of the specific role of nutrients in mobilization from rhizosphere to uptake and transport of Si is essential for increasing plant resistance to both biotic and abiotic stresses. We hope that this review will also foster new research in the study of interactions between Si and nutrients of relevance to improving use efficiency of mineral fertilizers and pesticides in agricultural practice.
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Nitrogen (N) and sulfur (S) are essential mineral nutrients for plant growth and metabolism. Here, we investigated their interaction in plant growth and andrographolide accumulation in medicinal plant Andrographis paniculata grown at different N (4 and 8 mmol·L−1) and S concentration levels (0.1 and 2.4 mmol L−1). We found that increasing the S application rate enhanced the accumulation of andrographolide compounds (AGCs) in A. paniculata. Simultaneously, salicylic acid (SA) and gibberellic acid 4 (GA4) concentrations were increased but trehalose/trehalose 6-phosphate (Tre/Tre6P) concentrations were decreased by high S, suggesting that they were involved in the S-mediated accumulation of AGCs. However, S affected plant growth differentially at different N levels. Metabolite analysis revealed that high S induced increases in the tricarboxylic acid (TCA) cycle and photorespiration under low N conditions, which promoted N assimilation and S metabolism, and simultaneously increased carbohydrate consumption and inhibited plant growth. In contrast, high S reduced N and S concentrations in plants and promoted plant growth under high N conditions. Taken together, the results indicated that increasing the S application rate is an effective strategy to improve AGC accumulation in A. paniculata. Nevertheless, the interaction of N and S affected the trade-off between plant growth and AGC accumulation, in which N metabolism plays a key role.

Keywords: sulfur, nitrogen, Andrographis paniculata (Burm.f.) Nees, andrographolide accumulation, phytohormone


INTRODUCTION

It is estimated that more than 80% of the worldwide population depends upon natural medicines for their healthcare (Choo et al., 2014). Most natural medicines are difficult to synthesize artificially or biologically, and they can only be obtained from medicinal plants. However, the growing need for plant-based medicines, health products, and pharmaceuticals, and the destructive exploitation of medicinal plants lead to increasing exhaustion of resources. Artificial cultivation of medicinal plants is an effective alternative way to solve this crisis.

During the “Green Revolution,” which started in the 1960s, the widespread use of nitrogen (N) chemical fertilizers in agricultural ecosystems ensured a sustained increase in cereal crop yield to meet the demand of the growing population (Funk et al., 2013). This has also had a profound impact on other agricultural production systems, such as the cultivation of medicinal plants. Although the high application rate of N fertilizer can obtain high biomass of plants, the contents of secondary bioactive ingredients of medicinal plants are usually reduced by increasing the N application rate (Liu et al., 2010a,b; Ibrahim et al., 2011; Wang et al., 2014; Medina-Pérez et al., 2015). Photosynthesis provides a source of assimilates for plant growth and metabolism. It has been generally recognized that a great part of photosynthate is used for growth and protein synthesis under sufficient and excessive N conditions, inhibiting the conversion of carbohydrates to C-rich secondary metabolites, such as phenols and terpenoids (Izmailov et al., 2018; Dong et al., 2019). Obviously, there is a trade-off between growth and secondary metabolism in plants, which could be mediated by N metabolism (Hakulinen et al., 1995; Su et al., 2010). To uncover the underlying mechanism that N involves in the regulation of the trade-off between plant growth and secondary metabolism is of great significance to improve the yield and quality of cultivated medicinal plants.

Sulfur (S) is a macronutrient that could not be neglected and is critical for plant growth and formation of yield and quality of fruits, vegetables, tobacco leaves, etc. (Blue et al., 1981; Malhi et al., 2007; Kok et al., 2011; Meena et al., 2015). Inorganic S is assimilated into cysteine (Cys) by a set of reactions and subsequently into methionine (Met) and secondary S compounds, such as biotin, glucosinolates, and thiol compounds, which provide the characteristic taste and smell of foods, and many of which play important roles in health promotion and protective properties (Fismes et al., 1997; Sexton et al., 2002; Droux, 2004; Mugford et al., 2011; Kopriva et al., 2016). Recent studies have revealed that S affected the accumulation of indigotine and indirubin, major active ingredients in the medicinal plant Isatis indigotica (Miao et al., 2019). However, little is known about how S regulates secondary metabolism in medicinal plants.

There are significant interactions between N and S on the growth, nutritional components, and secondary metabolites of plants (Paek et al., 2000; Fernando and Miralles, 2007; Miao et al., 2018). S and N showed reciprocal influences on the assimilation of each other in plants (Carfagna et al., 2011; Xu et al., 2017). Lack of root nitrate reductase (NR) decreased S uptake rate in N-grown tobacco plants, as well as root S and total S contents irrespective of N nutrition (Kruse et al., 2008). S is also a necessary element for N metabolism (Friedrich and Schrader, 1978; Ingenbleek and Young, 2004). S increased the activities of enzymes in N assimilation and transamination to promote N metabolism (Li et al., 2013). S deprivation affected early N2 fixation and subsequent C and N metabolism in lucerne (Deboer and Duke, 2010). The effect of S nutrition on C metabolism also seems to be related to that on N metabolism, e.g., production of certain proteins and enzymes (Qi, 1989).

Andrographis paniculata (Burm.f.) Nees (known as “Chuanxinlian” in China) is a member of the Acanthaceae family that is widely used as an anti-inflammatory and antipyretic drug for the treatment of cold, fever, laryngitis, and diarrhea in traditional medicinal systems of Indian, Chinese, Thai, etc. (Tang and Eisenbrand, 1992; Subramanian et al., 2012). Its major bioactive constituents, andrographolide compounds, (AGCs; Pholphana et al., 2013), which belong to diterpene lactones, are also stated as anticancer, antibacterial, antivirus and anti-hepatitis drugs (Aromdee, 2012; Xu et al., 2012; Talei et al., 2014; Valdiani et al., 2014). Since it is difficult to be synthesized artificially, it is mainly obtained from plant materials. To enhance the content of AGCs is therefore a major purpose of cultivation and breeding of this plant species (Valdiani et al., 2014; Verma et al., 2015). It has been proposed that the agronomical characteristics, such as single plant leaf and branching numbers, and biomass of A. paniculata plants were negatively correlated with contents of AGCs (Zeng et al., 2019), suggesting the trade-off between plant growth and AGC production in A. paniculata. Nevertheless, their interrelationship remains to be elucidated.

Given that S is an important quality-determining nutrient element of crops and closely related to N metabolism, we speculated that S could coordinate plant growth and AGC accumulation in A. paniculata through its interaction with N metabolism. In this study, we aimed to investigate the interaction of S and N on plant growth and AGC accumulation in A. paniculata, and reveal the physiological mechanism that S coordinates plant growth and secondary metabolism. The results are of great significance to obtain high yield and quality of A. paniculata by improving its nutrient management.



MATERIALS AND METHODS


Plant Growth Condition and Treatment

A factorial (2 N × 2S treatments) pot experiment was conducted in a glasshouse at Guangxi Botanical Garden of Medicinal Plants, Nanning, China (108°22′E, 22°51′N). A. paniculata seeds were sown on a seedbed for germination and growth. Seedlings with five pairs of true leaves were transplanted to pots containing 5 L of perlite. There were four plants in each pot. All the seedlings were divided into four groups (treatments) and supplied by nutrient solution with the combination of different concentration levels of −N (4 and 8 mmol L−1) and S (0.1 and 2.4 mmol L−1). The mineral nutrition composition of the nutrient solution in each treatment is listed in Supplementary Table S1. The pH of the solution was adjusted to 6. In the first week after transplanting, only deionized water was supplied to the seedlings to revive them and deplete inorganic N in the plants. Then, the seedlings were supplied with a 200-ml nutrient solution per pot every 3 or 4 days.

After 2 months of treatment, the plants were sampled for physiological and biochemical analysis.



Photosynthesis Measurements

The photosynthetic gas exchange in fully expanded new leaves on the main stem was measured using a portable photosynthesis system (LI-6400XT, LI-COR, Lincoln, NE, United States) with an open-flow gas exchange system. The photosynthetic photon flux density (PPFD) in the leaf chamber was 800 μmol m−2 s−1, and the temperature was 25°C. The leaves were put in the chamber to adapt for 10 min. When the data reached a steady-state, net photosynthetic rate (Pn, μmol m−2 s−1), stomatal conductance (gs, mol m−2 s−1), intercellular CO2 concentration (Ci, μmol mol−1), and transpiration rate (Tr, μmol m−2 s−1) were recorded.



Measurements of Plant Growth Traits and Total Concentrations of Nitrogen and Sulfur

The plant height of four individuals in each treatment was measured. Then, the plants were separated into leaves, stems, and roots. Leaf area was measured using a plant image processing system (model LA-S, Wanshen Ltd., Hangzhou, China). The samples were then oven-dried at 60°C for 72 h and pulverized after getting weighed.

To measure total N in the leaves, pulverized dry leaf samples (about 100 mg) were digested with H2SO4-H2O2 at 260°C, and total N in the solution was quantified with an Auto-Kjeldahl apparatus (model K1100, Hanon, China). Another 200 mg samples were digested with HNO3-H2O2 in a boiling water bath to determine the concentration of S by the inductively coupled plasma mass spectrometry (ICP-MS) method (NexION 350X, PerkinElmer, Waltham, MA, United States). The acidity of the solution for ICP-MS determination was controlled lower than 2%.



Metabolome Profiling

Fully expanded new leaves were sampled, frozen in liquid nitrogen immediately, and stored at −80°C for biochemical measurements.

Leaf samples (100 mg) were individually ground with liquid nitrogen, and the powder was re-suspended with pre-chilled 80% methanol and 0.1% formic acid by well vortexing. The samples were incubated at 4°C for 5 min and then centrifuged at 15,000 × g and 4°C for 5 min. Some of the supernatants were diluted to a final concentration containing 60% methanol with LC-MS grade water. The samples were subsequently transferred to a fresh Eppendorf tube with a 0.22-μm filter and then centrifuged at 15,000 × g and 4°C for 10 min. Finally, the filtrate was injected into the liquid chromatography with a tandem mass spectrometry (LC-MS/MS) system for analysis.

LC-MS/MS analyses were performed using a Vanquish UHPLC system (Thermo-Fisher, Waltham, MA, United States) coupled with an Orbitrap Q Exactive series mass spectrometer (Thermo-Fisher, Waltham, MA, United States). The samples were injected onto a Hypersil Gold column (100 × 2.1 mm, 1.9 μm, Thermo-Fisher, Waltham, MA, United States) using a 16-min linear gradient at a flow rate of 0.2 ml min−1. The eluents for the positive polarity mode were 0.1% formic acid in water (A) and methanol (B). The eluents for the negative polarity mode were 5 mmol L−1 ammonium acetate, pH 9 (A) and methanol (B). The solvent gradient was set as follows: 2% B, 1.5 min; 2–100% B, 12 min; 100% B, 14 min; 100–2% B, 14.1 min; 2% B, 16 min. Q executive mass series spectrometer was operated in positive/negative polarity mode with a spray voltage of 3.2 kV, capillary temperature of 320°C, sheath gas flow rate of 35 arb, and aux gas flow rate of 10 arb.



Nitrogen Metabolic Enzyme Assays

Nitrate reductase (NR) in frozen leaf samples was extracted by homogenizing with 25 mmol L−1 potassium phosphate buffer (pH 7.5) containing 10 mmol L−1 l-cysteine and 1 mmol L−1 EDTA-Na2, followed by centrifuging at 10,000 × g and 4°C for 10 min. The NR activity in the supernatant was measured colorimetrically at 540 nm as described in Hageman and Reed (1980) by monitoring the generation rate of NO2−.

Another 100 mg samples were homogenized with an extracting agent containing 50 mmol L−1 Tris-HCl (pH 8), 2 mmol L−1 Mg2+, 2 mmol L−1 DTT, and 0.4 mol L−1 sucrose. The homogenates were centrifuged at 10,000 × g and 4°C for 10 min, and the supernatants were used for subsequent measurements. The activity of glutamine synthetase (GS) was measured according to the method described in Loyola-Vargas and de Jimenez (1984), and the activities of glutamic-oxaloacetic transaminase (GOT) and glutamic-pyruvic transaminase (GPT) were measured using the method described in Wu et al. (1998).



Determination of Andrographolide and Dehydroandrographolide

About 100 mg pulverized dry leaf samples were immersed in 25 ml 50% methanol for 1 h and treated ultrasonically for 30 min followed by filtering. The loss weight of extraction during that process was supplemented with 50% methanol. Extracted andrographolide and dehydroandrographolide were measured using the ultra performance LC-MS method (Cheng et al., 2014). The mobile phase was implemented with methanol-water (48:52 v/v) at a flow rate of 1 ml s−1. The column temperature and sample sizes were 30°C and 10 μl, respectively. Andrographolide and dehydroandrographolide were detected at 225 nm and 254 nm, respectively. The concentrations of andrographolide and dehydroandrographolide in the leaf samples were calculated from the standard curves made by the linear relationship between peak areas and standard concentration of andrographolide/dehydroandrographolide.



Data Processing and Statistical Analysis

Two-way ANOVAs were performed to analyze the effects of N and S, and their interactions on the growth and physiological and biochemical indexes. Taking the combination of N and S as an independent variable, multiple comparisons were performed using the method least significant difference (LSD) test. Differences were considered statistically significant when p < 0.05.

The raw metabolome data files generated by UHPLC-MS/MS were processed using the Compound Discoverer 3.1 (CD3.1, Thermo-Fisher, Waltham, MA, United States) to perform peak alignment, peak picking, and quantitation for each metabolite. The main parameters were set as follows: retention time tolerance, 0.2 min; actual mass tolerance, 5 ppm; signal intensity tolerance, 30%; signal/noise ratio, 3; and minimum intensity, 100,000. After that, peak intensities were normalized to the total spectral intensity. The normalized data were used to predict the molecular formula based on additive ions, molecular ion peaks, and fragment ions. Then, the peaks were matched with the mzCloud1 and ChemSpider2 databases to obtain accurate qualitative and relative quantitative results. Statistical analyses were performed using the statistical software R (R version R-3.4.3), Python (Python 2.7.6 version), and CentOS (CentOS release 6.6). When the data were not normally distributed, normal transformations were attempted using the area normalization method. A blank sample was used for normalization of the data.




RESULTS


Plant Agronomical Characteristics and Photosynthesis

The plants grown with low N (4 mmol L−1) displayed a lighter leaf color than those grown with high N (8 mmol L−1), and accumulated anthocyanin in the bottom leaves (Supplementary Figure S1a). It is speculated that the plants grown with 4 mmol L−1 N suffered low N stress to a certain extent.

S affected plant growth remarkably (Figure 1). In comparison to low S, high S reduced plant height under low N conditions, but increased the leaf area under high N conditions (Figures 1B,C). The increase in the leaf area was possibly due to the growth of branches (Figure 1A) rather than an increase in leaf number on the main stem (Supplementary Figure S1a). High S slightly reduced leaf dry weight under low N conditions but remarkably increased leaf dry weight under high N conditions (Figure 1D). The ratio of leaf/shoot dry weight was significantly increased with higGrowthh S under both N conditions (Figure 1E).
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FIGURE 1. Growth evaluation of A. paniculata plants grown under different nitrogen and sulfur conditions. (A) Plants treated with different N and S levels were pictured after harvesting. (B) Plant height. (C) Leaf area measured by photographing. (D) Leaf dry weight. (E) The ratio of leaf/shoot dry weight. Data were presented as mean ± SE (n = 4). Different letters on the bars indicate significant difference among treatments at p < 0.05 using the method of LSD. Scar bars = 10 cm. LN, low nitrogen; HN, high nitrogen; LS, low sulfur; HS, high sulfur.


Photosynthetic rate (Pn) was inhibited by high S under low N conditions, but it was not affected under high N conditions (Supplementary Figure S1b). The decrease in Pn was probably due to stomatal closure (Supplementary Figures S1c–e). The results indicated that the effects of S on the growth of A. paniculata varied with N levels.



Accumulation of Andrographolide Compounds, Nitrogen, and Sulfur

High S increased leaf andrographolide and dehydroanddrographolide concentrations with high N and low N, respectively (Figures 2A,B). As a result, the concentration of total diterpene lactones (andrographolide + dehydroanddrographolide) was significantly increased with high S at both N levels (Figure 2C).

[image: Figure 2]

FIGURE 2. Diterpene lactones, nitrogen, and sulfur concentration and the relationship between N and lactone in leaves of A. paniculata plants grown under different nitrogen and sulfur conditions. (A) Andrographolide concentration. (B) Dehydroandrographolide concentration. (C) Total lactone (andrographolide + dehydroandrographolide) concentration. (D) Total leaf N concentration. (E) Total leaf S concentration. (F) The relationship between total leaf N concentration and total lactone concentration. Data were presented as mean ± SE (n = 4). Different letters on the bars indicate significant difference among treatments at p < 0.05 using the method of LSD. LN, low nitrogen; HN, high nitrogen; LS, low sulfur; HS, high sulfur.


Leaf N concentration was in parallel with S concentration in response to high S that they were increased at low N but decreased at high N (Figures 2D,E). However, total amounts of leaf N and S expressed on a “per plant” basis (mg·plant−1) were not significantly affected by high S under both N conditions (Supplementary Figure S2). There was a parabolic relationship between the concentrations of leaf N and total diterpene lactones (F = 2.834, p = 0.102; Figure 2F). The highest concentration of total diterpene lactones was obtained when leaf N was about 25 mg g−1 Dw.

These results suggested that increasing the S application rate enhanced the accumulation of diteroene lactones in A. paniculata, which was associated with leaf N accumulation.



Activities of Nitrogen Metabolic Enzymes

To verify whether S affected N metabolism, we analyzed the activities of N metabolic enzymes. Nitrate reductase (NR) activity was significantly reduced with high S at low N, but it was not affected at high N (Figure 3A). Glutamine synthase (GS) activity was remarkably increased with high S at low N but slightly decreased at high N (Figure 3B). Glutamic-oxaloacetic transaminase (GOT) and glutamic-pyruvic transaminase (GPT) activities were not affected by S at low N, while they were significantly increased by high S at high N (Figures 3C,D). The results indicated that S affected N metabolism differentially under the two N conditions.

[image: Figure 3]

FIGURE 3. Activity of N metabolic enzymes in leaves of A. paniculata plants grown under different nitrogen and sulfur conditions. (A) Nitrate reductase. (B) Glutamine synthase. (C) Glutamic-oxalacetic transaminase. (D) Glutamic-pyruvic transaminase. Data were presented as mean ± SE (n = 4). Different letters on the bars indicate significant difference among treatments at p < 0.05 using the method of LSD. LN, low nitrogen; HN, high nitrogen; LS, low sulfur; HS, high sulfur.




Carbon and Nitrogen Metabolites

To obtain an overview of the effects of S on C and N metabolism, we detected the changes in some carbohydrates, organic acids, and amino acids. At low N, high S increased the contents of pyruvate and organic acids in the TCA cycle, such as citrate, malate, fumarate, and succinate in comparison with low S, but the 2-oxoglutarate (2-OG) level was not affected (Figure 4A). The levels of Ser, Cys, Val, Glu, Pro, and Trp were considerably increased with high S, while the levels of GABA, Asp, Ala, and Tyr were remarkably reduced.

[image: Figure 4]

FIGURE 4. Simplified diagram of changes in carbon and nitrogen metabolites in leaves of A. paniculata plants grown under different nitrogen and sulfur conditions. (A) Changes in metabolites in high S compared with low S under low N conditions. (B) Changes in metabolites in high S compared with low S under high N conditions. Red represents significantly increased, green represents significantly decreased, and white represent not significant. Heat map in the rectangle meant relative values under low S and high S conditions on the left and right, respectively. Data were presented as means obtained from four biological replicates.


At high N, pyruvate and organic acids in the TCA cycle were not affected with high S with the exception of 2-OG, which was remarkably accumulated with high S (Figure 4B). The levels of Ala, Asp, Gly, Leu, and Trp were decreased with high S, but only the Pro concentration was increased. The levels of GSSG and GSH were also remarkably decreased. However, both GSSG and GSH were higher in high N than in low N.

Under both N conditions, fructose was decreased, but the pentose phosphate pathway (PPP) was enhanced, resulting in an increased supply of erythritose 4-phosphate (E4P) for the synthesis of aromatic amino acids as indicated by the increase in 3-deoxy-D-arabinoheptanoic acid-7-phosphate (DAHP; Figures 4A,B), which is generated from E4P and phosphoenolpyruvate (PEP). Maltose was remarkably increased with high S under low N conditions, but it was not affected under high N conditions. E4P and DAHP were greater under low N conditions than under high N conditions.

Acetyl-CoA is the initial precursors of IPP synthesized from the MVA pathway. Consistent with the enhancement of the TCA cycle, high S increased the levels of mevalonate, mevalonate 5-phosphate, and mevalonate biphosphate at low N, as shown in Figures 5A–C. However, IPP, the precursor of terpenoids, was remarkably reduced with high S (Figure 5D). At high N, those metabolites were not different between low S and high S.

[image: Figure 5]

FIGURE 5. Intermetabolites of terpene metabolism in leaves of A. paniculata plants grown under different nitrogen and sulfur conditions. (A) A Relative value of mevalonate. (B) Relative value of mevalonate 5-phosphate. (C) Relative value of mevalonate diphosphate. (D) Relative value of isopentenyl pyrophosphate (IPP). Data were presented as mean ± SE (n = 4). Different letters on the bars indicate significant difference among treatments at p < 0.05 using the method of LSD. LN, low nitrogen; HN, high nitrogen; LS, low sulfur; HS, high sulfur.




Phytohormones and Trehalose Metabolism

Jasmonate (JA) level was not different between low S and high S under low N conditions, but it was remarkably reduced with high S under high N conditions (Figure 6A). Methyl jasmonate (MeJA) and ABA levels were reduced with high S under both N conditions (Figures 6B,D). In contrast, high S significantly increased salicylic acid (SA) and GA4 levels under both N conditions (Figures 6C,E), while GA7 was not affected (Figure 6F). Trehalose (Tre) and trehalose 6-phosphate (Tre6P) levels were decreased with high S under both N conditions (Figure 7).

[image: Figure 6]

FIGURE 6. Phytohormones in leaves of A. paniculata plants grown under different nitrogen and sulfur conditions. (A) Relative value of jasmonate. (B) Relative value of methyl jasmonate. (C) Relative value of salicylic acid. (D) Relative value of abscisic acid (ABA). (E) Relative value of gibberellic acid 4 (GA4). (F) Relative value of gibberellic acid 7 (GA7). Data were presented as mean ± SE (n = 4). Different letters on the bars indicate significant difference among treatments at p < 0.05 using the method of LSD. LN, low nitrogen; HN, high nitrogen; LS, low sulfur; HS, high sulfur.


[image: Figure 7]

FIGURE 7. Trehalose (A) and trehalose 6-phosphate (B) levels in leaves of A. paniculata plants grown under different nitrogen and sulfur conditions. Data were presented as mean ± SE (n = 4). Different letters on the bars indicate significant difference among treatments at p < 0.05 using the method of LSD. LN, low nitrogen; HN, high nitrogen; LS, low sulfur; HS, high sulfur.





DISCUSSION


Interaction of Nitrogen and Sulfur on Plant Growth and Andrographolide Compound Accumulation

S, like its counterpart C and N, plays a pivotal role in plant development and metabolism. It has been reported that S promotes plant growth and improves the quality of products, and these positive effects were associated with the conditions of high N application (Xie et al., 2003; Kong et al., 2013). In agreement with these findings, the results revealed that there was a significant interaction between S and N on the growth and AG accumulation of A. paniculata plants (Figures 1, 2). Increased S application rate displayed opposite effects on plant growth under the two N conditions. The productivity of photosynthesis could explain the different effects of S on the growth of A. paniculata plants under different N conditions (Supplementary Figure S1b). However, high S increased the accumulation of AGCs under both N conditions. The results suggested that S is a key factor mediating the trade-off between plant growth and AG biosynthesis in A. paniculata plants.

N plays versatile roles in regulating secondary metabolism in medicinal plants. It has been considered to function as a competitor of C-skeleton or implicated as a signal in the biosynthesis of secondary metabolites (Fritz et al., 2006; Izmailov et al., 2018). A number of studies have proposed that increasing the N application rate reduces the accumulation of C-rich secondary metabolites, such as terpenoid and flavanoid (Liu et al., 2010a,b; Medina-Pérez et al., 2015), which conforms to the carbon/nutrition balance hypothesis (CNBH; Bryant et al., 1983). However, some studies, those that do not support this view, have suggested that N promotes the biosynthesis of secondary metabolites as the component of key enzymes in secondary metabolism pathways (Hamilton et al., 2001). The results in this study showed that the concentration of total diterpene lactones increased linearly with leaf N concentration under low N conditions (F = 7.439, p = 0.041, R2 = 0.598) and decreased linearly with leaf N concentration under high N conditions (F = 5.457, p = 0.067, R2 = 0.522). The highest value was obtained when leaf N was about 25 mg·g−1 (Figure 2F). It is implied that the biosynthesis of AGCs was mainly limited with enzyme abundance under low leaf N concentration, while it was constrained under high leaf N concentration because of increased competition of the C-skeleton by N assimilation. Under both N conditions, high S increased the concentration of AGCs with the corresponding leaf N concentration in an appropriate range, indicating that S could regulate AGC biosynthesis via N metabolism.

It has been reported that S application increased plant N absorption because of the improvement in N assimilation (Fazili et al., 2008). We found that N assimilation was affected quite differentially by S at different N levels in this study. Under low N conditions, high S decreased NR activity but increased GS activity, while GS activity was decreased under high N conditions (Figures 3A,B). These results were well in line with the concentration of leaf N, suggesting that increasing the S application rate affected plant N uptake and primary assimilation. Nevertheless, it is confusing that leaf N concentration in high N was significantly lower than that in low N under high S conditions. It most probably resulted from the dilution effect caused by increased leaf dry weight, because high N increased the total amount of leaf N by 53.4% but increased leaf dry weight two times in comparison to low N. Similarly, the increased leaf dry weight had a dilution effect on S as well.



Sulfur-Regulated Trade-Off Between Growth and Andrographolide Compound Accumulation Was Associated With the Balance in Carbon and Nitrogen Metabolism

N nutrient alters plant primary and secondary metabolisms and, therefore, regulates the trade-off between growth and defense responses (Bot et al., 2009). 2-oxoglutarate (2-OG) provides C-skeleton for N assimilation. The variation in N assimilation was closely related to the change in organic acids in the TCA cycle (Zhong et al., 2019). GABA acts as an important C and N source, which maintains the TCA cycle especially under N starvation conditions (Solomon and Oliver, 2002). In this study, high S induced the accumulation of organic acids with the exception of 2-OG in the TCA cycle under low N conditions. Accordingly, Glu was considerably accumulated, and the GABA shunt was increased. In contrast, high S led to the accumulation of 2-OG at high N, while other organic acids in the TCA cycle and Glu were not significantly changed (Figure 4). These results also supported the notion that S increased N assimilation under low N conditions. The previous study revealed that reducing N assimilation synergistically promoted plant growth and andrographolide biosynthesis in A. paniculata (Zhong et al., 2021). Enhanced N assimilation could increase the consumption of carbohydrates, which is not conducive to the accumulation of biomass.

On the other hand, acetyl-CoA provides a precursor for terpene biosynthesis via the MVA pathway. Enhanced TCA cycle in the conditions of low N combined with high S promoted AGC biosynthesis, which was indicated by the increases in mevalonate, mevalonate-5-phosphate, and mevalonate-diphosphate, and decrease in IPP (Figure 5) in the MVA pathway. Under high N conditions, these intermediate metabolites in the MVA pathway were not affected by high S, although the AGC concentration was increased. It is speculated that the AGCs of plants grown under high N conditions could be synthesized through the MEP pathway, because both the MVA and MEP pathways are involved in AGC biosynthesis, and MEP is the major biosynthetic pathway to these diterpenoids (Srivastava and Akhila, 2010).

S and N are important constituent elements of amino acids. High S showed significant effects on total S and sulfate contents (Figure 2E; Supplementary Figure S3a), which was consistent with that of total N, suggesting that S and N were intimately connected. Ser, Cys, Met, and Val are S metabolism-related amino acids. Ser is a marker amino acid in the photorespiration pathway, which is involved in the synthesis of Cys and Met, followed by the S-adenosyl-l-homocysteine (SAH)/S-adenosyl-methionine (SAM) cycle (Abadie and Tcherkez, 2019). Here, we observed significant increases in Ser, Cys, Val (Figure 4A), and SAH (Supplementary Figure S3b) and a decrease in SAM (Supplementary Figure S3c) under the conditions of high S combined with low N rather than high N. Photorespiration stimulates plant N and S metabolism (Bloom, 2015; Abadie and Tcherkez, 2019; Wujeska-Klause et al., 2019), and plays an important role in plant adaptation to low N conditions (Tang et al., 2018). It is probably that high S-stimulated photorespiration improved S and N metabolism and finally increased their accumulation under low N conditions. Another support for this view came from the increased activity of GS, whose chloroplastic GS2 isoform is responsible for the re-assimilation of NH4+ derived from photorespiration (Thomsen et al., 2014; Zhong et al., 2019). On the other hand, photorespiration increased the consumption of carbohydrates and consequently reduced the photosynthesis and growth of plants (Kang et al., 2018).

Additionally, high S increased maltose concentration and maintained relatively higher levels of 6-phosphogluconic acid (6PGA) and ribulose 5-phosphate (R5P) in plants grown with low N in comparison to those in high N, indicating that high S increased sugar catabolism under low N conditions. The partitioning of S between glutathione and protein synthesis determines plant growth (Speiser et al., 2018). The GSSG and GSH levels in plants grown under high N conditions were remarkably decreased with high S, which could contribute to better growth under those conditions.

Taken together, the results revealed that the balance between C and N metabolism is critical in regulating the trade-off between growth and AGC accumulation in A. paniculata. S-induced increase in N metabolism associated with enhanced consumption of carbohydrates via the TCA cycle and photorespiration were the main reasons for the discordant between growth and AGC biosynthesis under low N conditions. Contrary to low N conditions, high S increased the transamination of amino acids rather than N assimilation and photorespiration under high N conditions. However, the relationship between N metabolism and secondary metabolism still needs to be clarified.



Signal Molecules Involved in Sulfur-Regulated Andrographolide Biosynthesis

A complex signaling network integrating phytohormones and metabolites regulates the biosynthesis of secondary metabolites in plants (Wang and Wu, 2005; Karppinen et al., 2016). Jasmonate (JA), abscisic acid (ABA), salicylic acid (SA), and gibberellic acids (GAs) are important plant hormones involved in the biosynthesis and accumulation of bioactive secondary metabolites in medicinal plants (Gao et al., 2012; Liang et al., 2013; Afrin et al., 2015; Yang et al., 2020). The exogenous application of these stimuli regulated the expression of genes/proteins in the biosynthetic pathways of secondary metabolites (Lee et al., 2008; Kiselev et al., 2010; Yang et al., 2020). It has been reported that MeJA induced andrographolide biosynthesis by the upregulation of genes in the MVA and MEP pathways (Sharma et al., 2015; Gao et al., 2019; Sun et al., 2019). However, we found in this study that high S application decreased the endogenous levels of JA, MeJA, and ABA but increased the SA and GA4 levels in the A. paniculata leaves, suggesting that SA and GA4 rather than ABA and JA/MeJA could be involved in S-mediated AGC biosynthesis.


Tajidin et al. (2019) compared the metabolome in young and mature leaves of A. paniculata and found that increase in carbohydrate accumulation was accompanied by a decrease in andrographolide in mature leaves compared with young leaves. Their results suggested that carbohydrate accumulation caused by leaf senescence impeded andrographolide biosynthesis. Trehalose (Tre) and trehalose 6-phosphate (Tre6P) are important signal metabolites linking plant growth and development and metabolism to C status in plants (Paul, 2008; O’Hara et al., 2013; Figueroa and Lunn, 2016). The previous study has revealed that Tre6P was responsive to changes in N status but not to changes in P and S status in plants (Yadav et al., 2014). In this study, however, high S decreased both Tre and Tre6P at different N levels. The changes in Tre and Tre6P reflect the fluctuation of sucrose in the plant; and, in general, their high accumulation eventually results in plant senescence (Schluepmann et al., 2004; Wingler et al., 2012). In this study, high S induced decreases in Tre and Tre6P concentrations. Simultaneously, ABA, which is an indicator of plant senescence, was decreased with high S at both N levels. The results suggested that carbohydrate metabolism and leaf senescence-related signal pathways were involved in S-promoted AGC biosynthesis in A. paniculata.

GAs, SA, and Tre6P link plant development and metabolism. Although Tre6P and phytohormones are interactive in the regulation of some of those processes (O’Hara et al., 2013; Meitzel et al., 2020), the crosstalk of GAs, SA, and Tre6P in the regulation of AGC biosynthesis remains to be elucidated. Furthermore, it is worth noting that the signaling pathways involved in S-mediated AGC biosynthesis were similar at different N levels, but the growth and metabolism varied greatly in response to S. It is implied that S has relatively independent regulatory mechanisms on the growth and secondary metabolism in A. paniculata.




