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Abstract

:

Besides anthropogenic factors, climate change causes altered precipitation patterns that indirectly affect the increase of heavy metals in soils due to hydrological effects and enhanced leaching (i.e., Cd and Ni), especially in the vicinity of mines and smelters. Phytoextraction is a well-known, powerful “green” technique for environmental clean-up that uses plants to extract, sequester, and/or detoxify heavy metals, and it makes significant contributions to the removal of persistent inorganic pollutants from soils. Poplar species, due to their growth features, high transpiration rate, large biomass, and feasible reproduction represent great candidates for phytoextraction technology. However, the consequences of concomitant oxidative stress upon plant metabolism and the mechanism of the poplar’s tolerance to heavy metal-induced stress are still not completely understood. In this study, cuttings of poplar species (Populus deltoides W. Bartram ex Marshall) were separately exposed to two heavy metals (Cd2+ and Ni2+) that were triple the maximum allowed amount (MAA) (according to national legislation). The aim of the study was to estimate the effects of heavy metals on: (I) the accumulation of free and conjugated polyamines, (II) plant hormones (including abscisic acid-ABA and indole-3-acetic acid-IAA), and (III) the activities of different antioxidant enzymes at root and leaf levels. By using the selected ion monitoring (SIM) mode of gas chromatography with mass spectrometry (GC/MS) coupled with the isotopically labeled technique, amounts of ABA and IAA were quantified, while polyamine amounts were determined by using high-performance liquid chromatography (HPLC) with fluorometric detection after derivatization. The results showed that P. deltoides responded to elevated concentrations of heavy metals in soils by exhibiting metal- and organ-specific tolerance. Knowledge about tolerance mechanisms is of great importance for the development of phytoremediation technology and afforestation programs for polluted soils.
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1. Introduction


Two major global environmental problems—future climate change and heavy metal (HM) pollution—are cross-linked and co-dependent. Some climate scenarios predict altered precipitation patterns with an increasing trend of precipitation of up to 30% before 2030, which may result in increased heavy metal mobility and HM leaching into groundwater (depending on HM solubility) [1,2]. This is especially threatening due to the non-biodegradable, hazardous, and persistent nature of heavy metals that lead to their accumulation in the soil above allowed amounts and at toxic levels [3]. Although some heavy metals are essential for plants and humans in low amounts, their cumulative effects and biomagnification phenomenon (or the significant increase of metal content through the food chain as trophic levels rise) make them dangerous to animal and human health as they bioaccumulate in higher amounts [4,5,6].



Cadmium (Cd2+), in particular, accumulates in the human body (primarily in the kidneys), and it has a negative impact on many organs due to its high toxicity, causing pulmonary emphysema, renal tubular damage, and kidney stones [7]. Whereas nickel (Ni2+) has the potential to cause severe allergies, lung fibrosis, and even lung and nasal cancer by causing epigenetic alternation [8].



Although many HM in soils slithogenic origins, with some HM released during pedogenesis, two of the most notorious heavy metals, Cd and Ni, primarily enter the soil through anthropogenic activities, such as wastewater irrigation, zinc mining, automobile exhaust smoke, fossil fuel combustion, electroplating, industrial waste, pigments metal alloys, industrial or municipal waste, or excessive application of HM containing pesticides or synthetic phosphate fertilizers [5,9,10]. In addition, the recent overconsumption of electronic products has resulted in the increasing trend of electronic waste as a significant source of HM contamination and soil overload [11,12,13]. High amounts of toxic HM pollute the environment due to crude and unscientific e-waste recycling procedures (such as mechanical separation, hydrometallurgical, pyrometallurgy, etc.), particularly in the case of Ni-Cd batteries and their carcinogenic electrolytic waste, which make significant contributions to the leaching of toxic HMs in soils [14,15]. Therefore, there is an urgent and critical need for the development of new technologies for HMs clean-up from the environment since old traditional methods, such as excavation, heat treatment, electroremediation, chemical precipitation, metal leaching, and soil washing or replacement, are all rather expensive and invasive [16,17].



Phytoremediation refers to an environmentally friendly, aesthetically pleasing, and low-cost technology that uses plants (as well as their associated microbes) as solar-powered pumps to uptake, sequester, and/or detoxify organic or inorganic pollutants (including HMs, organic contaminants, radionuclides, antibiotics, pesticides, and even explosives such as trinitrotoluene, etc.) from various mediums (including soil, water, and air) and translocate them into harvestable parts [18,19,20]. Specifically, the process of soil restoration of HMs by plants is called phytoextraction [21,22], and it is the best-known technique of phytoremediation besides phytostabilization, phytodegradation, rhizofiltration, and phytovolatilization [16]. Although phytoremediation has been known for decades, it is still an emerging technique since upcoming climate change will impose new demands and necessitate new adjustments and improvements in terms of sustainability [18]. Crispr-Cas9, a new generation of plant genome editing technologies, provides tools for the rapid improvement of phytoremediation technology by designing genome engineered metallicolous plants with improved heat and drought tolerance, specifically for the purpose of sustainable phytoremediation [23]. Although many herbaceous plants (e.g., Dysphania botrys, Lotus corniculatus, Lotus hispidus, Plantago lanceolata, Trifolium repens, and Medicago lupulina) exhibit metallophyte behavior and are efficient regarding metal accumulation and translocation [24], wooden plant species are more appropriate for phytoremediation due to their large biomass production [25]. Poplars and willows are particularly suitable for phytoextraction because they are fast-growing species with high transpiration indices, easy propagation technology, and a deep rooting system, as well as a high ability to accumulate and translocate essential and non-essential HMs into aerial parts [26,27,28,29].



Recently, the entire genome of Populus trichoderma has been sequenced, making poplars especially appealing candidates for genome editing toward HM stress tolerance and further investigation of its potential to act as an efficient phytoremediator [23,30]. In this study, we used eastern cottonwood (Populus deltoides W. Bartram ex Marshall) clone PE19/66 to investigate Ni and Cd effects on P. deltoides biochemical properties since it has been shown to be particularly tolerant to copper by accumulating high amounts of proline (PRO) and abscisic acid (ABA) in its leaves and roots and high amounts of polyamines in its roots during HM induced stress [31].



