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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.

Keywords: ionomic variation, plant species, ecological speciation, environmental stress, adaptive evolutions


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.
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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.



[image: image]

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.



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

TW, SH, and YK conceived of the presented idea. SH, YK, SM, and TK conducted the field work. CZ, TW, SH, YK, SM, and TK worked on the data collections and analysis. CZ, TW, YK, and QC wrote and revised this manuscript. All authors checked the results and contributed to the final manuscript.



FUNDING

Part of the present study was financially supported by a Grand-in-Aid for Scientific Research (No. 20K05762, TW and SH) from the Japan Society for the Promotion of Science and Environment Research and Technology Development Fund (D-1001, SH) from the Ministry of the Environment. CZ personally thanks for the Ph.D. scholarship provided from China Scholarship Council (CSC) (NO. 201806990031).



ACKNOWLEDGMENTS

We are grateful to the editors and reviewers for their valuable comments on this manuscript.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.614613/full#supplementary-material

Supplementary Table 1 | Plant species analyzed in this study.

Supplementary Table 2 | Soil mineral element concentrations and chemical properties sampled from 80 different sites in Shiozuka Highlanda.



REFERENCES

Affholder, M., Flöhr, A., and Kirchmann, H. (2019). Can Cd content in crops be controlled by Se fertilization? A meta-analysis and outline of Cd sequestration mechanisms. Plant Soil 440, 369–380. doi: 10.1007/s11104-019-04078-x

Baekgaard, L., Mikkelsen, M. D., Sørensen, D. M., Hegelund, J. N., Persson, D. P., Mills, R. F., et al. (2010). A combined Zinc/Cadmium sensor and Zinc/Cadmium export regulator in a heavy metal pump. J. Biol. Chem. 285, 31243–31252. doi: 10.1074/jbc.M110.111260

Baxter, I. (2009). Ionomics: studying the social network of mineral nutrients. Curr. Opin. Plant Biol. 12, 381–386. doi: 10.1016/j.pbi.2009.05.002

Baxter, I., and Dilkes, B. P. (2012). Elemental profiles reflect plant adaptations to the environment. Science 336, 1661–1663. doi: 10.1126/science.1220757

Bert, V., Bonnin, I., Saumitou-Laprade, P., Laguérie, P. D., and Petit, D. (2002). Do Arabidopsis halleri from nonmetallicolous populations accumulate zinc and cadmium more effectively than those from metallicolous populations? New Phytol. 155, 47–57. doi: 10.1046/j.1469-8137.2002.00432.x

Bray, R. H., and Kurtz, L. T. (1945). Determination of total, organic, and available forms of phosphorus in soils. Soil Sci. 59, 39–45.

Broadley, M. R., and White, P. J. (2012). Some elements are more equal than others: soil-to-plant transfer of radiocaesium and radiostrontium, revisited. Plant Soil 355, 23–27. doi: 10.1007/s11104-012-1163-1

Busoms, S., Teres, J., Huang, X., Bomblies, K., Danku, J., Douglas, A., et al. (2015). Salinity is an agent of divergent selection driving local adaptation of Arabidopsis to coastal habitats. Plant Physiol. 168, 915–929. doi: 10.1104/pp.15.00427

Chen, C., Chen, H., Zhang, Y., Thomas, H. R., Frank, M. H., He, Y., et al. (2020). TBtools: an integrative toolkit developed for interactive analyses of big biological data. Mol. Plant 13, 1194–1202. doi: 10.1016/j.molp.2020.06.009

Chu, Q., Watanabe, T., Sha, Z., Osaki, M., and Shinano, T. (2015). Interactions between cs, sr, and other nutrients and trace element accumulation in Amaranthus shoot in response to variety effect. J. Agric. Food Chem. 63, 2355–2363. doi: 10.1021/jf5058777

Chutia, R., Abel, S., and Ziegler, J. (2019). Iron and phosphate deficiency regulators concertedly control coumarin profiles in Arabidopsis thaliana roots during iron, phosphate, and combined deficiencies. Front. Plant Sci. 10:113. doi: 10.3389/fpls.2019.00113

Du, F., Liu, P., Wang, K., Yang, Z., and Wang, L. (2020). Ionomic responses of rice plants to the stresses of different arsenic species in hydroponics. Chemosphere 243:125398. doi: 10.1016/j.chemosphere.2019.125398

Du, F., Wang, L., Yang, Z., Liu, P., and Li, D. (2019). Ionomic profile and arsenic speciation in Semisulcospira cancellata, a freshwater shellfish from a mine-impacted river in China. Environ. Sci. Pollut. Res. 26, 10148–10158. doi: 10.1007/s11356-019-04489-4

Feng, X., Han, L., Chao, D., Liu, Y., Zhang, Y., Wang, R., et al. (2017). Ionomic and transcriptomic analysis provides new insight into the distribution and transport of cadmium and arsenic in rice. J. Hazard. Mater. 331, 246–256. doi: 10.1016/j.jhazmat.2017.02.041

Geng, Y., Wu, Y., and He, J. S. (2011). Relationship between leaf phosphorus concentration and soil phosphorus availability across Inner Mongolia grassland. Chin. J. Plant Ecol. 35, 1–8.