CONCLUSION

The results revealed that enhancing the S application rate promotes the biosynthesis of AGCs in A. paniculata plants, and that the interaction of N and S influences the trade-off between plant growth and AGC accumulation. N metabolism plays a key role in this process. High S promoted N assimilation and S metabolism with increases in the TCA cycle and photorespiration under low N conditions, leading to increased consumption of carbohydrates and inhibited growth. In contrast, under high N conditions, increasing S application reduced N and S accumulation, and promoted the coordination between plant growth and AGC accumulation. SA, GA4, and Tre6P showed a similar response to S at both N levels and were indicated to be involved in S-mediated AGC accumulation in A. paniculata plants. These results suggested that the regulatory mechanisms of S on growth and secondary metabolism are relatively independent. However, further studies are needed to reveal the crosstalk between SA, GA4, and Tre6P in the regulation of andrographolide biosynthesis, and the relationship between N metabolism and secondary metabolism.
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It is well known that S interacts with some macronutrients, such as N, P, and K, as well as with some micronutrients, such as Fe, Mo, Cu, Zn, and B. From our current understanding, such interactions could be related to the fact that: (i) S shares similar chemical properties with other elements (e.g., Mo and Se) determining competition for the acquisition/transport process (SULTR transporter family proteins); (ii) S-requiring metabolic processes need the presence of other nutrients or regulate plant responses to other nutritional deficiencies (S-containing metabolites are the precursor for the synthesis of ethylene and phytosiderophores); (iii) S directly interacts with other elements (e.g., Fe) by forming complexes and chemical bonds, such as Fe-S clusters; and (iv) S is a constituent of organic molecules, which play crucial roles in plants (glutathione, transporters, etc.). This review summarizes the current state of knowledge of the interplay between Fe and S in plants. It has been demonstrated that plant capability to take up and accumulate Fe strongly depends on S availability in the growth medium in both monocots and dicot plants. Moreover, providing S above the average nutritional need enhances the Fe content in wheat grains, this beneficial effect being particularly pronounced under severe Fe limitation. On the other hand, Fe shortage induces a significant increase in the demand for S, resulting in enhanced S uptake and assimilation rate, similar to what happens under S deficiency. The critical evaluation of the recent studies on the modulation of Fe/S interaction by integrating old and new insights gained on this topic will help to identify the main knowledge gaps. Indeed, it remains a challenge to determine how the interplay between S and Fe is regulated and how plants are able to sense environmental nutrient fluctuations and then to adapt their uptake, translocation, assimilation, and signaling. A better knowledge of the mechanisms of Fe/S interaction might considerably help in improving crop performance within a context of limited nutrient resources and a more sustainable agriculture.
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INTRODUCTION

The global human population is expected to increase to 9.7 billion by 2050 and 11.2 billion by 2100 (UN 2015). Thus, providing food and feed in an equitable, healthy, and sustainable manner is a key challenge (Beddington, 2010). The access to adequate and nutritious food is essential to human wellbeing, but to reach this objective global food production needs to be increased by 70% within 2050. Healthy soil is a major factor for agriculture production, but soil resources are finite and non-renewable over the human time scale. Indeed, both natural events and mostly anthropogenic activities (e.g., deforestation, drainage, tillage, etc.) led to soil degradation and consequently to limited access to high-quality soil for provisioning of essential ecosystem services.

This negative trend is expected to continue at least until 2030 (Report: EU agricultural outlook 2017-30). Consequently, to maximize ecosystem services like food production, it is crucial to also recover the marginal agricultural lands for agriculture use. However, they have already been affected by the already existing problems of soil fertility (e.g., nutrient depletion, water scarcity, acidity, salinization, depletion of organic matter, and poor drainage) ascribable to the land-use changes (Scherr, 1999; Tilman et al., 2002; Lal, 2015), which have been often exacerbated by climate change (Pilbeam, 2015). It should also be highlighted that a more massive use of the current farming practices to meet the challenge of more food demand is very likely to lead to more intense competition for natural resources, increased greenhouse gas emissions, and further deforestation and land degradation. This condition is even more dramatic when comparing agricultural productivity between high-income and low-income countries.

The availability of nutrients in different edaphic conditions as well as its effect on the whole plant development and metabolism have been widely described, mainly at the level of a single nutrient at a time. However, at the field scale multiple deficiencies and/or nutrient interactions are very likely to occur. Furthermore, it is well recognized that the deficiency or excess of a single nutrient is typically coordinated with a change in the demand for another, or even more than one, nutrient. In this context, we can distinguish between positive/synergic interaction (when the plant grows better with combined nutrients with respect to the sum of their individual effects) and negative/antagonistic interaction (combining nutrients results in worsening plant growth with respect to the sum of their individual effects) (Fageria, 2001; Marschner, 2012; Pii et al., 2015; Rietra et al., 2017; Xie et al., 2021).

However, although the comprehension of the multi-level interactions among the various mineral elements is considered crucial to understanding the different sensing and signaling pathways induced by a single or multiple shortage/s, the impact of these nutrients’ interactions on crop performance are largely unknown. This lack is certainly ascribable to the complexity of the phenomenon. In fact, the consequences of multiple deficiencies are almost never the mere sum of those caused by each of the individual deficiencies. An example is represented by the interactions between nitrogen (N) and sulfur (S). In this specific case, it has been widely demonstrated that grain productivity benefits from simultaneous N and S fertilization (Kalmbacher et al., 2005; Habtegebrial and Singh, 2006; Mathot et al., 2009; Salvagiotti et al., 2009), most likely for their role in protein synthesis (Crawford et al., 2000). In this respect, the coordination of N and S assimilatory pathways in plants corroborate this hypothesis, suggesting the functionality of putative co-regulation mechanisms (Koprivova et al., 2000). However, when one of the two nutrients is missing, the lacking one represses the assimilation of the other and induces physiological changes aiming at re-balancing the contents in the plant (Hawkesford and De Kok, 2006). Clear links have been also established between S and phosphorus (P) in the soil/plant system. Plants have developed tightly controlled mechanisms to coordinate S transport and homeostasis with photosynthesis and the carbon status, in a similar manner to the inorganic P transport system (Lejay et al., 2008). Plants maintain intracellular homeostasis of both elements in response to their respective external availability. For instance, plant cells operate a rapid replacement of sulfolipids by phospholipids under S deficiency, and vice versa during P deficiency (Sugimoto et al., 2010). Such a metabolic switch is evidence of P/S nutritional interdependency.

This review summarizes the current state in the field of the interplay between iron (Fe) and S in plants toward a vision of a more sustainable use of the soil resource and within the context of the great challenge of food security.



BASIS OF THE INTERACTION BETWEEN SULFUR AND IRON

Over recent years, S deficiency has become widespread in many regions of the world. The occurrence of S deficiency has been described in cereals as well as in other crops. The reasons behind this trend are mainly the strong decrease in the inputs of S from atmospheric deposition and the use of high-analysis low S fertilizers (Zhao et al., 1999). At the beginning of the 1980s, environmental policies drastically reduced SO2 emissions with a further lowering in the 1990s (Haneklaus et al., 2008), causing a diminished S input to soil. This phenomenon has been worsened using high-analysis low-S fertilizers and the declining use of S-containing fungicides with the final result of a widespread S deficiency for crops (McGrath and Zhao, 1995; McGrath et al., 1996).

Iron deficiency is one of the major agricultural problems leading to lower crop yields and Fe fertilization management has been the focus of attention for the last decades (Kim and Guerinot, 2007; Briat, 2009). With respect to its metabolic roles, Fe nutrient is crucial for the proper functioning of metabolic processes related to electron transport, such as respiration and photosynthesis, as well as for chlorophyll biosynthesis (Briat et al., 2007). Indeed, Fe deficiency firstly appears with a reduced growth and leaf chlorosis in young leaves and then on older ones associated with alteration of the main metabolic pathways. Iron deficiency provokes serious imbalances in the ultrastructure and functionality of chloroplasts, with 90% of Fe present in a leaf localized in the chloroplasts (Morrissey and Guerinot, 2009; López-Millán et al., 2016).

In soils, Fe is present in huge amounts, being the fourth most abundant element in the earth’s crust in percentage after oxygen, silicon, and aluminum. Therefore, widespread limited availability of Fe for plant nutrition is not related to its absolute content into the soil, but rather to its limited solubility. In particular, Fe deficiency is a typical feature of alkaline soils (Marschner, 2012), which cover more than 25% of the earth’s surface (FAO, 2015). Low Fe availability in calcareous soils can be ascribed to an extremely low solubility of soil Fe. Further, alkaline conditions may also depress or even block Fe uptake mechanism from the apoplast into the symplast, which can be related to the pH of the former (Mengel, 1994; Nikolic and Kastori, 2000).



SULFUR AVAILABILITY AFFECTS PLANT CAPABILITY TO COPE WITH IRON SHORTAGE

When Fe is limited in the substrate, plant roots rely on two main strategies to acquire it, i.e., Strategy I and Strategy II, based on Fe3+-reduction and Fe3+-chelation, respectively (Kobayashi and Nishizawa, 2012). Strategy I, used by all except graminaceous plants, involves: (i) the mobilization of Fe3+ ions from soil particles through rhizosphere acidification, likely driven by an increase in plasma membrane H+-ATPase activity; (ii) the induction of a ferric chelate reductase (FCR) activity, which allows higher reduction rate of Fe3+ to Fe2+; and (iii) the uptake of the resulting Fe2+ via an Fe2+ transporter (IRT). The Strategy II system is restricted to grasses, which secrete mugineic acid (MA) family phytosiderophores (PS) from their roots to chelate and solubilize Fe3+ in the rhizosphere (Takagi, 1976). The Fe3+–PS complexes are then taken up by root cells through the action of Yellow Stripe 1 (YS1) proteins (Murata et al., 2006).

Both mechanisms undoubtedly improve Fe acquisition by plants, although Fe deficiency issues can still occur, regardless of whether the plant is being grown in nutrient-rich or poor soils. In fact, it has been observed that Fe deficiency could be caused by factors other than limited available Fe and, on the other hand, Fe deficiency could be overcome by factors besides Fe supply.

Research on the S/Fe interaction started from the evidence that S-deficient plants showed a limited ability to accumulate Fe. Literature on this topic was minimal. In fact, to our knowledge, one of the first studies on barley plants showed that sulfate availability in Fe-deficient growth medium could affect PS accumulation in root tissues and the extent of 14C glucose incorporation into PSs (Kuwajima and Kawai, 1997). Since then, significant interactions between external S supply and Fe homeostasis have been described in several crops, both grasses (Astolfi et al., 2003, 2006a, 2018; Bouranis et al., 2003; Zuchi et al., 2012; Ciaffi et al., 2013; Wu et al., 2015, 2020; Celletti et al., 2016a) and dicots (Zuchi et al., 2009, 2015; Muneer et al., 2014; Paolacci et al., 2014; Coppa et al., 2018), suggesting its independence of the adaptive responses activated by the plant species of both strategies.

Early physiological evidence showed that maize plants exposed to S deficiency had a lower shoot Fe content than those grown in the presence of S (Astolfi et al., 2003; Bouranis et al., 2003). Further, it has been demonstrated in barley that S deficiency could potentially prevent Fe accumulation in shoots by lowering the release rate of PS (Astolfi et al., 2006a) and/or by hindering the capability to take up Fe from the external solution (Astolfi et al., 2006b). In addition, HvYS1 expression, the specific transporter of Fe3+-PS complexes, is modulated by S supply (Astolfi et al., 2010) in barley, suggesting that S mainly affects the Fe acquisition step.

Interestingly, barley plants fully recovered their capability to cope with Fe shortage after resupplying S to S-deficient plants (Astolfi et al., 2010, 2012). After the S resupply, the increase in PS release in root exudates was evident after 24 h of growth in S-sufficient nutrient solution and the increase reached values up to four-fold higher than control after 48 h from S resupply (Astolfi et al., 2010, 2012). A significant drop of Fe accumulation induced by S deficiency has been gathered in durum wheat (Ciaffi et al., 2013) and, later, in rice plants (Wu et al., 2015). Interestingly, transcriptomic analysis of durum wheat roots has identified 377 differentially expressed transcripts under S deficiency (Zamboni et al., 2017). Among them, several transcripts encoding formate dehydrogenase were downregulated by S deficiency, resulting in limited removal of the formate, which is released by the methionine (Met) cycle. As a result, the amount of NADH produced is not sufficient for PS biosynthesis, which is most likely hindered (Mori, 1999; Zamboni et al., 2017). On the other hand, it has been recently shown that S-deficiency-induced reduction of Fe content in rice shoots was associated to a decreased nicotianamine (NA) level, suggesting that S is not only crucial for Fe acquisition but also for its translocation to the shoot (Wu et al., 2020), being NA the main Fe chelator involved in both xylem and phloem Fe transport within the plants (Von Wirén et al., 1999; Briat et al., 2007).

Overall, this evidence indicated that plants require an adequate S supply to efficiently cope with Fe starvation. Thus, it was not surprising that an over-supply of S allowed to improve, specifically in durum wheat, the Fe use efficiency of plants and the accumulation of this micronutrient in plant tissues (Zuchi et al., 2012; Celletti et al., 2016a). Moreover, providing S above adequate concentrations may result in the improvement of wheat Fe use efficiency (Hawkesford et al., 2014) and this S nutritional effect seems to be especially advantageous for plants grown under severe Fe limitation, leading to a significant recovery of deficiency symptoms (Zuchi et al., 2012). However, the positive effect of super-optimal S supply in improving the capability of wheat plants to accumulate Fe was later confirmed in wheat but not in barley and maize plants. In these an antagonistic effect between Fe deficiency and S surplus has been observed, resulting in a reduction of Fe accumulation in shoots (Celletti et al., 2016a). The differential Fe accumulation pattern could most likely be ascribed to the different capability to release PS by the three grasses (Marschner, 2012). Actually, the increased ability of durum wheat to accumulate Fe was associated with a significantly higher PS release at root level, but the same did not hold true for barley and maize (Celletti et al., 2016a). Interestingly, PS release from wheat roots was also associated with increased S accumulation in both shoot and root tissues (Celletti et al., 2016a).

This aspect of S/Fe interplay highlights new solutions to increase Fe levels in cereal grains and might be exploited for biofortification purposes. Unfortunately, increased Fe accumulation in vegetative tissues resulting from super-optimal S supply did not result in increased Fe concentration in grains, suggesting that the mechanisms involved in the allocation of Fe in seeds might be different from those controlling the root uptake and the allocation in the leaves (Astolfi et al., 2018). However, S over-fertilization allowed plants to at least overcome Fe deficiency (Astolfi et al., 2018).

On the other hand, the reduction of shoot Fe concentration induced by limited S supply was also observed in dicots, such as tomato (Zuchi et al., 2009) and oilseed rape (Muneer et al., 2014). In S-deficient tomato plants it has been ascribed to the inhibition of Fe uptake, due to the prevented induction of the Fe3+-chelate reductase and the limited activity and expression of the Fe2+ transporter (IRT1), also associated to a reduced translocation of Fe to the shoot, as shown by abolished expression of the NA synthase (LeNAS) gene (Zuchi et al., 2009). These findings suggested that an adequate S availability is needed to sustain the ethylene (ET) and NA biosynthetic pathways (Zuchi et al., 2009). Quite different behavior on exposure to S deficiency was found for oilseed rape, which exhibited an upregulation of IRT1 and FRO1 in the earlier phase. However, the expression of both genes and FCR activity decreased in the later phases, in agreement with Zuchi et al. (2009) (Muneer et al., 2014).

Now, it is well established that the abolished expression of SlNAS gene following S deficiency condition effectively resulted in reduced NA levels in tomato (Zuchi et al., 2015). In addition, it has been observed that the two components of the Fe deficiency response (reduction and transmembrane transport) are differentially sensitive to or regulated by ET levels, confirming and extending previous findings in tomato (Zuchi et al., 2009). This is strongly evident considering that ET levels seem to stimulate the components of the Fe deficiency response: the expression of FIT (FER), the ability to acidify the external medium with regulation of plasma membrane H+-ATPase (Lucena et al., 2015), and the reduction of ferric Fe (Romera and Alcántara, 2004). However, increased root ET production following imposition of S deficiency only significantly affected the expression of SlIRT1 (Zuchi et al., 2015). It has been suggested that S deficiency can result in the induction of the ET pathway (Wawrzynska et al., 2015). Ethylene biosynthesis is indeed related to S through the formation of S-containing metabolites in the S assimilatory pathway such as cysteine (Cys), Met, and S-adenosylmethionine (SAM) (Khan et al., 2016). Ethylene and S operate interdependently in regulating plant adaptation processes and abiotic stress tolerance in both optimal and stress environmental growth conditions (Iqbal et al., 2013).

Although these findings account for the hampered capability of dicots to cope with the Fe nutritional disorder under the simultaneous imposition of S deficiency, the question remains, however, whether plant S status and/or S external concentration could modify the capability to take up and accumulate Fe. This challenge has been highlighted recently by Coppa et al. (2018) using a split-root approach, showing that both SlFER and SlFRO1 expression, and Fe3+-reducing activity, were induced in the portion of the root system subjected to combined S and Fe deficiency compared to the portion of the root subjected only to Fe deficiency. In addition, it was again confirmed that distinct regulatory processes target SlFRO1 and SlIRT1, since the expression of this latter did not change between the two separated portions of the root system (Coppa et al., 2018). In particular, it was suggested that SlIRT1 might be controlled by regulatory mechanisms more complex with respect to SlFRO1 (Coppa et al., 2018).



IRON DEFICIENCY MODULATES SULFUR UPTAKE AND ASSIMILATION RATE

Sulfur is present in soils in different oxidation states (from −2 of sulfide S2– to + 6 of sulfate SO42–) (Lewandowska and Sirko, 2008). Plants can use sulfur dioxide (SO2) through open stomata but sulfate taken up by roots represents the most important source of S for plants (Marschner, 2012). Sulfate transport across the plasma membrane into the root cells is a secondary active transport system with energy consumption (obtained from ATP hydrolysis) and coupled with protons (at least 3H+ per SO42–) (Clarkson et al., 1993). Both sulfate uptake from soil and its distribution within plant requires specific transporters, which have been isolated, characterized, and divided into five groups (Buchner et al., 2004).

Once inside roots, sulfate is first reduced and then incorporated into organic compounds (Hawkesford, 2000; Leustek et al., 2000). Both reduction and assimilation mainly occur in leaf tissues since the enzymes involved in these processes are localized in chloroplasts (and, to a lesser extent, in root plastids) (Feldman-Salit et al., 2019). The assimilatory pathway of sulfate starts with sulfate activation, catalyzed by the enzyme ATP sulfurylase (ATPS) which produces adenosine 5′-phosphosulfate (APS), which in turn is reduced to sulfite (SO32–) by the activity of APS reductase (APR) with glutathione (GSH) as electron donor. Sulfite is then reduced to sulfide (S2–) by the enzyme sulfite reductase (SiR). The first stable compound of S assimilation pathway is the amino acid Cys, synthesized by condensation of O-acetylserine (OAS) (produced by the activity of serine acetyl-transferase, SERAT) and S2– in the reaction catalyzed by O-acetylserine-(thiol)lyase (OAS-TL) (Hatzfeld et al., 2000; Leustek et al., 2000; Kopriva, 2006; Lewandowska and Sirko, 2008; Koprivova and Kopriva, 2014).

The second S-containing amino acid, Met, is synthesized in three steps using as precursor Cys. In the first step, the enzyme cystathionine-γ-synthase (CGL) catalyzes cystathionine production from Cys and O-phosphoserine (OPH), which derives from aspartate. An α, β-elimination of cystathionine is determined by the subsequent activity of cystathionine-β-lyase (CBL), which catalyzes the penultimate step in the biosynthesis of Met, in which cystathionine is cleaved to produce homocysteine (homo-Cys), pyruvate, and ammonia (Ravanel et al., 1998; Saito, 2000). In the last step, a methyl group from N5-methyl-tetrahydrofolate (5-CH3H4PteGlun) is transferred to homo-Cys by the cobalamin-independent Met synthase (MS), producing tetrahydrofolate and Met (Ravanel et al., 1998). Methionine is then incorporated into proteins or converted to SAM by SAM synthetase (SAMS) (Hoefgen and Hesse, 2007; Amir, 2010; Jobe et al., 2019).

S-adenosylmethionine is the precursor of ET, biotin, polyamines, NA, and many other secondary metabolites, such as PS. Moreover, SAM is the key substrate of different enzymes and the methyl donor in RNA and DNA modification.

Cysteine is also the precursor of the tripeptide glutathione (γ-glutamylcysteinglycin, GSH), which is synthesized in two ATP-dependent steps (Hoefgen and Hesse, 2007; North and Kopriva, 2007; Takahashi et al., 2011; Jobe et al., 2019). Firstly, γ-glutamylcysteine synthetase (ECS) catalyzes the synthesis of γ-glutamylcysteine (γ-EC) from L-glutamate and L-Cys, then GSH synthetase (GSHS) catalyzes the addition of glycine to the C-terminus to form GSH, which is the main form of reduced S in the phloem. Finally, Cys seems to also be the S-donor for Fe/S-cluster synthesis (Balk and Lobréaux, 2005). Other S-compounds are produced through an alternative pattern in which APS can be phosphorylated by the APS kinase (APSK) with the formation of adenosine 3’-phosphate 5’-phosphosulfate (PAPS), which is used as a precursor by the multiprotein family of sulfotransferases (SOTs) for the synthesis of coumarins, glucosinolates, flavonoids, gibberellic acids, hydroxyjasmonates, phenolic acids, steroids, or sulfate esters (Klein and Papenbrock, 2004; Lewandowska and Sirko, 2008).

Sulfate uptake, translocation, and assimilation require tight and coordinated regulation, which is achieved by both induction and repression. For instance, S deficiency in the growth medium commonly causes an increase in uptake rate, by upregulation of transporters, whereas the accumulation of S-containing compounds in plant cells inhibits uptake rate by downregulation of sulfate transporters (Hawkesford, 2003).

In addition to S availability, other factors are able to positively or negatively modulate S metabolism, such as heavy metals (Astolfi et al., 2004b, 2014; Yamaguchi et al., 2016; Ma et al., 2018).

Recently, it has been highlighted that one of the most striking adaptations to Fe shortage in plants relies on the plant ability to modulate sulfate uptake and assimilation rates (Astolfi et al., 2004a, 2006b; Ciaffi et al., 2013; Paolacci et al., 2014). Overall, Fe deficiency induces a significant increase in the demand for S, and thus activates S uptake and assimilation rate similarly to S deficiency condition. In particular, Fe deficiency increased 35SO42– uptake rates by maize and barley roots (Astolfi et al., 2004a, 2006b). Furthermore, Fe deficiency affected the partitioning from the shoots to the roots of reduced S pool within the plant: barley plants exhibited an increased root Cys concentration (Astolfi et al., 2006b), whereas tomato plants showed an increased root-to-shoot translocation of thiols (Paolacci et al., 2014).

Iron availability modulates the expression level of genes involved in both uptake and assimilation of sulfate in grasses, such as barley and durum wheat (Astolfi et al., 2012; Ciaffi et al., 2013), as well as in tomato (Paolacci et al., 2014; Zuchi et al., 2015).

In particular, the expression of the high-affinity sulfate transporter TdSultr1.3 was significantly induced by Fe deficiency both in shoots and roots of durum wheat plants, as well as most of the genes of the S assimilatory pathway (i.e., TdATPSul1, TdAPR, TdSir, TdSAT1, and TdSAT2) (Ciaffi et al., 2013). On the other hand, the expression of most of the tomato sulfate transporter genes, belonging to Group 1 (SlST 1.1 and 1.2), 2 (SlST 2.1), and 4 (SlST 4.1), was significantly up-regulated in Fe-deficient roots (Paolacci et al., 2014).

Recently, the dose-response effect in the activation of the adaptive mechanisms in durum wheat has been characterized, and the minimum level of Fe availability (i.e., an Fe concentration threshold) triggering the quite expensive response has been identified. In this respect, it has been demonstrated that there is an Fe-availability threshold (25 μM) below which a complex reorganization of S metabolism (and allocation) is required to guarantee an efficient plant response to the nutritional disorder. This hypothesis is supported by the increase of root ATPS activity, followed by the enhancement of both leaf ATPS and root OASTL activities and the rise of shoot thiols concentrations. It is evident that this process is very expensive and, when activated, could have detrimental consequences on biomass accumulation, thus limiting crop yields as well as weakening the grain quality (Celletti et al., 2016b).



WHAT ARE THE REASONS FOR THE CROSSTALK BETWEEN SULFUR AND IRON NUTRITION? ARE THERE COMMON SIGNALS INVOLVED IN THEIR HOMEOSTASIS?

The description of both Fe acquisition systems indicates that the amino acid Met could reasonably represent the first connection between Fe and S, since ET, NA, and PS biosynthesis feed on a common precursor, SAM (Hesse and Hoefgen, 2003; Bürstenbinder et al., 2007). The coexistence of traits of both strategies in crossed-form between monocots and dicots (Astolfi et al., 2020) further corroborates this hypothesis (Figure 1A).
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FIGURE 1. Overview of Fe and S Interaction in plants. (A) In plants, Fe and S availability affect S and Fe homeostasis, respectively (left panel, see text for details). The metabolic interlinks between Fe and S seem to be related to the biosynthesis of specific compounds: S is essential for Met synthesis, the pivotal precursor of ET, NA, and PS through the SAM biosynthesis pathway (right panel). (B) Hypothetical involvement of organelles (such as mitochondria) in the modulation of Fe and S deficiency-induced responses. The engagement of specific cellular sensing and signaling pathways might depend on the progression/severity degree of nutrient deficiency. Mitochondria impairment might be a source of still unknown signals (likely ROS and/or citric acid) able to modulate cellular responses. ET, ethylene; Met, methionine; NA, nicotianamine; PS, phytosiderophore; SAM, S-adenosylmethionine.


Ethylene plays a key role in many processes, such as root hair development, fruit ripening, and seed germination (Wang et al., 2002; Corbineau et al., 2014; Khan et al., 2017). Furthermore, together with jasmonic acid and salicylic acid, ET seems to be involved in abiotic and biotic stress responses (Wang et al., 2002; Yang et al., 2019). More importantly, it has been shown that ET biosynthesis increases under Fe deficiency at root level and is closely correlated with Fe3+-reducing capacity (Romera et al., 1999).

Phytosiderophores are secreted by the roots of grasses into the rhizosphere, where PS can form stable complexes with cationic micronutrients, such as Fe3+. The most common PS are mugineic acid (MA), deoxymugineic acid (DMA) and epi-hydroxymugineic acid (epi-HMA). Mori and Nishizawa (1987) identified the S-containing amino acid Met as their sole precursor.

The distribution of Fe within the plant is mainly governed by NA (Rudolph et al., 1985; Douchkov et al., 2002; Takahashi et al., 2003).

Based on this evidence, the interplay could be ascribed to a decrease in the production and release of PS induced by S deficiency in grasses, whereas to an impaired ET and NA production in tomato (Figure 1A).

It has been clearly demonstrated that S limited availability hinders plant capability to take up and accumulate Fe by decreasing PS release rate in grasses (Bouranis et al., 2003; Astolfi et al., 2006a; Zuchi et al., 2012; Celletti et al., 2016a) and by inhibiting ET and NA biosynthesis in dicots (Zuchi et al., 2009, 2015). In this respect, and specifically considering grasses, the altered PS release induced by the onset of the xenobiotic detoxification metabolism (Del Buono et al., 2015; Bartucca et al., 2017a, b), which mainly depends on S metabolites, further supports the hypothesis of the relevance of the S pools in plants for an appropriate response to Fe shortage. Furthermore, it has been suggested that limited availability of S could impact the Fe metabolism for its effect on Met synthesis. Under Fe deficiency, Strategy I plants increase ET and NA synthesis (Li and Li, 2004; Molassiotis et al., 2005; Zuchi et al., 2009) with relevant consumption of Met, which represents the precursor of both compounds (Hesse and Hoefgen, 2003), and the same could occur in Strategy II plants, in which Met is the precursor of PS (Guerinot and Yi, 1994). Consequently, the observed regulation of S uptake by roots and root-to-shoot translocation rate might be explained by the need to meet the increased demand for Met and its derivatives in response to Fe starvation (Zuchi et al., 2009, 2015; Paolacci et al., 2014).

However, higher S needs to sustain the activation of Strategy I and II mechanisms cannot fully account for the responses to combined S/Fe deficiency observed in plants.

For example, Fe limitation in wheat plants under adequate S nutrition produced a S deficiency-like response at the molecular level, resulting in higher expression of genes encoding high-affinity sulfate transporters. However, under S deficiency sulfate uptake, capacity of the roots was increased by the upregulation of TdSultr1.1, whereas under Fe deficiency it occurred through the upregulation of TdSultr1.3, highlighting that the mechanism at the base of the sulfate uptake modulation by Fe or S deficiency might be different (Ciaffi et al., 2013). On the other hand, in tomato plants the transcriptional level of SlIRT1, encoding the Fe transporter involved in Fe2+ uptake from the soil, in roots exposed to both Fe and S deficiency was approximately seven times higher than in control plants, which corresponded to the sum of the transcript increases observed in the -Fe (five times higher than in control plants) and -S (about two-fold higher than in control plants) plants. This finding suggests that IRT1 gene expression could be regulated by complex mechanisms that might differ from Fe supply. Several factors regulating the IRT1 expression at a post-translational level have been identified and characterized in recent years (Shin et al., 2013; Ivanov et al., 2014). In Arabidopsis thaliana, IRT1 acts as metal transceptor critical for optimal Fe and non-Fe metal homeostasis (Dubeaux et al., 2018). In particular, these authors demonstrated that IRT1 transporters are able to perceive metal excess (for instance Mn and Zn) and to address IRT1 to protein degradation.

Recently, Robe et al. (2020) showed that, in Arabidopsis thaliana, the S deficiency-mediated negative regulation of the Fe uptake machinery might be induced to limit the unspecific transport into the root of potentially toxic divalent cations such as Mn and Zn by IRT1 (and other transporters like NRAMP1). Such findings highlight the importance to investigate the regulation of Fe/S interplay by considering the interaction of both Fe and S also with other essential nutrients.

Thus, it is reasonable to suggest a direct interference of Fe with the signal transduction pathway involved in S metabolism (and vice versa), and with the activation of different acquisition strategies.

On the other hand, Fe-S clusters’ assembly has emerged as a further important link between S and Fe (Balk and Pilon, 2011; Mapolelo et al., 2013; Balk and Schaedler, 2014), even if there is no information about the coordination between the assembly of Fe-S clusters and the assimilation pathways of S and Fe. These clusters are the most ubiquitous and versatile prosthetic groups (Pala et al., 2018) and their biogenesis involves three different assembly machineries: SUF machinery located in chloroplast, the Fe-S cluster (ISC) assembly machinery in mitochondria, and the cytosolic Fe-S protein assembly (CIA) machinery located in cytosol (Balk and Schaedler, 2014). In particular, mitochondrion and the ISC has a central role, since this machinery matures all organellar Fe-S protein and provides an unknown S-containing compound, translocated by an ABC transporter into the cytosol, that is necessary for the extramitochondrial Fe-S protein maturation (Stehling and Lill, 2013). However, the evidence that both nutrients are needed for Fe-S cluster biosynthesis, even explaining reduced Fe uptake under S deficiency, does not explain increased S uptake and assimilation under Fe deficiency, suggesting the existence of unknown regulation/signaling mechanisms involved in their close interplay.

All these pieces of evidence seem to support a model in which Fe and S metabolism need to be coordinated, at least up to a certain level, so as to guarantee an adequate formation of the Fe-S clusters. On the other hand, having S metabolism additionally involved in multiple steps of primary and secondary metabolism, an independent form of modulation between the metabolism of the two nutrients, cannot be completely excluded.

At least in part, this hypothesis is mirrored by the intensive overlapping concurrently to a series of distinct responses observed by using metabolome (in tomato, Zuchi et al., 2015) and transcriptome-wide (in wheat, Zamboni et al., 2017) approaches to study the S/Fe interplay.

The potential role of citric acid in plant-adaptation to Fe deficiency and combined S and Fe deficiency has been recently suggested (Coppa et al., 2018; Vigani et al., 2018). The rationale for such an explanation has been that citric acid is produced in mitochondria, where the assembly of Fe-S clusters also occurs (Balk and Pilon, 2011). However, the role of both citrate and retrograde signaling in such regulating process still remains to be elucidated, as recently reviewed by Mendoza-Cózatl et al. (2019). To disentangle the involvement of organelles-nucleus communication in the Fe/S interplay, a broader interaction among nutrients should be considered. Indeed, mitochondria as well as chloroplasts are important cellular sites where complex nutrient interactions take place (Vigani and Hanikenne, 2018; Courbet et al., 2019).



CONCLUDING REMARKS

Identifying a suitable approach to unravel the mechanism underling the Fe/S interplay still remains challenging. The complex regulation of both Fe and S homeostasis involves different regulating pathways with likely different signal molecules (Wawrzyñska and Sirko, 2020). Such complexity relies mainly on the following aspects: (i) different regulating mechanisms might act at local (cell and/or tissue) and systemic level (shoot-root communication); and (ii) nutrient deficiency-induced responses of plants are tailored on the harshness degree of stress.

Due to the high Fe and S demand for both mitochondria and chloroplasts, at the cellular level particular interest has been devoted to the role of retrograde signaling pathway in the regulation of Fe- and S-responsive genes. It has been observed that mitochondrial dysfunction displayed alteration of such genes (Vigani and Briat, 2016). Although some indirect evidence suggested that citrate might be involved in the organelles-nucleus communication, signal molecules involved in such pathway under Fe and S deficiency are still not known. As reviewed by Mendoza-Cózatl et al. (2019), the oxidative stress and, in turn, ROS signaling, might drive retrograde pathway during Fe and S deficiency, since the ROS generated in the Arabidopsis thaliana mutants with diverse mitochondrial dysfunction phenotypes might be responsible for the transcriptional reprogramming observed across mutants (Schwarzländer et al., 2012). The transcriptomic analysis of such mutants revealed that the expression of several Fe- and S-responsive genes was affected in plants showing an induced mitochondrial dysfunction (Vigani and Briat, 2016), highlighting that a link between mitochondrial impairment and Fe and S homeostasis would be possible. However, if such regulation occurs directly or indirectly from mitochondria, still remains to be elucidated.