Understanding the underlying mechanisms of HM stress tolerance is critical for the further development of phytoremediation techniques, the selection of the most suitable clones, and potential gene targeting and editing. Through evolution, plants evolved their entire machinery to combat HM pollution, and they created/employed strategies and mechanisms to sequester and detoxify HM in order to reduce their toxicity [32,33,34]. Cd has no known biological functions in higher plants and does not participate in redox reactions, but it does contribute to oxidative damage, protein carbonylation, and lipid peroxidation, and it is extremely toxic to plants due to its high affinity for protein sulfhydryl groups, thus causing the inhibition of many enzymes [35,36]. In contrast, nickel is a structural component of many enzymes, including glyoxylases, peptide-deformylases, methyl-CoM reductases, and several types of superoxide-dismutases and hydrogenases [37]. Excess Ni causes Ni-toxicity, and symptoms (such as leaf chlorosis, plant root growth inhibition, and decreased photosynthesis and respiration) may appear, and Ni also disrupts mineral nutrition, water relations, and sugar transport [38]. Heavy metals, such as Cd and Ni, are uptaken by roots via the apoplastic (passive diffusion) or symplastic (active transport by root plasma membrane transporters for essential elements with low selectivity) pathways, where they form complexes with different chelating agents and are then immobilized in cell walls and vacuoles where detoxification occurs, either by conjugating with glutathione (GSH) or cysteine-rich peptides, such as phytochelatins (PC) or metallothioneins (MS) [39,40]. Heavy metal ions and essential metal ions have a similar radius and charge; therefore, heavy metals can impair the uptake and transport of essential metals like calcium and magnesium [41].



Since heavy metals cause oxidative stress in plants by increasing the production of reactive oxygen species (ROS), the activation of ROS scavenging enzymes, such as superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (Apx), glutathione reductase (GR), thioredoxin, and the peroxy-redoxin family of proteins, is one of the first lines of defense [31,42,43]. In addition to enzymatic, antioxidant defense also includes non-enzymatic ROS scavengers, such as ascorbate and glutathione, carotenoids, tocopherols, quinones, lipoic acid, phenolic compounds, polyamines, etc. [44,45].



Polyamines have a variety of regulatory roles in plant cells due to their antioxidant and polycationic nature, and as important abiotic stress markers, they modulate plant tolerance to HM through the direct scavenging of ROS or the activation of antioxidant machinery, or they act as signal molecules to activate ABA or H2O2 stress-responsive pathways [46,47,48]. Their protective role in HM stress has already been proposed, and increasing patterns of both free and conjugated polyamines (such as putrescine, spermidine, and spermine) have been reported as a poplars response to copper and zinc, but to the best of the authors’ knowledge, they have not been examined in response to nickel and cadmium [31,49,50].



Although it is well known that abscisic acid (ABA), which is an important plant stress hormone, and indole-3-acetic acid (IAA), which is a developmental hormone, are involved in the perception and signaling of excess HMs by roots, these hormones also affect plant growth and regulate the antioxidant defense system in the presence of HMs [31,51,52]. In particular, their exogenous application prevents the negative effects of excess HM on plant growth and overall fitness [53,54]. Still, little is known about how Ni and Cd affect endogenous plant hormone levels and distribution in P. deltoides.



Therefore, the main aim of the study was to investigate how excess amounts of Cd and Ni in soil affect P. deltoides responses at root and leaf levels, regarding:




	✓

	
The metal content (calcium and magnesium), translocation (TF), and bioconcentration factors (BCF) in P. deltoides clone Pe19/66;




	✓

	
The activities of different ROS scavenging enzymes, such as guaiacol peroxidase, glutathione reductase, and superoxide dismutase;




	✓

	
Total antioxidant and reducing activities (estimated by biochemical assays DPPH and FRAP, respectively) and radical scavenger capacity (against NO and OH radicals), as well as total polyphenol compounds (TPC) accumulation; and




	✓

	
Endogenous hormone levels (ABA and IAA), as well as plant hormone, regulators-polyamines content (putrescine, spermine, and spermidine) that is both free and conjugated.










2. Results


2.1. Metal and Non-Metal Contents, Translocation (TF), and Bioconcentration Factors (BCF)


The results regarding the contents of root and shoot uptake of metal content, calcium and magnesium levels, and bioconcentration and translocation in P. deltoides clone 19/66 leaves and roots are presented in Table 1.




2.2. The Effects of Cd and Ni on Antioxidant Enzymes Activities in Poplar Leaves and Roots


Activities of POD, SOD, and GR were significantly higher in the leaves than in the roots of the tested poplar plants (Figure 1). POD activity in the poplar leaves was 30% lower in the Cd (9 ppm) treatment compared with the unpolluted control, while GR activity was 57% lower in the P. deltoides plants under Cd treatment compared with the untreated controls (Figure 1a,c). The highest level of SOD (377.7 SOD g−1 FW) activity was observed in the leaves of P. deltoides treated with Cd (9 ppm) (Figure 1b). P. deltoides cuttings treated with Ni (150 ppm) had significantly higher foliar POD activity (242.4 POD g−1 FW). There was no statistically significant difference in SOD and GR activities in roots treated with Ni (150 ppm) when compared to those from the untreated control, contrary to the activity of POD, which was significantly higher in Ni-treated roots (Figure 1).




2.3. The Effects of Cd and Ni on the Antioxidant Capacity of Poplar Leaves and Roots


The highest scavenging capacity against DPPH radicals (64.9%) was measured in the extracts of poplar roots grown in the soil treated with Cd (9 ppm). In general, a significantly higher scavenging capacity against DPPH radicals was detected in the leaf extracts of P. deltoides from all the examined treatments compared to the control, both in the extracts of the roots and in the leaves (Figure 2a). Scavenger capacity against NO radical indicates that the ability to neutralize NO radicals increases under the influence of Ni and Cd ions since the values for NO scavenger capacity ranged from 17% in the extracts of the roots from the control up to 74.1% in the extracts of the leaves from the plants grown using the treatment with Cd (9 ppm) (Figure 2b). Cd treatment at a concentration of 9 ppm did not affect the ability of P. deltoides leaves and root extracts to neutralize OH radicals, yet plants treated with 150 ppm Ni had a significantly higher capacity compared to those from the control (Figure 2c). The ability of leaves extracts to neutralize NO and OH radicals were more affected by the Ni treatment (150 ppm), while the ability to neutralize DPPH radicals was more affected by treatment with Cd (9 ppm) (Figure 2a–c).