Grime, J. P. (2001). Plant Strategies, Vegetation Processes, and Ecosystem Properties. Chichester: Wiley.

Grime, J. P., Thompson, K., Hunt, R., Hodgson, J. G., Cornelissen, J. H. C., Rorison, I. H., et al. (1997). Integrated screening validates primary axes of specialisation in plants. Oikos 79, 259–281. doi: 10.2307/3546011

Güsewell, S., Bailey, K. M., Roem, W. J., and Bedford, B. L. (2005). Nutrient limitation and botanical diversity in wetlands: Can fertilisation raise species richness? Oikos 109, 71–80. doi: 10.1111/j.0030-1299.2005.13587.x

Hayes, P., Turner, B. L., Lambers, H., and Laliberté, E. (2014). Foliar nutrient concentrations and resorption efficiency in plants of contrasting nutrient-acquisition strategies along a 2-million-year dune chronosequence. J. Ecol. 102, 396–410. doi: 10.1111/1365-2745.12196

He, J., Wang, X., Schmid, B., Flynn, D. F. B., Li, X., Reich, P. B., et al. (2010). Taxonomic identity, phylogeny, climate and soil fertility as drivers of leaf traits across Chinese grassland biomes. J. Plant Res. 123, 551–561. doi: 10.1007/s10265-009-0294-9

Huang, X., and Salt, D. E. (2016). Plant ionomics: from elemental profiling to environmental adaptation. Mol. Plant 9, 787–797. doi: 10.1016/j.molp.2016.05.003

Jiang, Y., Song, M., Zhang, S., Cai, Z., and Lei, Y. (2018). Unravelling community assemblages through multi-element stoichiometry in plant leaves and roots across primary successional stages in a glacier retreat area. Plant Soil 428, 291–305. doi: 10.1007/s11104-018-3683-9

Kitayama, K., Aiba, S., Takyu, M., Majalap, N., and Wagai, R. (2004). Soil phosphorus fractionation and Phosphorus-Use efficiency of a bornean tropical montane rain forest during soil aging with podozolization. Ecosystems 7, 259–274. doi: 10.1007/s10021-003-0229-6

Lai, M., He, S., Yu, S., and Jin, G. (2018). Effects of experimental N addition on plant diversity in an old-growth temperate forest. Ecol. Evol. 8, 5900–5911. doi: 10.1002/ece3.4127

Lambers, H., Finnegan, P. M., Jost, R., Plaxton, W. C., Shane, M. W., and Stitt, M. (2015). Phosphorus nutrition in Proteaceae and beyond. Nat. Plants 1:15109. doi: 10.1038/nplants.2015.109

Marschner, P. (2012). Mineral Nutrition of Higher Plants, 3rd Edn. New York, NY: Academic Press.

Miatto, R. C., and Batalha, M. A. (2016). Leaf chemistry of woody species in the Brazilian cerrado and seasonal forest: response to soil and taxonomy and effects on decomposition rates. Plant Ecol. 217, 1467–1479. doi: 10.1007/s11258-016-0658-x

Mueller, K. E., Diefendorf, A. F., Freeman, K. H., and Eissenstat, D. M. (2010). Appraising the roles of nutrient availability, global change, and functional traits during the angiosperm rise to dominance. Ecol. Lett. 13, E1–E6. doi: 10.1111/j.1461-0248.2010.01455.x

Neugebauer, K., El-Serehy, H. A., George, T. S., McNicol, J. W., Moraes, M. F., Sorreano, M. C. M., et al. (2020). The influence of phylogeny and ecology on root, shoot and plant ionomes of 14 native Brazilian species. Physiol. Plant. 168, 790–802. doi: 10.1111/ppl.13018

Pauwels, M., Vekemans, X., Godé, C., Frérot, H., Joussein, E., and Saladin, G. (2012). Nuclear and chloroplast DNA phylogeography reveals vicariance among European populations of the model species for the study of metal tolerance, Arabidopsis halleri (Brassicaceae). New Phytol. 193, 916–928. doi: 10.1111/j.1469-8137.2011.04003.x

Pillon, Y., Petit, D., Gady, C., Soubrand, M., Joussein, E., and Saladin, G. (2019). Ionomics suggests niche differences between sympatric heathers (Ericaceae). Plant Soil 434, 481–489. doi: 10.1007/s11104-018-3870-8