The severity degree of nutrient deficiency also requires different regulating mechanisms depending on stress phases perceived by plants (Vigani and Murgia, 2018). The progression of Fe deficiency perception occurs through three different phases: (i) the alarm stress (referring to the homeostatic control of nutrients content), (ii) the resistance stress (when plant growth starts to be impaired), and (iii) the exhaustion phase (when severe and prolonged deficiency determines growth retardation and death). Such different stress phases involve the engagement of different plant responses. Most likely, such stress progression patterns might also occur for other nutrients, such as S. Therefore, in order to discriminate the molecular actors responsible for Fe/S interplay it is important to identify which step of stress the plants are facing. In this contest, organelles such as mitochondria could play a role in modulation of cellular responses showing different patterns in relation to different severity degrees of nutrient deficiency (Figure 1B).

In conclusion, the analysis of the scientific literature concerning plant mineral nutrition also reported in the present review, clearly shows that the comprehension of the adaptive responses of plants/crops to the nutrient fluctuations in soil have had a notable development in recent years. However, despite the undoubted progress in knowledge, these pieces of information seem to be too limited to fully understand and then to contribute to setting up appropriate agronomical practices for more complex edaphic conditions where more than one single nutrient/element of fertility is concurrently the cause of the (nutritional) stress. Moreover, this aspect appears even more important when the need for an adequate reserve of one nutrient for an appropriate response to the shortage of another one is also considered. A clear example in this sense is represented by Fe and S interplay. The increasing frequency of these cases at the field level, in particular in marginal soils, and the need to rely on all arable land to overcome the challenge of food demand and security, urge researchers to proceed with this methodological approach focused on soil-root system in its integrity and complexity, including the reciprocal interactions among different nutrients. It is definitely complicated but the non-additivity of the adaptive crop responses to each nutrient seems to highlight its strategic nature. Moreover, the transition toward sustainability that characterizes the entire agricultural production system of our time cannot ignore a better and more defined understanding of the phenomena underlying the soil-plant interactions at the rhizosphere that are crucial for the best use of the endogenous nutrient soil resources while preserving its fertility in the long period.
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Numerous central biological processes depend on the participation of the essential elements iron (Fe) or copper (Cu), including photosynthesis, respiration, cell wall remodeling and oxidative stress protection. Yet, both Fe and Cu metal cations can become toxic when accumulated in excess. Because of the potent ligand-binding and redox chemistries of these metals, there is a need for the tight and combined homeostatic control of their uptake and distribution. Several known examples pinpoint an inter-dependence of Fe and Cu homeostasis in eukaryotes, mostly in green algae, yeast and mammals, but this is less well understood in multicellular plants to date. In Arabidopsis, Cu deficiency causes secondary Fe deficiency, and this is associated with reduced in vitro ferroxidase activity and decreased root-to-shoot Fe translocation. Here we summarize the current knowledge of the cross-talk between Cu and Fe homeostasis and present a partial characterization of LACCASE12 (LAC12) that encodes a member of the multicopper oxidase (MCO) protein family in Arabidopsis. LAC12 transcript levels increase under Fe deficiency. The phenotypic characterization of two mutants carrying T-DNA insertions suggests a role of LAC12 in root-to-shoot Fe partitioning and in maintaining growth on Fe-deficient substrates. A molecular understanding of the complex interactions between Fe and Cu will be important for combating Fe deficiency in crops and for advancing biofortification approaches.
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INTRODUCTION

Copper (Cu) and iron (Fe) are essential micronutrients for plants and most other forms of life. Both elements function as cofactors of important enzymes in a large number of biochemical pathways due to their redox chemical properties, as for example the electron transport chains involved in photosynthesis and mitochondrial respiration (Nouet et al., 2011; Ravet and Pilon, 2013). Fe also plays an important role in chlorophyll biosynthesis, sulfate assimilation, hormone signaling, nitrogen metabolism and DNA synthesis and repair. Cu is also required in ethylene perception, cell wall metabolism and oxidative stress responses (Printz et al., 2016). The importance of both micronutrients is even more evident through the deleterious effects that their corresponding deficiencies provoke in plants. Common symptoms of Cu deficiency are plant chlorosis in young tissues and necrosis in reproductive organs (Tewari et al., 2006; Printz et al., 2016). Fe deficiency causes severe chlorosis, and is a major restriction for crop yield and nutritional quality (Marschner, 1995; Puig et al., 2007; Connorton et al., 2017; Kroh and Pilon, 2020). The same redox properties of Cu and Fe that are crucial for the correct function of a wide range of proteins, can become toxic when these metals are accumulated in excess. Both excess Fe and excess Cu can induce the uncontrolled production of reactive oxygen species (ROS), combined with between-metal interference and competition (Ravet and Pilon, 2013). Consequently, there is a need for a tight homeostatic control of uptake and distribution of both metals.

The impact of plant nutrition on human health is large. The World Health Organization (WHO) estimates that 30% of the world’s population1 are not taking in adequate amounts of Fe and therefore suffering from Fe-deficiency anemia. In infancy, for example, insufficient Fe intake can result in cognitive limitations that persist into adulthood (Collins et al., 2010). Additionally, it is well known that Fe and Cu also interact in the human diet. Both Fe and Cu deficiency can co-occur in selected populations consuming normal diets (Collins et al., 2010). To handle better these micronutrient deficiencies, a number of different strategies are being developed, as for instance oral additives, enriching prepared foods by adding supplements, and spraying diverse crop plants with fertilizers containing Cu or Fe (Zhao and McGrath, 2009; Shahzad et al., 2014). Another approach is to screen plants for identifying varieties with enhanced levels of Fe or Cu in their grains or in other edible tissues, followed if necessary, by using certain genetic markers to later breed only with chosen varieties. This approach is known as biofortification. Targeted biofortification approaches are also promising, as exemplified in the study in which increased production of ferritins or nicotianamine synthases could help to increase the Fe content in rice grains (Masuda et al., 2013). However, the accumulation of excess concentrations of the same essential metals can also cause human diseases as for example Wilson’s disease (Cu) or hemochromatosis (Fe) (Dusek et al., 2015). Thus, these metals are a risk for human health. Additionally, overaccumulation of these metals can contaminate plants, livestock and wildlife (Nriagu and Pacyna, 1988). The position of plants at the beginning of the food chain implies that an improved understanding of metal homeostasis of higher plants is fundamentally important for the environment, agriculture and human health.

Higher plants have established systemic homeostatic processes to efficiently take up, distribute and use micronutrients such as Cu and Fe. The molecular mechanisms of Cu and Fe homeostasis are quite well understood individually. However, an understanding of the cross-talk among the homeostasis of these metals is only beginning to arise (Table 1). Metalloprotein substitution is one well-characterized example of cross-talk between Cu and Fe homeostasis in higher plants (Yamasaki et al., 2007; Waters et al., 2012; Pilon, 2017). In Arabidopsis thaliana, when Cu is scarce, CU/ZN SUPEROXIDE DISMUTASES 1 and 2 (CSD1 and CSD2) are replaced by FE SUPEROXIDE DISMUTASE 1 (FSD1), most likely to reorganize metabolism to economize on Cu for maintaining the functions of essential proteins such as PLASTOCYANIN (PC). A metalloprotein substitution mechanism of economizing on Cu was first identified in the green alga Chlamydomonas reinhardtii. When this green alga grows under Cu deficiency conditions, plastocyanin is replaced by the haem-containing cytochrome c6 (Quinn and Merchant, 1995; Kropat et al., 2005). This substitution mechanism is regulated by the transcription factor COPPER RESPONSE REGULATOR (CRR1) in Chlamydomonas. In Arabidopsis, the homologous SQUAMOSA PROMOTER BINDING PROTEIN-LIKE7 (SPL7) (Yamasaki et al., 2009; Bernal et al., 2012) operates through microRNA 398 (miR398) (Yamasaki et al., 2007). Under Cu deficiency, SPL7 binds to GTAC motifs in the promoter regions of target genes and activates the transcription of FSD1 as well as of MIR398, among other Cu-miRNAs, which in turn suppress CSD1 and CSD2 transcript levels. miR398 also regulates COPPER CHAPERONE FOR SOD (CCS) transcript levels (Sunkar and Zhu, 2004; Yamasaki et al., 2009; Beauclair et al., 2010). Additionally, under Fe deficiency, FSD1 is substituted by CSD1 and CSD2. This operates via the downregulation of miR398 under Fe deficiency, which causes the upregulation of CSD1 and CSD2 transcripts (Waters et al., 2012). Another so-called Cu-microRNA, miR408, is also described to participate in the metabolic adjustment to low Cu supply (Buhtz et al., 2010; Carrió-Seguí et al., 2019b). Under Cu deficiency conditions, the transcription of MIR408 is upregulated by SPL7 via the binding to the GTAC motifs within the MIR408 promoter (Yamasaki et al., 2009; Bernal et al., 2012; Zhang and Li, 2013). miR408 mediates the post-transcriptional downregulation of the LAC3, LAC12, and LAC13 mRNAs encoding LACCASE-LIKE MULTICOPPER OXIDASES (LMCOs) (Abdel-Ghany and Pilon, 2008). The A. thaliana genome contains 17 loci encoding laccase-like multicopper oxidases (LMCOs). In all LMCO proteins the characteristic Cu binding motifs associated with MCO functionality are conserved (Supplementary Figure 1) (Turlapati et al., 2011). Laccases are glycoproteins that catalyze the oxidation in vitro of a wide variety of aromatic substrates including phenolic compounds and amines (McCaig et al., 2005; Turlapati et al., 2011). Based on this, LMCOs could have more diverse functions than initially expected (Reiss et al., 2013). However, their precise physiological/biochemical roles in higher plants remain largely unclear. These proteins could be involved in various physiological processes such as Cu deficiency response, Fe metabolism, lignification, and oxidative stress (McCaig et al., 2005; Turlapati et al., 2011).


TABLE 1. Overview of the publications reporting cross-talk between Fe and Cu homeostasis in plants.

[image: Table 1]Arabidopsis plants with modified miR408 levels experience the deregulation of several processes under Fe-deficient conditions, as for instance a reduction of the chlorophyll and lignin content and deregulation of the expression of several oxidative stress and lignin biosynthesis genes (Carrió-Seguí et al., 2019b). This suggests a potential role of LMCOs in Fe deficiency. However, the signaling pathway that drives a repression of miR408 levels under Fe deficiency conditions and its physiological relevance remain unknown (Carrió-Seguí et al., 2019b). MIR408 was also identified as a target gene of ELONGATED HYPOCOTYL 5 (HY5) through the binding to G-box motifs. HY5 is a transcription factor that regulates light signaling and physically interacts with SPL7 (Zhang et al., 2014). HY5 and SPL7 can simultaneously bind to the MIR408 promoter and coordinately control miR408 levels and its target genes in response to light and Cu, with SPL7 having a stronger impact on miR408 levels. The constitutive production of miR408 was reported to rescue the developmental phenotypes of the hy5, spl7 and hy5 spl7 mutants under Cu deficiency conditions. These results suggested that miR408 mediates light-copper crosstalk (Zhang et al., 2014). In a variety of plant species such as tobacco and rice, the overexpression of MIR408 improves photosynthesis and growth rates as well as seed yield (Zhang et al., 2017; Pan et al., 2018; Song et al., 2018).

Another interaction between Cu and Fe homeostasis in A. thaliana involves the Cu TRANSPORTER (COPT) family, members of which generally mediate Cu(I) import into the cytosol (Sancenón et al., 2003). Among the COPT genes, COPT2 is a plasma membrane protein that functions in Cu uptake. Under Cu deficiency, COPT2 is expressed most highly in the roots and is upregulated in dependence on SPL7 (Yamasaki et al., 2009; Bernal et al., 2012). Additionally, COPT2 was shown to contribute to Fe homeostasis (Perea-García et al., 2013). COPT2 transcript levels are upregulated in response to Fe deficiency and this regulation partially depends on FER-LIKE IRON DEFICIENCY INDUCED TRANSCRIPTION FACTOR (FIT), one of the principal transcription factors that regulate the Fe deficiency response in Arabidopsis (Colangelo and Guerinot, 2004). A potential explanation for this regulation may be a prioritization of a Cu reallocation to Cu-dependent enzymes such us CSD1 and CSD2, which replace FSD1 when Fe levels are low and minimize further Fe consumption (Waters et al., 2012; Perea-García et al., 2013). The dual regulation of COPT2 by FIT and SPL7 may explain the role of the encoded copper transporter in the interaction between the metal homeostasis of both metals. A simultaneous Cu and Fe deficiency study shows that copt2 mutant plants are more tolerant than the wild-type plants, with an alleviation of leaf chlorosis, an increase of chlorophyll concentration and higher plastocyanin concentrations, resulting in improved growth and seed yield (Perea-García et al., 2013). In addition, based on gene expression analysis, a link is suggested between COPT2-mediated Cu uptake through the Cu transporter COPT2 and phosphate (Pi) starvation signaling, which is strongly related to Fe homeostasis (Ward et al., 2008; Perea-García et al., 2013). Transcript profiling of copt2 and wild-type plants grown under Fe deficiency and simultaneous Fe and Cu deficiency, respectively, show that a relevant number of the upregulated transcripts are associated to Pi starvation. Under Pi starvation, the copt2 phenotype is not affected, and the transcript levels of COPT2 are not changed in wild-type Arabidopsis plants. Taken together, these observations suggest that COPT2 function affects the regulation of Cu, Fe and Pi deficiency responses (Perea-García et al., 2013).

The role of other members of the COPT family in both Cu and Fe homeostasis was also studied. To analyze the interconnection between internal vacuolar pools of Fe and Cu, loss-of-function mutants of the tonoplast Cu transporter COPT5 and the Fe transporters NATURAL RESISTANCE-ASSOCIATED MACROPHAGE PROTEIN 3/4 (NRAMP3 and NRAMP4), respectively, were characterized (Carrió-Seguí et al., 2019a). This study demonstrates that the copt5 mutant is affected by Fe deficiency and the growth of the nramp3nramp4 double mutant is strongly damaged under Cu deficiency. copt5 mutant plants show a strong upregulation of NRAMP4 transcript levels whereas in the nramp3nramp4 mutant COPT5 transcripts are highly expressed under Cu deficiency. The authors suggested that the regulation of vacuolar Cu and Fe pools is interconnected, the absence of a functional tonoplast metal transporter for one of the metals provokes the reallocation of the other metal and the induction of its respective metal transporter (Carrió-Seguí et al., 2019a). Additionally, the overexpression of the Cu transporter COPT1 in rice plants induces the accumulation of Fe in rice grains (Andrés-Bordería et al., 2017). Furthermore, Arabidopsis plants overexpressing COPT1 or COPT3 grown under Cu deficiency conditions cannot properly respond to Fe deficiency. These plants show an altered expression of several Fe homeostasis genes, including genes of the Fe uptake system and their transcriptional regulators. This suggests the relevance of a correct interconnection between Cu and Fe homeostasis under metal deficiency growth conditions (Perea-García et al., 2020).

A study addressing the role of SPL7 in Fe homeostasis of Arabidopsis hypothesized on new potential functions for SPL7 as a transcriptional repressor of several components of the Fe uptake machinery, such as the IRON MAN/FEP1 (IMA/FEP) peptides and the subgroup Ib of BASIC HELIX-LOOP-HELIX (bHLH) transcription factor, as well as of genes of the ethylene response factor (ERF) redox homeostasis network (Kastoori Ramamurthy et al., 2018). Simultaneous Cu and Fe deficiency (-Cu -Fe) in Arabidopsis leads a reconfiguration of a huge number of molecules, such as central carbon metabolites, including a decrease of photosynthates and an increase of free amino acids under -Cu -Fe conditions. This was proposed to be associated with a swap from autotrophic to heterotrophic growth, and also includes organic acids like fumaric acid in the response to both deficiencies that may help plants to acclimate to simultaneous -Cu -Fe deficiency (Garcia-Molina et al., 2020). A more recent publication reports that the availability of cytosolic Fe is increased when the synthesis of cytosolic fumarate is decreased (Garcia-Molina et al., 2021).

In yeast and humans, Cu is essential for the uptake and distribution of Fe (Muckenthaler et al., 2008). In these organisms, the activity of MULTICOPPER OXIDASES (MCOs), which contain Cu as a cofactor, of oxidizing Fe(II) to Fe(III) is indispensable for the operation of specific transmembrane Fe transport roles (Askwith et al., 1994; Harris et al., 1995; Muckenthaler et al., 2008; Gulec and Collins, 2014). In yeast, Fe uptake involves the prior extracellular reduction of ferric chelates by the cell surface reductases FRE1 and FRE2. Subsequently, Fe2+ cations are reoxidized to Fe3+ by the multicopper oxidase FET3, which acts as a ferroxidase, and Fe3 + cations are subsequently imported through the transmembrane permease FTR1. This FET3-FTR1 complex is known as the high affinity Fe uptake system. As a consequence, Cu deficiency interferes with high-affinity Fe uptake into yeast cells and can cause Fe deficiency symptoms (Askwith et al., 1994). In addition, the plasma membrane transporter FET4 mediates low-affinity Fe2+ uptake. Different from yeast, multicopper ferroxidases are required for cellular Fe export in humans. There are three key multicopper ferroxidases, caeruloplasmin, haephestin and zyklopen, which act in conjunction with the plasma membrane Fe2+ exporter ferroportin 1. Caeruloplasmin acts in physiological processes, including Cu transport and biogenic amine oxidation, and it is an essential ferroxidase in human Fe homeostasis. Haephestin is responsible for allowing the transport of dietary Fe from intestinal enterocytes into the bloodstream. Zyklopen functions to oxidize the ferrous iron to ferric iron after transfer through ferroportin from placental trophoblasts from mother to fetus (Hellman and Gitlin, 2002; Chen et al., 2010; Gulec and Collins, 2014). Analogous to the mechanism of yeast high-affinity Fe uptake, the MULTICOPPER FERROXIDASE FOX1 of the green alga C. reinhardtii contributes to cellular Fe acquisition under Fe deficiency (La Fontaine et al., 2002).

Bernal et al. (2012) report that severe Cu deficiency (no added Cu) induces Fe deficiency in the Arabidopsis spl7 mutant, and that this is associated with decreased in vitro ferroxidase activity. Moreover, Cu deficiency causes reduced root-to-shoot Fe translocation, leading to decreased levels of the Fe storage protein ferritin and Fe-dependent catalase activity in shoots. Physiological Fe deficiency in shoots of severely Cu-deficient plants activates root Fe deficiency responses, namely increased root surface Fe(III)-chelate reductase activity and IRT1 transcript levels, in accordance with the known systemic control of some root Fe deficiency responses. Furthermore, under Cu deficiency conditions but supplemented with extra Fe, the growth rate of the spl7-2 mutant shows a marked improvement, and chlorophyll concentrations are increased to ∼85% of wild-type levels. This is consistent with a model according to which, one or several Fe transmembrane transport processes of plants depend on MCO-mediated ferroxidase activity, similar to yeast, humans and green algae. Indeed, two MCO proteins, LOW PHOSPATE ROOT 1 (LPR1) and LOW PHOSPATE ROOT 2 (LPR2), together with a P5-type ATPase (PDR2), have central roles in local phosphate sensing, and this response is linked to Fe homeostasis (Svistoonoff et al., 2007; Ward et al., 2008; Ticconi et al., 2009; Müller et al., 2015). Phosphate deficiency induces the inhibition of root growth in Arabidopsis seedlings, and it is proposed that this is a consequence of Fe toxicity in the root tip (Ward et al., 2008). Interestingly, the MCO LPR1 functions as a cell-wall localized ferroxidase and is responsible for apoplastic Fe(III) deposition in roots tips under phosphate deficiency (Müller et al., 2015). Some authors hypothesize that COPT2 may be a candidate for Cu transport to LPR1 and LPR2 because roots of copt2 mutants are longer than those of the wild-type, which is in accordance with the phenotype detected in lpr1 and lpr2 mutants (Svistoonoff et al., 2007; Perea-García et al., 2013). Further insights into the molecular basis of cellular Fe export pathways in plants may help to improve the knowledge of the connections between Cu and Fe homeostasis in plants, and provide important insights for combating Fe deficiency in crops and for advancing biofortification approaches.

Here, we summarize the current knowledge of the cross-talk between Cu and Fe homeostasis and provide a partial characterization of the role of Arabidopsis LACCASE12 (LAC12), which encodes a member of the laccase multicopper oxidase (LMCO) protein family, in root-to-shoot Fe partitioning.



MATERIALS AND METHODS


Plant Material

The Arabidopsis thaliana T-DNA insertion lines SALK_004019 (lac12-1, Col-0 background), SALK_047456 (lac12-2, Col-0 background) and SALK_070852 (ao, Col-0 background) were obtained from the Nottingham Arabidopsis Stock Centre, based on http://signal.salk.edu. Col-0 seeds were obtained from the NASC. The irt1 mutant (pam42) was obtained from Prof. Dr. Dario Leister, LMU Munich (DE) (Varotto et al., 2002). spl7-2 and frd3-7 mutants were previously used in our lab (Bernal et al., 2012; Quintana et al., 2021).



Growth Conditions and Experimental Treatments

For selection of homozygous mutant lines, plants were cultivated on soil. After 4 to 5 days of seed stratification on moist paper at 4°C, seeds were transferred onto pre-fertilized soil mixture Type Minitray (Balster Einheitserdewerk, Fröndenberg) in 30 × 50 cm plastic square trays. Germination and cultivation were performed in a growth chamber at 20°C, 50% relative humidity, in long-day conditions (16 h light, 8 h dark) at a light intensity of 120 μmol m–2 s–1 (Percival CU-41L4; CLF Climatics).

For sterile plant growth, seeds were rinsed in 70% (v/v) ethanol for 1 min, surface-sterilized in a solution containing 1.2% (w/v) NaOCl and 0.02% (v/v) Triton X-100 for 10 min and washed five times with ultrapure water (Milli-Q; Merck). Then, seeds were sown on a modified Hoagland’s solution containing macro- and micronutrients as described (Bernal et al., 2012), supplemented with 1% (w/v) sucrose and solidified with 1% (w/v) agar Type M (Sigma) in 12 × 12 cm square Petri plates (Greiner Bio-One). Plates were placed at 4°C in the dark for 3 d and then grown vertically for 10 days in 11 h light, 22°C/13 h dark, 18°C cycles (Percival CU-41L4; CLF Climatics). To prepare the treatment Hoagland’s medium, Agar M (Sigma) was washed with EDTA to remove all contaminant metals as described (Haydon et al., 2012). Treatment Hoagland media contained 1% (w/v) sucrose and solidified with 0.8% (w/v) EDTA-washed agar Type M (Sigma). After 10 days of growth, seedlings were transferred to treatment Hoagland media from which Fe was omitted (-Fe treatment) or added as 10 μM FeHBED (+Fe treatment) for 5 days. To perform Perls’ stain, 7-d-old seedlings were cultivated in the same conditions described above but were sown directly on the treatment media.



Quantification of Plant Biomass and Tissue Elemental Concentrations

Shoots and roots of 15-day-old seedlings were separated with a scalpel, pooled from 20 seedlings, washed in ultrapure water and carefully blotted dry using paper towels to quantify shoot and root fresh biomass. Subsequently, shoots and roots were desorbed in 35 mL of an ice-cold solution of 5 mM CaCl2 and 1 mM MES-KOH, pH 5.7, for 10 min, in ice-cold solution of 5 mM CaSO4, 10 mM Na2EDTA, pH 5.7 for 5 min, and twice in ice-cold ultrapure water for 1 min. Shoot and root tissues were dried at 60°C for 3 d and equilibrated at room temperature for at least 3 d before homogenization. Dried shoot and root material was homogenized, weighed, and subsequently digested for the quantification of elemental concentrations by inductively coupled plasma atomic emission spectrometry (ICP-OES) in an iCAP 6500 DUO instrument (Thermo-Fisher) as described previously (Sinclair et al., 2017). Three independent experiments were carried out, each comprising 4 to 5 plates per genotype and treatment.



Genotyping

Plants homozygous for the lac12 T-DNA insertions were identified by PCR on genomic DNA: The specific primer for the left border of the T-DNA (5′-GCGTGGACCGCTTGC TGCAACT-3′) was used in combination with a LAC12 specific primer (5′- CACCATGACGACTGTTCACACATTCTCT-3′) for SALK_004019 (lac12-1) and for SALK_047456 (lac12-2), respectively. LAC12 WT allele was identified by PCR on genomic DNA using the following LAC12 specific primers, LAC12_F 5′-CACCATGACGACTGTTCACACATTCTCT-3′ and LAC12-R 5′-CTAGCAAATAGGTAGATCGTGAGGA-3′. Plants homozygous for the ao T-DNA insertions were identified by PCR on genomic DNA: The specific primer for the left border of the T-DNA (5′-GCGTGGACCGCTTGCTGCAACT-3′) was used in combination with an AO specific primer (5′- CACCATGATGAGACCGAAGAGATCA -3′) for SALK_070852. AO WT allele was identified by PCR on genomic DNA using the following AO specific primers, AO-F 5′- CACCATGATGAGACCGAAGAGATCA -3′ and AO-R 5′-TCAGCGTTTAGTCTGACCACATCC -3′. Genomic DNA isolation was done as described (Edwards et al., 1991).



RNA Extraction, cDNA Synthesis, and Real-Time PCR

Total RNA was isolated from 100-mg subsamples of frozen root and shoot tissues exactly as described (Bernal et al., 2012). Quality and quantity of RNA was analyzed spectrophotometrically at the wavelengths of 260 and 280 nm, respectively. Equal amounts of RNA (1 μg) were used as a template for cDNA synthesis (RevertAid First Strand cDNA Synthesis Kit, Thermo Fisher Scientific) with oligo-dT primers following manufacturer′s instructions. RT-qPCR was performed on a LightCycler480 (Roche) in a 10-μL reaction mixture containing 16 ng of cDNA, each primer at 0.25 μM and 5 μL of 2X GoTaq qPCR Master Mix (Promega) as described (Quintana et al., 2021). Reaction efficiencies (RE) for each PCR reaction were determined with the LinRegPCR program, version 2016.0 (Ruijter et al., 2009). Threshold cycle values were calculated for each reaction at a threshold value of the normalized reporter Rn of 0.2. Relative transcript levels were calculated as follows: RTL = 1000 × REm–ΔCT, whereby REm is the arithmetic mean of the reaction efficiency and ΔCT values were calculated as follows: ΔCT = CT (target gene) – CT (constitutively expressed reference gene: UBQ10). Primers sequences are listed in Supplementary Table 1.



Yeast Constructs, Strains, and Growth

IRT1 and LAC12 cDNAs, including translational start and stop codon, were amplified from wild-type cDNA by RT-PCR with IRT1-ATG_F 5′-CACCATGGCTTCAAATTCAGCAC-3′ and IRT1-cDNA_TAA_R 5′-TTAAGCCCATTTGGCGATAATCG-3′ and with LAC12-ATG_F 5′-CACCATGACGACTGTTCACACA TTCTCT-3′; LAC12-TAG-R 5′-CTAGCAAATAGGTAGATC GTGAGGA-3, respectively. Both cDNAs were cloned into pENTR-D/TOPO (Invitrogen) and verified by Sanger sequencing before performing the recombination reaction into the yeast expression vector pFL61-Gateway (Desbrosses-Fonrouge et al., 2005) using LR clonase (Invitrogen) according to manufacturer′s protocol. Both constructs were checked by Sanger sequencing. For complementation assays, competent S. cerevisiae yeast cells of the wild-type (WT, DY1457) and fet3fet4 mutant (DEY1453; Dix et al., 1994) strains were transformed with 1 μg of each construct or the empty vector (Dohmen et al., 1991). The corresponding WT yeast strain transformed with the empty vector was used as positive control. Transformants were selected on SD media lacking uracil (SD-Ura) pH 5.7 with 2% (w/v) D-glucose as a carbon source. For each construct, three independent transformant colonies were grown overnight at 30°C in 2 mL SD-Ura pH 5.7 media to early stationary phase (OD600 ≈ 0.3, ca. 107 cells ml–1). Yeast cells were then centrifuged at 13.000 rpm for 1 min, washed once with SD-Ura pH 5.7 media with 2% (w/v) D-glucose and resuspended in the same media. Aliquots of cell suspensions were serially diluted with SD-Ura pH 5.7 media with 2% (w/v) D-glucose in a 10-fold series (ca. 107, 106, 105, and 104 cells ml–1, based on OD600). Drops of 10 μL were spotted onto solid (2% w/v Bacto agar, Difco) SD-Ura pH 5.7 media with 2% (w/v) D-glucose supplemented with or without 0.5 mM FeSO4. Plates were incubated at 30°C for 3 days and photographed using a Nikon Digital SLR camera with an AF-S DX Zoom NIKKOR 18–70 mm 1:3, 5–4,5G ED-IF objective.



Localization of Fe(III) With Perls’ Stain

7-d-old seedlings germinated and grown on Fe-sufficient (+Fe, 10 μM FeHBED) or Fe-deficient (-Fe, 0 μM FeHBED) Hoagland’s medium solidified with EDTA-washed agar were harvested at ZT1. Roots (∼4 cm from root tip) of 3 to 5 seedlings were pooled and washed once with ice-cold 10 mM EDTA (pH 5.7) for 5 min and three times with ice-cold ultrapure water for 1 min. Then, the samples were vacuum-infiltrated with Perls’ stain solution (equal volumes of 4% (v/v) HCl and 4% (w/v) potassium ferrocyanide) for 15 min (Roschzttardtz et al., 2009). Roots were incubated in the Perls’ stain solution for another 15 min at room temperature and then rinsed three times with ultrapure water and mounted in ultrapure water for visualization. DAB intensification was performed as described (Brumbarova and Ivanov, 2014). Photographs were taken using an Axioscope microscope, Axiovision sofware (Zeiss) and Axiocam MRc Rev. 3 camera.



In-gel Detection of Ferroxidase and Phenoloxidase Activities

These assays were performed exactly as described (Bernal et al., 2012). The experiment was repeated twice using independent protein samples extracted from aliquots of frozen homogenized tissues harvested in a common experiment. Band quantification was done using the ImageJ software.



Measurement of Chlorophyll Concentrations

Total chlorophyll was extracted with 1.5 ml methanol from 20 to 40 mg of frozen ground shoot tissues of 15-day-old seedlings. Absorbance values were determined spectrophotometrically at the wavelengths of 652 and 665 nm in 96-well plates in a Synergy HTX Multi-Mode Reader (Agilent, former BioTek), using methanol as a blank. Microplate path length-correction to 1 cm was carried out with the factor 0.51 according to Warren, 2008. Chlorophyll concentrations were calculated as described (Porra et al., 1989) and normalized to fresh biomass.



In silico Sequence Analysis of MCO in Arabidopsis thaliana

Search of the TAIR10 protein databases was done with the BLAST programme (Altschul and Lipman, 1990) using the previously identified Saccharomyces cerevisiae FET3 protein sequence, the multicopper ferroxidase (MCO) involved in high-affinity Fe uptake. Alignments were done using Mafft program (Katoh et al., 2002). The location of putative transmembrane helices was predicted using the programme ARAMEMNON at http://aramemnon.botanik.uni-koelm.de/ (Schwacke et al., 2003).



3D-Structure Modeling

To model the 3D-structure of LAC12, LAC13 and AO from Arabidopsis thaliana, the Phyre2 version 2.0 was used (Kelley and Sternberg, 2009) and subsequently compared with the well-known 3D-structure of ScFET3 (Taylor et al., 2005). LAC12, LAC13 and AO 3D-structure models were submitted to the 3DLigandSite server to predict in silico metal binding (Wass et al., 2010).



Statistical Analysis

Multiple comparisons were conducted by two-way analysis of variance (ANOVA; Tukey’s honestly significant difference [HSD]) using Statgraphics software (version XV.I; Statpoint Technologies).