After the application of Ni and Cd in amounts that were three times higher than the MAA, there was an increase in LP intensity in both the roots and the leaves (Figure 2d). The highest LP intensity was observed in the poplar leaves grown using the treatment with Cd (9 ppm) (139.9 nmol MDA g−1 DW). In general, MDA accumulation was higher in the leaves than in the roots, but the difference in MDA content was higher in the roots when control and treatments were compared. Also, Ni treatment had a greater effect on MDA accumulation than Cd treatment.



The reducing capacity of the P. deltoides leaves extracts increased by 100% in Ni (150 ppm) and Cd (9 ppm) treatments compared with the control, while the reducing capacity of the roots extracts decreased by about 30% compared with the control (Figure 2e).



The content of polyphenol compounds (TPC) in poplar leaves ranged from 23.4 mg GAE g−1 DW (Ni 150 ppm) to 28.6 mg GAE g−1 DW (Cd 9 ppm). The highest TPC content was measured in the leaves of the plants from the Cd treatment (9 ppm), and the lowest was detected in the roots of the plants grown using the control media. Significantly higher values of TPC under the influence of Ni ions (150 ppm) were measured in poplar roots compared with the control (Figure 2f ).The increase in the content of phenolic compounds was more pronounced in the roots than in the leaves.




2.4. The Effects of Cd and Ni on Plant Hormones and Hormone Regulators Content


The content of abscisic acid increased under the influence of both applied metals, (Ni and Cd increased by 100% and 114%, respectively), whereas the levels of abscisic acid detected in the roots did not differ significantly under the metal treatments (Figure 3a). The constitutive levels of abscisic acid in the roots of the untreated plants were higher than in the leaves.



Similarly, the roots had a significantly higher content of indole-3-acetic acid than the leaves (Figure 3b). The nickel treatment significantly increased IAA levels in the roots, but there were no significant changes in foliar IAA under either treatment.



The P. deltoides clone Pe19/66 showed a wide range of polyamine responses to different heavy metals (Cd and Ni) in terms of polyamines contents (including putrescine-PUT, spermidine-SMD, and spermine-SPM) in their free and conjugated forms and in organ (root and leaf) defined/related responses (Figure 4). Putrescine was the most abundant polyamine in both the free and conjugated fractions, with SPM being the least abundant in the analyzed P. deltoides clone. P. deltoides exposed to increased Ni concentrations resulted in a significant increase in PUT and SPM at the root level, but no significant changes in SPD levels occurred. At the leaf level, a different pattern was observed. Ni induced a significant reduction in SPD when compared to non-treated controls, whereas foliar PUT and SPM did not change under the influence of Ni ions. When exposed to excess Ni, all conjugated polyamines increased significantly at the root level, while at the leaf level, conjugated SPD decreased and foliar conjugated PUT and SPM increased slightly compared to untreated controls. Under Cd treatment, all free polyamines exhibited significant declining trends in both inspected organs compared to non-treated controls, with the exception of SPD at the root level, which remained unchanged compared to non-treated controls. Under Cd effects, all conjugated polyamines decreased at the root level compared to untreated P. deltoides, whereas foliar conjugated PUT and SPM increased compared to untreated controls, and conjugated SPD remained unchanged.




2.5. The Principal Component and Correlation Analysis


The Principal Component Analysis (PCA) of analyzed parameters (metabolites, enzymatic activities, radical scavenger activities, and metal content) separately for root (Figure 5a) and leaves (Figure 5b) samples showed differences in organ-specific manner to heavy metal stressors. In both analyzed organs, the first two principal components (PC) described mostly all sample variation (root: 99.28% and leaf: 99.89%). In the root samples (Figure 5a), parameters associated with PC1 (LP < N < POD < HM conc. < IAA < Put < Conj. Put) defined Ni induced stress, while parameters defined by PC2 (RSD DPPH < SOD < GR < Spd) were defined by Cd induced stress responses. In contrast, analyzed parameters in leaf samples showed that parameters associated with PC2 (POD < N < C < Conj. Put < RSC OH < Ca < Mg) defined Ni induced stress. Opposite to the parameter distribution in Figure 5a for root samples, Cd induced stressors were defined by both PCs, mostly with parameters which defined enzyme activity and hormonal status, particularly with parameters RSC NO < IAA < TPC < SOD < RSD DPPH. Firstly, non-treated control samples were closely distributed on both PCAs, while treated samples were obviously removed from each other as well as from the control samples. Different PCAs and correlation matrix patterns that define different relations among analyzed parameters indicate organ specific responses to elevated soil HM amounts.



Heavy metal root content positively correlated with almost all the measured parameters. We noted the strongest correlations between heavy metal content from roots with N and C contents, TPC and LP, enzymatic activities, hormonal status (ABA and IAA), and free polyamine content (PUT and SPM), as well as all conjugated forms of polyamines, and with parameters of antioxidant defense system (RSC NO and RSC OH). Root HM contents had a strong, negative correlation with SPD. In contrast to the roots, heavy metal contents in the leaves did not exhibit a uniform response. Although a majority of parameters showed a positive correlation, all inspected polyamines (PUT, SPD, and SPD) expressed negative correlations to HMs content.



Plant hormones (ABA and IAA) measured in both organs (leaves and roots) exhibited similar relation patterns as other analyzed parameters. We noted that ABA from root tissue was strongly and positively correlated with parameters of enzymatic activity and parameters of antioxidant defense system, such as TPC, LP, POD, and RSC NO, as well as with heavy metal content. In contrast, root levels of ABA were negatively correlated with FRAP values, Ca, and Mg contents, while the correlation with polyamines was missing. Root amounts of IAA showed similar patterns, such as ABA, with all parameters measured in the root tissue. Foliar plant hormones (ABA and IAA) obtained strong correlations with HM content applied using the treatments as well as with Mg and C content, FRAP values, LP activity, and conjugated forms of polyamines. In contrast, foliar ABA exhibited a strong negative correlation with free polyamines (PUT, SPM, and SPD) (Figure 6a).



Within polyamines detected from the root tissue, PUT and SPM showed similar correlation patterns as other examined parameters, contrary to SPD patterns. Likewise, PUT and SPM had strong mutual correlation at the root level. To expand, PUT and SPD in roots were positively correlated with applied amounts of heavy metals, C and N contents, and their conjugated forms, as well as with RSC OH and POD, while negative correlations were noted among PUT and SPM with SOD, Gr, and SPD. We observed opposite patterns of correlation among PUT, SPD and SPM at the leaf level compared with the root tissues, which contributed to the hypothesis of organ-specific responses to increased heavy metal content. At the leaf level, polyamines established numerous negative correlations, like those with HM contents, LP, ABA, RSC DPPH, and RSC NO, as well as conjugated forms of SPD (Figure 6b). Conjugated forms of polyamines exhibited different correlation patterns compared to their free forms extracted from leaves.