Praveen, A., Mehrotra, S., and Singh, N. (2019). Mixed plantation of wheat and accumulators in arsenic contaminated plots: a novel way to reduce the uptake of arsenic in wheat and load on antioxidative defence of plant. Ecotoxicol. Environ. Saf. 182:109462. doi: 10.1016/j.ecoenv.2019.109462

Prodhan, M. A., Finnegan, P. M., and Lambers, H. (2019). How does evolution in Phosphorus-Impoverished landscapes impact plant nitrogen and sulfur assimilation? Trends Plant Sci. 24, 69–82. doi: 10.1016/j.tplants.2018.10.004

Prodhan, M. A., Jost, R., Watanabe, M., Hoefgen, R., Lambers, H., and Finnegan, P. M. (2017). Tight control of sulfur assimilation: an adaptive mechanism for a plant from a severely phosphorus-impoverished habitat. New Phytol. 215, 1068–1079. doi: 10.1111/nph.14640

Roeling, I. S., Ozinga, W. A., van Dijk, J., Eppinga, M. B., and Wassen, M. J. (2018). Plant species occurrence patterns in Eurasian grasslands reflect adaptation to nutrient ratios. Oecologia 186, 1055–1067. doi: 10.1007/s00442-018-4086-6

Salt, D. E., Baxter, I., and Lahner, B. (2008). Ionomics and the study of the plant ionome. Annu. Rev. Plant Biol. 59, 709–733. doi: 10.1146/annurev.arplant.59.032607.092942

Smith, A. R., Pryer, K. M., Schuettpelz, E., Korall, P., Schneider, H., Wolf, P. G., et al. (2006). A classification for extant ferns. Taxon 55, 705–731. doi: 10.2307/25065646

Stein, R. J., Höreth, S., de Melo, J. R. F., Syllwasschy, L., Lee, G., Garbin, M. L., et al. (2017). Relationships between soil and leaf mineral composition are element-specific, environment-dependent and geographically structured in the emerging model Arabidopsis halleri. New Phytol. 213, 1274–1286. doi: 10.1111/nph.14219

Treurnicht, M., Pagel, J., Tonnabel, J., Esler, K. J., Slingsby, J. A., and Schurr, F. M. (2019). Functional traits explain the Hutchinsonian niches of plant species. Glob. Ecol. Biogeogr. 29, 534–545. doi: 10.1111/geb.13048

Turner, B. L., and Laliberté, E. (2015). Soil development and nutrient availability along a 2 Million-Year coastal dune chronosequence under Species-Rich mediterranean shrubland in southwestern Australia. Ecosystems 18, 287–309. doi: 10.1007/s10021-014-9830-0

van der Ent, A., Mulligan, D. R., Repin, R., and Erskine, P. D. (2018). Foliar elemental profiles in the ultramafic flora of Kinabalu Park (Sabah, Malaysia). Ecol. Res. 33, 659–674. doi: 10.1007/s11284-018-1563-7

Wang, P., Xu, X., Tang, Z., Zhang, W., Huang, X.-Y., and Zhao, F.-J. (2018). OsWRKY28 regulates phosphate and arsenate accumulation, root system architecture and fertility in rice. Front. Plant Sci. 9:1330. doi: 10.3389/fpls.2018.01330

Wang, X., Wang, Z., Zheng, Z., Dong, J., Song, L., Sui, L., et al. (2019). Genetic dissection of Fe-Dependent signaling in root developmental responses to phosphate deficiency. Plant Physiol. 179, 300–316. doi: 10.1104/pp.18.00907

Wardle, D. A., Bardgett, R. D., Walker, L. R., and Bonner, K. I. (2009). Among- and within-species variation in plant litter decomposition in contrasting long-term chronosequences. Funct. Ecol. 23, 442–453. doi: 10.1111/j.1365-2435.2008.01513.x

Watanabe, T., Jansen, S., and Osaki, M. (2005). The beneficial effect of aluminium and the role of citrate in Al accumulation in Melastoma malabathricum. New Phytol. 165, 773–780. doi: 10.1111/j.1469-8137.2004.01261.x

Watanabe, T., Jansen, S., and Osaki, M. (2006). Al-Fe interactions and growth enhancement in Melastoma malabathricum and Miscanthus sinensis dominating acid sulphate soils. Plant Cell Environ. 29, 2124–2132. doi: 10.1111/j.1365-3040.2006.001586.x

Watanabe, T., Kouho, R., Katayose, T., Kitajima, N., Sakamoto, N., Yamaguchi, N., et al. (2014). Arsenic alters uptake and distribution of sulphur in Pteris vittata. Plant Cell Environ. 37, 45–53. doi: 10.1111/pce.12124

Watanabe, T., Maejima, E., Yoshimura, T., Urayama, M., Yamauchi, A., Owadano, M., et al. (2016). The ionomic study of vegetable crops. PLoS One 11:e0160273. doi: 10.1371/journal.pone.0160273