RESULTS


In silico Identification of FET3 Homologs in Arabidopsis thaliana

In humans, membrane-associated caeruloplasmin, a multi-copper oxidase, drives Fe export from cells via the Fe2+ exporter ferroportin by oxidizing Fe2+ upon its arrival on the external face of the plasma membrane (Hellman and Gitlin, 2002). Previously, we observed that severely Cu-deficient plants are also Fe-deficient as a result of impaired root-to-shoot Fe partitioning (Bernal et al., 2012). We speculated on a possible role of a MCO in the cellular export of Fe into xylem vessels in roots of A. thaliana, in analogy with membrane-associated human caeruloplasmin. Therefore, we conducted an in silico analysis to identify candidate MCOs functioning as ferroxidases based on the best studied MCO FET3 of the high-affinity Fe uptake system of Saccharomyces cerevisiae (Askwith et al., 1994). FET3 has four catalytic Cu ions in the mononuclear Cu cluster (T1) and the trinuclear Cu cluster (T2/T3), where the oxidation of Fe2+ cations takes place. Based on site-directed mutagenesis of the S. cerevisae FET3 protein, previous research identified D319 and D320 to be critical for the growth of yeast under Fe-deficient conditions. In particular, mutation of D320 abrogated the FET3-dependent Fe uptake function (Bonaccorsi di Patti et al., 2005; Quintanar et al., 2007). Kinetic studies of mutations of the E185, D283, and D409 residues, respectively, showed their important role in Fe(II) oxidation (Quintanar et al., 2007). In LPR1 and LPR2, two MCOs that act as ferroxidases mediating root phosphate deficiency responses in Arabidopsis, the acidic residues of FET3 are also conserved (E269, D370 and D462 in LPR1 and E271, D372 and D464 in LPR2) as shown the structural superimpositions of LPR1 and LPR2 onto FET3, respectively (Müller et al., 2015). As a first step, a BLAST search using the yeast FET3 sequence generated a list of candidate MCOs that may have ferroxidase functions in A. thaliana, among them the LMCO family and several ascorbate oxidases (Table 2). An alignment of the LMCO, the ascorbate oxidase AO and the LPR1 and LPR2 sequences from A. thaliana with the sequence of FET3 from yeast revealed the conserved C and H residues that form the trinuclear (T2/T3) and mononuclear (T1) Cu binding sites (Supplementary Figure 1). The essential ferroxidase E185, D283, and D409 residues of yeast FET3, seem to be conserved in LAC3 (E219, D333, D462), LAC5 (E220, D341, D472) LAC12 (E218, D326, D457), LAC13 (E217, D331, D461), LPR1 (E269, D370, and D462), LPR2 (E271, D372, and D464) and AO (E198, D354, and D465) (Supplementary Figure 1, residues highlighted in pink), and the ferroxidase aspartic residues D319 and D320 of FET3 appear to be conserved in LAC8 (D407, D408), LAC9 (D410, D411), LAC12 (D351, D352) and LAC16 (D367, D368) (Supplementary Figure 1, residues highlighted in red). This conservation was suggested based on our BLAST results and alignment, as well as on the comparison of the 3D-structure of FET3 with the 3D-structure models of LAC12, LAC13, and AO (Supplementary Figure 2A). Our in silico analysis was also compared with the homology modeling previously conducted for LPR1 and LPR2 and the structural superimpositions of LPR1 and LPR2 onto FET3 that allowed to assign the ferroxidase residues in Arabidopsis (Müller et al., 2015). The two laccase multicopper oxidase proteins (LMCOs) LAC12 (At5g05390) and LAC13 (At5g07130), and AO (At4g39830), a MCO-ascorbate oxidase of the cupredoxin superfamily, were among the Arabidopsis proteins showing highest similarity (42%, 41%, and 43%, respectively) to FET3 (Table 2). In addition, LAC12 and AO also contained one predicted transmembrane domain as FET3 (Supplementary Figures 1, 2B) (McCaig et al., 2005; Turlapati et al., 2011; Santamaría et al., 2018). According to the eFP browser, LAC12 and LAC13 were expressed mainly in the vasculature of the root maturation zone adjacent to the xylem (Brady et al., 2007; Winter et al., 2007) (Supplementary Figure 3A).


TABLE 2. Putative candidate genes for ferroxidase functions identified through in silico analysis.
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LAC12 Is Upregulated Under Fe Deficiency in Wild-Type Seedlings

To examine if LAC12 expression was regulated under Fe deficiency, we cultivated wild-type (WT) and irt1 seedlings under Fe-deficient and Fe-sufficient (control) conditions for 10-d, subsequent to a 5-d pre-cultivation period on Fe-sufficient medium (Figure 1; Quintana et al., 2021). The IRON REGULATED TRANSPORTER1 (irt1) mutant defective in root high-affinity Fe uptake was included as a control genotype exhibiting constitutive activation of the Fe deficiency responses (Connolly et al., 2002; Henriques et al., 2002; Varotto et al., 2002; Vert et al., 2002; Kobayashi and Nishizawa, 2012). Root LAC12 transcript levels were 3.5 to 4-fold elevated under Fe deficiency conditions compared to control conditions in the wild-type, and 24-fold elevated in the irt1 mutant. Taking into account these results, we decided to characterize the multi-copper oxidase (MCOs) LAC12 as a candidate ferroxidase.
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FIGURE 1. LAC12 transcript levels increase under Fe deficiency. Relative LAC12 transcript levels in roots of wild-type (Col-0) and irt1 seedlings are analyzed by RT-qPCR. Seedlings were cultivated in standard Hoagland’s medium for 10 d (5 μM FeHBED; unwashed agar) followed by a growth period of 5 d on Fe-sufficient (+Fe, 10 μM FeHBED) and Fe-deficient (-Fe, 0 μM FeHBED) agar-solidified Hoagland’s medium (EDTA-washed agar), on vertically oriented petri plates. Bars show arithmetic means ± SD of relative transcript levels normalized to UBQ10, and were calculated from n = 3 technical replicates from one experiment representative of four independent biological experiments. n.a. not analyzed. Different characters denote statistically significant differences (P < 0.05) between means based on ANOVA (Tukey’s HSD).




A LAC12 cDNA Complements the Fe Uptake-Defective Yeast fet3fet4 Mutant

We tested whether heterologous expression of the LAC12 coding sequence complements the Fe uptake-defective S. cerevisiae fet3fet4 mutant (Figure 2). Expression of LAC12 significantly improved fet3fet4 mutant growth compared with the mutant strain transformed with empty vector on ordinary SD medium (Figure 2A), similar to yeast fet3fet4 cells expressing the IRT1 cDNA as a positive control (Eide et al., 1996). Both the fet3fet4 mutant and all yeast transformants were able to grow equally well on medium supplemented with 0.5 mM Fe (Figure 2B). This result suggests that in yeast, LAC12 may be able to function as a multicopper oxidase with ferroxidase activity, which would be sufficient to complement fet3fet4.
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FIGURE 2. Heterologous expression of the AtLAC12 cDNA complements a Fe uptake-defective fet3fet4 mutant of Saccharomyces cerevisiae. Wild-type and the Fe uptake-defective fet3fet4 mutant of Saccharomyces cerevisiae transformed with the empty vector pFL61 Gateway (eV) or expressing IRT1 or LAC12 cDNAs of A. thaliana, respectively. Aliquots of 10 μL of 10-fold serial dilutions (starting from OD600 = 0.3, ca. 107 cells ml–1) were spotted on (A) SD-URA medium (pH 5.7) and (B) SD-URA medium (pH 5.7) supplemented with 0.5 mM FeSO4. Images are representative of three independent transformant colonies from each of two independent experiments.




Arabidopsis lac12 Mutants Are Sensitive to Fe Deficiency

To further investigate the role of A. thaliana LAC12, two independent T-DNA insertion lines disrrupted in the LAC12 gene were identified in the Columbia-0 (Col-0) background and characterized (see Materials and Methods). The T-DNAs insertions were confirmed in the 4th exon (lac12-1) and 5th exon (lac12-2) of the LAC12 gene, respectively (Supplementary Figures 3B,C). LAC12 transcript levels were reduced in both lac12 T-DNA insertion lines (Supplementary Figure 3E). To examine if Fe deficiency affects the growth of lac12 mutant seedlings, wild-type and lac12 mutant seedlings were cultivated in Fe-deficient and Fe-sufficient agar-solidified media (Haydon et al., 2012). Under Fe-sufficient conditions, the appearance, biomass and leaf chlorophyll concentrations were similar in wild-type seedlings and the two lac12 mutant lines (Figure 3). On Fe-deficient media, characteristic symptoms of Fe deficiency were detected in the wild-type (Marschner, 1995) including chlorosis, reduced root and shoot biomass and decreased leaf chlorophyll concentrations. Compared to wild-type seedlings, both lac12 mutant lines were more sensitive to Fe deficiency, with more severely reduced biomass and chlorophyll concentrations (Figure 3). These data suggest that the multicopper oxidase LAC12 is required for wild-type levels of plant growth under Fe deficiency. This means that LAC12 function seems to be necessary to allow plants to behave as wild-type plants under Fe deficiency.
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FIGURE 3. Arabidopsis lac12 mutants are more sensitive to Fe deficiency than the wild-type. (A) Photographs of 15-day-old seedlings of WT, lac12-1 and lac12-2 mutant lines grown in standard Hoagland’s medium for 10 d (5 μM FeHBED; unwashed agar) followed by a growth period of 5 d on Fe-sufficient (+Fe, 10 μM FeHBED) and Fe-deficient (-Fe, 0 μM FeHBED) agar-solidified Hoagland’s medium (EDTA-washed agar), on vertically oriented petri plates. Photographs are from one experiment representative of three independent experiments. Fresh biomass of (B) roots and (C) shoots, and (B) leaf chlorophyll content of WT, lac12-1 and lac12-2 seedlings grown on vertically oriented petri plates as described above. Bars show arithmetic means ± SD of three replicate plates, with 20 seedlings per plate, from one experiment representative of three independent experiments. Each replicate consisted of pooled material of 20 seedlings from one plate (B and C), or 5 seedlings per replicate plate (D). Different characters denote statistically significant differences (P < 0.05) between means based on ANOVA (Tukey’s HSD).




Elevated Root Fe Accumulation and Decreased Shoot Total Fe in Arabidopsis lac12 Mutants

To test whether Fe levels in plant tissue are altered alongside the enhanced sensitivity to Fe deficiency of lac12 mutants, we quantified metal concentrations by inductively coupled plasma optical emission spectrometry (ICP-OES) in shoots and roots of seedlings cultivated in Fe-sufficient and Fe-deficient agar-solidified media (Figure 4). Upon cultivation in control conditions, root (Figure 4A) and shoot (Figure 4B) Fe concentrations in wild-type and lac12 mutant seedlings were mostly equivalent, except for lac12-2 in which Fe concentrations in roots were lower compared to wild-type and lac12-1, respectively. However, on Fe-deficient media, root Fe concentrations of lac12 mutants were between 20% (lac12-1) and 30% (lac12-2) elevated compared to wild-type seedlings. Total shoot Fe content was between 40% (lac12-1) and 25% (lac12-2) lower in lac12 mutants than in the wild-type under Fe deficiency conditions (Figure 4C). Shoot Fe concentrations of these plants were very low and similar between wild-type and lac12 mutants, consistent with growth limitation by Fe.
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FIGURE 4. Arabidopsis lac12 mutants accumulate higher Fe concentrations in roots and contain lower total shoot Fe than the wild-type when cultivated under Fe deficiency. Fe concentrations in (A) roots and (B) shoots, and (C) total Fe content in shoots, of WT, lac12-1 and lac12-2 seedlings grown on vertically oriented petri plates as described in Figure 3. Values are arithmetic means ± SD of three biological replicate plates from one experiment representative of three independent biological experiments. Metals were quantified in pooled tissues from 15 seedlings per replicate plate. Different characters denote statistically significant differences (P < 0.05) between genotypes and Fe treatments based on ANOVA (Tukey’s HSD).


Increased Fe concentrations in roots of lac12 mutant seedlings compared to wild-type roots upon cultivation under Fe deficiency prompted us to use Perls’ stain for Fe localization, without and with DAB intensification (Figures 5A,B and Supplementary Figure 5). Perls’ stain detected Fe in the vascular tissue in lac12 mutant roots grown under Fe deficiency, but not in wild-type roots (Figures 5A,B). The signal was weak and appeared to be present primarily in the stele, this result was additionally supported by combining Perls’ stain with the DAB intensification step (Figure 5B). Upon cultivation in control conditions, no Perls’ stain was detected in either wild-type nor lac12 mutants. This result is counter-intuitive because in all lines analyzed the Fe concentrations in control conditions were higher than in Fe deficient conditions. A possible explanation may lie in a different Fe distribution across the root, whereby Fe may usually be widely distributed among the entire root and thus not detectable by Perls’ stain, with a more highly localized Fe accumulation in lac12 mutant seedlings grown under Fe-deficient conditions. This result is in full agreement with the strong Fe localization observed in the stele in frd3-7 and spl7-2 mutants, in which root-to-shoot Fe partitioning is impaired (Figure 5C) (Green and Rogers, 2004; Bernal et al., 2012). Taken together, our data suggest that the disruption of LAC12 interferes with root-to-shoot Fe partitioning under Fe deficiency.


[image: image]

FIGURE 5. Fe localization in roots of lac12 mutants. (A,B) Histochemical detection of Fe(III) by Perls’ blue stain in the root maturation zone of 7-d-old WT, lac12-1 and lac12-2 seedlings grown on Fe-sufficient (+Fe, 10 μM FeHBED) or Fe-deficient (-Fe, 0 μM FeHBED) agar-solidified Hoagland’s medium (EDTA-washed agar) without (A) or with DAB intensification (B). (C) Histochemical detection of Fe(III) by Perls’ blue stain in the root maturation zone of frd3 and spl7-2 seedlings. The frd3 mutant seedlings were grown only under Fe-sufficient conditions for 7 days. Images are of 21-d-old spl7-2 seedlings grown on vertical glass plates containing EDTA-washed agar-solidified Hoagland’s medium (0.5 μM CuSO4, control) or the same medium containing no added copper (-Cu) as described (Bernal et al., 2012). Photographs are representative of n = 10 to 12 roots stained and imaged in one experiment. Photographs are from one experiment representative of two independent experiments. Arrows point to Perls’ stain-positive regions. Scale bars: 50 μm.


Irrespective of their genotype, Cu concentrations were higher in plants grown under Fe deficiency compared to Fe-sufficient conditions (Supplementary Figure 6), as previously reported (Waters et al., 2012). Root Mn concentration of wild-type and lac12 mutant plants are higher compared to shoot Mn concentrations in Fe-sufficient conditions (Supplementary Figure 6). Under Fe deficiency, Mn concentrations in both roots and shoots of wild-type and lac12 mutant plants are higher than in Fe-sufficient conditions, in which the increase of root Mn concentration in lac12 mutants were significantly higher when compared to wild-type plants. This result could be related to an increase of IRT1 protein levels, which is well known to transport Mn as well (Eide et al., 1996; Rogers et al., 2000), as is known to happen in Fe-deficient wild-type plants (Quintana et al., 2021). The accumulation of Zn under Fe deficiency has been previously reported in WT plants (Buckhout et al., 2009) and could be due to a low specificity of IRT1, which is transcriptionally induced under Fe-deficient conditions (Supplementary Figure 6) (Vert et al., 2002).



Decreased Ferroxidase and Phenoloxidase Activities in lac12 Mutant Plants

The functional complementation of the fet3fet4 yeast double mutant with LAC12 (Figure 2) prompted us to further analyze the existence of MCO-related enzyme activities in WT and lac12 mutant plants and its regulation by Fe deficiency (Figure 6). We observed that phenoloxidase and ferroxidase activities in root crude extracts run similarly in denaturing SDS-PAGE protein gels, suggesting that one or several MCO proteins may have, additionally, ferroxidase activity. It is worth mentioning at this point that the in-gel phenoloxidase activity assay detected two bands of activity in all root samples tested, however, we only discuss further the abundance of the upper band because this is the one that runs at a similar position as the band exhibiting ferroxidase activity. Wild-type roots showed an increase in phenoloxidase activity under Fe-deficient conditions. In roots of lac12 mutants, this phenoloxidase activity was lower than in wild-type under both Fe-sufficient conditions and Fe-deficient conditions (Figure 6A). Ferroxidase activity was detectable in all root samples and increased slightly under Fe-deficient conditions in wild-type roots (Figure 6B). In lac12 roots, ferroxidase activities were similar to wild-type roots under Fe-sufficient conditions, but decreased under Fe-deficient conditions (Figure 6A). Taken together, under Fe deficiency when LAC12 transcript levels are elevated in the wild-type, decreased activities of both phenoloxidase and ferroxidase in lac12 mutants suggest that LAC12 can act as a ferroxidase in Arabidopsis roots.
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FIGURE 6. In-gel phenoloxidase and ferroxidase activities in lac12 mutants. In-gel detection of phenoloxidase (A) and ferroxidase (B) activities in total protein extracts from roots of WT, lac12-1 and lac12-2 seedlings grown on vertically oriented petri plates as described in Figure 3. Thirty micrograms of protein were loaded per lane. Data shown are from one single independent experiment. (C) Coomassie blue staining to visualize protein loading.




Characterization of the Fe Deficiency Responses in lac12 Plants

To further examine Fe status in lac12 mutants, preliminary data regarding the regulation of the transcript levels of a subset of well-known Fe deficiency response genes were obtained by RT-qPCR in the wild-type and lac12 mutants grown under Fe-sufficient and Fe-deficient conditions (Figure 7). FRO2 and IRT1 transcript levels were strongly increased in roots and bHLH39 was strongly upregulated in roots and shoots under Fe-deficient conditions in both wild-type and lac12 mutant plants. The expression of bHLH39 in Fe-deficient lac12 roots was higher than in Fe-deficient wild-type roots. This may indicate that the expression of some genes of the Fe deficiency response machinery is enhanced in the lac12 mutant plants compared to wild-type plants under Fe-deficient conditions. Additionally, COTP2, a known Fe-deficiency responsive transcript (Colangelo and Guerinot, 2004) encoding a Cu transporter, was upregulated in both wild-type and lac12 mutant plants under Fe-deficient conditions. Transcript levels of IRON REGULATED 1/FERROPORTIN 1 and 2 (IREG1/FPN1, IREG2/FPN2) were both increased in Fe-deficient wild-type roots compared to controls (Figure 7).


[image: image]

FIGURE 7. Real time RT-qPCR quantification of several Fe-deficiency responsive transcripts in lac12 mutants. Relative transcript levels of FRO2, IRT1, bHLH39, COPT2, FPN1, and FPN2 in roots and bHLH39 in shoots of WT, lac12-1 and lac12-2 seedlings grown on vertically oriented petri plates as described in Figure 3, analyzed by RT-qPCR. Bars show arithmetic means ± SD of relative transcript levels normalized to UBQ10, and were calculated from n = 4 technical replicates from one experiment. Different characters denote statistically significant differences (P < 0.05) between means based on ANOVA (Tukey’s HSD).




Arabidopsis ao Mutants Are Sensitive to Fe Deficiency

To elucidate whether other genes may account for the Cu requirement in plant Fe homeostasis, a preliminary characterization of the ASCORBATE OXIDASE (AO) gene function, another promising candidate, was conducted. One T-DNA insertion line disrupted in the AO gene was isolated in the Columbia-0 (Col-0) background and characterized (see Materials and Methods). The T-DNA insertion was confirmed in the 3rd exon of the AO gene (Supplementary Figures 3B,D). To investigate if the growth of the ao mutant line is affected under Fe deficiency, the same physiological experiments were carried out as for lac12 mutants (Supplementary Figure 4). The ao mutant seedlings produced less root and shoot biomass and contained lower chlorophyll concentrations (Supplementary Figures 4A–D). Under Fe deficiency, shoot Fe concentrations were similar in the ao mutant and the wild-type (Supplementary Figure 4E). The data for root Fe concentrations were not reliable because of insufficient biomass obtained. Cu, Zn and Mn concentrations were elevated in wild-type and ao mutant seedlings grown under Fe-deficient compared to Fe-sufficient conditions (Supplementary Figure 6). Future work will be required to ascertain the relevance of AO in A. thaliana under Fe deficiency.



DISCUSSION

Less than a decade ago, researchers began to address the interactions between Cu and Fe homeostasis in plants, including their uptake by roots, storage and movement within the plant as well as regulatory processes and the physiological relevance of possible interactions at the cellular and whole-plant levels. One goal of this report was to highlight recent progress made on the cross-talk among the homeostasis of Fe and Cu (for more details see Table 1 and Introduction section). To expand this further, we also report here initial data toward a characterization of the roles of the two genes LAC12 and AO encoding multicopper oxidases (MCO), in the partitioning of Fe between roots and shoots in A. thaliana.

Previously, we observed that severe Cu deficiency causes Fe deficiency apparently as a result of an impairment of root-to-shoot Fe translocation, and this was associated with reduced in vitro ferroxidase activity (Bernal et al., 2012). We hypothesized on a role of one or several MCOs in enabling a possible cellular export step of Fe into the xylem for root-to-shoot Fe translocation in A. thaliana, similar to what is known on the importance of ferroxidases in the cellular export of Fe in humans (Bernal et al., 2012). A comparison of the structural superimpositions of LPR1 and LPR2 onto FET3, which allowed to assign the ferroxidase residues in Arabidopsis (Müller et al., 2015) with a BLAST search, alignment and 3D-structure model of LAC12, LAC13 and AO (Table 2 and Supplementary Figures 1, 2A), suggested that LAC3, LAC5, LAC12, LAC13, and AO conserved the essential ferroxidase E185, D283, and D409 residues from yeast as well as the MCO ferroxidases LPR1 and LPR2 (more details on conserved residue positioning in results) (Müller et al., 2015). Among these proteins, LAC12, LAC13 and AO showed the highest homology to FET3. As a first step toward elucidating the roles of LMCO proteins in Fe homeostasis of A. thaliana, we focused here primarily on LAC12.

We observed that LAC12 transcript levels were upregulated under Fe deficiency in wild-type plants compared to control conditions (Figure 1) similar to well-known Fe deficiency responsive genes (Figure 7). This result was in agreement with previously published data (Carrió-Seguí et al., 2019b). These authors used plants with modified miR408 levels, a miRNA that mediates the post-transcriptional downregulation of LAC3, LAC12, and LAC13 mRNAs (Abdel-Ghany and Pilon, 2008). They found that under Fe deficiency conditions, all the studied miR408 targets, such as LAC12 and LAC13, were upregulated whereas mir408 was downregulated, in wild-type plants (Carrió-Seguí et al., 2019b). Surprisingly, phenoloxidase activity which is classically attributed to laccases, and also ferroxidase activity were decreased under Fe deficiency despite the increase in transcript levels of these two LMCO genes (Carrió-Seguí et al., 2019b). Previous studies showed that mir408 levels change in opposing directions under Fe and Cu deficiency, respectively (Buhtz et al., 2010; Carrió-Seguí et al., 2019b). On control medium, there was a pronounced increase in LAC12 transcript levels in the irt1 mutant compared to the wild-type (Figure 1). This was consistent with a regulation of LAC12 transcript levels in dependence on plant physiological Fe status, similar to the regulation of a number of other Fe deficiency-responsive genes in roots of the irt1 mutant (Quintana et al., 2021).

The heterologous expression of the LAC12 cDNA restored growth of fet3fet4 yeast cells lacking both the ferroxidase FET3 that is indispensable for high-affinity Fe uptake and FET4-mediated low-affinity Fe2+ uptake activity (Figure 2). This result suggested that LAC12 may be able to function as MCO with ferroxidase activity that is required to oxidize Fe(II) to Fe(III) prior to the uptake of Fe(III) into yeast cells by ScFTR1.

To investigate the role of LAC12 in A. thaliana, two lac12 T-DNA insertion mutants were characterized, in which LAC12 transcript levels were strongly reduced (Supplementary Figure 3). The two lac12 mutants were sensitive to Fe deficiency (Figure 3), with reduced shoot and root biomass as well as strongly decreased leaf chlorophyll concentrations (Figure 3). This suggested that LAC12 function is relevant in the acclimation to Fe deficiency. Under Fe deficiency conditions, lac12 mutant plants also showed higher Fe concentrations in roots compared to wild-type plants (Figure 4A). We could not detect any differences in shoot Fe concentrations between wild-type and lac12 mutant seedlings (Figure 4B), but total shoot Fe content was lower in lac12 mutants compared to WT seedlings under Fe deficiency conditions (Figure 4C). It was previously suggested that under severe Fe deficiency corresponding to Fe limitation, shoot growth decreases rather than shoot Fe concentrations (Baxter et al., 2008). This result may alternatively be in agreement with previously published studies in which Fe deficiency, even before detecting any decrease in Fe concentrations, induces the accumulation of Cu in rosette leaves (Waters et al., 2012; Kastoori Ramamurthy et al., 2018). Perls’ stain detected Fe primarily in the stele of the lac12 mutant roots grown under Fe deficiency, but not in wild-type roots (Figure 5). Bernal et al. (2012) reported lowered ferroxidase activities in roots of Cu-deficient spl7 alongside a root-to-shoot Fe translocation defect, and raised the possibility that one or some membrane transport steps in Fe distribution may depend on MCO-mediated ferroxidase activity. If the decrease in ferroxidase activity in Cu-deficient spl7 was caused solely by impaired LAC12 activity, we would expect Fe to accumulate in the same location in lac12 and spl7 roots. Indeed, the localization of Perls’ stain was similar in lac12 and spl7 roots, but it was much weaker in lac12 roots (Figure 5). This may indicate that the decrease in ferroxidase activity in Cu-deficient spl7 was not caused solely by impaired LAC12 activity. The site of Fe accumulation in roots of lac12 mutants resembles the site of LAC12 expression according to the public eFP browser, mainly in the vasculature of the root maturation zone adjacent to the xylem (Supplementary Figure 3A) (Brady et al., 2007; Winter et al., 2007). Lower ferroxidase and phenoloxidase activities observed in Fe-deficient lac12 roots (Figure 6) were consistent with the possibility that LAC12 is a MCO with ferroxidase activity.

Root-to-shoot Fe translocation may well require more than the single LAC12 protein, which all depend on SPL7 function under Cu-deficient growth conditions, for example additionally LAC13 or AO, both of them are expressed in the vascular tissues (Supplementary Figure 3A). In the future, generating lac12 lac13 and lac12 ao double mutants will help to clarify their roles. Other candidate proteins that should be examined are LPR1 and LPR2, two MCOs that have a central roles as ferroxidases mediating root phosphate deficiency responses and are expressed, as LAC12 and LAC13, in the vasculature of the root maturation zone adjacent to the xylem (Supplementary Figure 3A) (Müller et al., 2015).

The longitudinal zone of LAC12 expression corresponds to the zone where roots take up Fe from the soil solution. Consequently, the expression pattern of LAC12 in roots is generally in accordance with a speculative role of LAC12 in the movement of Fe toward or into the xylem. In analogy with MCO proteins of other organisms which have ferroxidase functions, LAC12 could contribute to Fe oxidation either preceding transmembrane Fe3+ uptake into single cells or directly following Fe2+ export from xylem parenchyma cells into xylem vessels, for example. The latter function is more likely, given that no ScFTR1/ScFTR5-like genes are present in the Arabidopsis genome (Figure 8). In this respect, transcript levels of IRON REGULATED 1/FERROPORTIN 1 and 2 (IREG1/FPN1, IREG2/FPN2) were both increased in Fe-deficient WT roots compared to controls (Figure 7), and the expression of FPN1 was downregulated in Fe-deficient roots of lac12 mutants. FPN1 encodes a plasma membrane-localized cellular metal exporter and is expressed in the root stele. Our observation might reflect an interaction of LAC12 and FPN1 protein function at this site, as hypothesized in our working model Figure 8). FPN2 encodes a vacuolar Fe transporter and is expressed in the root epidermis. FPN2 transcript levels are upregulated under Fe-deficient conditions (Morrissey et al., 2009). Recently, FPN3, another member of this Fe exporter family, has been characterized. FPN3 is mainly localized in mitochondria and chloroplasts, and its expression increases under Fe deficiency only in roots (Kim et al., 2021).
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FIGURE 8. Hypothesis of the role of LAC12 in root Fe homeostasis. The Fe uptake machinery in the root epidermis includes four membrane proteins: PDR9 to exude Fe(III)-binding coumarins, AHA2 to acidify the rhizosphere, FRO2 to reduce Fe(III) to Fe(II) and IRT1 to transport Fe(II) across the plasma membrane into the cytosol (Connorton et al., 2017; Kroh and Pilon, 2020). NRAMP1 contributes to Fe(II) transport as a low-affinity uptake system (Cailliatte et al., 2010). Free or chelated extracellular Fe disseminates or precipitates within the apoplast, and is arrested by the casparian strip that prevents its entry into the stele. Once Fe(II) enters the symplastic pathway of the root epidermal cells, it is probably chelated to a low-molecular-mass ligand molecule, potentially nicotianamine (NA), and can move from cell to cell through plasmodesmata. IRON-REGULATED PROTEIN 1 (also known as ferroportin FPN1) may export Fe(II) from the cytosol of xylem parenchyma cells (not shown) into the xylem vessels (Morrissey et al., 2009). FERRIC REDUCTASE DEFECTIVE 3 (FRD3) drives the efflux of citrate into the xylem, which is critical for root-to-shoot Fe partitioning in the xylem and the leaf apoplast (Green and Rogers, 2004). The primary specie contained in the xylem is an Fe(III)-citrate complex, and consequently it appears that Fe(II) must be oxidized to Fe(III) (Roschzttardtz et al., 2011). According to our hypothesis, LAC12 may be the protein carrying out this function prior to Fe(III) chelation by citrate. Subsequently, the Fe(III)-citrate complex moves upward in the xylem with mass flow. In order to reach sink organs, Fe must be taken up, moved across cells and loaded into the phloem, where it can move as an Fe(II)-NA chelate. According to FACS-transcriptomics results shown in Supplementary Figure 3, LAC12 probably locates in the procambium and not in the pericycle. The dashed line shows the hypothetical localization of LAC12. The apoplast is marked in gray, the symplast in white.


A preliminary characterization of the ASCORBATE OXIDASE AO gene, which is also a candidate ferroxidase (see Supplementary Figure 1), suggested that ao mutant seedlings may also be sensitive to Fe deficiency (Supplementary Figure 4). AO is member of the cupredoxin superfamily that has recently been functionally characterized. AO, together with three other genes (BBE22, GPX7 and GSTU4), was proposed to act in a complex network of ROS-related genes mediating the response of Arabidopsis to the spider mite Tetranychus urticae (Santamaría et al., 2018).

In all genotypes grown under Fe-deficient conditions we observed higher root and shoot Cu concentrations than upon cultivation under Fe-sufficient conditions (Supplementary Figure 6). Previous studies reported that Fe deficiency, even before detecting any decrease in Fe concentrations, induces the accumulation of Cu in rosette leaves (Waters et al., 2012; Kastoori Ramamurthy et al., 2018). Under Fe deficiency, shoot responses require interactions with Cu accumulation that mediate the replacement of Fe-containing enzymes by Cu-containing enzymes such as SOD (Waters et al., 2012). Root Cu accumulation under Fe deficiency can be explained by Cu uptake via enhanced expression of genes encoding ZRT/IRT-LIKE PROTEIN2 (ZIP2) and COPT2 membrane transporters, which can mediate the cellular uptake of Cu(II) or Cu(I), respectively (Colangelo and Guerinot, 2004; Perea-García et al., 2013).

After a careful analysis of the different studies regarding the cross-talk between Fe and Cu homeostasis in plants, we must admit that the relationship among them is very complex. On the one hand, our previous publication showed that Cu deficiency drives Fe accumulation in the root of wild-type and spl7 mutant (Bernal et al., 2012). Another laboratory reported that Cu-deficient spl7 mutant leaves accumulate more Fe, and that lowering Fe supply rescues the growth phenotype of spl7 mutants (Kastoori Ramamurthy et al., 2018). Additionally, ysl3 mutants of B. distachyon accumulated more Fe in roots and leaves under Cu-deficient conditions (Sheng et al., 2021). One main difference that could explain the different results obtained by different research groups is the Fe chelator used in the Hoagland’s growth medium: Fe(III)-EDDHA (Kastoori Ramamurthy et al., 2018; Sheng et al., 2021) versus FeHBED (Bernal et al., 2012). Our laboratory uses HBED (N,N′-di(2-hydroxybenzyl)ethylenediamine- N,N′-diacetic acid) for Fe chelation in plant growth media. This chelator shows only a limited affinity for Cu and remains chelated to Fe(III) over a wide pH range. However, EDDHA has a higher affinity for Cu than for Fe(III) and when added to the growth media can therefore restrict the bioavailability of Cu, among other micronutrients (i.e., Zn), and result in an effective deficiency of these metals. Lowering Fe(III)EDDHA means lowering also EDDHA and thus decreasing Cu chelation. Taking this in consideration, the rescue of the spl7 phenotype by low Fe supply (Kastoori Ramamurthy et al., 2018) may be correlated with the decrease of the concentration of a Cu chelator and not with lowering Fe concentration itself. In fact, we believe that the strong phenotype of the spl7 mutant grown under 0.1 μM Cu and 25 μM Fe (Kastoori Ramamurthy et al., 2018) is caused by both, the low Cu concentrations and the effect that Fe(III)-EDDHA has on the bioavailability of Cu.



CONCLUSION

Our initial characterization of LACCASE12 (LAC12), a member of the laccase multicopper oxidase (LMCO) protein family, provides evidence for a role in the performance of Arabidopsis on Fe-deficient substrates and initial support for a ferroxidase function of the encoded protein. Alterations in root Fe concentrations and total shoot Fe of lac12 mutants are consistent with a possible function of LAC12 in root-to-shoot Fe partitioning and a possible role in enabling the cellular export of Fe. More work will clearly be needed to understand the role of MCO proteins LAC12 and the AO in Fe homeostasis. Unraveling the interactions between Cu and Fe homeostasis may lead to the development of novel strategies for combating nutritional Fe deficiencies in crops and for advancing biofortification approaches.
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In nature, land plants as sessile organisms are faced with multiple nutrient stresses that often occur simultaneously in soil. Nitrogen (N), phosphorus (P), sulfur (S), zinc (Zn), and iron (Fe) are five of the essential nutrients that affect plant growth and health. Although these minerals are relatively inaccessible to plants due to their low solubility and relative immobilization, plants have adopted coping mechanisms for survival under multiple nutrient stress conditions. The double interactions between N, Pi, S, Zn, and Fe have long been recognized in plants at the physiological level. However, the molecular mechanisms and signaling pathways underlying these cross-talks in plants remain poorly understood. This review preliminarily examined recent progress and current knowledge of the biochemical and physiological interactions between macro- and micro-mineral nutrients in plants and aimed to focus on the cross-talks between N, Pi, S, Zn, and Fe uptake and homeostasis in plants. More importantly, we further reviewed current studies on the molecular mechanisms underlying the cross-talks between N, Pi, S, Zn, and Fe homeostasis to better understand how these nutrient interactions affect the mineral uptake and signaling in plants. This review serves as a basis for further studies on multiple nutrient stress signaling in plants. Overall, the development of an integrative study of multiple nutrient signaling cross-talks in plants will be of important biological significance and crucial to sustainable agriculture.