Parameters of the antioxidant defense system in roots (RSC NO and RSC OH) had similar relations as other analyzed parameters. The stronger positive correlations were noted with Ca, N, and C contents compared with LP, POD, IAA, and polyamines (PUT and SPM). This trend was opposite to the established correlations with parameters such as GR and SPD, which exposed negative correlation patterns only with RSC OH in the roots. Ambiguous and inconsistent patterns of antioxidant defense system correlations were detected at the leaf level. The most positive relationship was observed between RSC OH and Ca, N, and POD, while RSC NO negatively correlated with TPC, SOD, and IAA in poplar leaves (Figure 6a).





3. Discussion


3.1. The Effects of Cd and Ni on the Antioxidant Defense System


Heavy metals, in addition to influencing enzyme expression, also alter enzyme catalytic function due to their strong binding affinity to sulfhydryl or other groups from the enzyme’s active center, resulting in lower enzyme activity or even complete inhibition [55]. Heavy metals can interfere with the function of many enzymes and even displace important metal ions from active sites, resulting in altered activities or the loss of activity [56]. Excessive heavy metal amounts in plants cause oxidative stress which stimulates activities or upregulates expression patterns of defense antioxidant enzymes, such as superoxide dismutase (SOD) and glutathione reductase (GR) [57,58]. The results provided in this study reveal that the change in Ni content in poplar root extract had no effect on the activity of SOD and GR, but the results also confirm that Ni ions have stimulating effects on POD activity. In contrast, Cd ions boost the activity of SOD, POD, and GR in poplar leaf extracts. It was reported previously that Cd influences enzyme activity in poplars, resulting in higher activities of ascorbate peroxidase, glutathione peroxidase, and catalase in roots [59]. Since Ni is not a redox-active element, it is not expected to have a direct impact on the generation of reactive oxygen species; however, this property allows Ni ions to indirectly interact with a large number of antioxidant enzymes, such as superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GSH-Px), glutathione reductase (GR), guaiacol peroxidase (GPx), and ascorbate peroxidase (Apx) [60]. The activity of antioxidant enzymes varies depending on the time of exposure, the type of treatment, and the species and plant organs involved [61]. According to Gajewska and Sklodowska [62], SOD and CAT activities decreased significantly in wheat leaves after treatment with 100 mM Ni for three, six, and nine days, while glutathione peroxidase (GSH-Px), guiacol peroxidase (POD), and ascorbate peroxidase (Apx) activities increased. However, the same authors [63] reported that exposing peas (Pisum sativum) to nickel ions for 14 days (concentrations of 10, 100, and 200 mM) reduced SOD activity in both shoots and roots, which is in accordance with our findings for poplar clone PE19/66.



The results of the experiment show an increase in total polyphenol content in response to higher Ni and Cd ion concentrations. Similarly, a metal induced increase of total phenolics was reported for other plant species, such as corn [64], cress (Lepidium sativum) [65], Scots Pine (Pinus sylvestris) [66], and wheat (Triticum sp.) [67]. Furthermore, the content of phenolic chemicals increases in poplar as a result of Cd exposure. A concentration of 200 μM caused a 47% increase in phenolic compounds in the roots of Populus deltoides and a 38–168% increase in the bark of Populus ×euramericana, Populus nigra, and Populus popularis, while in the leaves of Populus nigra, phenolic content was 67% higher compared to control plants [59]. Phenolic compounds increase plant tolerance to various abiotic stress factors, such as temperature fluctuations, the presence of heavy metals [68], and water deficit [69,70], in addition to their importance in allelopathic relationships and herbivore defense [71]. Furthermore, other publications revealed that the total polyphenolic content of many plants reduced during abiotic stresses [72,73,74,75]. The defensive role of phenolic compounds is attributed to the photoprotective, osmoregulatory, and mostly antioxidant properties of these compounds [76]. According to the study’s findings, higher phenolic compound contents in roots and leaves reveals a greater ability to remove ROS. Increased Ni and Cd ion concentrations (three times higher than the MAA) increase the antioxidant capacity of treated poplar clones. There is an increase in the ability to neutralize DPPH radicals under the influence of Ni ions at a concentration of 150 ppm. This is most likely due to the activation of antioxidant defense, which is manifested via the increased biosynthesis of secondary metabolites under stressed conditions caused by Ni ions. Kebert et al. [77] investigated oxidative stress in the leaves of poplar clones Pe19/66, B229 (P. deltoides), and Panonnia (P. ×euramericana) after field exposure to a mixture of heavy metals (Ni, Cd, and Pb), herbicides, diesel fuel, and combined treatment with diesel and heavy metals. The authors stated that heavy metal treated poplar leaves had higher antioxidant capacity than the control group and identified clone B229 as the most tolerant to the treatments used.



In addition, Cd induced stress activated the Brassica juncea antioxidative defense system [78]. However, the findings of a study about the toxic effects of cadmium on Brassica rapa var. turnip discovered that Cd treated plants had lower antioxidant activity [79]. The findings of this study reveal that the ferric reducing antioxidant power (FRAP) of poplar root and leaves extracts is increased when it is exposed to high levels of Ni and Cd. Furthermore, Kebert et al. [77] demonstrated that there is an increase in poplar leaf reducing capacity (estimated by FRAP assay) due to the exposure of plants to stress caused by heavy metals, pesticides, and/or diesel in the soil. The results of the FRAP test on the antioxidant capacity in basil (Ocimum basilicum) leaves revealed that the antioxidant capacity increased with a treatment of Ni 500 pp and that antioxidant capacity decreased as Ni content increased [80].



The results obtained in this research indicate that the amounts of measured malondialdehyde (MDA) in poplar leaves and roots increases with an increase of the Ni and Cd ions concentration. Previously published research revealed that the process of lipid peroxidation is enhanced in higher plants under situations of oxidative stress produced by heavy metals. As a result of heavy metal exposure, the amounts of MDA, as an end product of lipid peroxidation, increased in peas [81], different genotypes of rye (Secale cereale) [82], sunflower (Helianthus annuus) [83], Arabidopsis thaliana [84], nodules of soybean (Glycine max L.) [85], spring barley (Hordeum vulgare L.) [86], and citrus (Citrus aurantium L.) [87], which is consistent with the results of this research.