Watanabe, T., Urayama, M., Shinano, T., Okada, R., and Osaki, M. (2015). Application of ionomics to plant and soil in fields under long-term fertilizer trials. Springerplus 4:781. doi: 10.1186/s40064-015-1562-x

White, P. J., Broadley, M. R., Thompson, J. A., McNicol, J. W., Crawley, M. J., Poulton, P. R., et al. (2012). Testing the distinctness of shoot ionomes of angiosperm families using the Rothamsted Park Grass Continuous Hay Experiment. New Phytol. 196, 101–109. doi: 10.1111/j.1469-8137.2012.04228.x

Xu, J., Zheng, L., Xu, L., and Wang, X. (2020). Uptake and allocation of selected metals by dominant vegetation in Poyang Lake wetland: from rhizosphere to plant tissues. Catena 189:104477. doi: 10.1016/j.catena.2020.104477

Zhang, S., Zhang, J., Slik, J. W. F., and Cao, K. (2012). Leaf element concentrations of terrestrial plants across China are influenced by taxonomy and the environment. Glob. Ecol. Biogeogr. 21, 809–818. doi: 10.1111/j.1466-8238.2011.00729.x

Zhao, N., Liu, H., Wang, Q., Wang, R., Xu, Z., Jiao, C., et al. (2017). Root elemental composition in Chinese forests: implications for biogeochemical niche differentiation. Funct. Ecol. 32, 40–49. doi: 10.1111/1365-2435.12938

Zhao, N., Yu, G., He, N., Wang, Q., Guo, D., Zhang, X., et al. (2016). Coordinated pattern of multi-element variability in leaves and roots across Chinese forest biomes. Glob. Ecol. Biogeogr. 25, 359–367. doi: 10.1111/geb.12427

Zhou, X. (2017). The role of selenium in soil: effect on the uptake and translocation of Arsenic in Rice (Oryza sativa). Int. J. Agric. Biol. 19, 1227–1234. doi: 10.17957/IJAB/15.0430


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 Zhang, Hiradate, Kusumoto, Morita, Koyanagi, Chu and Watanabe. 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.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Ionomic Responses of Local Plant Species to Natural Edaphic Mineral Variations



		INTRODUCTION



		MATERIALS AND METHODS



		Plant Materials and Soil Sampling in the Sites



		Ionomic Analysis of Samples



		Statistical Analysis







		RESULTS



		Ionomic Profile of Different Plants Species Living in Different Soil Sites



		Ionomic Variations of Leaf Elements and Their Contributing Sources



		Ionomic Network Among Different Plant Species and Soil Environment



		Ionomic Differences in Diverse Plant Species and Soil Sites







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fpls-12-614613-t002.jpg
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.





OPS/images/fpls-12-614613-t001.jpg
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.





OPS/images/cover.jpg
frontiers
In Plant Science

lonomic Responses of Local
Plant Species to Natural
Edaphic Mineral Variations









OPS/images/fpls-12-614613-g002.jpg
Mg

by

—
—{—
+
..l.l.
Ao
i 1
S
.-I.I.
—il—
——
—a— -
eoe —ll—
—-
——
— I
—i-
= - —il-
8 — -
5 ~I—
v —Enl—
Q —E=— .
_HM —E.—
<) ——
< - - -
ol - < vy
o o S
—En—
—T—
o —{I—
I..l
i
l.l
—
il
—ill—
—lll-
.l.l.
——
——
—
—-
© o -0
P
¥ —am—
M- ... -*
g o0 —El— -
5 —
< + . .
< of < ' S
a — - =) o
—{ T —
——
—
— T
—m—
o} o
T}
s —Em—
—m—
o —Em—
-
—ln—
——— ——
——
~
—
s —ill—
. o.|||. -
& — —
v — .
Q. .|I|. .
m ——.—
< — -
= i S *
L o o o

Fe

0.0+Anova, p < 2.2e-16

-0.5;
.0

| ‘*ﬁ**fﬂﬁ*“f’rﬁ*&

o

;.‘$++*L

L
-

Cu

L4

+++f'j,+fft'

[}

Anova, p < 2.2e-16
Anova, p < 2.2e-16

Wi

(@) ()
-89, mw..\Q\Om. 75
G A 2y,
$: aaﬁwawm,ow%m “
I »

SEU LS
¥ oy
& /) ) \.m..\.mw\ﬁ
RSB wwo\c
&
L

|
-1.01
-1.5
-2.0-*
-2.54

Sl BH1S,

il

)
S

e

w
g

Anova, p < 2.2e-16

.

W*ﬁ

Zn

?Hwﬂ-‘

i

Anova, p < 2.2e-16

WM

1.0

-2 .(0-Anova, p < 2.2e-16

0.5
0.01
-1.0-
-1.5
-2.01

o %,
Hﬁﬁww?mﬁf
AR %@%@%@é
0506 % 0515
0\@@ g
;w

!