Keywords: nitrogen, phosphorus, sulfur, zinc, iron, nutrition cross-talks, nutrient homeostasis


INTRODUCTION

In natural ecosystems, terrestrial vascular plants as sessile organisms are faced with highly variable environmental conditions and the consequent stresses associated with varying environmental signals, including soil nutrient-deficiency signals, which affect growth and development negatively (Bouain et al., 2019). Crop species in agricultural soils are subjected to various nutrient stresses during their lifecycle, such as lower availability of essential mineral elements, including nitrogen (N), phosphorus (P), sulfur (S), zinc (Zn), and iron (Fe). Thus, plants have evolved highly sophisticated mechanisms to coregulate these stresses in order to maintain homeostasis (Saenchai et al., 2016; Bouain et al., 2019; Xie et al., 2019).

Higher plants require at least 17 essential mineral elements for survival and development, including macro- and microelements (Marschner, 1995). In addition, the beneficial elements, such as selenium (Se) and silicon (Si), are important for optimal crop growth and production and are beneficial trace elements in human health (Meharg and Meharg, 2015; Zhou et al., 2020). A deficiency or excess of any of the mineral elements can result in physiological and metabolic disorders in plants, and adversely affect plant growth (White and Brown, 2010). However, nutrient availability is largely constrained by soil physicochemical properties (Alam et al., 1999; Kim et al., 2016); hence, plants have developed several mechanisms to cope with the changes, ranging from deficiency to excess (Maathuis, 2009; Krouk et al., 2011; Gruber et al., 2013).

In the last decades, the impact of nutrient deficiencies on crop growth and production has become a major concern, and the adverse effects threaten food safety and quality (Abelson, 1999; Neset and Cordell, 2012; Shahzad et al., 2014). To meet the global demand for food and agricultural raw materials, farmers rely heavily on the use of fertilizers to improve crop yield. However, long-term use of fertilizer is associated with negative ecological impacts, such as soil compaction and acidification, water loss, and soil erosion. The problems associated with the long-term use of fertilizers can be reduced by the use of nutrient-efficient crop varieties and previously uncultivated lands that are nutrient-rich for crop production. Therefore, for sustainable agriculture and reduced use of fertilizer, breeders and molecular scientists should focus on developing mineral-efficient crop varieties. However, to achieve this goal, an in-depth understanding of the response of plants to soil nutrient deficiency and the associated signaling pathways is necessary (Briat et al., 2015; Bouain et al., 2019).

Previous studies focused mainly on understanding the mechanisms and signaling pathways involved in maintaining homeostasis during a single nutrient deficiency in model plants, such as Arabidopsis and rice, without considering other nutrients or multiple nutrient-deficiency scenarios. However, the results of these studies have contributed to the knowledge of genes involved in maintaining mineral nutrient homeostasis during nutrient deficiency. Using molecular biology, genetics, and omics approaches, several key genes that regulate N, phosphate (Pi), Zn, and Fe uptake and homeostasis in Arabidopsis and rice plants during mineral deficiency have been identified (Kobayashi and Nishizawa, 2012; Park et al., 2014; Bouain et al., 2018; Yang et al., 2018). Mineral nutrient cross-talks in plants have been a topic of interest in plant nutrition. Over 7 decades, physiological and molecular studies have revealed the existence of antagonistic or synergistic relationships between macro- and micronutrients (Reed, 1946; Cakmak and Marschner, 1986; Huang et al., 2000; Misson et al., 2005; Zheng et al., 2009; Bouain et al., 2014a,b; Varala et al., 2018; Medici et al., 2019; Chaiwong et al., 2020). Recent findings on stresses associated with nutrient deficiency have indicated that plant growth response is remarkably affected by the complex cross-talks between N, Pi, Zn, and Fe uptake and homeostasis in plants. Pi has been reported to interact with Zn and Fe in plants (Zheng et al., 2009; Bouain et al., 2014a; Briat et al., 2015). However, studies on how plants integrate multiple nutrient signals into developmental programs, as well as the molecular processes underlying these complex cross-talks, are limited. Very recent investigation has suggested that variations in nutrient availability elicit the unique signatures of substantial transcriptional reprogramming, and gene co-expression analysis further suggests that master transcriptional regulators, which are the PIF4, HY5, and NF-Y responsible for light signaling (Siefers et al., 2009; Chen et al., 2016; Paik et al., 2017), coordinate plant growth and nutrient utilization in response to nutrient stresses (Brumbarova and Ivanov, 2019). Therefore, there is a need for integrative studies on the cross-talks between N, Pi, Zn, and/or Fe nutrient uptake and signaling in plants. The understanding of these cross-talks could be crucial to developing nutrient-efficient crops, with improved crop yield and quality.

In this review, we examined recent studies on the chemical and biochemical interactions between macro- and micro-elements in plants, physiological interactions among these mineral nutrients in plants, and focused on the physiological and molecular cross-talks between N, Pi, S, Zn, and Fe homeostasis to better understand how these nutrient interactions affect the mineral uptake and signaling in plants.



CHEMICAL AND BIOCHEMICAL INTERACTIONS BETWEEN MACRO- AND MICRO-ELEMENTS IN PLANTS

The physiological-biochemical connections have been built up between Pi and Fe in plants (Hirsch et al., 2006; Ward et al., 2008). First, the Pi-Fe complex forms the precipitates in rhizosphere soils, reducing the availability of the P and Fe elements for plants. As a result, the iron uptake system is activated in roots under Fe-limited and Pi-sufficient conditions (Ward et al., 2008; Briat et al., 2015). By contrast, Pi deficiency enhances Fe and aluminum (Al) accumulation in plants (Misson et al., 2005; Hirsch et al., 2006; Ward et al., 2008). On the other hand, plants have activated several forms of biochemical fitness to Pi deficiency. For example, plants produce the organic acids through aluminum-induced malate and citrate transporters (Delhaize et al., 2012) to increase the P solubility and make soil Pi available for root acquisition. Because organic acids have a high affinity for Calcium (Ca), Al, and Fe salts and can displace inorganic Pi from these precipitates (de Bang et al., 2021). Once Fe and Pi entered the roots, Fe can interact with Pi inside roots, resulting in a decreased Pi translocation to the aboveground tissues (Cumbus et al., 1977; Mathan and Amberger, 1977). A similar interaction has been observed in leaves, where high Pi promotes chlorosis, although Fe content is sufficient in leaves (Dekock et al., 1979). However, in seeds, Fe is stored in vacuoles in the form of inositol hexakisphosphate-Fe complex (Lanquar et al., 2005). These findings reveal that Pi is a chelator of Fe in plants. Therefore, the alterations in Pi homeostasis in plants significantly affect the availability of Fe, and these findings provide further evidence for the chemical interaction between Pi and Fe homeostasis in shoots and seeds.

From the biochemical viewpoint, in plants, Fe is considered to interact with S for the Fe sink formation of Fe-S clusters, which are necessary for many cellular enzymatic reactions during photosynthesis and respiration processes (Couturier et al., 2013; Briat et al., 2015; Przybyla-Toscano et al., 2021). It is of interest to study the potential role of the Fe-S cluster abundance in plants in response to different nutrient stresses in the future (Couturier et al., 2013; Forieri et al., 2013). On the other hand, sulfur deficiency interacts with the plant ionome, leading to a reduction in the photosynthetic carbon assimilation and metabolism processes (Courbet et al., 2019; Jobe et al., 2019; de Bang et al., 2021). The ferredoxin is an important component of the groups in Fe-S proteins and modulates electron transfer in the photosynthetic electron transport chain (Forieri et al., 2013; Zheng and Leustek, 2017). Therefore, S deficiency suppresses the photosynthetic efficiency and accelerates the chlorotic development in leaves (de Bang et al., 2021).

A large part of Fe and other micronutrients [such as Zn, manganese (Mn), and copper (Cu)] interactions could be explained by the competition of these ions by transceptors or sensors. Kobayashi et al. (2003) reported that tobacco plants subjected to combined deficiency of Fe, Zn, Mn, and Cu showed mitigated Fe-deficiency symptoms when compared with the individual Fe deficiency. Accordingly, the authors proposed that plant Fe sensors detect the cellular concentration ratio between Fe and other micronutrients rather than sole Fe concentration (Kobayashi et al., 2012, 2013; Kobayashi and Nishizawa, 2014).

However, a part of some other macro- and micro-elements interactions could be explained by competition of the metal ions by chelators or transporters. Ca modulates the leaf cell-specific phosphorus allocation. For example, Ca enhances the allocation of phosphorus to palisade mesophyll cells in Proteaceae under high P conditions (Hayes et al., 2019). In addition, cadmium (Cd) affects the translocation of some metals in either a Fe-like or Ca-like way in poplar plants and inhibits the transport of Ca-like metals competitively. The reduced translocation of chelator-dependent metals implicates Cd-related disturbances in the gene expression of xylem transporters or chelators (Solti et al., 2011). Furthermore, competition between uptake of ammonium and potassium exists in barley and Arabidopsis roots. It was shown that plant K+ transporters and channels could transport [image: image]. Consequently, [image: image] uptake through the K+ transporters may contribute to [image: image] excess in the cytoplasm under K+ limitation; conversely, K+ application can alleviate the cellular [image: image] toxicity (ten Hoopen et al., 2010). From the chemical viewpoint, it has been shown that the chemical interactions that generate plant mineral nutrient dynamics can result from the chemical similarities or analogy between elements (Baxter, 2009; Courbet et al., 2019). It has been found the results of chemical analogy for elements-derived ions at the transporter level. For example, the chemical analogs of S (Se) and Ca (Sr) share the same transporter to take up these elements. Similarly, another example has been shown that phosphate transporters can take up phosphate as well as arsenate, resulting in the interaction between P and As (arsenic) in plants.

Overall, it is generally acknowledged that these macro- and micro-elements chemically or biochemically interact at various tissues throughout the life cycle of plants. However, the underlying molecular mechanisms regulating the integrated homeostasis of these elements remain to be deciphered.



THE FUNCTIONAL IONOME OF PLANTS: THE COMPLEX CROSS-TALKS BETWEEN MACRO- AND MICRONUTRIENTS

More than a decade ago, the “ionome” was defined as “the mineral nutrient and trace-element composition of a living organism” (Salt et al., 2008). Recently, the concept of functional ionome has been proposed by some scientists (White et al., 2017), and the functional ionome contains all the mineral elements, which are essential for the growth and development of living organisms. These elements can be classified into the macronutrients N, P, potassium (K), S, magnesium (Mg), and Ca, and into the micronutrients Zn, Fe, Cu, Mn, molybdenum (Mo), nickel (Ni), and boron (B) (White and Brown, 2010; Figure 1). Nevertheless, several earlier studies have revealed that three additional elements, including Si, cobalt (Co), and Se, are also essential for optimal plant growth (Epstein, 1999; White et al., 2004; Van Hoewyk et al., 2008; Tan et al., 2010; Figure 1).


[image: Figure 1]
FIGURE 1. Cross-talks between macro- and micro-elements or beneficial elements in plants in response to individual mineral deficiency. Interactions resulting from single-element deficiency (any one of 16 elements) lead to enhanced (solid lines) or decreased (dashed lines) uptake of other minerals. Updated from the previous publications (Bokor et al., 2015; Rai et al., 2015; Maillard et al., 2016; Courbet et al., 2019; Chaiwong et al., 2020; Zhou et al., 2020; Ji et al., in press).


It is well-known that the mineral element composition of a plant is highly regulated at different hierarchic levels (Lešková et al., 2017; Courbet et al., 2019). These sophisticated regulations allow plants to optimize ion uptake and protect plants from highly reactive ions. Andresen et al. (2018) reviewed such complex regulation of trace metal metabolism in plants. However, the multiple cross-talks between macro- and micronutrients have been uncovered in several local approaches; therefore, it is necessary for investigating the dynamics of plant ionome in a global way. A complete understanding of ionome homeostasis requires a thorough investigation of the dynamics of the nutrient networks in plants. Although the ionome homeostasis is very poorly understood, several recent studies have shown the diagram of the ionomic networks and multiple cross-talks of the ionome in plant species (Baxter, 2009; Kellermeier et al., 2014; Brumbarova and Ivanov, 2019; Courbet et al., 2019).

Nutrient deficiencies are able to modify the functional ionome of plant tissues (Maillard et al., 2016; Courbet et al., 2019). Maillard et al. (2016) identified 18 different interactions in rapeseed plants (Brassica napus L.) under mineral nutrient deficiency at the uptake level. Particularly, Mo uptake was significantly increased in plants under S, Fe, Zn, Cu, Mn, or B deficiency (Figure 1), and the authors proposed that this result could be the consequence of the direct and indirect disturbances of Mo and S metabolisms, resulting in the enhancement of Mo and [image: image] transporters, respectively. On the other hand, S availability can modify the functional ionome of plants. Although many studies have focused on the effects of S deficiency on mineral nutrients in plants at the transcriptomic or metabolic levels in different plants in the past 2 decades (Hirai et al., 2003; Ciaffi et al., 2013; Wipf et al., 2014; Forieri et al., 2017), several reports have started to consider the consequences of S deficiency on the leaf ionomic composition of B. napus plants (Maillard et al., 2015, 2016). When the plants are exposed to S deficiency, several positive and negative interactions between S and other mineral nutrients have been presented, as illustrated in Figure 1, which is compiled from different studies (Abdallah et al., 2010; Bokor et al., 2015; Rai et al., 2015; Maillard et al., 2016; Courbet et al., 2019; Chaiwong et al., 2020; Zhou et al., 2020; Ji et al., in press). Moreover, Si and Zn cross talks influence the functional ionome in maize (Zea mays). Supplying maize plants with Si and/or Zn significantly decreased the concentration of Pi, K, Mg, Ca, Mn, Ni, and Co in the roots but increased the concentration of Se (Bokor et al., 2015; see Figure 1). Conversely, the positive effects of Si and Fe interaction on the growth and production of plants have been reported in vegetables and crops (Gonzalo et al., 2013; Pavlovic et al., 2013; Dragama et al., 2019). Therefore, the dynamics in the functional ionome of plants subjected to individual mineral deficiency indicate that the complexity and the diversity of interactions occur between single and other mineral nutrients in plants.

Summarily, these ionomic analyses further support the occurrence of complex cross-talks between mineral nutrients in plants, indicating that, under certain deprivations, nutrient cross-talks stimulate or reduce the accumulation of other mineral nutrients, which modifies the ionomic composition of plant tissues (see Figure 1). In addition, some studies have examined the physiological and genetic interactions between elements in plant nutrition using combined ionomics and genome-wide association study (GWAS) approaches (Baxter et al., 2008; Yang et al., 2018). Applying low Pi in Arabidopsis thaliana growth culture medium affected the concentrations of other nutrients, with a considerable increase in the concentrations of Zn, Fe, and S, and a decrease in the concentrations of copper and cobalt in the experimental plants (Baxter et al., 2008). Owing to the rapid development of multiple omics and GWAS approaches and systems biology (Rouached and Rhee, 2017), progress has been made in understanding the molecular mechanisms underlying the physiological and genetic processes resulting from multiple nutrient signals.



INTERACTION BETWEEN PI, S, AND FE NUTRIENT HOMEOSTASIS IN PLANTS

Plant responses to Pi and S signals have been studied in Arabidopsis. Rouached et al. (2011) reported an increase in root [image: image] concentration and a decrease in shoot [image: image] concentration during Pi deficiency, indicative of the regulation of the [image: image] transport process in Pi-deficient plants. Additionally, the mechanism of [image: image] transport in the Pi-deficient plants was regulated by the PHOSPHATE DEFICIENCY RESPONSE 1 (PHR1) factor, which is an MYB protein that regulates the response of plants to Pi deficiency. PHR1 regulated the expression of the [image: image] transporter-encoding gene, Sultr1;3, and inhibited the expression of Sultr2;1 and Sultr3;4 during Pi deficiency (Figure 2). Taken together, these findings suggest the presence of a complex process in the co-regulation of Pi and [image: image] homeostasis in plants.
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FIGURE 2. Schematic representation of the effect of individual mineral deficiency on N, P, S, Zn, and Fe homeostasis and gene regulatory networks in plants. The interactions between nitrogen (N), phosphorus (P), sulfur (S), zinc (Zn), and iron (Fe) nutrient homeostasis are shown at the physiological level by arrows or flat-ended lines (the above panel). The single-direction arrows and flat-ended lines indicate the antagonistic and synergistic interactions, respectively. For the molecular bases of cross-talks among these five mineral nutrients, the phosphate (Pi)-starvation-induced transcription factor PHR1 acts as a potential integrator of N, P, S, Zn, and Fe nutrient signals in plants (the below panel): (1) During Pi deficiency, the activation of PHR1 induces Pi transporters PHT1 and PHO1 as well as Pi-starvation response genes SPXs, miR399, and IPS1 through both PHR1-P1BS and PHR1-miR399-PHO2 pathways, and represses PHO2, which interacts with the E3 ligase NLA to degrade Pi transporters, whereas PHR1 is inhibited by SPXs under Pi sufficiency. (2) N supply promotes PHR1 activity, however, SPXs expression is directly reduced under such a scenario by NIGT1 (Hu et al., 2019 reported that rice OsSPX4 is degraded in response to N supply by the interaction of OsNRT1.1B and OsNBIP1). Simultaneously, PHO2 expression is repressed in response to high N by NIGT1 and NRT1.1. Accordingly, N starvation leads to the decreased Pi uptake in plants due to the inhibition of PHR1 and accumulation of SPXs and PHO2. (3) PHR1 also serves as a transcriptional regulator of the sulfate transporters. (4) Plant Fe homeostasis is also dependent on the PHR1, which directly upregulates the Fe storage protein FER1 expression. (5) Zn transport and homeostasis are also involved in a PHR1-dependent manner; under Pi starvation, PHR1 positively regulates the expression of zinc transporter genes ZIP2 and ZIP4 through binding to the P1BS cis-elements in these gene promoters (Briat et al., 2015; Kumar et al., 2021; see following Figure 3A). The arrows and flat-ended lines indicate the positive and negative influences, respectively.


Acquisition of S, K, and Fe by roots is of crucial importance for plant growth and yield, and recent studies have revealed that the uptake systems for S and Fe nutrients are coordinated in plants (Astolfi et al., 2010; Zuchi et al., 2015). Moreover, Forieri et al. (2017) demonstrated that the plant is differentially co-regulated upon long-term Fe, S, and K deficiency through the systematic analyses of metabolism and the transcriptome in roots. The authors found the specific co-regulation between the S and Fe metabolic pathways in roots upon S or Fe deficiency. Interestingly, Fe deficiency regulated a distinct subset of the S assimilation genes that were not controlled by S deficiency itself, suggesting the presence of two independent signaling pathways in this network. In particular, the cross-talk between S and Fe pathways in roots existed an opposing regulation component that was upregulated during S deficiency and downregulated during Fe deficiency or vice versa. These opposing expression genes were involved in the S and Fe assimilation pathways, for example, the opposing regulation upon Fe and S deficiency was found for key components of the sulfate-starvation response (SULTR1;1 and APR genes) and the Fe uptake systems (FRO2 and IRT1) and NA synthesis (NAS4) (Forieri et al., 2017), demonstrating the presence of specific signaling cascades for the cross-regulation of the S and Fe routes. It was also found that S deficiency depressed the Fe assimilation pathway, including the well-known Fe transcription factors-encoding genes FIT, PYE, BTS, bHLH38, bHLH100, and bHLH101, and Fe import gene IRT1. In contrast, the simultaneous S and Fe deficiencies alleviated the negative effects of single S deficiency on transcription of the Fe assimilation pathway (such as FRO2, FIT, PYE, bHLH39, bHLH100, NAS1, and NAS4) and vice versa, and led to the typical induction of both S and Fe nutrient uptake systems. This demonstrated that specific nutrient-deficiency response signaling (such as induction of FIT in double S and Fe deficiencies) can control this cross-regulation. On the other hand, fewer S- or Fe-deficiency-responsive genes were co-regulated in response to the K deficiency, while the genes involved in the S and Fe assimilation pathways were almost unaffected by low K application (Forieri et al., 2017). Therefore, the response to K deficiency shown did not participate in the cross-talk between S and Fe nutrients. In addition, a significant decrease of total sulfate in roots in response to K deficiency may be explained by the downregulation of important key components of the sulfate assimilation pathway upon K deficiency (e.g., SULTR1;1, APK4, and SOT7), providing evidence for the specificity of the K and S cross-talk, whereas the K-deficiency response resulted in a strong increase in the content of reduced S-containing metabolites (Forieri et al., 2017), demonstrating a shift of the oxidized sulfate to the reduced state. This can explain the unaltered total S concentration in roots during K deficiency.



INTERACTION BETWEEN N AND PI NUTRIENT HOMEOSTASIS IN PLANTS

N and P are two essential macronutrients necessary for plant growth and productivity, and a deficiency in any of the two nutrients may negatively affect plant growth and yield. The earlier reports revealed a mutual interaction between N and P nutrition in plants under diverse ecosystems (Gniazdowska and Rychter, 2000; Elser et al., 2007). Recent studies have shown that Arabidopsis and crop species possess highly developed mechanisms for maintaining Pi and N homeostasis in response to Pi- and N-deficiency signaling (Lin et al., 2013; Park et al., 2014; Medici et al., 2019). It was reported that interaction between N and P signaling in plants was mediated by nitrogen limitation adaptation (NLA), a RING-type E3 ubiquitin ligase, which is involved in N-dependent P accumulation in shoots by promoting the degradation of PHT1 proteins with the help of PHO2 (Lin et al., 2013; Park et al., 2014; also see Figure 2). Medici et al. (2019) reported that N signaling regulates phosphate-deficiency response (PSR) in rice (Oryza sativa) through three molecular integrators (PHR1, PHO2, and NRT1.1). N signaling regulates N-P cross-talk in rice by regulating the accumulation and turnover of PHR1 (Figure 2). Furthermore, phosphate2 (PHO2), an E2 ubiquitin conjugase, functions as an important integrator of N signaling in PSR. Moreover, PHO2 is also involved in regulating the activities of rice nitrate transceptor, NRT1.1, suggesting that NRT1.1 is a component of N-P-signaling cross-talk in plants. The mechanism underlying PSR activities through nitrogen signaling is conserved in O. sativa and wheat (Triticum aestivum) species (Medici et al., 2019). Hu et al. (2019) found that the rice nitrate transporter OsNRT1.1B interacts with OsSPX4 to activate the OsPHR2 activity in response to nitrate supply. Subsequently, OsSPX4 is ubiquitinated by the NRT1.1B interacting protein 1 (NBIP1) and degraded through the 26S proteasome pathway. Therefore, high N induces the PHR1/2 activity to promote Pi starvation responses and enhance Pi uptake in plants. At the transcriptional level, high N availability induces the expression of genes-encoding PHR proteins, such as AtPHL1 and OsPHR3 (Sun et al., 2018; Varala et al., 2018). Furthermore, the nitrate-inducible GARP-type transcriptional repressor 1 (NIGT1) proteins bind to and repress the promoters of SPX genes in Arabidopsis to modulate the PHR activity, PHT1;1 expression, and Pi acquisition (Ueda et al., 2020; also see Figure 2). Finally, these findings are summarized as follows: (i) N application increases the PHR1 protein stability in plants (Medici et al., 2019; Kumar et al., 2021); (ii) NRT1.1 interacts with SPX to degrade the SPX protein during nitrate supply (Hu et al., 2019; Kumar et al., 2021); and (iii) the nitrate–NIGT1–SPX–PHR1–PHT1 signaling is the key regulatory pathway that mediates Pi uptake in response to N availability (Ueda et al., in press). These molecular actors that integrate N and P signals into crops may have implications in biotechnology and agricultural practices.



INTERACTION BETWEEN N AND ZN NUTRIENT HOMEOSTASIS IN PLANTS

Apart from N and P, Zn is one of the most yield-limiting nutrients in crop species, and N is a critical player in Zn uptake and translocation in plants (Erenoglu et al., 2011). Recent studies on N-Zn cross-talk have confirmed that N application improves Zn uptake and homeostasis in rice and wheat plants under Zn deficiency (Kutman et al., 2011; Ali et al., 2014), and that N and Zn applications increase grain crude protein as well as N and Zn concentrations significantly (Nie et al., 2018). Moreover, an earlier study found that low Zn supply significantly reduced the nitrate uptake capacity of cotton, sunflower, and buckwheat (Cakmak and Marschner, 1990). A more recent report has shown that moderately high Zn supply increased the root-to-shoot translocation of N into the leaves and brown rice and enhanced the rice yield; synergistically, N application significantly promoted the root-to-shoot translocation of Zn into the leaves and brown rice (Ji et al., in press). These findings reveal that N and Zn act synergistically on root-to-shoot translocation and preferential distribution in grains of crop species (Figure 2). However, the molecular mechanism underlying the cross-talk between N and Zn uptake and homeostasis in plants is poorly understood. Therefore, an understanding of the molecular mechanisms underlying plant N and Zn homeostasis will contribute to improving plant Zn nutrition. Recently, transcriptome analyses of nitrate and Zn deficiency in plants have provided insights into the mechanisms regulating the cross-talk between N and Zn homeostasis (Azevedo et al., 2016; Varala et al., 2018). The transcriptomic data revealed that the expression of numerous N transport and homeostasis-related genes were upregulated in the shoots of Arabidopsis plant during Zn deficiency. The Arabidopsis nitrate transporter 2.4 gene (NRT2.4, AT5G60770) (Wang et al., 2018), which is a marker gene in N-deficiency response, was highly upregulated by Zn deficiency. Furthermore, these expression patterns rely on two critical bZIP transcription factors, bZIP19 and bZIP23, which regulate the adaptation of plants to Zn deficiency (Assuncao et al., 2010). Moreover, the two bZIP transcription factors function as transcriptional suppressors in the negative regulation of ammonium transporters-encoding genes, AMT1.1 (AT4G13510) and AMT2.1 (AT2G38290), during Zn deficiency (Wang et al., 2018). Contrarily, the expression of AMT1.1 and AMT2.1 was upregulated in bzip19 × bzip23 double mutants compared with that in the wild type (Azevedo et al., 2016). These findings indicate that the molecular mechanism underlying N deficiency was initiated in Zn-deficient plants. N deficiency reduced the expression of the Zn-transport-related gene, encoding ferric reductase defective3 (FRD3) MATE transporter (AT3G08040), which participates in the process of Zn loading into the xylem (Pineau et al., 2012). The physiological and transcriptional results presented here provide new insights into the complexity of N and Zn interactions in plants. The molecular linkers identified in the reviewed studies may contribute to the understanding of the cross-talk between N and Zn signaling.



CROSS-TALK BETWEEN PI, ZN, AND FE HOMEOSTASIS IN PLANTS

Cross-talk between macro- and micronutrients and their influence on ion accumulation in plants have been partially studied. Hence, this review further focused on the interaction between Pi, Zn, and Fe homeostasis at the physiological and molecular levels. Recent studies have shown that the interactions of nutrients are a common process in plants (Briat et al., 2015; Rouached and Rhee, 2017; Bouain et al., 2019). Pi-deficiency results in Zn over-accumulation in the shoots of plants, and vice versa (Bouain et al., 2014a; Khan et al., 2014; Ova et al., 2015), indicating the antagonistic effect of Pi and Zn nutrition in plants. Furthermore, there is evidence of similar physiological cross-talk between Pi and Fe (Zheng et al., 2009) and between Fe and Zn (Haydon et al., 2012). Moreover, a few studies have examined the complex tripartite interactions between Pi, Zn, and Fe in plants (Briat et al., 2015; Rai et al., 2015; Saenchai et al., 2016). Although interactions between Pi, Zn, and Fe have been reported in plants, the molecular mechanisms underlying their actions are poorly understood. However, transcriptomic and genetic analyses of signaling cross-talks between Pi, Zn, and/or Fe nutrients in different plants could improve the understanding of the mechanisms underlying their interaction and activities (Hammond et al., 2003; Wu et al., 2003; Misson et al., 2005; van de Mortel et al., 2006; Zheng et al., 2009; Bustos et al., 2010; Thibaud et al., 2010; Rouached et al., 2011; Pineau et al., 2012; Khan et al., 2014; Moran et al., 2014; Li and Lan, 2015; Rai et al., 2015; Saenchai et al., 2016; Kisko et al., 2018; Bouain et al., 2019). These studies examined above have shown that signaling cross-talks between Pi, Zn, and/or Fe nutrients in plants are well-regulated in response to combined nutrient stress in the surrounding soils. The understanding of the cross-talks between Pi, Zn, and/or Fe nutrients in plants will be crucial in developing nutrient-efficient crop varieties.



INTERACTIONS BETWEEN PI AND ZN NUTRIENTS IN PLANTS


Pi Availability Affects Zn Uptake in Plants

Plant growth and development depend on soil Pi content; however, in agroecosystems, plants are often faced with Pi deficiency. In response to Pi deficiency, plants have evolved tightly controlled mechanisms to maintain Pi homeostasis, including the acquisition of Pi from the soil, storage and remobilization, and utilization of Pi to optimize metabolic processes (Poirier and Bucher, 2002). Nutrients interact with each other in plants, as the supply of one nutrient may affect the uptake of another nutrient. In wheat and maize, Pi and Zn have been shown to have antagonistic reaction, as an increase in Zn concentration results in a decrease in Pi concentration, and vice versa (Robson and Pitman, 1983; Verma and Minhas, 1987). Studies on A. thaliana showed a negative correlation between Pi and Zn concentration (Misson et al., 2005; Khan et al., 2014). Although this interaction is known as Pi-induced zinc deficiency, the relationship is complex (Marschner, 2012). Misson et al. (2005) found that long-term exposure of A. thaliana to phosphorus deficiency resulted in a higher concentration of Zn in the shoots and reduced biomass. Although higher levels of Pi increase grain yield in soil-grown plants, the Zn content of shoots decreases with increasing concentrations of Pi. However, if the available Zn is low, this effect can exacerbate Zn deficiency, as low Pi concentrations will initiate Zn uptake. Under both controlled and field conditions, higher soil Pi was associated with lower Zn concentration in wheat tissue (Thompson, 1990; Zhu et al., 2001; Zhang et al., 2012). High Zn concentration did not significantly affect the yield of wheat grown under low Pi condition, indicating that Pi was the yield-limiting nutrient (Ova et al., 2015). Furthermore, Zn deficiency and high Pi concentration result in Pi toxicity in plants. Pi-Zn interaction has also been identified in several biological systems (Marschner, 2012; Kisko et al., 2018). In Zea mays, high levels of Pi can immobilize Zn in roots and nodes by increasing the Zn-binding properties of the cell wall (Dwivedi et al., 1975; Youngdahl et al., 1977; Bouain et al., 2014a) reported a decrease in the Zn concentration of lettuce roots with an increase in Pi concentration. These data indicate that Pi nutrition may directly influence the Zn uptake mechanisms in plants. A mild Zn deficiency in Pi-deficient plants can increase the abundance of high-affinity Pi transporters without accumulating excess phosphorus in the plant (Huang et al., 2000).



Zn Availability Affects Pi Uptake in Plants

Zinc is an essential micronutrient for all organisms and is involved in the growth and development of plants (Vallee and Auld, 1990; Andreini et al., 2007). Zn acts as a catalytic or structural cofactor in many enzymes and regulatory proteins (Maret, 2009). When grown in Zn-deficient soil, plants exhibit the enhancing Pi-uptake capacity. Studies have shown the higher Pi concentrations in the shoots of both dicotyledon and monocotyledon plant species in response to Zn deficiency (Welch et al., 1982; Cakmak and Marschner, 1986; Webb and Loneragan, 1988; Welch and Norvell, 1993). Moderate Pi levels increased the dry weight of Zn-deficient plants; however, at high-Pi levels, this effect was reversed, resulting in a decrease in shoot biomass. Contrarily, the biomass yield of plants was higher under moderate and high Zn concentrations (Ova et al., 2015). The effects of Zn deficiency in A. thaliana are exacerbated by an increase in Pi concentration in the shoots (Kisko et al., 2018). Several studies have shown that Zn deficiency positively affects root Pi uptake (Reed, 1946; Loneragan et al., 1982; Cakmak and Marschner, 1986; Huang et al., 2000; Khan et al., 2014). Zn deficiency significantly increased the Pi content of the shoots of A. thaliana wild-type and pho2 mutant plants when compared with that in the phr1 or pho1 mutant (Bouain et al., 2014b). On the other hand, more recent study has shown that a high level of Zn decreased the rice-yield production and triggers P starvation by inhibiting root-to-shoot translocation and distribution of P into leaves by downregulating Pi transporter genes OsPT2 and OsPT8 in shoots of rice plants (Ding et al., 2021). By contrast, P supply decreased the Zn concentrations in rice plants by inhibiting the expression levels of the ZIP family Zn transport genes OsZIPs in roots (Ding et al., 2021). This study revealed the physiological and molecular mechanisms of a cross-talk between P and Zn in rice plants at the transport level and indicated that manipulating P fertilizer is an effective strategy to inhibit the toxic Zn uptake into plants when exposed to Zn excess in soil.