3.2. HM Induced Stress Affected Plant Developmental and Stress Hormones (IAA and ABA)


Abscisic acid (ABA) is a multifunctional phytohormone that has been linked with tolerance to adverse environmental conditions, and its signaling pathway is a key regulator of abiotic stress response in plants, including heavy metal induced stress [31,88,89,90]. It has been proposed that ABA accumulation and the regulation of ABA biosynthetic gene expression contribute to heavy metal tolerance without affecting growth [91]. The beneficial effects of ABA are associated with its ability to cause stomata closure and to regulate hydraulic conductivity during drought stress or during significant osmotic changes, such as those caused by HM [92]. Furthermore, ABA is involved in the regulation of genes encoding biosynthetic enzymes of different osmoprotective compounds, such as proline and glycine betaine [93,94]. The accumulation of ABA and proline is crucial in the development of tolerance to Cd ions, indicating the networking of signaling pathways in conditions of abiotic stress caused by water deficit and an increased content of heavy metals [95]. Improved tolerance in HM-stressed plant species has also been linked to exogenous ABA application [54]. In contrast, the endogenous levels of plant hormones changes after poplar plants are exposed to a high amount of Cd and Ni in the soil and tissue accumulation of this metal. The significant increase of ABA levels at the root level found in this study could be associated with the important role of this hormone in stress perception and root–shoot signal transduction that enables the transfer of information about increased contents of heavy metals in the soil to the shoots [96]. Our findings about increasing ABA root content are consistent with those found in Phaseolus vulgaris under Ni induced stress [97]. When plants are exposed to an excess of Cd ions, they exhibit symptoms of general plant stress, such as decreased leaf elongation and growth and decreased cell size (ethylene response), and symptoms of water deficit, such as decreased stomatal conductance and transpiration, which represent a typical ABA response since it is well known that toxic trace metals impair plants’ water balance [98,99,100]. Our findings show that Cd treatment increases ABA levels by 117% which aligns with previous studies that confirmed Cd induced ABA and ethylene biosynthesis in roots [101,102,103,104,105].



Furthermore, recent findings in Mung bean (Vigna radiata) after exogenous application of ABA during Cd stress demonstrated that ABA plays a role in HM tolerance via the regulation of antioxidant machinery [98]. This finding is consistent with the high positive correlations among ABA, total phenolic content, and peroxidase activity at the root level found in this study. Transpiration, on the other hand, stimulates Cd ion transport to the shoots, and exogenous ABA application reduces this transport [106,107]. ABA-mediated osmotic stress and ABA-mediated signaling pathways induced by excess Cd ions resulted in an increased expression of metallothionein in peas, indicating the existence of signaling crosstalk between drought and Cd induced stress [108]. Depending on the applied concentation, Ni ions can stimulate and inhibit the activities of enzymes involved in the metabolism of plant hormones. Thus, under the influence of 50 μmol NiCl2, the activity of indole-3-acetic acid oxidase in O. sativa seedlings significantly increased, while at higher concentrations of Ni ions, the enzymatic activity of this enzyme significantly decreased [109]. In our study, slightly increased root levels of IAA under both elevated Ni and Cd ions are present, while there are no significant changes in IAA at the leaf level. In contrast to our findings, arsenic (As) decreased levels of three auxins, including IAA, NAA, and indole-3-butyric acid (IBA), occurred in Brassica juncea [110], whereas short-term cadmium exposure also reduced IAA levels in the root tips of barley (Hordeum vulgare) [111].




3.3. Polyamines Exhibited Metal and Organ Specific Responses to HM-Induced Stress


Polyamines, as ubiquitous polycationic antioxidants, have been shown to be mediators of increased heavy metal tolerance in numerous plant species by mitigating the toxic effects of heavy metals in plants [112]. Their protective role is based on their high antioxidant and strong ROS scavenger capacity, and therefore their ability to regulate redox homeostasis during oxidative stress caused by heavy metals [113,114], and also on their ability to act as metal chelators [115]. During their catabolism, polyamines generate hydrogen peroxide, allowing them to modulate entire ROS signaling pathways [116], but they can also activate plant antioxidant defense machinery, specifically affecting the gene expression of ROS scavenging enzymes [117,118]. As positively charged compounds, they have a high affinity for binding to negatively charged biomolecules, such as DNA or lipid membranes, increasing their stability and inhibiting lipid peroxidation, while also having a high affinity for binding to ionic channels and regulating ion homeostasis and ion transport in plants [119,120]. Depending on their charge (Spm4+ > Spd3+ > Put2+), polyamines block fast-activating vacuolar cation channels which gives them the ability to modulate salt stress tolerance in plants and heavy metal induced stress through modulation of metal transporters [121]. Increased tolerance to heavy metal induced stress has been linked to plants’ ability to increase endogenous levels of specific polyamines [31,122] or to the exogenous application of Pas during exposure to elevated heavy metal amounts in soil [123]. In our study, after long-term exposure to high Ni and Cd soil levels, polyamines exhibit organ- and metal-specific responses, with mostly decreasing patterns of free polyamines with increasing Cd levels and increasing patterns of free polyamines during nickel induced stress. Increasing polyamine patterns during Ni induced stress in poplar clone Pe19/66 are consistent with findings of increased foliar SPD and SPM levels in Amaranthus paniculatus plants during Ni induced oxidative stress [124], whereas significantly increased PUT levels were reported in Brassica napus under excess Ni accumulation [125]. Increased endogenous levels of PAs were also detected in the tissue culture of the commercial white poplar clone ‘Villafranca’ (Populus alba) after exposure to elevated Zn and Cu contents [49] and in poplar clones M1 (Populus × euramericana), PE19/66, and B229 (Populus deltoides) exposed to elevated soil Cu content [31]. Furthermore, elevated Zn amounts were found to increase the expression of the polyamine biosynthetic genes PaADC and PaODC in poplar leaves [49], while the addition of polyamines decreased the expression of genes encoding metallothionein type 2 (PoMT2) during Zn induced stress in Plantago ovata [126]. Tobacco (Nicotiana tabacum) leaves treated with CdCl2 showed increasing patterns of all free and conjugated polyamines, which contrasts with our finding that elevated Cd amounts reduce the main foliar and root polyamines in poplar [127]. When Mung bean was exposed to increased Cd content, putrescine levels increased, but spermidine and spermine levels decreased, which is consistent with our findings [128], whereas cadmium increased the enzyme activities of polyamine biosynthetic enzymes (ADC, ODC, SPMS, and SPDS) in Oryza sativa [129]. Mitigating effects of the exogenous application of SPD, SPM, and PUT during heavy metal induced stress were reported in wheat exposed to increased lead [130] and cadmium levels [131], which resulted in beneficial effects of polyamines, increased plant tolerance to heavy metals, and reduced metal phytotoxicity.