Anova, p < 2.2e-16
-

iﬁ*‘

=

W

1

.+éﬁ+

-

¢*+#++H+ﬂ+*?**

.

*

' SA%0 4
Slyeer o5, B
Sttt
&Py o.\o\wwv\,u\x
103k

Anova, p < 2.2e-16
.01 i
Anova, p < 2.2e-16

0

15 £

(

S
o ] <

-.B Bw) uonenusosuoo 01Ho| |essulw je

by
1.0
1.5

0.5

9

Plant family
8 Colchicaceae

Plant species

5

@ (o}

© @ O

O @ ©
e%e% =
To3%20w 0o
DO g2 S 00QR
O >=nmoaTcC
LT =wcC
OM>TB>T. 200
A<IT>=2WwL>0rn
2488 Eass





OPS/images/fpls-12-614613-g001.jpg
45° N [

40°N T

"N}

30°N |

120° E

East China Sca

130° E

North Pacific

Ocean

33*N [ &

\ Nt ™

P
B i

C
L3
PR

Y o foa
Sy = e
i Kagawa—,
N L 7 % iy

s SRethy - —rd A

¢ %
—3

=
A e v
i S
—

¥

Y %
- b SRR N

! e |
T 3~

L L e )
__=Tokushima +.. .

60 Miles
|

—” 7:\77". =)

30°5600" N

30°5530" N

133°4030" E

133°41'00" E

Shingucho Kamiyama - f
’ 4

Shingucho Shinsegawa

0
| |

0.125
n

Yamashirocho Tairano

0.25 0.5 Miles
I I | | |

@ Sampling sites






OPS/images/logo.jpg
' frontiers
in Plant Science





OPS/images/fpls-12-614613-g004.jpg
P * k% Rhkkk Kk Kk * k% *%k * * kkkk * k%
K ¢ & R R
021 5 kkkkkk Hxdx P rx  xx & * kkAk
0.33 Ca * % ek Kk Hkkk Kk k%
036 odkkk Rk kkk kkkk  * RHhkkk * Ak kR *

034 029 03970 % RaRkax  HkdEk k HnorR * “““
D45 040303402200 Rk &k Ak * *
0.52 034035 Tnkkkk k  Andh  wadk M & wkak
039 053 049053032034 %%k Rk ik & s e e v e v Mk e
0.540.310.310.280.260.380.37 & HhkAEAEEE Ahk Rk RxExAR A AR
0.25 0.28 022 Mo @ Jok e e -
024033062 029043043 038027 N %k Rk AR kkkkx
035 026 031072021053046041 031 A % s % ek e Ak A
043 042 028 06 049 04 B0 el % *  Rkkk
0.3 0.320.230.22 0.320.310.320.36 Na #% @4 4 & ¢
03205 0.320.360.240.350.45 03403 Rb * * ik  kkkk
0.310.24 0.6 0.370.46  0.500.220.55 0.460.770.280.25 = s Josk Jodk Je sk Hk ik
025 0.32 0.24 As *  Kkkk Kk
032026023 023 065 026 0.380.560.230.24045 (o * kdkokk %
0.350.370.24 0.5 027038032062 0.4 043  0.350.240.24 | o %k %k % Ak 45
021 051 049048 025041043 0.460.33 0.34 046 (1 M¥ekdokk
035 0.64 0.380.250.240.420.540.270.360.430.370.51023051 (s %k Akl
0.34 029042 0.380.32 0.48 0.330.37 0.3 0.280.410.39 S¢ Kk
026 041074 0.4 0.5 0.440.250.280.710.320.270.330.42  0.370450.310580.34 ||
0.34 026080 026037022  0.390.710.200.250.280.410.370.230.51 0.340.720.340.75 \/
- Baas 9059 * kxS @Pa  Ho
08 - AP ExARAx AR AR R exkekx  d Rk Eokk Ak R R ARk
[RITREESETY TOSE T T T TUNUEEIERE TR TR FUA TN
056044056 Co K AnARBax  xanx PSS San e

057062066 05 |0 Kk % MR AR Ex AR xx  xk & HhErAn RS rr ARk

0.5 0.510.580.760.55 Fo

oA A Ak kxR xx A P . BS

021 NMndk % *

0.8 0.740.740.370.620.370.28 71 i 4k M e e

0.860.790.860.440.620.43 0.2 0.84 _ .“ *

0.540.590.61 0.6 0.71 0.5
0.86 0.7 0.6 0.360.360.37

* deke ki ks an fxx & Fhxx
% desde e i e B
05064 O ddkMBckdk  dedcdod MR AR AR Ak Rk ek
0.740.74032 110 %k * ek A A % M