Molecular Basis of Interaction Between Pi and Zn in Plants

Some studies have examined the interaction between Pi and Zn homeostasis in plants at the molecular level (Bouain et al., 2014a; Kisko et al., 2015). The expression of Pi uptake transporter genes is tightly controlled in roots in response to the P status of the plants (Franco-Zorrilla et al., 2004); however, this mechanism is lost under Zn deficiency. Very recently, Ueda et al. (in press) have proposed that Zn deficiency modulates the Pi uptake and Pi starvation response in plants. Under Pi deficiency, the transcription factors PHR1 is activated to accelerate the Pi starvation response in plants (Figure 3B, the left panel). The role of PHR1 in the coordination of Pi-Zn homeostasis has been demonstrated (Khan et al., 2014), while the expression of PHT1 and PHO1 genes is essential for Pi uptake and accumulation in plants through the Pi regulatory-signaling pathway (PHR1-miR399-PHO2) (Fujii et al., 2005; Aung et al., 2006; Bari et al., 2006; Chiou et al., 2006; Khan et al., 2014; Liu et al., 2014). In addition, the P-starvation-signaling PHR1-P1BS module in both roots and shoots leads to the Zn overaccumulation in plants as this module upregulates the ZIP2 subfamily genes belonging to the ZIP family (Briat et al., 2015; Kumar et al., 2021). Moreover, these authors proposed that plant ZIP2 and ZIP4 genes may be transcriptionally induced via the activated PHR1 transcription factor (Briat et al., 2015; Kumar et al., 2021). This proposition is consistent with our finding that at least one P1BS (GNATATNC) cis-element, which is directly bound by the PHR1, is present in the promoter regions of plant ZIP2 subfamily genes (see Figure 3A), implying that Zn transporter ZIP2 may regulate plant Zn homeostasis in a phosphorus-dependent manner. As a result, a high level of Zn in plants inhibits the root-to-shoot translocation and distribution of Pi into leaves through downregulating the PHT1 transporter genes in shoots (Ding et al., 2021).
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FIGURE 3. Schematic representation of the cross-talk between Pi and Zn nutrients and the potential linkers involved in the interaction between Pi and Zn nutrient homeostasis in plants. (A) the potential Pi- and Zn-deficient cis-regulatory elements present in the promoter regions of PHT1 family and ZIP family genes from plants. P1BS-motif (GNATATNC), which is the target site of PHR1 in plants, was screened in the promoter region of plant PHT1 and ZIP genes by DNA-pattern-matching analysis (http://rsat.ulb. ac.be/rsat/). The GNATATNC motif is found in the promoter region of AtZIP2 (in Arabidopsis thaliana), GmZIP2 (in Glycine max), AsZIP2 (in Astragalus sinicus), MtZIP2 (in Medicago truncatula), and LjZIP2 (in Lotus japonicus), while the promoter sequences of AtPT1 (in Arabidopsis thaliana), HvPT2 (in Hordeum vulgare), LePT3 (in Solanum lycopersicum), and LjPT5 (in Lotus japonicus) further contain the ZDRE motif (RTGTCGACAY), which is activated by the bZIP19/23 transcription factors during Zn deficiency. (B) Under Pi deficiency, the PHT1 and PHO1 genes are activated to be essential for Pi uptake and accumulation in plants through the Pi regulatory-signaling pathway (PHR1-miR399-PHO2); moreover, the ZIP2 subfamily genes, belonging to the plant ZIP gene family, are transcriptionally induced via the activated PHR1 transcription factor binding to the P1BS (GNATATNC) sequences found in the promoter regions of their genes (see A). On the other hand, Zn deficiency activates the bZIP19/23 transcription factors, and bZIP19/23-mediated Zn regulatory pathway induces the ZIP gene family transporters to promote Zn uptake and homeostasis. On the other hand, LPCAT1 (Lyso-PhosphatidylCholine AcylTransferase 1), PHT1;1, and PHO1;H3 are transcriptionally upregulated in a bZIP19/23-dependent manner during Zn deficiency. The black arrows and flat-ended lines refer to the positive and negative interactions, respectively. The red and blue arrows represent the increased and decreased element contents; accordingly, the red and blue modules indicate the activated and inhibited processes in plants.


On the other hand, a high level of Pi treatment results in repressed the PHR1/2-miR399-PHO2 and PHR1/2-P1BS modules in shoots and roots; consequently, Zn concentrations are largely decreased in both roots and shoots. This conclusion is also confirmed by some scientists who reported the decreased Zn-uptake ability in rice roots through the OsPHR2-dependent ZIP gene expression (Ding et al., 2021). Accordingly, Zn deficiency activates the bZIP19/23 transcription factors, which are the central controls of Zn-deficiency signaling and act as Zn sensors to regulate plant Zn availability (Lilay et al., 2021), and, subsequently, the bZIP19/23-mediated Zn regulatory pathway activates the ZIP gene family transporters to promote Zn uptake and homeostasis (Assuncao et al., 2010). However, under such a Zn-deficient scenario, the accumulation of Pi is also increased in leaves (Khan et al., 2014). In dicots, phosphate exporter PHO1, H3 engages in xylem loading of Pi and mediates Zn-deficiency-induced Pi accumulation in leaves, which is accompanied by an increase in the PHT1;1 expression in shoots (Khan et al., 2014; see Figure 3B, the right panel), suggesting that these important genes play key roles in regulating Pi homeostasis and Zn-deficiency response in plants. Moreover, a recent investigation has revealed that a Lyso-PhosphatidylCholine (PC)AcylTransferase 1(LPCAT1) gene, which encodes the enzyme that converts Lyso-PhosphatidylCholine (LPC) to PhosphatidylCholine (PC), acts as the key determinant of leaf Pi accumulation under Zn deficiency (Kisko et al., 2018). These authors found the regulation of LPCAT1 expression in a bZIP23 transcription factor (or zinc dependent) manner, for which they identified a novel bZIP23-binding motif upstream of the LPCAT1 gene to repress its own expression. Under Zn-deficient conditions, loss of LPCAT1 function enhances the contents of phospholipid LPC as well as the expression of the phosphate transporter PHT1;1, consequently, increases leaf Pi accumulation (Kisko et al., 2018). Based on the above, it is proposed that the LPC/PC ratio may affect the expression of PHT1;1 in plant shoots. Because Drissner et al. (2007) reported that LPC as a signal elicits the arbuscular mycorrhiza-inducible phosphate transporter genes StPT3/4 in roots of Solanum tuberosum, collectively, these new findings uncover that a Zn-regulated bZIP23-LPCAT1-(Lyso-PC/PC)-PHT1;1 cascade controls the shoot phosphate homeostasis (Figure 3B, the right panel).




INTERACTIONS BETWEEN PI AND FE NUTRIENTS IN PLANTS


Pi Availability Affects Fe Uptake and Homeostasis in Plants

The uptake of elements by plants not only depends on the availability of elements in the soil solutions but also on the nutrient uptake capacity of the roots. Pi deficiency or excess can affect Fe homeostasis of plants (Liu et al., 2000; Zheng et al., 2009). Fe plays an important role in plant growth, development, and productivity. Although it is present in large quantities in soils, its absorption by plants is limited (Guerinot and Yi, 1994; Colombo et al., 2014). Fe can interact with phosphorus in the soil or growth medium, root surface, and in systems of plants (Ward et al., 2008; Zheng et al., 2009; Bournier et al., 2013; Rai et al., 2015). Higher concentrations of Fe have been observed in Pi-deficient plants, and this is attributed to the activities of Fe-responsive genes in response to Pi deficiency (Zheng et al., 2009); however, this phenomenon was not observed in high Pi medium (Wasaki et al., 2003; Misson et al., 2005; Hirsch et al., 2006). The absence of Fe in Pi-deficient medium promotes plant growth (Ward et al., 2008). In experimental conditions, the absence of Pi increased the Fe concentration of the shoots of seedlings; however, Fe concentration in the roots was unaffected, indicating that Pi and Fe have an antagonistic relationship (Zheng et al., 2009, Chaiwong et al., 2018). Therefore, regulating Pi homeostasis has a considerable effect on the availability of Fe (Bournier et al., 2013). Fe was present only in the vacuoles under high-Pi conditions, whereas several large grains of starch typical of Pi-starved plants were observed in most of the chloroplasts under low-Pi conditions (Hirsch et al., 2006).



Fe Availability Affects Pi Uptake and Homeostasis in Plants

When both iron and phosphorus are absorbed by plants, the retention of Pi in roots increases and the transfer of Pi to the ground decreases in a concentration-dependent manner. Fe promoted Pi retention in the roots of apple plants and reduced Pi translocation to the shoots (Cumbus et al., 1977; Mathan and Amberger, 1977); By contrast, there was overaccumulation of Pi in both the roots and shoots of Fe-deficient apple plants. Pi and Fe interacted in an antagonistic manner to regulate the growth of rice shoots (Zheng et al., 2009). An antagonistic interaction between Fe and Pi contents was previously reported in crop species and apple trees (Zheng et al., 2009; Zanin et al., 2017; Valentinuzzi et al., 2019). The results of experiments on Pi- and Fe-treated Arabidopsis seedlings indicated that the availability of Fe affected the response of lateral roots to Pi deficiency (Rai et al., 2015). Recently, it has been suggested that iron-dependent callose deposition adjusts root meristem maintenance to Pi availability (Müller et al., 2015).



Molecular Basis of Pi and Fe Interactions in Plants

Transcriptomic analysis of Pi-deficient plants showed that there was an increase in the expression of genes-regulating excess Fe and a reduction in the expression of genes-regulating iron deficiency (Misson et al., 2005; Müller et al., 2007; Thibaud et al., 2010). In this condition, the AtFER1 gene, encoding the ferritin protein for Fe storage in Arabidopsis, was induced by Pi deficiency. Moreover, it was demonstrated that this AtFER1 in response to Pi starvation was mediated by PHR1 and PHL1, which are two members of the MYB transcription factor family controlling Pi deficiency in plants, through their binding to the cis-regulatory element P1BS found in the promoter of AtFER1, regardless of Fe availability (Bournier et al., 2013). However, this Pi-deficient induction of AtFER1 does not need the Fe-dependent cis-element IDRS found in its promoter (Bournier et al., 2013). On the other hand, the upregulation of AtFER1 in response to excessive Fe is unchanged in single phr1 (Bournier et al., 2013) or in double phr1 × phl1 (Bustos et al., 2010) mutant plants. These findings revealed that PHR1 and PHL1 are involved in Pi and Fe homeostasis interactions (Briat et al., 2015).

Genome-wide analysis in wild-type plants (Misson et al., 2005; Müller et al., 2007; Thibaud et al., 2010) and phr1 × phl1 double mutants (Bustos et al., 2010) showed that the expression of genes involved in iron homeostasis, such as NAS3 and YSL8, was enhanced during Pi deficiency in wild-type plants, whereas they showed a decreased expression in the double-mutant plants. Furthermore, the genes in response to Fe deficiency, such as FRO3, FOR6, IRT1, IRT2, and NAS1, were inhibited by Pi deficiency in the wild-type plants, while they were out of control in the phr1 × phl1 double mutants (Bustos et al., 2010). These findings confirm that PHR1 and PHL1 act as integrators of Pi and Fe homeostasis interactions in plants.

Here, we presented the molecular mechanisms of Pi-Fe interactions and proposed models of the interaction between Pi and Fe in plants (Figure 4). Under Pi deficiency, the PHR1 and PHL1 function as the core transcription factors controlling the expression of Pi transporters PHT1 and PHO1 via the PHR1-miR399-PHO2-signaling pathway. Moreover, PHR1 and PHL1 act as the positive regulators of the transcription of Fe transporters FER1, NAS3, and YLS8 responsible for Fe homeostasis in plants (Figure 4A). On the other hand, Pi deficiency also induces the STOP1-modulated signaling cascade (PDR2-LPR1-STOP1-ALMT1) (Dong et al., 2017; Godon et al., 2019; Hanikenne et al., 2021) to promote Fe accumulation in roots (Figure 4A, the right panel). However, under Fe sufficiency, as a key cis-acting element of plant iron homeostasis, IDRS (iron-dependent regulatory sequence, which is bound by unknown factor X) is responsible for the upregulation of ferritin genes FER2, FER3, and FER4, whereas the central regulator FIT is inactivated to inhibit the expression of FRO2 and IRT1 (Bournier et al., 2013; Chen et al., 2018). By contrast, Fe deficiency activates the interacting bHLH IVc (bHLH34/104/105/115) and bHLH121 complex to positively regulate the expression of bHLH Ib (bHLH38/39/100/101) and FIT (Cai et al., 2021). The bHLH Ib and FIT interact with each other to induce the expression of Fe uptake-related genes FRO2 and IRT1 as well as PHO1 Pi transporter genes PHO1; H1 and PHO1;1 (Yi and Guerinot, 1996; Vert et al., 2002; Chen et al., 2018) for Pi homeostasis (Figure 4B). However, the dynamics in Pi also elicits the mitogen-activated protein kinase (MPK)-mediated Pi sensing, signaling, and responses in plants (Lei et al., 2014), while Fe deficiency reduces the MPK6 activity to repress the PHT1 family genes downstream of the WRKY75 transcription factor (Devaiah et al., 2007; Takahashi et al., 2007; Figure 4B, the right panel), indicating the role of MPK6 in the coordination of the responses to Pi and Fe nutrients in Pi uptake and homeostasis (López-Bucio et al., 2019).
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FIGURE 4. Schematic representation of Pi and Fe homeostasis interactions in plants. The phosphate (Pi) deficiency promotes the iron (Fe) accumulation (A); conversely, Fe deficiency induces the high Pi in plants at the physiological level (B). For the molecular bases of the Pi-Fe cross-talk, the PHR1, PHL1, PHO1;1, PHO1; H1, FER1, STOP1, and MPK6 act as potential integrators of Pi and Fe nutrient signals in plants. (A) Under Pi deficiency, the PHR1 and PHL1 function as the core transcription factors controlling the expression of Pi transporters PHT1 and PHO1 via the PHR1-miR399-PHO2-signaling pathway. Moreover, PHR1 and PHL1 act as the positive regulators of the transcription of Fe transporters FER1, NAS3, and YLS8 responsible for Fe homeostasis in plants. On the other hand, Pi deficiency also induces the STOP1-modulated signaling to promote Fe accumulation in roots. However, under Fe sufficiency, as a key cis-acting element of plant iron homeostasis, IDRS (iron-dependent regulatory sequence, which is bound by unknown factor X) is responsible for the upregulation of ferritin genes FER2, FER3, and FER4, whereas the central regulator FIT is inactivated to inhibit the expression of FRO2 and IRT1. (B) By contrast, Fe deficiency activates the interacting bHLH IVc (bHLH34/104/105/115) and bHLH121 complex to positively regulate the expression of bHLH Ib (bHLH38/39/100/101) and FIT. The bHLH Ib and FIT interact with each other to induce the expression of Fe uptake-related genes FRO2 and IRT1 as well as PHO1 Pi transporter genes PHO1; H1, and PHO1;1 for Pi homeostasis. However, the dynamics in Pi also elicits the MAPK-mediated Pi sensing, signaling, and responses in plants, while Fe deficiency reduces the MAPK6 activity to repress the PHT1 family genes downstream of the WRKY75 transcription factor, indicating the role of MPK6 in the coordination of the responses to Pi and Fe nutrients in Pi uptake and homeostasis. The arrows and flat-ended lines indicate the positive and negative influences, respectively. The confirmed influences are presented with solid lines, whereas non-confirmed influences are shown with dashed lines.


Taken together, for the molecular bases of the cross-talks between Pi and Fe, the proteins PHR1, PHL1, PHO1;1, PHO1; H1, FER1, STOP1, and MPK6 act as the potential integrators of Pi and Fe nutrient signals in plants.




INTERACTIONS BETWEEN ZN AND FE NUTRIENTS IN PLANTS


Zn Availability Affects Fe Uptake and Homeostasis in Plants

Zinc and iron are essential micronutrients for all living organisms and play a crucial role in plant growth and development (Marschner, 2012). Zinc and iron deficiency reduces plant growth and affects grain yield and quality (Casterline et al., 1997). The antagonistic relationship between Fe and Zn in plants, and between Zn or Fe deficiency and Pi concentration has been examined in plants (Jain et al., 2013; Zargar et al., 2013, 2015; Rai et al., 2015). An increase in Zn concentration resulted in a decrease in the concentration of Fe in the shoots of A. thaliana; however, Fe concentration was not affected in the roots of A. thaliana. The concentration of Zn in the shoot of plants was positively correlated with the zinc concentration of the growth medium and was not affected by iron concentration (Shanmugam et al., 2011). Although the leaves of Thlaspi caerulescens had high-concentration Zn, the root Zn content was low (van de Mortel et al., 2006). A decrease in the Fe content of shoots of T. caerulescens was attributed to a high concentration of Zn in the growth medium. Contrarily, increasing the concentration of Fe in the medium resulted in a decrease in the concentration of Zn in the shoots (Pineau et al., 2012). High-Fe concentration reduced the effects of Zn toxicity in A. thaliana exposed to high-soil Zn. Therefore, the competition between Zn and Fe plays an important role in high-Zn tolerance in plants (Fukao et al., 2011; Shanmugam et al., 2011; Pineau et al., 2012). Furthermore, recent study has shown that the excess of Zn application mimics Fe-deficiency-induced chlorosis in plant shoots, and analysis of Fe-related morphological, physiological, and regulatory responses in plants subjected to excess Zn reveals that the enhanced Zn uptake closely mimics Fe deficiency, resulting in low-chlorophyll concentrations but high-ferric-chelate reductase activity (Lešková et al., 2017). Lešková et al. (2017) further found that these responses were not resulted from the high-Zn-reduced Fe uptake at the level of transport, whereas Zn simulated the transcriptional response of Fe-regulated key genes. This finding indicates that excess Zn disturbs Fe homeostasis at the level of Fe sensing.



Fe Availability Affects Zn Uptake and Homeostasis in Plants

Fe deficiency in agricultural soil is a worldwide problem and could lead to a significant reduction in crop yield production (Mori, 1999). Recent studies have reported that Fe deficiency accelerates excess uptake and accumulation of Mn and Zn (Kobayashi et al., 2012). The growth of Zea mays under both Fe and Zn deficiency was significantly higher than that under only Fe deficiency (Kanai et al., 2009). Fe deficiency is usually a major inducer of Zn toxicity, while plant symptoms under excess Zn resemble symptoms of Fe-deficient plants. Increasing Fe concentration alleviates the effects of Zn toxicity in A. thaliana (Shanmugam et al., 2011), while Fe deficiency inhibits root elongation (Gruber et al., 2013; Satbhai et al., 2017). However, Zn deficiency slightly promotes early root growth (Bouain et al., 2018). On the other hand, when grown in excess Zn medium, the inhibition of Arabidopsis growth was sufficiently recovered by Fe addition (Zargar et al., 2015), indicating that the appropriate application of Fe can significantly alleviate the effects of Zn toxicity in plants when grown in Zn-contaminated soil. Moreover, Fe-mediated plant Zn tolerance may be sustained by the fine-tuned Zn homeostasis mechanism in Arabidopsis plants, which prevent high Zn uptake through Fe-regulated metal transporters responsible for Zn tolerance (Shanmugam et al., 2011). This suggests a cross-talk between excess Zn and Fe deficiency in plants.



Molecular Basis of Zn and Fe Interaction in Plants

Based on the current literature, the interplay between Zn and Fe homeostasis at the molecular level in plants is discussed here (Figure 5). The FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR (FIT) protein (Colangelo and Guerinot, 2004; Schwarz and Bauer, 2020), ZIP family transporters (ZIP3 and IRT3) (Mäser et al., 2001), and metal tolerance proteins, including FERRIC REDUCTASE DEFECTIVE3 (FRD3), MTP3 (a member of the Cation Diffusion Facilitator family), and HMA3 (belonging to the P1B-type ATPase family) are potential molecular integrators of Zn and Fe signaling in plants (Rogers and Guerinot, 2002; Becher et al., 2003; Arrivault et al., 2006; van de Mortel et al., 2006; Haydon and Cobbett, 2007; Haydon et al., 2012). Under high Zn conditions (Figure 5A), Arabidopsis plants maintain Zn homeostasis by inhibiting the activities bZIP19/23 transcription factors and ZIP gene family transporters (ZIP5 and ZIP9) (Assuncao et al., 2010). Additionally, metal tolerance proteins MTP3 and HMA3 are activated to facilitate Zn loading into xylem (Arrivault et al., 2006; Briat et al., 2015). However, the ZIP2 subfamily genes may be independent of the bZIP19/23-mediated pathway and are under the control of the PHR1-dependent pathway due to the existence of the P1BS cis-acting element in their promoters (see Figure 3A), resulting in Zn overaccumulation in plants (Assuncao et al., 2010).
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FIGURE 5. Schematic representation of Zn and Fe homeostasis cross-talk in plants. The excess zinc (Zn) results in the iron (Fe) deficiency (A), whereas excess Fe reduces the Zn concentration in plants at the physiological level (B). For the molecular bases of the Zn-Fe homeostasis cross-talk, the FIT protein, ZIP family transporters (ZIP3 and IRT3), and metal tolerance proteins (FRD3, MTP3, and HMA3) function as potential integrators of Zn and Fe nutrient signals in plants. (A) Under excess Zn conditions, the IRT1 acts as a transceptor to sense excess Zn2+ and orchestrates its own degradation to protect plants from highly reactive Zn2+, while the low-Zn-adaptive bZIP19/23 transcription factors are inactivated and inhibit the plant ZIP gene family transporters (such as ZIP5 and ZIP9) to regulate Zn homeostasis. In addition, metal tolerance proteins MTP3 and HMA3 are activated to facilitate Zn loading into xylem. However, the ZIP2 subfamily genes are independent of the bZIP19/23-mediated pathway and are under the control of the PHR1-dependent pathway, resulting in the Zn overaccumulation in plants. Furthermore, the expression of MTP3 and HMA3 is partially dependent on the FIT and contributes to Zn tolerance, while the FIT-independent FRD3 and YSL2 function in Zn and Fe homeostasis, respectively. (B) On the other hand, the deficient Zn-regulated ZIP family (such as ZIP3 and IRT3) and NAS1/4 transporters, contributing to Fe uptake and transport, are induced during Zn deficiency, leading to Fe sufficiency in plants. Consequently, the FBP (FIT-binding protein) inhibits the FIT activity, and the bHLH Ib and FIT transcription factors are repressed in adaptive to Zn deficiency and excess Fe, and then expression of NAS1/4, FRO2, and IRT1/2 are downregulated at the transcriptional level to modulate Zn and Fe homeostasis in plants. The arrows and flat-ended lines indicate the positive and negative influences, respectively.


Under high Zn conditions (Figure 5A), the activities of the ZIP family transporters, which promote Fe uptake and transport, are repressed, leading to Fe deficiency in plants (Shanmugam et al., 2011; Li et al., 2013). On the other hand, this Zn excess provokes Fe deficiency responses at the regulatory level and affects the transcript levels of Fe-deficiency-responsive genes. Particularly, the transcript levels of all Fe-deficiency-induced bHLH Ib (bHLH38/39/100/101) and FIT transcription factors experience a strong upregulation in plant roots after prolonged exposure to external high-Zn concentrations (Lešková et al., 2017; see Figure 5A). Under Zn and Fe deficiencies, plants maintain homeostasis by activating the FIT transcription factor and by upregulating the expression of FERRIC IRON REDUCTASE 2 (FRO2) and IRON-REGULATED TRANSPORTER1/2 (IRT1/2) to increase the uptake and transport of Zn and Fe (Yuan et al., 2008; Wang et al., 2013). Furthermore, the expression of MTP3 and HMA3, which regulates Zn tolerance, is partially dependent on the activities of FIT, whereas FRD3 and YSL2 are involved in Zn and Fe homeostasis, respectively (Schaaf et al., 2005; Scheepers et al., 2020; Zang et al., 2020). A more recent report has uncovered that the plant IRT1 acts as a metal transporter receptor (also called transceptor or sensor) to directly sense the soil excess of its non-iron metal substrate, such as Zn2+, and to orchestrate its own vacuolar degradation in the cytoplasm (Dubeaux et al., 2018; see Figure 5A, the left panel). In brief, when Zn is present in excess, the plasma membrane-localized IRT1 as a transceptor senses the excess of Zn2+ in the cytoplasm and binds Zn2+ to its histidine-rich region. Subsequently, the IRT1 sensor can recruit the calcium-dependent CBL-INTERACTING PROTEIN KINASE 23 (CIPK23), which phosphorylates the variable region of IRT1. The phosphorylated IRT1 is ubiquitinated by the E3 ubiquitin ligase IRT1-DEGRADATION FACTOR1 (IDF1) and degraded in the vacuole. This new finding also provides insights into the defined molecular mechanism by which the plant Fe transceptor transports and senses the elevated Zn2+ concentrations and integrates Zn2+-dependent regulations to maximize Fe uptake and protect plants from toxic Zn.

Under low-Zn conditions (Figure 5B), the low-Zn-adaptive bZIP19/23 transcription factors are activated and induce the expression of plant ZIP gene family transporters (such as ZIP1-11) to regulate Zn uptake and homeostasis. However, the metal tolerance proteins MTP3 and HMA3 are inactivated to inhibit Zn loading into xylem (Morel et al., 2009), whereas the upregulated expression of ZIP3 is dependent on the bZIP19/23 transcription factors and contributes to Fe translocation (Hanikenne et al., 2021), resulting in a high level of Fe concentrations in plants (Figure 5B); consequently, the FIT-independent FRD3 (Pineau et al., 2012; Scheepers et al., 2020) and YSL2 (Schaaf et al., 2005; Zang et al., 2020) function in Zn and Fe homeostasis, respectively. In addition, the IRT3 and NAS1/4 transporters, contributing to Fe uptake and transport, are also induced during Zn deficiency (Talke et al., 2006), leading to Fe sufficiency in plants. Consequently, the FBP (FIT-binding protein) inhibits the FIT activity (Chen et al., 2018), and the bHLH Ib and FIT transcription factors are repressed in adaptive to Zn deficiency and excess Fe, and then expression of NAS1/4, FRO2, and IRT1/2 is downregulated at the transcriptional level to modulate Zn and Fe homeostasis in plants.




THE COMMON SIGNALS INVOLVED IN PI, ZN, AND FE NUTRIENT HOMEOSTASIS IN PLANTS

Mineral nutrients availability affects the gene regulatory networks, which, in turn, initiate the expression of genes-regulating ion homeostasis in plants, resulting in the regulation of plant growth and development (Bouain et al., 2019). To understand the tripartite cross-talk between Pi, Zn, and Fe in plants, it is necessary to identify the molecular actors that integrate Pi, Zn, and/or Fe signaling and homeostasis.

Recently, some studies have revealed that the MYB transcription factor, such as PHR1, regulated the genes essential for Pi, Zn, and Fe uptake and homeostasis in plants (Rouached et al., 2011; Bournier et al., 2013; Khan et al., 2014; Briat et al., 2015; Kumar et al., 2021). Therefore, PHR1 acts as the first common regulator of Pi, Zn, and Fe homeostasis and serves as an integrator of multiple mineral signals in plants (Briat et al., 2015; see Figures 3, 4). In this review, the role of PHR1 in the cross-talks between two minerals has been examined in detail, including Pi and Zn (see Figure 3), and Pi and Fe (see Figure 4). PHR1 functions as a core transcription factor in the expression of the Pi transporter gene (PHT1 and PHO1; H1). Moreover, PHR1 also regulates the expression of miR399 and PHO2. In response to Pi deficiency during Pi-Zn cross-talk, PHR1 or its ortholog OsPHR2 (in rice) may act as a positive regulator of the ZIP family transporters for Zn accumulation in plant shoots regarding the presence of PIBS cis-element in plant ZIP genes (see Figure 3A) and the induction of these Zn transporter genes in response to Pi deficiency (Ding et al., 2021; Kumar et al., 2021). Furthermore, the transcription of Fe homeostasis-associated genes is dependent on the PHR1 activity, including the activity of FER1 (Bournier et al., 2013; Briat et al., 2015; also see Figure 4). The regulatory roles of these PHR1-dependent genes in the control of Pi, Zn, and/or Fe uptake have been partially studied in different plant species. PHT1;1, PHO1, and PHO1; H3 are coordinatively involved in the cross-talk between Pi and Zn homeostasis in Arabidopsis (Bouain et al., 2014b; Khan et al., 2014; Kisko et al., 2015). In the case of Pi-Fe interaction, the expression of FER1 gene-encoding ferritin is upregulated under Pi deficiency conditions in a PHR1-dependent manner (Petit et al., 2001; Bournier et al., 2013). Additionally, there was an increase in the expression of NAS3 and YSL8, which are responsible for Fe transport during Pi deficiency (Thibaud et al., 2010). Furthermore, phr1 × phl1 double mutation in Arabidopsis affected the expression of the Fe homeostasis-associated gene (Bournier et al., 2013; Briat et al., 2015), suggesting that besides PHR1, PHL1 may serve as an integrator in the cross-talk between Pi deficiency and Fe stress-signaling pathways in plants.

The bZIP23 transcription factor has been identified as a molecular integrator in the cross-talk between Pi and Zn homeostasis. Kisko et al. (2018) reported that the Lyso-PhosphatidylCholine AcylTransferase 1 (LPCAT1) gene was downregulated by the bZIP23 TF and serves as the key determinant of shoot Pi accumulation under Zn deficiency. Additionally, other key molecular players have been identified in plants in response to Pi and Fe deficiencies. Dai et al. (2016) demonstrated that OsWRKY74, a WRKY transcription factor in rice, regulates phosphate deficiency tolerance, and was involved in Fe deficiency responses. There was an increase in the expression of OsWRKY74 in rice under Pi deficiency, resulting in higher Fe accumulation compared with that in the wild type. This result indicates that OsWRKY74 is involved in the cross-talk between Pi and Fe deficiency signaling. Moreover, LPR1 (LOW PHOSPHATE ROOT1), PDR2 (PHOSPHATE DEFICIENCY RESPONSE2), STOP1 (SENSITIVE TO PROTON RHIZOTOX-ICITY1), and ALMT1 (ALUMINUM-ACTIVATED MALATE TRANSPORTER1) participate in the interaction of Pi and Fe to promote Fe accumulation in roots in response to Pi deficiency (Ticconi et al., 2004; Svistoonoff et al., 2007; Balzergue et al., 2017; Mora-Macías et al., 2017). Furthermore, studies have shown that MPK6 integrates Pi and Fe responses and coordinates the homeostasis between Pi deficiency and Fe signaling in Arabidopsis (López-Bucio et al., 2019). Zargar et al. (2013) examined the response to high Zn and Fe deficiency in Arabidopsis.

The bHLH Ib (bHLH38/39/100/101) and FIT transcription factors are regulated in response to high Zn application (Lešková et al., 2017), indicating that these Fe-deficient regulatory proteins may act as important integrators in the interaction between Fe deficiency and Zn excess. Moreover, under both Fe-deficient and high-Zn conditions, several metal ion transporters, including NRAMP4, OPT3, and MRP3, and membrane protein, including SYP122, could act as molecular integrators in the regulation of the homeostatic cross-talk that occurs in response to high Zn and Fe deficiency. There is a need for detailed studies on the gene regulatory networks involved in the Zn-Fe cross-talk in plants.

It is worth noting that the signaling intermediates, such as calcium ion (Ca2+) and reactive oxygen species (ROS), play critical roles in the plant iron and zinc nutrient homeostasis (Gratz et al., 2019; von der Mark et al., 2021). Very recent studies have revealed the molecular machineries of how Ca2+ signaling is involved in the regulation of FIT and IRT1 activities and is responsible for plant iron acquisition and homeostasis (Gratz et al., 2019; Khan et al., 2019). Gratz et al. (2019) also found that the CBL-INTERACTING PROTEIN KINASE (CIPK11) expression and cytosolic Ca2+ concentrations are induced during Fe deficiency and conformed CIPK11 as a FIT interactor. They further proposed that the second message Ca2+-triggered CBL1/9 mediated the CIPK11 activation, and subsequent CIPK11-dependent phosphorylation-modulated FIT activity shifted inactive into active FIT to enhance plant iron uptake in response to calcium signaling. Conversely, calcium-promoted direct interaction between the C2-domain containing peripheral membrane protein-ENHANCED BENDING1 (EHB1, belonging to the CAR family member) and metal transporter IRT1 inhibited plant iron acquisition required for the prevention of metal toxicity (Khan et al., 2019). These novel findings uncover that these biochemical links between Fe/Zn availability and the second message Ca2+ signal-decoding machinery represent a defined environment-sensing mechanism to adjust nutrient uptake and homeostasis.

Reactive oxygen species (ROS) as an intermediate signal play a central role in the regulation of plant stress responses (Czarnocka and Karpiński, 2018; Smirnoff and Arnaud, 2019). The prolonged Fe deficiency-induced hydrogen peroxide (H2O2) elicits signaling events, leading to the inhibition of plant Fe uptake via the FIT inactivation. To test this, the very recent study has shown that the increased H2O2 in plants negatively affects the gene expression of downstream transcription factors FIT, bHLH Ib (bHLH038/039/100/101) and POPEYE (PYE), and subsequently inhibits the Fe uptake-related FIT target genes IRT1 and FRO2 by analysis of Fe homeostasis transcription cascade (von der Mark et al., 2021). This finding reveals that ROS coordinates the transcriptional responses to Fe availability in plants. On the other hand, excess Fe increases ferritin abundance to store Fe and protect plants from Fe-induced oxidative stress, whereas Fe excess inhibits root growth. It is well-demonstrated that ROS signaling participates in the Fe homeostasis and ferritin accumulation in plants (Ravet et al., 2009; Briat et al., 2010). Reyt et al. (2015) reported that ROS homeostasis mediated the interaction between ferritin function and root system architecture (RSA) remodeling in response to Fe excess. Moreover, the ROS-activated SMR5/7 cyclin-dependent kinase inhibitors controlled the root meristem cell cycle arrest in the interplay between Fe and RSA. These two cases mentioned above represent the mechanisms for ROS signaling to coordinate Fe uptake and redistribution in plant responses to Fe stress.