Conjugated polyamines or phenylamides (PhA) are amides formed of aliphatic (e.g., putrescine, spermidine, or spermine) or aromatic (e.g., tyramine and tryptamine) polyamines and hydroxycimetic acids (most commonly caffeic, ferulic, and p-coumaric acid) [132]. As polyamines covalently linked to phenylpropanoids, phenylamides have the combined chemical properties of both components, providing them with a wide range of biochemical and metabolic actions, particularly related to free radical scavenging, so there are particularly involved in plant response to elevated heavy metal contents [46]. Because of the high levels of phenylpropanoids in poplars, these conjugated polyamines were abundant in poplar tissues [133]. In this study, all examined conjugated polyamines increased significantly at the root level when exposed to excess nickel, while conjugated polyamines prominently declined in both inspected organs after Cd treatment. These findings for cadmium response in poplar contrast to elevated amounts of conjugated polyamines found in Hydrocharis dubia when spermidine was applied exogenously to mitigate Cd induced stress [134]. Furthermore, when the same poplar clone was exposed to long-term effects of excess copper levels, increasing patterns of conjugated polyamines were observed, demonstrating the importance of conjugated polyamines in heavy metal tolerance in poplars [31].





4. Materials and Methods


4.1. Experimental Design and Sampling


In the experiment, 10 dm3 pots with sandy fluvisol soil were used (see Table 2). The substrate was artificially contaminated by separately adding Cd (NO3)2 and Ni (NO3)2 to final contents of 9 mg kg−1 Cd and 150 mg kg−1 Ni. The control substrate was not artificially contaminated. After the stabilization of the metal content via natural microbiological activity (which took eight weeks), non-rooted cuttings of P. deltoides clone PE 19/66 were planted in the spring in pots (including four cuttings in three replicates per treatment and the control) and grown in a greenhouse under semi-controlled conditions. The plants received regular irrigation and monthly additions of Hoagland’s solution. After five months of the experiment, one portion of the plant material (the leaves and roots) was used when it was fresh for the preparation of buffer extracts, while the second was frozen in liquid nitrogen and lyophilized to analyze plant hormones and the hormone regulator, and the third and fourth were dried at room temperature for radical scavenger capacity and TPC analyses and in the oven at 70 °C for the determination of metals content to achieve a constant weight, respectively.




4.2. Metal Content, Translocation (TF), and Bioconcentration Factors (BCF)


Using a microwave-assisted digestion system (model Milestone, D series), 300 mg of oven-dried and crushed plant material were digested with 10 mL of nitric acid and 2 mL of 30% w/v hydrogen peroxide and then diluted to 25 mL with deionized water. The samples were then processed using an Atomic Absorption Spectrophotometer (model FS AAS240/GTA120, Varian, California, CA, USA) and the acetylene/air burner flame technique with an atomization temperature of approximately 2300 °C. The contents of Mg, Ca, Cd, and Ni were determined at 285.2, 422.7, 228, and 232 nm, respectively, and expressed in mg kg−1 dry weight (DW) of plant material. All analyses of metal accumulation were performed in three biological and two technical replicates.




4.3. Activities of Antioxidant Enzymes, Radical Scavenger Capacity, Lipid Peroxidation Intensity and Content of Total Polyphenol Compounds


To prepare buffer extracts of leaf and root samples for the measurement of antioxidant enzymes activities (POD, SOD, and GR), lipid peroxidation intensity (LP) and ferric reducing antioxidant power (FRAP test), 250 mg of fresh plant material was mixed with 2 mL of a 50 mM K-phosphate buffer (pH 7.0) using a ground glass homogenizer centrifuged at 15,000× g, and after separation of the supernatants, some were used for further analyses.



Seventy percent ethanol in a ratio of 1:10 (w/v) was added to 20 mg of air-dried plant material, and after centrifugation at 15,000× g, supernatants were used to test radical scavenger capacity (RSC) against DPPH, OH, NO radicals, and TPC.



All mentioned parameters were determined spectrophotometrically using a MultiScan spectrophotometer (Thermo Fisher Scientific, model Multiscan, Santa Clara, GO, CA).



	(A)

	
Enzymes activities (POD, SOD, and GR)







Guaiacol peroxidase (GPOD, EC 1.11.1.7) activity was measured according to Zimmerlin et al. [135] with minor modifications. Buffer extracts, as a source of POD, were added to the reaction medium with 0.1 M acetate buffer (pH 7.0) and 10 mM guaiacol as POD substrate. After the addition of 0.1 mM H2O2, the increase in the absorbance was measured at 436 nm over 2 min. The enzyme activity was calculated using the extinction coefficient for tetraguaiacol (e = 25.6 mM−1 cm−1) and expressed as enzyme units (U) g−1 FW, where one unit (U) represented the quantity of the enzyme that catalyzes the conversion of 1 μmol of substrate per min.



Superoxide dismutase (SOD) activity was determined by inhibiting the photochemical reduction of nitro blue tetrazolium (NBT) to formazan, which is a blue product of NBT reduction with superoxide anion (O2•−) [136]. Buffer extracts, as a source of SOD, were added to the reaction medium with 0.1 M K-phosphate buffer (pH 7.8), 13 mM methionine, 75 μM NBT, 0.1 mM EDTA, and 2 μM riboflavin. After the illumination of the samples using a fluorescent lamp for 10 min, a change in color was measured at 560 nm. The enzyme activity was defined as the amount of enzyme that inhibits NBT reduction by 50% at 25 °C and expressed as U g−1 FW.



Glutathione reductase (GR) activity was assayed using the Carlberg and Mannervik’s procedure [137]. Buffer extracts, as a source of GR, were added to the reaction medium with 100 mM phosphate buffer (pH 7), 1 mM GSSG, 1 mM EDTA, and 0.1 mM NADPH. Glutathione-dependent oxidization of NADPH was monitored for 2 min at 340 nm. The extinction coefficient was 6.22 mmol L−1 cm−1. The enzyme activity was expressed as U g−1 FW.



	(B)

	
Assays of Antioxidant Defense Systems







The DPPH-scavenging activity was determined according to Arnao et al.’s method [138] based on the reaction of the transformation of purple (λmax = 515 nm) DPPH-radical (2,2-diphenyl-1-picrylhydrazyl) into reduced yellow form DPPH-H after incubation at 30 °C for 30 min in the dark.