0.310.35  0.440.330.210.350.340.42 N %% Jedcdlic # * * ¥k

0.210.260.310.350.310.68  0.320.240.200.270.26 A Jesk M  Fdcdrdk Rk Rk Rk ok kk
041 038 021 0358a Hhkk Ak *  Rkk%k

0.24 0.4 0430.3205% 02302035 026044 Na Nk & & A% Ak
0.220.370.26 024 0.260.33026 0.41 Rb %
0.580.450.640870690.64  0.520580.650.410210.330540.34 = e A i % % Mk
0.420.320.380.500.350.44  0.350.390.370.37  0.320.38 0.61 - S A e e ek ek e
0.780.710.710.42 0.5 0.41  0.810.790470.760.2303¢ 022  0.490.47 Ccl Mk @) * e
0.650.480.48 0.7 0.430.58  0480.400.460.59 036044025  0.670.690.59 T o #k Mirsese M4k
0.860.780.820.490.650.47  0.820.870.560.780.25 0.3 031  0.500.470.840.64 1 #icvesk #rJ5
0.530.460.420.290.290.25  0.390.470.310.42 021  0.54 0.3 0.380.450.53 0.5 Cs NNk *

0.25 025022 023 0.240.59 0.2 0.200.31 0.3 Se

0.630.580.610.480.440.7%. 0.6 0.61 0.5 0.670.280.60 0.3 0.47  0.480.390.58 0.6 0.65038 || 4

0.4 04 0.3704T0270.TT-

0.370.330.270.52 08036049  0.380.330.4204T7T 04 0.1 orT v

0.8

06

04

0.2

0.6

0.8

08

06

04

02

-0.2

0.6

-0.8

P oRkkkk k% Rk & = * *k Rk -
037 K * % * k%
CE T * kk  dkREkkk k& Ak % * Kk &
Ca % %% *% *n ki ex P & B Krknix %
029 019022110 M MR A ek A A e A A Hedede
029033044 F o %k KkkkRk  Sndrxdh A ok e T
0.44 059018711 % Jo %k ks e -
0330290.420.390.23 71 M dkde MBS ARk M ok Rk & ke ok
024045 0290290330650 # MRk *k  kk ek sk *
029 0.420290.180.370.41 B *hkdk Hhkkk & *%k * *
061 023 027 Mo * * k%
0.410.340.310.320.330.420.480.26 N 4 Fh Ak kg ok ARk
022 020470580730330520.39 03 043 A M Akan ek xn ik anrex
075041033 043 062061 7 dekkk AR RR AR dedren an
03 04049 028 045 046 0.3 NaRkdkk * * ok Rk
0.42 051 0.3 03018 027 0.3 024 Rh Wk *%k k%
02 0.8 0.500.440.260.550.25 02 0.480.720.890.380.34 © Mk Ak % Pk
0.59 0.19 0.420.250.49 041 A5 dedekiie K * ek &
0.24 0.480.35 0.250.250.25 031029 Coidk ek
03101902042 026 046 0210.310.450.440.18 04305035 Co ki Heds
0.53 029 022037034 035026 0.19 0.33 Or *k Kk *
02903 032 032 021035 02603 03 0310.440.260.740.24 s %k
0.22026 022 o024 0.21 Se
0.480.510.38 0.2 0.490.310.22  0.420.820.660.330.350.730.26  0.550.27 0.3 || %%
0.24 022026088  0.260.24 0.260.680.240.45 031021  0.260.24 032 V
B R St L L I
078 © AR ek xn AR A ok AR kR AR AR ARk B x
077072 5 A AR AR A Rk nkx Mk
049051047 "o Ak % AR xRk ARk & Bhkx ‘-‘“ﬁ *hk  *

0.560.720.720.52 )10 Rk ke ke KRk Ak % %% *

0.5 0.370.520.430.35 T ¢ ¢ Ak & AR AkAh AR AR Ak Ak & Akkkx %

0.360.370.460.180.230.22 111 % Jesk B xx dedkRBcdkdk ks &
0.530.640.58 0.7 0.550.340.46 71 #icdenc i kk  wadnx B x S ax  eorsan
0.650.650.760.54 0.7 0.550.270.65 _ 1 S AR e Aidese Ml S0 i e
038021018 023027 B Jedodek Fdkdededededkdk *
0810610.500.500.38 0.5 061055 [lokdk % Ak ARk kkdk & % & %
0.480.490.520.23 0.2 0.350.650.390.42 033 NI kAR & M khk ok Rk
018 04 0.2% Al . * * ek
0.230.290.440.440.42 0.4 0.330.250.310.230.190.25  Ba %% % Mkw%k *k Kk Kk
0A470.340.47 0.4 0.29049 044048 056033 024Na  Hkdde & %k & Rk Mk
04403 054 0.26 018 Rb %% e g Hok A
038053041093 06 0.37 071057 05049019 049034 o Wk dhex *»
0.24 048 052 02  0.250.350.240.210.350.27-0.270.42 As k9 .-
024043  0.660.270.210.250.680.420.390.370.37 022 oss0e Codk -
0.450.430.280.630.33 0.3 0.410.660.420.28 0.5 0.23 024 063041066 CoNk Kk &
0.240.260.460.270.470.380.230.350.420.220.18  0.190.270.210.350.28 0.20 Cr wkkk ok
0.35 03 0.19 0.48 03 Cs
0.500.620.660.260.520.290.440.460.41. 05104 02503104202 018028038 Se  #%
03 023 0.7 U %
0.280.180.210.99  0.690.210.25 0.4 0.280.45 0.2 0.41 053 02025 03102 V