CONCLUSION AND PERSPECTIVES

In terrestrial ecosystems, higher plants are sessile organisms and faced with variable environmental stresses, including soil nutrient deficiency and highly reactive metals, which significantly affect plant survival and development. In particular, crop plants grown in soils are exposed to nutrient stresses during their lifecycle, such as low or high amount of essential mineral elements, including N, P, S, Zn, and Fe. Therefore, plants have evolved effective mechanisms to coregulate these stimuli to maintain nutrient homeostasis. To date, the unexpected cross-talks between macro- and micro-mineral elements in plants have long been recognized at morphological and physiological levels. Nevertheless, despite their fundamental importance, the molecular bases, regulatory networks, and biological significance of these interactions in plants remain poorly understood. Recently, several pieces of research have emphasized the analysis of plant nutrition, considering two or more nutrient combinations, and proposed that N, Pi, Zn, and/or Fe homeostasis are highly regulated in plants at different hierarchic levels (Lešková et al., 2017; Dubeaux et al., 2018; Bouain et al., 2019; Brumbarova and Ivanov, 2019). On one hand, the synergistic effects between N and P, and N and Zn in rice plants have been demonstrated at the nutrient signaling and transport levels (Medici et al., 2019; Ji et al., in press). On the other hand, the antagonistic interactions between P and Zn, P and Fe, and Zn and Fe have been noted in the area of plant nutrition at the transcriptional response, nutrient sensing, signaling, and transport levels (Zheng et al., 2009; Khan et al., 2014; Lešková et al., 2017; Dubeaux et al., 2018; Gratz et al., 2019; Ding et al., 2021; von der Mark et al., 2021). Moreover, in these excellent studies, some important molecular integrators, including nutrient sensors (NRT1.1 and IRT1), central regulators (PHR1, bZIP19/23, bHLH Ib and FIT), nutrient transporters/enzymes (PHT1, PHO1;1, ZIPs, FER1, LPCAT1, and MAPK6), and chemical/biochemical signals (Ca2+, ROS, and CIPK11/23), have been identified and characterized in plants during these complex processes. Future studies will need to undertake integrative studies in order to reveal the underlying mechanisms by which plants (including mycorrhizal plants) coordinate these multiple nutrient stresses signaling at the whole-plant systemic level through the combination of gene coexpression analysis, multiple “omics” approaches, and gene editing. This will help us further understand the biological significance of these cross-talks and will help the scientists and farmers develop new strategies for field nutrient management. For example, by this way, the combined application of N and Zn fertilizers in the field is an effective method for enhancing both Zn nutrition and N utilization in crop plants, which is beneficial for humans with diets, while the appropriate supply of P or Fe fertilizer is a master strategy to alleviate crop uptake of excessive Zn when grown in high-Zn soil (Ding et al., 2021; Ji et al., in press).

In addition, land plants largely depend upon their associated microbes for growth promotion and nutrient availability under various stresses (Edwards et al., 2015; Andreote and Silva, 2017; Kaul et al., 2021). If we better study the beneficial interactions between plants and their associated microbiota in the rhizosphere, such as plant growth-promoting rhizobacteria (PGPR) (Kumar and Verma, 2018), arbuscular mycorrhizal (AM) fungi (Genre et al., 2020), and endophytic fungi (Tang et al., 2019), we can properly manipulate the PGPR and AM fungi in soils for facilitating plant nutrient acquisition (White, 2019) and alleviating plant responses to toxic metal stresses (Rajkumar et al., 2012; Tak et al., 2013), and can lead the modern agriculture to a master exploration of these universal nutrient sources, improving crop yield and agricultural sustainability.

In conclusion, we emphasize again the systemic development of the integrative study of cross-talk between macro- and micro-mineral elements uptake and signaling in land plants will be of great significance and essential for sustainable agricultural and forestry development all around the world.
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Cluster roots References

0ld World species’

L. albus Yes Gardner et al., 1982

L. anatolicus n.t.

L. angustifolius Yes/no Egle et al., 2003; Hocking
and Jeffery, 2004

L. atlanticus Yes Clements et al., 1993;
Abdolzadeh et al., 2010

L. consentinii Yes Trinick, 1977

L. digitatus Yes Clements et al., 1993

L. hispanicus Yes Hocking and Jeffery, 2004

L. luteus Yes Hocking and Jeffery, 2004

L. mariae-josephi n.t.

L. micranthus Yes Clements et al., 1993;
Abdolzadeh et al., 2010

L. palaestinus Yes Clements et al., 1993

L. pilosus Yes Clements et al., 1993

L. princei Yes Clements et al., 1993

L. somaliensis Extinct

New World species?

L. arboreus No Skene and James, 2000

L. guadalupensis No Lambers et al., 2013

L. lepidus Yoz~ Lambers et al., 2012

L. mutabilis Yes/no Hocking and Jeffery, 2004;
Pearse et al., 2006

L. polyphyilus Yes Razavi et al., 2017

L. sericeus cho Lambers et al., 2013

L. subcarinosus No Lambers et al., 2013

L. sulphureus No Lambers et al., 2013

L. texensis No Lambers et al., 2013

1All known Old World Lupinus species are listed.

20nly tested New World species are included.

n.t. indicates not tested; Yes*, “cluster-like” root formation; cho, enhanced carboxy-
late release by roots; Yes/no, discrepancies between different studies.
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Traits
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8S
VE (%)
S8
VE (%)
88
VE (%)
88
VE (%)
8S
VE (%)
88
VE (%)
8S
VE (%)
S8
VE (%)
88
VE (%)
88
VE (%)

ENV

3

1750.15*
89.37
87.14*
79.11
388.53"**
89.5
1717861
89.53
977.24**
83.99
54.06
35.45
2275.48"*
4217
355.66"
80.05
241.65"
85.1
738.95""
66.29

REP (ENV)
8

9.41*
0.48
1.44
1.31
0.81
0.19
2.75
0.14

14.68*
1.26

15.05"
10
30.56™
0.57
32.83"
7.39
23.34***
8.22

76.16
6.83

GEN

47

167.77
8.06
16.56™*
156.04
33.91
7.81
165.49"
8.1
129.87*
11.16
77T
47.06
2958.53"*
54.83
29.27
6.59
8.58™
3.03
204.38*"
18.34

ENV:GEN

141

37.26"
1.9
3.84™*
3.49
8.76*
2.02
39T
2.07
35.6"*
3.06
6.57~
4.31
119.49*
2.21
g
4.28
5.25
1.85
55.43"
4.97

Residuals

376

3.8
0.19
1.16
1.06
2.09
0.48
2.96
0.15
6.1
0.52
4.83
3.17
11.67
0.21
7.52
1.69
5.13
1.81
39.74
3.57

Total

575

1958.39
100
110.16
100
4341
100
1918.82
100
1163.49
100
162.5
100
5395.63
100
444.28
100
283.86
100
1114.66
100

PC1
49

3590.59"*
68.3
265.71*
49
549.7*
44.5
3896.3"*
69.5
31565.917
62.9
462.19"
49.9
11926.16™
70.8
1735.62**
64.8
314.68
42.5
4736.03"*
60.6

PC2

47

1238.08"*
23.6
203.36™**
37.5
474.86™
38.5
1142.78
20.4
1014.82
20.2
265.31
28.6
3654.97**
217
563.27*
21
293.08
39.6
224317
28.7

PC3

45

424.99"
8.1
72.82
13.4
210.35""
17
567.9**
10.1
849.3*
16.9
199.37
215
1266.47*
7.5
380.38
14.2
132.34
17.9
836.27
10.7

***Significant at P < 0.0001. **Significant at P < 0.01. *Significant at P < 0.05; SV, source of variation; PC, principal component; ENV, environment;, GEN, genotype; ZPR,
zinc content in polished rice (ppm); ZBR, zinc content in brown rice (ppm); IPR, iron content in polished rice (ppm); IBR, iron content in brown rice (ppm); SPY, single plant
yield (g); TW, test weight (9); PH, plant height (cm); PL, panicle length (cm); NT, number of tillers per plant; DFF, days to fifty percent flowering (days).
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S. no. Trait QTL Chr Position Marker interval LOD PV (%) Add Allele Region reported

(cM)

1 ZPR qZPR.2.1 2 123 RM1367-RM262 5.25 1.3 —0.56 Parent 2 Raza et al. (2019)

2 AOC_ZPR gAOC_ZPR.9.1 9 92 RM160-RM23669 2.65 6.23 —-5.27 Parent 2 Raza et al. (2019);
Jeong et al. (2019);
Calayugan et al. (2020)

3 AOC_IPR gAOC_IPR.9.1 9 140 RM6543-RM296 3.26 152 —11.46 Parent 2 Kumar et al. (2019);
Raza et al. (2019)

4 IBR q/BR.1.1 1 151 RM11741-RM11740 2.8 6.48 —-0.44 Parent 2 Swamy et al. (2018b);

Dixit et al. (2019);
Jeong et al. (2019)

5 AOC_IBR gAOC_IBR.1.1 1 152 RM11741-RM11740 2.67 6.26 -3.87 Parent 2 Swamy et al. (2018b);
Dixit et al. (2019);
Jeong et al. (2019)

6 IBR qlBR.5.1 5 175 RM18904-RM18799 3.66 10.11 —-0.74 Parent 2 Kumar et al. (2019)

7 AOC_IBR gAOC_IBR.5.1 5 175 RM18904-RM18799 4.41 11.74 -74 Parent 2 Kumar et al. (2019)

8 SPY qSPY.7.1 7 22 RM7601-RM21097 3.24 1.39 0.99 Parent 1

9 AOC_SPY gAOC_SPY.7.1 7 22 RM7601-RM21097 3.17 7.4 3.19 Parent 1

10 SPY qSPY.12.1 12 236 RM28607-RM235 2.58 9.02 2.5 Parent 1 Kumar et al. (2019)

11 PH gPH.1.1 1 146 RM11743-RM11741 3.33 7.66 —5.31 Parent 2 Dixit et al. (2019)

12 AOC_PH gAOC_PH.1.1 1 146 RM11743-RM11741 3.33 7.67 —6.44 Parent 2 Dixit et al. (2019)

13 DFF gDFF.7.1 7 187 RM21539-RM20844 2.78 e 1 Parent 1 Calayugan et al. (2020)

Chr, chromosome; QTL, quantitative trait loci; cM, centimorgans; PV, phenotypic variance explained; LOD, logarithm of the odds; Add, additive effect; AOC, advanced
over check; ZPR, zinc content in polished rice (ppm); IPR, iron content in polished rice (opm); IBR, iron content in brown rice (ppm); SPY, single plant yield (g); PH, plant
height (cm); DFF, days to fifty percent flowering (days); Parent 1-Recipient parent (PR116); Parent 2-Donor parent (Ranbir Basmati)
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S.no. Trait QTL Chr Position Marker interval LOD PV (%) Add Allele Region reported
(cM)

1 ZPR qZPR.1.1 1 185 SNP_21667551-SNP_20715764  4.85 37.84 —2.27 Parent2 Anuradhaet al. (2012);
Dixit et al. (2019)

2 AOC_ZPR gAOC_ZPR.1.1 1 185 SNP_21667551-SNP_20715764  4.85 37.84 —-10.35 Parent2 Anuradhaet al. (2012);
Dixit et al. (2019)

3 ZPR qZPR.11.1 1 658 SNP_27183634-SNP_24162931 2.53 16.47 -1.8 Parent 2

4 AOC_ZPR qAOC_ZPR.11.1 1 658 SNP_27183634-SNP_24162931 2.53 16.47 —8.19  Parent 2

5 ZBR qZBR.1.1 1 185 SNP_21667551-SNP_20715764  3.98 30.61 —1.78 Parent2 Anuradha et al. (2012)

6 ZBR gZBR.2.1 2 861 SNP_21560813-SNP_21617658  2.69 19.84 —1.46  Parent 2

7 IPR qlPR.3.1 3 878 SNP_21240772-SNP_21185917  8.15 34.76 —0.68 Parent2 Swamy etal. (2018b)

8 IPR qlPR.6.1 6 567 SNP_29657204-SNP_7127152 4.31 16.3 -0.5 Parent 2 Swamy et al. (2018b);
Zhang et al. (2018);
Dixit et al. (2019)

9 IPR qlPR.7.1 e 700 SNP_16328271-SNP_15892815  3.74 12.67 —-0.41 Parent 2

10 AOC_IPR  gAOC_IPR.7.2 7 79 SNP_28458370-SNP_28114223  3.56 15.62 11.06  Parent 1

11 AOC_IPR  gAOC_IPR.11.1 11 541 SNP_4832736-SNP_22702777 5.76 31.65 —17.17 Parent2 Swamy etal. (2018b);
Descalsota-Empleo
et al. (2019a)

12 IBR q/BR.5.1 5 1568 SNP_24090722-SNP_24120920  4.16 33.03 —1.04 Parent2 Kumar et al. (2019)

13 AOC_IBR  gAOC_IBR.7.1 7 669 SNP_15070854-SNP_16328271 2.7 22183 —9.58  Parent 2

14 8Py qSPY.7.1 7 546 SNP_26142260-SNP_26042960  2.82 25.74 1.73 Parent 1

18 AOC_SPY  gAOC_SPY.7.1 7 546 SNP_26142260-SNP_26042960 2.75 25.41 571 Parent 1

16 T™wW qTW.1.1 1 41 SNP_2154375-SNP_41166535 1118  19.14 —1.42  Parent2 Huaet al. (2002); Yadav
etal. (2019)

17 AOC_TW  gAOC_TW.1.1 1 41 SNP_2154375-SNP_41166535 1112 19.16 —5.75 Parent2 Huaetal (2002); Yadav
etal. (2019)

18 T™wW qTW.3.1 3 22 SNP_28761809-SNP_28820037  4.16 4.99 0.7 Parent 1

19 AOC_TW  gAOC_TW.3.1 3 22 SNP_28761809-SNP_28820037  4.16 5.01 2.82 Parent 1

20 TW qTW.6.1 6 346 SNP_3438050-SNP_1619620 8.24 1217 1.07 Parent 1

21 AOC_TW  gAOC_TW.6.1 6 346 SNP_3438050-SNP_1619620 8.22 1214 4.33 Parent 1

22 TW qTW.7.1 4 293 SNP_22039667-SNP_23128031 188 36.93 1.88 Parent 1

23 AOC_TW  gAOC_TW.7.1 7 293 SNP_22039667-SNP_23128031 15.88  36.92 7.61 Parent 1

24 T™W qTw.7.2 7 645 SNP_430820-SNP_1144612 4.54 5.68 0.74 Parent 1

25 AOC_TW  gAOC_TW.7.2 74 645 SNP_430820-SNP_1144612 4.53 5.68 299 Parent 1

26 T™W qTwW.12.1 12 373 SNP_9255551-SNP_26268577 6.41 9.03 —0.97  Parent 2

27 AOC_TW  gAOC_TW.12.1 12 373 SNP_9255551-SNP_26268577 6.4 9.02 —3.94  Parent 2

28 PH qPH.1.1 1 794 SNP_35161125-SNP_36994155  2.55 23.06 —-7.2 Parent2  Yanetal. (1999);
Hemamalini et al.
(2000); Yadav et al.
(2019); Dixit et al.
(2019

29 AOC_PH gAOC_PH.1.1 1 794 SNP_35161125-SNP_36994155  2.56 23.16 —8.73 Parent2 Yanetal (1999);
Hemamalini et al.
(2000); Yadav et al.
(2019); Dixit et al.
(2019

30 AOC_NT gAOC_NT.12.1 12 108 SNP_16467324-SNP_18705365  2.64 25.16 —3.68  Parent 2

Chr, chromosome; QTL, quantitative trait loci; cM, centimorgan; PV, phenotypic variance explained; LOD, logarithm of the odds; Add, additive effect; AOC, advanced
over check; ZPR, zinc content in polished rice (opm); ZBR, zinc content in brown rice (ppm); IPR, iron content in polished rice (ppm); IBR, iron content in brown rice
(ppm); SPY, single plant yield (g); TW, test weight (g); PH, plant height (cm); NT, number of tillers per plant; Parent 1, recipient parent (PR116); Parent 2, donor parent
(Ranbir Basmati).
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11.97
10.73
17.16
12.05
9.70
9.23
0.32
0.59
0.26
0.15
0.1
1.1
0.25
0.4
1.46
0.56
1.2
8
18
7
14
8.2
15.3
13.98
10.55
0.2

DFF

102
101
91
98
94
85
100.0
97.5
88
7.61
8.87
3.15
2.10
—0.17
—0.06
0.57
0.71
0.3
—0.08
0.12
0.4
1.09
0.54
2.0
91
114
84
116
88.0
115.0
3.88
5.07
0.6

SPY

25.53
33.2
19.5

20.27

26.53

18.14
22.9

30.04

19.22

20.79

16.07

19.44

13.13
0.87
0.76
0.71
0.46

0.3
0.34
1.37

0.4

—0.65
1.56
-0.3

12.83

33.07

13.83

29.64
14.9
32.4

19.53
15.6

0.5

T™W

23.93
24.71
21.88
22.97
25.15
19.07
23.5
24.96
21.43
14.91
13.79
12.48
13.31
0.70
0.93
0.45
0.45
0.2
0.54
0.47
0.7
0.85
0.67
1.2
17.49
34.43
15.56
33.43
16.8
33.9
12.77
13.36
0.4

IBR

7.31
5.9
9.7

11.27
9.5
13
9.3
8.2
111
21.85
24.76
19.22
22,719

0.77

0.85

0.24

0.44
0.1

0.81

—0.59
-0.2
0.37

—0.57

0.1
4.7

16.8
4.9
16.5
4.8
13.9

22.01

27.06

0.2

ZBR

17.27
11.8
20.2

2414
19.2
271
20.7
15.8

23.45

17.80

25.46

16.93

23.26
0.90
0.83
0.57
1.06

0.3
0.48

-0.15
—0.1

—0.36
—-11

0.0
111

27.33
10.4
38.2
11.3
29.7

22.15

30.05

0.5

IPR

1.68
1.3
1.4
32
2.8
9.4
2.4

2.37
5.32

61.89

55.27

46.16

39.97

0.56
0.52
0.13
0.28
0.1
0.36
1.25
0.6
—0.05
1.38
0.1
0.19
6.2
0.8
9.3
0.8
5.3

53.13

54.87
0.1

ZPR

13.1
9.1
16.9
20.36
12.5
22.4
16.8
11.08
19.38
24.11
29.14
22.98
27.24
0.91
0.87
0.57
1.04
0.2
0.4
0.11
0.1
—0.62
-0.79
0.2
6.2
23.8
7.6
35.1
7.6
272
28.82
34.47
0.5

E1, environment 1; E2, environment 2; BLUE, best linear unbiased estimates; PCV, phenotypic coefficient of variation; GCV, genotypic coefficient of variation; SEM,
standard error of the mean; min and max, minimum and maximum; CV (%), confidence level percentage; ZPR, zinc content in polished rice (ppm); ZBR, zinc content in
brown rice (ppm); IPR, iron content in polished rice (ppm); IBR, iron content in brown rice (ppm); SPY, single plant yield (g); TW, test weight (9); PH, plant height (cm); PL,

panicle length (cm); NT, number of tillers per plant; DFF, days to fifty percent flowering (days).
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Statistic Year PH PL NT DFF SPY T™W IBR ZBR IPR ZPR

Mean E1 105.95 26.79 12.76 101.9 25.07 23.93 7.41 17.65 1.68 13.62
PR116 84.5 22.04 1.2 101 34.8 24.66 5.9 12.4 1.33 9.67
R. Basmati 135 27.66 10.73 91 21.4 23.63 9:F 19.8 1.37 16.37
E2 100.6 23.89 9.99 97.6 20.35 23.03 11.24 24.25 3.562 20.59
PR116 80.83 22.23 12.73 94 25.28 25.25 10.5 19.2 3.4 12.5
R. Basmati 125.07 25.37 10.73 85 17.04 19.23 12.5 271 9.27 22.4
E3 110.32 26.05 10.87 102.67 26.35 23.81 9.79 16.58 2.54 12.79
PR116 83.5 23.3 12 103.67 33.1 24.5 8 10.47 28 8.93
R. Basmati 137.156 28.79 11.67 98.67 20.13 22.19 10.2 20.37 7.33 16.63
E4 105.4 23.62 10.03 99.91 2413 22.63 10.27 18.19 3 14.97
PR116 81.3 215 10 92 23.53 24.05 11.43 16.17 1.47 16.4
R. Basmati 121.7 25.3 8 89 16.32 20.13 13.07 26 8.13 21.63
PR116_BLUE 82.53 22.27 11.98 98.75 29.18 24.62 8.96 14.56 213 11.88
R. Basmati_BLUE 129.73 26.78 11.04 90.92 18.47 21.29 11.37 23.32 6.53 19.26
BLUE 105.5 251 1.2 100.8 24.0 23.4 9.6 19.1 2.6 16.4
SEM E1 2.56 0.33 0.26 0.57 0.71 0.45 0.24 0.57 0.13 0.57
E2 2.43 0.27 0.15 0.71 0.46 0.45 0.44 1.06 0.28 1.04
E3 2.53 0.44 0.19 0.9 0.76 0.38 0.27 0.49 0.21 0.49
E4 2.05 0.48 0.21 0.96 0.58 0.33 0.32 0.5 0.25 0.53
SEM_BLUE 2.2 0.2 0.1 0.6 0.5 0.4 0.3 0.5 0.1 0.5
Skewness E1 0.69 —0.48 1.11 —0.08 0.34 0.54 0.81 0.48 0.36 0.4
E2 0.43 1.02 0.25 0.12 1.37 0.47 —0.59 -0.15 1.25 0.11
E3 0.64 -0.27 —0.03 0.4 0.52 —0.02 0.32 0.19 2.07 0.33
E4 0.02 0.33 0.59 0.34 —0.08 0.45 -0.1 -0.17 3.17 —0.08
Skewness_BLUE 0.5 0.5 0.4 0.0 0.7 0.3 —0.1 0.0 1.6 0.1
Kurtosis = 0.53 —0.49 1.46 1.09 —0.65 0.85 0.37 —0.36 —0.05 —0.62
E2 —0.44 4.42 0.56 0.54 1.56 0.67 —0.57 —1.1 1.38 —-0.79
E3 0.57 -0.77 —-0.4 —0.21 -0.7 0.16 —0.38 0.03 4.71 -0.12
E4 —0.67 —0.43 —0.66 —0.76 —-0.87 0.32 —0.15 0.55 12.83 —0.13
Kurtosis_BLUE 0.2 0.1 1.2 0.1 0.1 1.0 -0.7 —0.9 4.9 -1.1
Min and max = 69.27 21.99 9.6 91 16.38 17.64 4.7 11.4 0.03 7.4
168.9 30.7 18.3 113 33.87 32.02 11.8 27.33 3.87 23.2
E2 65.7 19.63 7.73 85 16.91 16.78 5.2 10.4 1 7.6
139.5 31.33 12.73 109 29.41 31.61 16.5 38.2 9.27 34.8
E3 80.2 20.32 8.33 91.33 18.3 171 6.27 9.7 0.97 6.53
163.1 32.16 14 118.33 37.19 30.32 14.3 24.37 7.5 20.47
E4 72.9 16.3 8 89 16.32 1712 5.3 9.33 1.4 6.37
130.4 30.63 13 113.33 30.61 28.73 16.27 26 11.37 22.33
Min_BLUE 73.6 22.3 9.1 90.9 18.5 17.2 6.2 12.3 1.2 8.9
Max_BLUE 147.8 29.4 13.9 110.6 31.4 30.0 12.8 26.9 6.5 23.4
CV (%) = 16.74 8.41 13.98 3.88 19.58 12.77 22.01 2215 53.13 28.82
E2 16.73 7.86 10.55 5.07 156.6 13.36 27.06 30.05 54.87 34.47
E3 15.87 11.6 12.13 6.09 19.77 11.06 19.08 20.35 56.01 26.19
E4 13.46 14.05 14.38 6.66 16.53 10.13 21.63 18.9 57.36 24.07
CV (%)_BLUE 4.5 0.5 0.3 1.2 1.0 0.7 0.5 1.1 0.3 1.1

E1, environment 1; E2, environment 2; E3, environment 3; E4, environment 4, BLUE, best linear unbiased estimates;, PCV, phenotypic coefficient of variation; GCV,
genotypic coefficient of variation; SEM, standard error of the mean; min and max, minimum and maximum; CV (%), confidence level percentage; ZPR, zinc content in
polished rice (ppm); ZBR, zinc content in brown rice (opm); IPR, iron content in polished rice (opm); IBR, iron content in brown rice (ppm); SPY, single plant yield (g); TW,
test weight (g); PH, plant height (cm); PL, panicle length (cm); NT, number of tillers per plant; DFF, days to fifty percent flowering (days).
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(D) AOAOAOKVK8 Csa_4G094520  GF14 (AT1G35160) 93% 482 33 14-3-3 protein
AOAOAOLRR3_  Csa_2G369070
AOAOAOLDZ4  Csa_3G889810

AOAOAOKBA8 Csa_7G070770  TUA4 (AT1G04820) 98% 869 3,5 3,3E-02 17 Tubulin

Protein selection was based on the differential node Degree: Proteins with a Degree above the Network Average Degree (in bold) were retained. For each selected
C. sativus protein, the C. sativus gene name, the name of A. thaliana homologous gene and the corresponding homology (in percent value and score), Linear Discriminant
Analysis (LDA) parameters (only for differentially expressed proteins), and node Degree in the various nutritional conditions are reported. Homologies were retrieved by
STRING database. Co-expression hubs in (A) Fe sufficiency (+Mo+Fe, —Mo+Fe), (B) Mo sufficiency (+Mo+Fe, +Mo—Fe), (C) Fe starvation (+Mo—Fe, —Mo—Fe) and
(D) Mo starvation (—Mo+Fe, —Mo—Fe) are shown. Each accession number within brackets refers to the A. thaliana gene reported on the upper line.
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Annotation LDA Degree Function
UNIPROTID  Gene name Gene name Homology Score F Ratio Prob >F +Fe +Mo -Fe —Mo
(C. sativus) C. sativus A. thaliana
AOADAOK4Q8 Csa_7G073600 MCCB (AT4G34030) 77% 918 11,1 1,1E-04 55 5 2 9 Methylcrotonyl-CoA
carboxylase, subunit beta
AOAOAOLM23  Csa_2G382440 FLOT1 (AT5G25250) 75% 723 4,6 1,2E-02 51 Flotilins-like
AOAOAOLXD4  Csa_1G424875 AT4G30010 69% 142 42 1 2 8  ATP-dependent RNA helicase
AOAOAOLOB9 Csa_4G082380 MBL1 (AT1G78850) 50% 434 3,9 2,1E-02 39 Mannose-binding lectin
AOAOAOKSLO Csa_7G387180 MCCA (AT1G03090) 69% 1023 38 4 3 10 Methy! crotonyl-CoA
carboxylase subunit alpha
AOAOAOKJ29  Csa_6G526470 AT3G58140 74% 657 36 Phenylalanyl-tRNA
synthetase
AOAOAOKCX8 Csa_6G077980 ARGAH1 (AT4G08900) 85% 590 34 1 0 4 Arginase
AOAOAOLBWE Csa_3G199630  EDA9 (AT4G34200) 83% 981 4 19E-02 33 7 D-3-phosphoglycerate
dehydrogenase
AOAOAOLOIO  Csa_4G285780 PA2 (AT5G06720) 53% 335 3,7 2,6E-02 33 3 1 Peroxidase
AOAOAOKA81  Csa_6G088110 AT2G20420 88% 757 31 4 8 12 Succinyl-CoA ligase
AOAOAOLBB3 Csa_3G760530  SVL1 (AT56G55480) 56% 851 6,6 2,3E-08 27 Glycerophosphory! diester-
phosphodiesterase
AOAOAOLFK3 Csa_3G734240  TIM9 (AT3G46560) 82% 162 26 0 2 1 Translocase of the inner
membrane 9
AOAOAOKRD9 Csa_5G613510  UOX (AT2G26230) 68% 434 25 Urate oxidase
AOAOAOLB42_  Csa_3G078260 GPT2 (AT1G61800) 75% 568 5 8,4E-03 25 Glucose-6-
AOAOAOLXV7  Csa_1G660150 phosphate/phosphate
translocator
AOAOAOK1S9_  Csa_7G047450 AT2G20710 45% 415 24 8 3 1 PPR-type organelle RNA
AOAOAOKBR7  Csa_7G047440 editing factor
AOAOAOLS81  Csa_1G096620  ASP1 (AT2G30970) 88% 768 22 1 1 0 Aspartate transaminase
AOAOAOLQ27 Csa_1G025890  OAT (AT5G46180) 79% 738 21 7 3 Ornithine delta
aminotransferase
AOAOAOL404  Csa_4G646110 FTSH4 (AT2G26140) 81% 1128 19 2 1 1 ATP-dependent zinc
metalloprotease
AOAOAOKIMO  Csa_6G497010  NFS1 (AT6G65720) 78% 756 33 2 Cysteine desulfurase
AOAOAOKBS82  Csa_7G407690 AT5G61310 67% 95,1 4 27 Cytochrome ¢ oxidase
subunit
AOAOAOL3TS  Csa_4G642530 VDAC2 (AT5GE7500) 53% 317 26 Voltage-gated anion channel
AOAOAOKMPO  Csa_5G321480 AT2G07698 93% 562 12 22 15 1 ATP synthase subunit alpha
AOAOAOLGF5 Csa_2G033990 LON1 (AT5G26860) 75% 1456 10 22 9 3 ATP-dependent serine
protease
AOAOAOKW78 Csa_4G017120 TOM40-1 (AT3G20000) 71% 472 9 22 10 4 Component of mitochondrial
outer membrane translocase
AOAOAOLXKT  Csa_1G629760 SDH6 (AT1G08480) 68% 144 8 22 13 3 Component of succinate
dehydrogenase complex
AOAOAOKGU5  Csa_6G500700  MICE0 (AT4G39690) 36% 176 17 19 11 8 Component of mitochondrial
transmembrane lipoprotein
complex
AOACAOKGWE Csa_6G366300 COS1 (AT2G44050) 66% 263 18,2 2,8E-06 16 5 6,7-Dimethyl-8-ribityllumazine
synthase
AOAOAOKMM1  Csa_5G047770 AT1G14930 36% 110 17 15 Bet v1-type
pathogenesis-related protein
AOAOAOKOE8 Csa_6G046410  SD3 (AT4G00026) 60% 297 3 15 2 0 Mitochondrial translocase
AOAOAOLSR2  Csa_1G024260 AT3G18240 62% 506 14 13 9 Mitochondrial ribosomal

subunit
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Accuracy (%)

Species Tissue A B C D

B. napus YLBs 94 a 68 b 29¢ 58 b
OLBs 9R2a 60 a 30b 37b
YPs 95 a 50 b 21¢ 45b
OPs 91a 58 ¢ 27d 65 b
Roots 82a 43b 28 b 47b

T. aestivum YLBs 94 a 61b 29¢ 33¢c
OLBs 89a 65b 27 ¢ 34c
Roots 96 a 64 b 32c¢c 31c

B. napus and T. aestivum tissues are indicated as follows: young leaf blades (YLBS),

old leaf blades (OLBs), young petioles (YPs), old petioles (OPs), and roots.

Percentages with the same letter for each tissue are not significantly different

according to the Dunn’s test (o < 0.05; n = 10).