Neutralization of the hydroxyl radical (OH•) was determined by monitoring the degradation reaction of 2-deoxy-D-ribose in the presence of free OH• radicals generated in the Fe2+/H2O2 system [139]. One of the final products of this reaction was malonyldialdehyde (MDA) which was determined spectrophotometrically with the help of a thiobarbiturate test (TBA test) at 532 nm.



Nitric oxide (NO•) radical inhibition was calculated using the Griess Illosvory diazotization process and the method developed by Hensley et al. [140]. The chromophore’s absorbance was measured at 546 nm.



The total antioxidant power was measured using the FRAP assay [141] based on the reduction of Fe3+-TPTZ to Fe2+-TPTZ leading to a change in the reaction medium to a dark blue color with maximum absorbance at 593 nm.



Different concentrations of Trolox (6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), which is a hydrophilic analog of vitamin E, were used as a standard in previously mentioned methods. Radical scavenger capacity against DPPH, OH, and NO radicals, as well as ferric reducing antioxidant power-FRAP were calculated using a standard curve and expressed as nmol of Trolox equivalents per g of fresh and dry weight of plant material (nmol TEAC g−1 FW/DW), depending on the extract used in the assay.



The intensity of lipid peroxidation (LP) was determined based on the content of malondialdehyde (MDA) as an end product of LP [142]. Absorbance was measured at 532 nm after incubation of the reaction medium (with the buffer extract and a solution containing 20% trichloroacetic acid and 0.5% 2-thiobarbituric acid) at 95 °C for 30 min. MDA amounts (determined by its molar extinction coefficient, 155 mM L−1 cm−1) were expressed as nmol MDA per gram fresh weight (nmol MDA g−1 FW).



The content of total phenolic (TPC) was estimated using the Folin–Ciocalteu assay according to a method developed by Singleton et al. [143] at 725 nm. The standard calibration curve was plotted using gallic acid and expressed as mg of gallic acid equivalents per g of dry weight of plant material (mg GAE g−1 DW).




4.4. Plant Hormones and Hormone Regulators Content


	(A)

	
Plant hormone analysis (ABA and IAA)







Freeze-dried leaves and roots weighing between 0.1 and 0.2 g DW were extracted using a solution of 65:35 isopropanol and 0.2 M imidazole buffer (pH 7.0). As an internal standard, [13C6]IAA and [2H4]ABA were added to the reaction mediums for the quantitative mass-spectral analysis of abscisic acid (ABA) and indole-3-acetic acid (IAA) in poplar leaves and roots. After overnight isotope equilibration, the analyses were performed according to Chen et al. [144] and Rapparini et al. [145] using gas chromatography-mass spectrometry-single ion monitoring (GC-MS-SIM) as described by Baraldi et al. [146]. The results of ABA and IAA quantification were expressed as ng g−1 DW.



	(B)

	
Polyamines determination







Plant tissues (approx. 20 mg DW of freeze-dried material) were extracted with 10 volumes of 4% perchloric acid (PCA). The homogenate was kept for 1 h on ice and then centrifuged at 15,000× g for 30 min. Aliquots of the supernatants and standard solutions of putrescine (PUT), spermidine (SPD), and spermine (SPM) were derivatized with dansylchloride as described by Scaramagli et al. [147]. Dansylated derivatives were extracted with toluene, dried, and resuspended in acetonitrile prior to HPLC analysis. Aliquots of the supernatant were subjected to acid hydrolysis (6 N HCl overnight at 110 °C) in order to release PAs from their PCA-soluble conjugates. Released PAs were derivatized and analyzed as described above. PAs were separated and quantified with HPLC (Jasco, Tokyo, Japan) using a reverse phase C18 column (Spherisorb ODS2, 5-μm particle diameter, 4.6 × 250 mm, Waters, Wexford, Ireland) and a programmed acetonitrile-water step gradient. The results of PAs quantification were expressed as nmol g−1 DW. The conjugated PAs amounts were calculated as the difference of total PAs in the hydrolyzed supernatants and the amounts of the free PAs in the nonhydrolyzed supernatants.




4.5. Elemental Analysis of Nitrogen and Carbon Content


The contents of nitrogen (N) and carbon (C) in freeze-dried powdered poplar leaf material were determined using a CHN analyzer (model Elemental VARIO EL III, Hanau, Germany) coupled with a thermo-conductivity detector by using the manufacturer’s instructions. Acetanilide was used as a standard compound.




4.6. Statistics


Descriptive statistics, two factorial ANOVA, the t-test, principal component analysis (PCA), and Pearson correlation statistical techniques were employed. In two-way ANOVA, heavy metals (Ni and Cd) and plant organs (root and leaf) were used as factors, which were interpreted using the Fisher (F) test and their statistical significance levels. The t-test results were visually represented on a box plot diagram. The R programming environment was used for all statistical data processing (R Core Team). The “rstatix” R package [148] was used to calculate descriptive statistics and run two-way ANOVA and t-tests, while the “ggplot2” R package [149] was used for other visual representations. We used three levels of statistical significance throughout the paper denoted as (*) 0.05, (**) 0.01, (***) 0.001, and (****) 0.0001.