08

06

04

0.2

0.2

06

08

08

06

04

0.2

0.2

06

0.8





OPS/images/fpls-12-614613-g003.jpg
i

nova, p < 2.2e-16

|

0.5
0.0
-0.5
-1.01
3 e M

o

Ba
Sr

**‘4"++¢i*+'$fi,¢+§‘

Anova, p < 2.2e-16

-1.01

ﬂ

|
'

% +

*;"“M

nova, p < 2.2e-16

R

0.0

-1.01
2

-0.5
-1.51

)
—_— —am— - p— Ly, ©
—— . — - .@o\h%\eo o @

—1— —— —L— - 8579100, o S e

— - R —a— &G0, {8, @ o3 =

- ¢« + W —— 1SS/ G S ks o O2xdT S

— —— . —B - .- GOrSyd Ity > O SoFloodP
i . 1,58, 8 = Too O® @ ©

— (o) LS P >) © O gn '] O 4]

— - . —mm—— — - w\m%%m« %o, E S83casll88%

— —— o = ButRSS 4 8 SOo-OCrTg@amcC

T oE == =1 el = 3838558085

— - — . - ol o - &4 m.\xo\ %/ c 0 =
- = —— - - Ymmm\mm\owgs m,wsq&v a MWMMWWHWMW

- - - Lol

- = 5 ” %w@w%oo‘%% &%
® — - i - - © =g IS m&@m@@
T — @ . = i . —am— - 50965 &y I5%,
& . = . S — . . & —- - SIS IS U
o ——— v —_— . My .mo\eo%\m@‘ &w
a —— a —l—- 1 a - & QQ%. ), _\.m.v‘
g - g g — g = R
S —um . g — . g . —m— . . .mvwwwm w%.mwm«,w\wv
o o =) =) o v =) v = o =) =) ;mm.@%ww“%m\w
e -+ v O el ci o e o -+ e O QSVN%&%‘Q
] 1 1 ] ] ] ] ] ] 1 ] ] 0
Sy, Sy
oxds
I v|I|- - -|.1|. . -
—CI— —— —— '%mw%com
—E— . —1— o —}— = L ) .
I —E— - 9 @oﬁm&q&
—— — 3 —— -SSR0,
——— — - — G S w
~—= = T oRRE L/ M
- . o —ll—-s - SRl SUglo =
—T+ . —ER— \mow%ﬁvs oY )
—a— . — - g +|l m\w om\m. S0 QO
—— —— ” (S S
— - Q | —mm— 0 —-— & o\& @«muom o.www\ w
——— o e = o —— - SIS Wy,
- o —— ul.,- v -%\&@Q@\v & A b et
—— — —— —-— , ewsm“oo%%w m%sq c
© il © —— © - .«m\w\%ﬁ%ﬁ\o&m b AL
& —— - é i g T r &5 o%oow..\mo\@m\« o
§ e § . T L _E ARt e
v ® -lll. v = = - F: v l ¢ ”mVQM\\O \Vﬁ@% \W\@
M . ll.l. M . I e m .0 .|l|. L W%\.\%% %@W&\& ?
B e —illR— &) g Y S BYEYS,
& " c LA (0]
e G TRt
" : d : " . . oy v @IQ\\V NG
+ 7§ o I SR T3 . . &%%u@w
‘@
——D— - 0 —— —o— Y
R T —— —m- S,
. —Eln— —il— —— —— .Q@x\&\\\@b@.
—— - —— - ”w%\w%mmwmﬁew
» = . A —.- — ..WQ.Q.\.Q.\ ..\%V o
- —— . - . —E— [ mwxo,wo“ s
— e o —gB— —il— — . 7 X3 9070,
— . - o, i — :WQ%%%N« oY
il - . L] -|.I. I 2 [ - y Q
—— .- o« —g— - 7] —i— e~ o ”Wm%x%%m%o\%wo‘xw
. e Il O - (&) —— > —— - %\\.m..\ mm\m? Y,