Within each prediction method for each species, a bold value differs signifi-
cantly from other tissue (from the highest accuracy according to the Dunn’s test;

p < 0.05).
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B. napus T. aestivum Maillard et al. (2016a)

Class Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity

control 0.9 1 1 1 NA 0.91
D1o

control 0.9 0.98 0.8 0.99 NA 0.84
D22

—N 1 1 1 0.99 1 1
—Mg 1 1 1 1 1 1
—P 1 0.99 1 1 1 1
-S 1 1 1 1 1 1
—K 1 1 1 1 1 1
—Ca 1 1 1 1 0.50 1
-B 1 1 0.9 1 0.75 0.75
—Cl 1 0.98 0.9 1 NA 1
—Mn 1 0.99 1 1 1 1
—Fe 1 1 1 1 0 1
—Ni 0.4 1 0.4 0.99 NA 0.98
—Cu 0.9 1 1 1 0 0.93
—-Zn 1 1 1 1 1 1
—Mo 1 1 0.9 0.99 0 0.95
—Na 1 1 1 1 NA 1
=Si 1 0.99 1 1 NA 1
—Co 0.7 0.99 0.9 0.99 NA 0.97
—Se 1 1 1 0.98 NA 0.84

Sensitivity is defined as the ability of the test to correctly identify individuals in a
class (i.e., deficiency), whereas specificity measure the test’s ability to predict that
individuals do not actually belong to a deficiency. Briefly (see section “Materials and
Methods”), a random subset of data was extracted (X' test), the remaining data
(X' training) was used to train the PLS-DA, and the X' test was used in the last
step to compare classes predicted with it by the PLS-DA (Y') from real deprivations
applied to plants (Y). Results are presented as the mean (n = 10) from prediction
method (A), considering the entire ionome. For supplemental validation purposes,
the complete data from this study and a companion paper (Courbet et al., 2021)
were used to train another PLS-DA model to try to predict the deficiency member-
ship of rapeseed samples from hydroponic experiments conducted by Maillard
etal. (2016a).
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ZPRyy = —5.39 + 0.08SPY + 0.99ZBR (10)
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ZBRyso = 3.09 + 0.631BR — 0.29IPR + 0.74ZPR )
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@)





OPS/images/fpls-12-587482/fpls-12-587482-e007.jpg
0.64 4+ 0.06TW + 0.30ZBR + 0.44IPR 8)





OPS/images/fpls-12-587482/fpls-12-587482-e008.jpg
SPY1g9 = 14.50 + 0.02PH + 0.25TW ©





OPS/images/fpls-12-587482/fpls-12-587482-e001.jpg
k

Yij=p+pj+ Z idikBik + e @)
k=1





OPS/images/fpls-12-587482/fpls-12-587482-e002.jpg
Y=XB+e

3)





OPS/images/fpls-12-587482/fpls-12-587482-e003.jpg
=4
(xi — x7)’ Z(Xi —xj)

@)





OPS/images/fpls-12-587482/fpls-12-587482-e004.jpg
ZPRygy = —0.75 + 0.77ZBR + 0.65IPR ®)





OPS/images/fpls-12-587482/fpls-12-587482-e000.jpg
k

Yzj:u+5f+5j+zkk5ik+su [¢8]
k=t





OPS/images/fpls-12-663477/inline_9.gif
S0}





OPS/images/fpls-12-663477/inline_8.gif
S0}





OPS/images/fpls-12-632342/fpls-12-632342-g005.jpg
Na leaf concentration (g kg'1)
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Plant Species P(Brayll) S(A) K(A) Fe(A) Mn(A) Mo(A) AI(A) Ba(A) Na(A) Rb(A) Cd(A) Cr(W) Se(A) LiW) V() pHH0) pH(KCI) pH(NaF) EC EA

Miscanthus Sinensis H -~ H Bl ~ ~ Il ~ I Il H BB - 1
. ns ns Ns ns ns ns ns

Arundinella hirta

ns Ns ns ns ns ns ns ns ns
Artemisia indica ns ns ns ns ns Ns - - - ns Ns - ns ns - ns ns ns
Potentilla fragarioides ns ns ns ns ns Ns ns ns ns ns ns Ns ns ns ns ns ns ns . Ns

Potentilla freyniana ns ns ns ns ns - ns ns ns ns ns Ns ns ns ns

ns ns ns ns
Pteridium aquilinum ns ns ns ns ns Ns ns ns ns ns ns Ns ns ns ns - - - ns

aPearson’s Correlation analysis was performed. Red and blue block represent positive and negative correlation, respectively. * and ** represent p < 0.05 and p < 0.01, respectively. ns means no significant correlation.
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Leaf elements? Mean
P 1.25
K 19.56
S 1.54
Ca 11.15
Mg 3.68
Fe 0.066
Mn 0.28
Zn 0.032
Cu 0.011
B 0.050
Mo 0.32
Ni 0.0029
Al 0.079
Ba 0.054
Na 0.56
Rb 0.034
Sr 0.025
As 0.050
Cd 017
Co 0.14
Cr 1.19
Cs 0.020
Se 0.053
Li 0.075
Y 0.13

cv

0.61
0.48
0.44
0.68
0.63
0.76
0.75
0.72
0.76
0.62
1.84
0.76
1.27
0.96
0.82
0.74
0.68
0.80
1.59
1.64
0.53
1.25
0.94
2.40
1.54

REML (%)

Species Soil Interaction Residual
15.07 40.71 44.03 0.20
59.54 10.05 28.55 1.86
42.77 21.56 30.50 517
62.64 12.562 23.52 1.32
77.21 7.73 9.66 5.40
49.92 1.99 4712 0.96
38.38 18.87 0.05 42.70
66.79 8.32 0.1 24.78
49.90 9.46 43.50 0.13
50.12 18.56 31.12 0.10
12.19 52.64 34.39 0.78
33.96 9.15 56.85 0.05
45.02 4.06 49.74 1.18
52.57 6.96 40.45 0.03
34.40 19.34 46.25 0.00
18.03 39.37 29.97 12.63
56.05 9.60 31.45 2.91
24.58 23.54 5177 0.11
622 5.29 22.28 10.32
50.64 9.75 37.35 2.26
14.50 35.15 37.98 12.36
18.77 18.60 58.98 3.65
16.38 17.81 65.72 0.09
27.97 0.61 71.41 0.01
42.41 1.19 56.39 0.01

F value®

F. species

7.158"
27.920*
17.060**
42.919*
66.119*
20.349*
19.621**
42.523*
25.360""
30.296"*

6.600*
16.095"*
156.267**
29.329**
11.617*

5.882**
33.437*

9.261™*
35.683""
23.686""

4.686""

7.238"

5.245™

6.953"
14.263™*

F, soil

5.356™
1.370*
2.748™
1.721*
1.314*
0.891
2414
1.157
1197
1.980™
8.024**
1.402*
1.406*
1.045
2.330™
6.071*
1.071
2,792
1.392*
1.339"
3.774
2.634*
2.939"
0.783
0.947

aData are expressed as ng g~ for R K, S, Ca, Mg, Fe, Mn, Zn, Cu, B, Ni, Al, Ba, Na, Rb, and Sr, whereas extremely trace elements such as Mo, As, Cd, Co, Cr, Cs,
Se, Li, and V are expressed as mg g~ 1. ® ANOVA with Tukey test are conducted for F values of leaf element concentrations attributable to plant species (Fspecies) and
soil sites (Fsoit)- *and ** represent p < 0.05 and p < 0.01, respectively.
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Na application Leaf K/Na ratio Use efficiency (g2 mg—1)
rate (mmol dm—3)
K Na
ww ws ww ws ww WS
E. saligna 35 o~ ——
0 214 +£0.12 2.97 +0.31 20.8+2.8 217 +£15 54.9 + 6.7 59+ 4.5
0.22 154 4017 1.49 +0.14 28.5+ 3.0 192422 517 +1.4 29.4 +4.3
0.44 1.32 +0.22 1.05 +0.07 27.3+0.9 259 +3.2 32.7 £ 2.1 242 +4.7
0.67 0.81+0.13 0.80 + 0.11 335+1.5 292 +£2.7 235+ 26 217 £2.6
0.9 0.44 + 0.09 0.41 +£0.03 30.1+3.6 227 £33 145424 95+23
Model y=2-1.8Na y =29+ 0.86Na - y =20.8 - 8.5Na + wa y=55-59.4Na + y =584 +15.7Na
3.45N20%-5 19Na®-5 11Na%-5 - 63.2Na%5
R? 0.98 0.99 0.82 0.96 0.97
E. urophylta . — ——
0 3.74 +0.46 3.00 +0.49 465+ 25 387 +£4.4 119.2 £ 5.1 87 +6.5
0.22 241 +0.27 1.95 +0.27 60.87 + 5.0 456 £5.7 82.7 +£4.0 63.7 £5.7
0.44 154 +0.12 1.25 +£0.10 4714+ 42 4174 + 2.1 63.5+0.5 453 +£0.7
0.67 0.7+ 0.04 0.79 + 0.06 46.48 £ 0.7 40.01 £23 33.8+4.7 36 +3
0.9 0.4+0.04 0.50 +0.03 37.8+45 3382+ 1.9 17.8+39 17.8+1.4
Model y =3.7 - 6.5Na + y =298 -5Na+ y =47.1 - 65.78Na y=238.72- y=113.3- y =82.86 - 73.6Na
3Na? 2.6Na? + 51.7Na0%5 38.62Na + 111.75Na
31.87Na’5
R? 0.99 0.99 0.83 0.96 0.98 0.97
E. camaldulensis e i o
0 6.17 + 0.41 462 +1.04 51.5+5.0 21.8+0.3 141.84 £ 5.0 63.4 +6.3
0.22 3.1 4022 2.79 +0.09 534+ 4.7 26.8 £ 0.1 90.5+ 4.7 55.8 +£4.2
0.44 1.26 +0.10 0.96 +£0.16 52.4 4 5.0 31.74+1.0 67.33+ 5.0 48.8 +6.4
0.67 0.84 + 0.06 0.75 +0.07 732+ 42 30.1 £0.2 68.17 + 4.2 262 +£1.7
0.9 0.75+ 0.20 0.52 +0.11 32.1+48 285+1.2 4148+ 48 17.2+£0.6
Model y=6-15.3Na + y=4.6-10.8Na + y =5.2-2.33Na y =7.98 + 0.29Na y =1.93 + 2.93Na y=22+1.53Na
10.6Na? 6.9Na” -2.15Na%5 + 8.6Na?
R? 0.99 0.98 0.77 0.99 0.74 0.99

For each parameter,

adjustment model is indicated by without suitable adjustment (wa).

, and ** indicate the statistical influence (F test with a significance threshold of p < 0.05) of Na rates, WS, and WS x Na, respectively. The
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Na application
rate (mmol dm—3)

TDM (g per plant)

Leaf area (m? per plant)

WUE (plant dry matter kg=1 H,0)

ww ws ww ws ww ws
E saigra . - -
0 50.54 + 3.96 491 +5.00 0.18 + 0.009 0.12 4+ 0.002 1.65 + 0.050 2.63 +0.105
0.22 53.8 + 9.30 40.45 £2.00 0.13 + 0.007 0.12 4+ 0.003 1.76 + 0.050 1.37 + 0.090
0.44 42.23 + 4.50 39.55 4 3.90 0.14 £ 0.013 0.13 £ 0.005 1.42 +0.135 1.74 + 0.250
0.67 37.6 +8.40 39.96 +2.10 0.13 + 0.009 0.13 4+ 0.008 1.30 + 0.090 1.92 +0.075
0.9 32.42 + 60 31.5 +4.50 0.10 £ 0.010 0.10 £ 0.003 1.19 + 0.025 2.0 £ 0.270
Model y=51-43.25Na + y=456-14.1Na y =0.27 + 0.28Na wa y=1.66-1.11Na y =26+ 3.6Na-
20Na’-5 - 0.42Na®® + 0.51Na®5 3.94Na0%5
R? 0.93 0.6 0.94 0.89 0.9
E:rophyl . .~ .
0 71.65 + 1.30 56.2 + 3.85 0.18 £ 0.010 0.13 £ 0.020 2.22 + 0.080 2.69 +0.170
0.22 73.52 & 3.00 61.6 £4.15 0.20 + 0.020 0.14 £ 0.003 2.25+0.130 2.62 + 0.205
0.44 65.2 + 0.22 52.0 + 2.50 0.29 +0.010 0.16 + 0.020 2.23+0.155 2.61+0.155
0.67 46.7 + 3.95 47.4 £ 4.55 0.18 £ 0.030 0.14 £ 0.020 1.54 + 0.060 2.45 + 0.255
0.9 36.6 + 4.15 39.0 +2.00 0.17 + 0.030 0.10 + 0.004 1.33 +0.125 2.41 £ 0.055
Model y =71.7 - 89.4Na y =56.1-55Na + wa y=0.12 +0.18Na y =219+ 0.12Na y=2.71-0.24Na -
+ 46.4Na%5 33.7Nal5 - 0.22Na? - 1.26Na? 0.11Na?
R? 0.98 0.96 0.93 0.84 0.92
E camaldiibnsis . . -
0 69.5 + 5.76 50.3 + 5.00 0.15 4+ 0.003 0.10 + 0.009 2.20 4 0.040 2.88 4+ 0.030
0.22 74.7 £5.85 51.3 + 3.00 0.16 £ 0.010 0.10 £0.015 2.35+0.110 2.98 + 0.140
0.44 68.08 & 4.10 47.8 £5.55 0.16 + 0.020 0.10 + 0.002 2.05 + 0.040 2.96 + 0.060
0.67 65.25 + 5.74 42.7 £ 4.00 0.14 £ 0.008 0.08 + 0.004 2.30 + 0.030 2.40 + 0.020
0.9 31+7.49 32.8+0.98 0.10 + 0.010 0.06 + 0.020 1.52 + 0.305 1.62+0.195
Model y =67.1 + 69.9Na y=51.3+6Na- y =0.14 + 0.08Na y=0.140.02Na - y=218+ 1Na- y=2.87 +1.27Na
-116.7Na? 29.2Na? -0.14Na? 0.07Na? 1.82Na? - 2.98Na?
R? 0.83 0.99 0.99 0.98 0.72 0.98

For each parameter, *, **, and *** indicate the statistical influence (F test with a significance threshold of p < 0.05) of Na rates, WS, and WS x Na, respectively. The
adjustment model is indicated by without suitable adjustment (wa).
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Added Se form Amounts

Se(\V)

Se(lV)

Se(lV)

Se(lV)

Se(lV)
Se(lV)
Se(lV)
Se(lV)
Se(lV)
Se(lV)
Se(Vl)
Se(Vl)
Se(Vl)
Se(Vl)

Undefined

0,0.5,1mgkg~'
0,1,5,10mg kg~
0,1,5mgkg~"

0,05,3,6mgkg~’

0, 20, 40, 60, 100, 300, 500 mg kg~
0,3mgkg~"’

1mgkg™!

0,0.5,1,2,4,8mgkg™"

0,1,5,10, 15,20 mg kg~
0,1,5mg kg™’

0,0.1,1,5mg kg™’
0,0.5,3,6mgkg~!

0,0.1,1,5mg kg™’

0,3mgkg~"’

0,0.003, 0.03, 0.15, 0.3, 1.5 mg kg™’

Heavy metal
species

As

As

As

Hg

Hg

Hg

Cd

Cd

Cd
Cd

As
Hg
Cd
Hg

Hg

Crop
species

Rice

Rice

Rice

Rice

Rice
Rice
Rice
Wheat
Rape
Rice
Rice
Rice
Rice
Rice

Rice

Test results

The addition of Se (V) reduced total As content in soil solution, but increased
As content in rice grain by 43.7-74.6%.

Se (IV) application significantly reduced rice grain As content by 8.6, 31.4, and
33.7% with the Se content of 1, 5, and 10 mg kg~ ", respectively.

Se (IV) application reduced As availability in rhizosphere soil. Se (V) application
significantly reduced the grain As content.

Se(lV) addition forms IHg-Se complexes, resulting reduction of effectiveness of
Hg in sail. As content in rice grain reduced with the increase of Se (IV)
concentration.

Se (IV) application decreased inorganic Hg and MeHg concentration in grain
and root.

Se(lV) application reduced MeHg content in soil and in rice root, straw and
grain.

Se(lV) reduced exchangeable Cd content but increased the Cd content
combined with carbonate and iron-manganese oxides. Se(lV) addition reduced
rice Cd content by 36.5%

Se(lV) reduced Cd content in wheat shoot from 25 to 35%.
Se(lV) markedly reduced Cd concentration in both root and shoot.

Se (IV) application reduced Cd availability in rhizosphere soil. Se (IV) application
significantly reduced the grain Cd content.

Se(VI) addition reduced As content in rice root, shoot and grain.

Se(VI) addition forms IHg-Se complexes, resulting reduction of effectiveness of
Hg in soil. Hg content in rice grain reduced with the increase of Se (VI)
concentration.

Se(VI) addition reduced Cd content in rice root, shoot and grain.

Se(VI) application reduced MeHg content in soil and in rice root, straw and
grain.

Low Se concentration reduced Hg and MeHg content in rice grains, but high Se
concentration increased it.

Heavy metal
availability

Decrease

Decrease

Decrease

Decrease

Decrease

Decrease

Decrease

Decrease

Decrease
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Brassica napus Triticum aestivum

YLBs OLBs YPs OPs Roots YLBs OLBs Roots
Macronutrients N 61,030 a 43,116 b 31,843d 29,222d 29,598 d 42,445 b 38,569 b 31,461d
Mg 2,723d 6,422 a 3,350 ¢ 4,669 b 3,693 ¢ 1,683 e 3,340 ¢ 4,255b
P 9,382 a 5,465 ¢ 7,647 b 5,656 ¢ 7,454 b 5,492 ¢ 3,440d 4,167 d
S 9,972 b 21,142 a 7,486 ¢ 6,890 ¢ 10,178 b 4,481d 6,360 ¢ 2,748 ¢
K 47,222 b 55,803 b 91,073 a 101,813 a 52,682 b 50,639 b 50,798 b 30,241 ¢
Ca 11,692 d 50,763 a 17;257 ¢ 38,986 b 8,254 e 3,871 f 12,003 d 6,574 e
Micronutrients B 43 b 84 a 34 ¢ 37¢ 24d 7e 8e 7e
Cl 4,655 f 16,764 ¢ 19,760 b 31,5654 a 12,910d 14,870 cd 13,834 d 10,467 e
Mn 81de 210b 51e 88 de 139¢ 84 de 265a 101d
Fe 162d 163d 77d 63 d 905 a 167d 396 ¢ 578 b
Ni 0.4¢c 0.7¢c 0.4c¢ D2¢ 51a 03¢ 08¢ 3.8b
Cu 8 cd 8cd 4de 3e 26b 11c 12¢ 47 a
Zn 70b 41c 50¢c 40c¢c 9B a 88 a 87 a 73b
Mo 3.0d 6.6a 20e 37¢ 3.2d 20e 5.9b 1.2f
Beneficial nutrients Na 717 de 1,336 de 2,003d 3,509 ¢ 10,356 a 187 e 219e 6,175b
Al 399 b 681 a 730 a 798 a 705 a 431 b 432b 360 b
Si 729c¢c 1,018¢c 654 c 737 ¢ 2,391 ¢ 5,697 b 39,124 a 2,275¢
Vv 0.05¢ 0.06 ¢ 0.04 ¢ 0.05¢ 0.24a 0.08¢ 0.16b 0.20 ab
Co 08¢ 0.10¢c 0.10¢ 0.09 ¢ 6.91a 0.08¢ 0.11¢c 391b
Se 0.63¢c 144 a 0.80b 0.84 b 0.77b 0.37d 0.28d 0.34d

Tissues developed before or after Dy are indicated as “young” or “old” as follows: young leaf blades (YLBs), old leaf blades (OLBs), young petioles (YPs) and old petioles
(OPs). Data are given as the mean + SE (n = 5), with each replicate (n = 5) corresponding to a pool of two individual plants, and are expressed in ppm. For each mineral
nutrient, means sharing the same letter were not significantly different (Tukey post-hoc test at o = 0.05).
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Sequence Importance Motif Name and Annotation
(weight in tree
model)
CATGCATG 100.00 IDEF1 binding
ATCGATCG 56.83 Novel: Downstream core element in
plant 2 (DCEp2)
ATAATGGC 54.71 Motif extracted from Zn regulated
genes at downstream of TSS
GCAGCAGC 54.05 Novel: GCWGCWGC
CGACACGC 49.93 Novel: CGACACGC
EECCRCAH1 48.68 Myb- binding
CACCAACC 48.68 Novel: Myb-binding like
CRTDREHVCBF2 48.22 AP2/ERF binding
GCGCGCCA 46.23 GCGC box
CTACGTGC 44.20 bZIP/bHLH

Top 10 the most important motifs in Boruta-XGBoost model based on MAMA and
PLACE model. Importance was calculated as xgboost feature importance to be
between 0 (least important) and 100 (most important).
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Tissues Accuracy
Newest leaf 86.0%
Old leaf 88.3%
Stem 86.3%
DC 93.1%
Root 88.5%

AUC-ROC

0.75
0.80
0.73
0.79
0.80

MAMA builds SVM model to classify genes to responsive or not. The model is
based on the presence/absence of extracted CRE candidates. In this study, CRE
candidates were extracted from Fe-excess treated microarray data in each tissue.
This table describes the accuracy of MAMA classified genes in each referenced real
data. In addition to check the specificity of the model AUC-ROC value (1.0 means

specific and 0.5 means not specific).
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Motifs used for model Accuracy

Iron-related CREs 56.9%
Known CREs in PLACE 66.8%
MAMA-predicted candidates 80.9%
Place and MAMA 83.0%

Accuracies of Boruta-XGBoost models are listed. In this model, genes were classi-
fied based on the presence/absence of motif sequences (known CREs and CRE
candidates). Iron related CREs are the binding sequences of the transcription
factors IDEF1, IDEF2, IRO2, and WRKY and the promoters IDS1, IDS2, and IDRS.
469 motifs are recorded in PLACE database as known. MAMA extracted 560 CRE
candidates including duplicated.
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Newest |leaf Old leaf
Motif Enrichment p-value Motif Enrichment p-value
sequence (vs. (vs. sequence (vs. (vs.
(vs. All) | Random) | (vs. All) | Random) (vs. All)| Random) | (vs. All) | Random)
DCEp1 2.30 6.76 | 6.E-43 | 1.E-162 TBP/MADS binding | 3.07 8.85 3.E-40 | 6.E-112
TAGCTAAG 2.47 5.22 2.E-18 | 7.E-47 CCCCTATA 2.82 3.37 3.E-04 5.E-05
TBP/MADS binding| 2.24 5.06 [.E-28 | 7.E-85 DCEp1 2.98 10.07 5.E-52 | 7.E-166
ACAATGGC 2.43 5.68 1.E-35 | 3.E-104 TAGCTTAA 2.41 2.22 5.E-07 3.E-06
GTGTGTGT 1.78 4.54 1.E-03 | 4.E-11 DCEp2 2.44 18.53 1.E-25 | 7.E-155
FAM1 2.47 413 <1.E-300 | <1.E-300
DCEp2 2.50 4.75 <1.E-300 | <1.E-300
FAM1-like (N) 2.15 2.77 1.E-16 2.E-28
CpG islands/E2F 1.87 3.29 <1.E-300 | <1.E-300
TBP/MADS binding | 2.75 12.85 2.E-35 | 1.E-147
Stem DC
Motif Enrichment p-value Motif Enrichment p-value
sequence (vs. (vs. sequence (vs. (vs.
(vs. All)] Random) | (vs. All) | Random) (vs. All)] Random)| (vs. All) | Random)
TBP/MADS binding| 2.64 4.45 3.E-36 6.E-72 TBP/MADS binding | 4.97 17.18 2.E-51 | 9.E-119
TBP/MADS binding| 2.83 5.64 1.E-12 2.E-26 DCEp1-like 3.09 6.44 5.E-23 5.E-49
DCEp1 2.91 8.10 2.E-39 | 1.E-111 ATAGGGGT 3.26 3.78 2.E-01 2.E-01
TTAAGCTA 2.65 7.01 9.E-07 5.E-17 TAATCAAC 2.98 3.44 2.E-06 2.E-07
DCEp2 2.56 19.53 1.E-23 | 3.E-133 ATATAGCT 3.89 1.49 7.E-05 5.E-02
FAM1 2.22 4.99 3.E-84 | 2.E-269 (CpG islands/E2F) | 1.67 02 5.E-1 4.E-53
TCGATCGA (N) 2.19 6.28 4.E-78 | <1.E-300 ). E-1¢ 2.E-2
CpG islands/E2F 1.79 2.27 2.E-63 | 4.E-115
(CpG islands/E2F) | 2.10 3.17 2.E-51 1.E-107
GTGCACGC (N) 2.07 2.58 4.E-30 2.E-46
E Root
Motif Enrichment p-value
sequence (vs. (vs.
(vs. All)| Random) (vs. All) Random)
TBP/MADS binding | 3.07 8.90 2.E-40 7.E-113
TBP/MADS binding | 2.82 3.37 3.E-04 5.E-05
DCEp1 2.97 10.07 7.E-52 7.E-166
TAGCTTAA 2.40 2.22 5.E-07 3.E-06
DCEp2 2.43 18.53 2.E-25 7.E-155
FAM1 2.22 4.99 3.E-84 2.E-269
TCGATCGA (N) 2.19 6.28 4.E-78 <1.E-300
CpG islands/E2F 1.79 2.27 2.E-63 4.E-115
(CpG islands/E2F) 2.10 3.17 2.E-51 1.E-107
GTGCACGC (N) 2.07 2.58 4.E-30 2.E-46
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AGI code Name Description ™ Fe-uptake-like D % Homology with Publication

domain residues’ ScFET3
AT5G21105 None Plant L-ascorbate oxidase 1 Yes 41 Unpublished
AT4G39830 Ascorbate Cupredoxin superfamily 1 Yes 43 Santamaria et al., 2018
oxidase AO protein

AT5G21100 None Plant L-ascorbate oxidase 1 Yes 42 Unknown

AT2G30210 Laccase 3 Member of laccase family 1 Yes 42 Rojas-Murcia et al., 2020;
(LAC3) of genes Zhuang et al., 2020

AT5G05390  Laccase 12 Member of laccase family 1 Yes 42 Carrio-Segui et al., 2019b
(LAC12) of genes

AT5G07130  Laccase 13 Member of laccase family 1 Yes 41 Carrio-Segui et al., 2019b;
(LAC13) of genes Rojas-Murcia et al., 2020

1S. cerevisiae ferroxidase FET3 (Askwith et al., 1994) contains essential aspartic residues which play an important role in Fe(ll) oxidation (Bonaccorsi di Patti et al., 2005;
Quintanar et al., 2007).
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Summary

Cu transporter COPT2 transcript levels are upregulated by FIT under Fe-deficient conditions

Reciprocal regulation of SODs via miR398

Role of microRNAs in the regulation of non-essential cuproproteins

Fe deficiency responses include accumulation of Cu, regulation of microRNAs, and differential expression of Fe and CuSOD
genes

Cu deficiency induces Fe deficiency in Arabidopsis, and this is associated with lowered root-to-shoot translocation of Fe

copt2 mutants are more tolerant to simultaneous Fe and Cu deficiency as well as more insensitive to phosphate deficiency
LPR1 and LPR2, two MCO proteins, act as ferroxidases in Arabidopsis

COPT1 overexpressor rice plants show high Fe content in grains

SPL7-dependent repression of some components of the Fe uptake, and the ethylene response factor (ERF) redox homeostasis
network

Arabidopsis plants with modified miR408 levels experience de-regulation of several processes under Fe-deficient conditions
The loss-of-function of COPT5 induces the remobilization of the vacuolar Fe pool by inducing the expression of the Fe vacuolar
transporter NRAMP3 NRAMP4

A simultaneous Cu and Fe deficiency study in Arabidopsis shows a reconfiguration of large sets of molecules, such as central
carbon metabolites, in particular photosynthates and amino acids

Arabidopsis plants overexpressing COPT1 or COPT3 are not able to properly respond to Fe deficiency revealing the importance
of an appropriate spatiotemporal Cu uptake for Fe homeostasis

A reduction of the fumarate synthesis in the cytosol increases the Fe availability for metalloproteins in - Cu - Fe medium

Publication

Colangelo and Guerinot, 2004
Yamasaki et al., 2007
Abdel-Ghany and Pilon, 2008
Waters et al., 2012

Bernal et al., 2012

Perea-Garcia et al., 2013

Muller et al., 2015
Andrés-Borderia et al., 2017
Kastoori Ramamurthy et al., 2018

Carrio-Segui et al., 2019b
Carrié-Segui et al., 2019a

Garcia-Molina et al., 2020

Perea-Garcia et al., 2020

Garcia-Molina et al., 2021
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Mycorrhizal Zn
responsiveness (%)

Zn level (ngkg=1) Plevel (mg kg~1) Maize Soybean

0 0 61.2a 50.1a
200 68.4a 42.2ab
600 33.5b 30.2b

30 0 40.0a 18.8a
200 30.7ab 21.0a
600 26.6b 20.3a

Source of variation

P level (P) o L

Zn level (Zn) e *

P x.Zn i g

Values are means of three replications. Means with the same lowercase letter
indicate no significant difference among P application levels (P < 0.05).
*, * and *** significance at P < 0.05, 0.01, and 0.001, respectively.
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Indirect path coefficients

Zn level Crop Dependent Independent Correlation  Adjusted R? Path
(mg kg~ 1) variable variable coefficient coefficient AMFC RDW RZnC
0 Maize Total Zn AMFC 0.95 0.89 0.95 -
accumulation
Soybean Total Zn AMFC 0.84 0.69 017 - 0.09 0.59
accumulation
RDW 0.64 0.76 0.55 0.03 - 0.06
RZnC 0.82 0.90 0.61 0.16 0.05 =
Oilseed rape Total Zn RDW 0.87 0.75 0.95 —0.07 -
accumulation
RZnC 0.35 0.90 0.49 - —-0.14
30 Maize Total Zn AMFC 0.90 0.79 0.96 - —0.06
accumulation
RDW 0.10 0.88 0.31 —0.20 s
Soybean Total Zn AMFC 0.80 0.64 0.80 -
accumulation
Oilseed rape Total Zn RDW 0.01 0.79 1.1 -0.21 -
accumulation
RZnC 0.89 0.92 0.49 — —0.48
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B level (g kg~1) Zn level (mg kg~ 1)

P level (mg kg~ 1)

Shoot dry weight (g plant—1)

Root dry weight (g plant=1)

Maize Soybean Oilseed rape Maize Soybean Oilseed rape
0 0 0 4.3b 2.8b 2.3b 0.54b 0.35b 0.29b
200 5.4a 3.4a 2.7a 0.63a 0.40a 0.32ab
600 5.1ab 3.1a 2.3ab 0.56ab 0.39ab 0.30b
30 0 4.6¢c 2.9¢ 2.4b 0.56b 0.36b 0.30b
200 5.7b 3.6b 2.9a 0.69ab 0.43a 0.35a
600 6.5a 41a 3.2a 0.72a 0.44a 0.38a
0.4 0 0 3.4b 2.6b 2.3b 0.36b 0.29b 0.27b
200 4.7a 3.0a 2.5a 0.44a 0.34a 0.30a
600 4.6a 2.8ab 2.5ab 0.41ab 0.31ab 0.28b
30 0 3.7¢c 2.8c 2.4b 0.40c 0.30b 0.31b
200 5.0b 3.1b 2.9a 0.54b 0.36ab 0.32ab
600 6.0a 3.5a 3.0a 0.65a 0.38a 0.34a
Source of variation
P level (P) . - o
Zn level (Zn)
Blevel (B) ns ne
P % 7n . . " o
PxB ns - ns ns ns ns
Zn x B ns ns ns ns ns ns
PxZnxB ns ns ns ns ns ns

Values are means of three replications. For each benomyl and Zn treatment, means with the same lowercase letter indicate no significant difference among P application

levels (P < 0.05).

*, **, and *** significance at P < 0.05, 0.01, and 0.001, respectively.

ns, no significance, P > 0.05.
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Source Shoot Zn concentration Root Zn concentration Total Zn accumulation Zn acquisition efficiency AMF colonization

Maize Soybean Oilseed Maize Soybean Oilseed Maize Soybean Oilseed Maize Soybean Oilseed Maize Soybean

rape rape rape rape

P level (P) .
Zn level (Zn)
Blevel (B) ng ns ne * o ne
P % 7n " " - " " . "
PxB ns > ns ns = ns ns ns ns ns ns
Zn x B ns ns ns ns ns ns ns ns ns ns ns o
P xZnx B ns ns ns ns ns ns ns ns ns ns ns ns - *

*, * and *** significance at P < 0.05, 0.01, and 0.001, respectively.
ns, no significance, P > 0.05.
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Dominant species Associated species Occasional species

Leymus Stipa Agropyron Achnatherum Chenopodium glaucum
chinensis grandis cristatum sibiricum

Score' Score Score Score Score 1 Score 2
N 1.000 1.000 0.199 0.164 1.000 —-0.012
P 0.147 0.175 0.341 0.431 0.732 0.047
K 0.188 0.209 0.464 0.055 —0.115 —0.059
Ca 0.285 0.229 0.319 0.003 —0.495 0.005
Mg 0.351 0.219 0.555 0.362 —-0.419 0.007
S 0.186 0.233 0.425 0.202 0.392 0.017
Fe 0.197 0.357 0.280 0.323 —0.373 —0.027
Mn 0.228 —0.002 1.000 1.000 0.043 0.783
Zn 0.219 —0.125 —0.108 —0.476 —0.459 —0.268
Cu -0.317 0.064 0.264 0.373 0.701 0.076
Ni —0.357 —0.007 0.176 0.185 0.541 0.158
Na 0.169 —0.001 0.055 0.084 —0.645 —0.456
Al 0.022 0.287 0.237 0.075 0.192 0.031
Li 0.103 —0.037 0.449 0.496 0.754 0.657
Ti —0.067 0.171 0.271 0.179 0.237 0.243
Co —0.350 0.021 0.163 0.180 0.652 0.224
Sr —0.175 0.098 0.398 0.400 0.155 0.150
Ba —0.036 0.386 0.358 0.697 —0.086 0.496
Explanation (%) 100 100 100 100 62.6 37.4

TLarger score values indicated stronger discriminant effects. The bold values showed the major discriminant elements for each species.
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Dominant species Associated species Occasional species

Leymus chinensis Stipa grandis Agropyron Achnatherum Chenopodium
cristatum sibiricum glaucum
Slope r2t Slope r? Slope r? Slope r2 Slope r?
Macronutrient N* 0.041 0.617* 0.047 0.810"* 0.034 0.489*** - =
Ca 0.022 0.174** - 0.033 0.461* - —
Mg - - - - 0.031 0.3407
Micronutrient Mn 0.033 0.344* = 0.040 0.603** 0.036 0.500*** —
Cu 0.017 0.019* = = = -
Na 0.032 0.352* = = = =
Trace element Li 0.025 0.216** 0.051 0.823* 0.050 0.828™ = =
Sr 0.017 0.105* 0.018 0.127* 0.018 0.118* = =
Ba - - 0.029 0.316™* 0.034 D.gag* -

The independent variable was derived from the N-addition interval matrix, and the dependent variable from the Euclidean distance matrix for each element.

T2, coefficient of determination; 0 < 0.001; *p < 0.01; *p < 0.05; -p > 0.05.

+Other macronutrients, e.g., P K, S, micronutrients, e.g., Fe, Zn, and Nj, and trace elements, e.g., Al, Ti, Co, were not shown because of non-significant regressions for
the five species.
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