5. Conclusions


This study represents one of the first findings regarding the ability of the tested P. deltoides clone PE19/66 to be used for the phytoremediation of nickel and cadmium from soil. The study was designed to follow the effects of artificially applied heavy metals on poplar biological responses at the root and leaf levels. Tracking antioxidant, metabolic, and ROS enzymatic poplar biological responses and elevated nickel and cadmium soil amounts revealed a high metal- and -organ specificity. P. deltoides clone 19/66 showed an ambiguous response to different heavy metals, whereas polyamines showed mostly decreasing patterns of free polyamines in response to increased cadmium levels and increasing patterns of free polyamines in response to nickel induced stress. As a result of elevated nickel and cadmium soil contents, there was a significant increase in antioxidant activities, phenolic content, and ABA amounts at the poplar root level, confirming the role of this hormone in stress perception and signal transduction. These findings could be useful to develop afforestation programs for heavy metal-polluted habitats.
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Figure 1. The effects of elevated Cd and Ni soil contents on (a) guaiacol peroxidase (POD); (b) superoxide dismutase (SOD), and (c) glutathione reductase (GR) activities at root and leaf levels using NT-non treated soil. Cd 9 ppm-soil was supplemented to 9 mg Cd kg−1 of soil DW and Ni 150 ppm-soil was supplemented to 150 mg Ni kg−1 of soil DW. Significance levels: (NS) non-significant versus significant (**) < 0.01; (***) < 0.001, and (****) < 0.0001. 
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Figure 2. The effects of elevated Cd and Ni soil contents on radical scavenger activities against (a) DPPH, (b) OH, and (c) NO radicals, as well as (d) lipid peroxidation, (e) ferric reducing antioxidant power (FRAP), and (f) total polyphenol content (TPC) at root and leaf levels using NT-non treated soil. Cd 9 ppm-soil was supplemented to 9 mg Cd kg−1 of soil DW and Ni 150 ppm-soil was supplemented to 150 mg Ni kg−1 of soil dry weight. Significance levels: (NS) non-significant versus significant (*) < 0.05; (**) < 0.01; (***) < 0.001; and (****) < 0.0001. 
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Figure 3. The effects of elevated Cd and Ni soil contents on amounts of plant hormones, (a) abscisic acid (ABA), and (b) indole-3-acetic acid (IAA) at root and leaf levels using NT-non treated soil. Cd 9 ppm-soil was supplemented to 9 mg Cd kg−1 of soil DW and Ni 150 ppm-soil was supplemented to 150 mg Ni kg−1 of soil DW. Significance levels: (NS) non-significant versus significant (*) < 0.05; (**) < 0.01; (***) < 0.001; and (****) < 0.0001. 
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Figure 4. The effects of elevated Cd and Ni soil contents on amounts of accumulated free polyamines ((a) putrescine-PUT, (b) spermidine-SPD, and (c) spermine-SPM), as well as conjugated polyamines ((d) conjugated putrescine-conj. PUT, (e) conjugated spermidine-conj. SPD, and (f) conjugated spermine-conj. SPM) at root and leaf levels using NT-non treated soil. Cd 9 ppm-soil was supplemented to 9 mg Cd kg−1 of soil dry weight and Ni 150 ppm-soil was supplemented to 150 mg Ni kg−1 of soil DW. Significance levels: (NS) non-significant versus significant (*) < 0.05; (**) < 0.01; (***) < 0.001; and (****) < 0.0001. 
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Figure 5. Principal Component Analyses (PCA) with treatment and heavy metal treatment as a dependent variable separately using root (a) and leaf (b) samples. Treatments include: Cd 9 (P. deltoides grown in soil supplemented with 9 ppm Cd); Cd_NT (poplar cuttings grown in non-treated soil); Ni 150 (poplar cuttings grown in soil supplemented with 150 ppm of Ni); and Cd_NT (poplar cuttings grown in Cd non-treated soil). The following abbreviations examined parameters. TPC: total phenolic content; FRAP: ferric reducing antioxidant power; LP: lipid peroxidation; SPD: spermidine; SPM: spermine; PUT: putrescine; SOD: superoxide dismutase; POD: guaiacol peroxidase; GR: glutathione reductase; ABA: abscisic acid; IAA: indole-3-acetic acid; and DPPH: 2,2-Diphenyl-1-picrylhydrazyl radical. 
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Figure 6. Pearson’s correlation matrix of all analyzed parameters for roots (a) and leaves (b) exposed to increased levels of Ni and Cd. The following abbreviations examined the parameters. TPC: total phenolic content; FRAP: ferric reducing antioxidant power; LP: lipid peroxidation; SPD: spermidine; SPM: spermine; PUT: putrescine; SOD: superoxide dismutase; POD: guaiacol peroxidase; GR: glutathione reductase; ABA: abscisic acid; IAA: indole-3-acetic acid; and DPPH: 2,2-Diphenyl-1-picrylhydrazyl radical. 
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Table 1. Metal and non-metal accumulation (mean ± SD), bioconcentration, and translocation factors of Ni and Cd in P. deltoides clone Pe19/66.
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	Ni
	Cd





	Root metal accumulation (mg kg−1)
	152.77 ± 8.01
	17.46 ± 2.46



	Leaf metal accumulation (mg kg−1)
	23.36 ± 0.75
	31.98 ± 2.52



	Leaf calcium accumulation (mg kg−1)
	11.86 ± 0.60
	10.70 ± 0.29



	Root calcium accumulation (mg kg−1)
	8.24 ± 1.16
	7.22 ± 0.97



	Leaf magnesium accumulation (mg kg−1)
	9.07 ± 0.29
	8.35 ± 0.23



	Root magnesium accumulation (mg kg−1)
	5.55 ± 0.55
	6.49 ± 0.99



	Root bioconcentration factor (rBCF)
	0.75
	1.97



	Aboveground bioconcentration factor (aBCF)
	0.18
	5.02



	Translocation factor (TF)
	24.62
	261.8



	Leaf nitrogen content (mg g−1)
	19.9 ± 3.3
	15.3 ± 1.4



	Root nitrogen content (mg g−1)
	9.75 ± 3.2
	6.77 ± 1.2



	Leaf carbon content (mg g−1)
	420.5 ± 13.3
	417.3 ± 12.5



	Root carbon content (mg g−1)
	391.3 ± 27.8
	344.4 ± 10.8
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Table 2. Chemical properties and particle size composition of the soil used in the experiment.
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Horizon

	
Depth (cm)

	
pH

(in H2O)

	
Humus (%)

	
CaCO2 (%)

	
Particle Size Composition




	
Coarse Sand

(˃0.2)

	
Fine Sand

(0.2–0.02)

	
Silt

(0.02–0.002)

	
Clay

(<0.002)

	
Total Sand

(˃0.02)

	
Total Clay

(<0.02)






	
Ap

	
0–30

	
7.55

	
2.64

	
17.08

	
0.5

	
37.4

	
40.4

	
21.7

	
37.9

	
62.1




	
I

	
30–58

	
7.91

	
1.58

	
19.56

	
0.3

	
45.9

	
34.8

	
19.0

	
46.2

	
53.8




	
II

	
58–72

	
8.08

	
1.00

	
16.06

	
0.3

	
71.0

	
15.9

	
12.8

	
71.3

	
28.7




	
III Geo

	
72–110

	
8.22

	
1.09

	
19.10

	
1.9

	
40.5

	
37.7

	
19.9

	
42.4

	
57.6




	
IV Geo

	
110–175

	
8.53

	
0.46

	
15.93

	
2.5

	
88.5

	
1.5

	
7.5

	
91.0

	
9.0
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