—  S— . — - —— - ; 7 . ek Uy
— — - — 13 — .%S\mwo.&m 55 b
— - — - —n— S oq%.w S

- « —il- . L -—i = o - — L .\Q\WO\% %, QWM\\NNQQA‘V

% —— T —Em— T e+ —EE— ._. SoNE WY,

& S .« . . & i — o —a— 85800008 155101,
—— - & S 20,5187

P e ¥ . —em f p —a- . 8 s ERU GO

a . = 3 . o - . x - - : . —mm— ,wmoo%\m% 7 4

§ — - - o —— — g — o S - SIS, b ’sy,

53 — T 2 —E—— .o Ee —mm— g . —E.— - ZeISOBEIS I,

g e w } g - g o -—mm- . 8 vo—fill—  * ,&\%.\%w%\@oo

S w o w» S 9 o 9 S S o 9 < W USRSy owv

4 5§ T % 9 T % % 5 - 2 2 @&M@g o
] ] 1 ] ; ! ; Q %

9s,
(;.6 Bw) uoneuasuod °I1H0| |eldulw JeaT o





OPS/images/fpls-12-614613-g006.jpg
Pteridium aquilinum Dennstaedtiaceae
Rubus parvifolius

Potentilla fragarioides I Rosaceae
Potentilla freyniana

Viola rossii Violaceae
Uraria crinita
Lespedeza bicolor
| Amphicarpaea bracteata Fabaceae
= | Apios fortunei
Pueraria lobata
Lysimachia clethroides—— Myrsinaceae
| Patrinia scabiosifolia Valerianaceae
___| Hydrangea paniculata Hydrangeaceae | _
Cirsium nipponicum
| Aster ageratoides
| Aster microcephalus Asteraceae
a5 Aster scaber
é ‘- Artemisia indica

‘- Artemisia japonica ———

I AEEEEE =D =N

R
: &
INEE EEw

‘.

, ggrostis gligantea:a
s actylis glomera
' “ - Aru?\)c(i'ineqla hirta Poaceas

P ,("» K Miscanthus sinensis
/ **'r.:/’\ s S ‘
N0 2

Disporum sessile

Colchicaceae

Ly ] il
CoZnCdNiAsCa B Se Al Cr Li Fe V K S MgNa P CuMoBa Sr MnRbCs

. \\\J
N NNAY
A “w‘c\‘- =
N “ 2!
il | [ e B i 1
— - \ i~ g R l | ! ) B
/ﬂ". V) ‘i::: . <’r‘- P . ..' ) a
- Y & A
/ pd Ca NA o {
a4 ™ | s i

q

o] 1

SR ll}] 7
' {;l l ;}i Mn

.
LI ING
&80 A
LB
R
4 J

Il =
B OE CEEEEEY EDEE N
SEEEEEEEENEE =N

L b 4L P = B @
8 8 8 B 8 8 8





OPS/images/fpls-12-614613-g005.jpg
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 rossi

Potentilla freyniana
Potentilla fragarioides
Rubus parvifolius
Pteridium aquilinum

3.00

1.00
0.00
-1.00
-2.00
-3.00

] =
@
B
*
i
=
|
]
. .
L
|
B Mo Ba Sr S Ni Co Fe V Mg Na As Cr Li

Cd K Cu

Se Zn Cs Al P Ca MnLRb






OPS/images/fpls-12-614613-g007.jpg
1

|

|

1

1

1

U

U

|

|

1

1

1

1

1

|

|

1
1
s .
- 1
i
1

|
=
T

%1 TOd

Groups

o= - -

< %C 11 -TOd

~lh=

03~

- e e e e e e e e e e e e e e e e e e e D

0n.s

“Nth

= \
o~ \
ot _.
=4 \
R (o |
ey -l- ! ST e - - - IM
C _ 1 _
=~ _ ' f
\ . ‘_
... “ __.
... I .._
\ 1 /
\ 1 J
v ,,._ 1 ..\_ v
¥ \ “ / R
./, 1 ._\.
,/‘... 1 J
) ]
" 1 g
% 1 p s
. 1 i
f/'f 1 \\\
o g \ .\\.\\
- Y T o
- |_| |l.||\|- - 4
. . | ' '
= " = i =
-_— = = ﬂ -
%P L1 -TOd
‘.
1
1 -
1 g 4
]
1
1
1
1
i
il
1
1
1
1
1
.2
-
»
=
e~
“
2 :
- x ‘ n
R

- W -

'
'
1
1
'
!
=

2
-

m %L1 :Td

35.4%

PCI1

35.4%

PC1

5=

U

0.5-
1

1
1
1
1
1
1
1
1
L]
1
1
1
|l
1
1
1
]
1 ”
]
1
1
‘
]
!

%1'vl -TOd

%Ib1:TDd 2

PC1: 30.6%

30.6%

-
Ld

PC1





