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Abstract

:

This study investigated the impact of several priming agents on metal-tolerant and sensitive Silene vulgaris ecotypes exposed to environmentally relevant cadmium dose. We analyzed how priming-induced changes in the level of lipid, protein, and DNA oxidation contribute to calamine (Cal) and non-calamine (N-Cal) ecotype response to Cd toxicity, and whether the oxidative modifications interrelate with Cd tolerance. In non-primed ecotypes, the levels of DNA and protein oxidation were similar whereas Cal Cd tolerance was manifested in reduced lipid peroxidation. In both ecotypes protective action of salicylic acid (SA) and nitric oxide (NO) priming was observed. SA stimulated growth and reduced lipid and DNA oxidation at most, while NO protected DNA from fragmentation. Priming with hydrogen peroxide reduced biomass and induced DNA oxidation. In N-Cal, priming diminished Cd accumulation and oxidative activity, whereas in Cal, it merely affected Cd uptake and induced protein carbonylation. The study showed that priming did not stimulate extra stress resistance in the tolerant ecotype but induced metabolic remodeling. In turn, the lack of adaptive tolerance made the sensitive ecotype more responsive to the benefits of the primed state. These findings could facilitate priming exploitation with a view of enhancing metallophyte and non-metallophyte suitability for phytoremediation and land revegetation.
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1. Introduction


The toxicity and bioaccumulation of trace metals are emerging global issues adversely affecting all life forms. Among metals, cadmium (Cd) is a particularly dangerous element that can cause severe environmental and health risks. It has been ranked seventh by the Agency for Toxic Substances and Disease Registry, which assesses environmental health hazards related to exposure to both natural and human-made toxic substances [1]. For humans, Cd is a carcinogen (group 1) and can be incorporated into an organism by contaminated plant-based food [2]. Considering Cd persistence and omnipresence in the environment, its multifaceted toxicity for different trophic levels requires proper recognition. Particular emphasis is placed on Cd’s effect on plants since they are capable of absorbing and accumulating metals in the tissues, leading to a concentration of toxic elements, and their introduction to the food chains.



Cadmium phytotoxicity toward cell structures is related to the induction of oxidative stress. In this condition, reactive oxygen species (ROS) are overproduced, and antioxidant machinery is not efficient enough to neutralize their excess. Cd as a non-redox-active element—it does not form ROS directly but increases the amount of redox-active elements, most probably due to their replacement from enzyme-active sites. Cd also enhances ROS production by activating stress-specific oxidases in the cytoplasm and mitochondria (the latter being usually quiescent in this respect in unstressed tissues) [3]. ROS, together with reactive nitrogen species (RNS) including nitric oxide (NO), is the main cause of oxidative alterations in the structure of cellular components [4]. Under normal, nonstressful conditions, the majority of ROS are scavenged by the antioxidant system, while a small portion is utilized for signaling and modifications of macromolecules [5]. These proportions are disturbed under stress, and higher amounts of ROS interact with cellular macromolecules: proteins, nucleic acids, and membrane lipids. Oxidative modifications are usually associated with damage and loss of the function of the compound. Lipid and protein oxidation is often irreversible and indicates oxidative impairments/stress encountered by the cell and the whole organism [6]. Modifications to DNA are a priority subject to repair in order to avoid mutations [7], whereas oxidation of mRNA may constitute a post-translational regulation of gene expression [8]. Sometimes, as in the case of cell wall polysaccharides, oxidative modifications are not destructive and occur during normal plant development and organ growth, contributing to cell wall extension [9]. The products of lipid, protein, and nucleic acid oxidation are involved in cellular signaling and gene regulation, thus also playing a role in numerous developmental processes and stress responses [8,10].



Plant survival under stress caused by Cd toxicity may be ameliorated by priming. This term refers to the preconditioning with exogenously applied priming agent(s) (of physical, chemical, or biological character) in order to induce a considerable level of ‘stress awareness’ in the organism. In such primed state, plants acquire abilities to counteract the negative effects of stress and to sustain growth in unfavorable environments [11,12]. The most potent priming agents mitigating Cd stress effects are small signaling molecules: hydrogen peroxide (H2O2) and gasotransmitters such as nitric oxide (NO) and hydrogen sulfide (H2S), as well as salicylic acid (SA) [11]. Precise mechanisms of their priming action have been extensively investigated, and most of the research concludes that they are attributed to the intensification of antioxidant defense and ROS scavenging [13,14,15,16]. The priming agents also inhibit Cd accumulation, thus further reducing oxidative impairments [17,18]. On the other hand, little is known about the interconnection between priming and oxidation status of macromolecules in relation to the adaptive trait of trace metal tolerance. Hyperaccumulating and metal-tolerant species or ecotypes are seldom subjected to priming, so there is limited information on the specific features of their oxidative response to this kind of pretreatment. A study on Cd hyperaccumulator Silene sendtneri revealed that antioxidant activity increased only in some of the applied priming combinations, and, thus, it was not a versatile response [19]. Moreover, priming with synthetic auxin 2,4-dichlorophenoxyacetic acid (2,4-D) seemed to stimulate oxidase activity and peroxidation reactions in hyperaccumulating fern Salvinia natans [20]. Studies identifying specific reactions to priming in related tolerant and susceptible genotypes are also lacking. Such knowledge would facilitate our understanding of the role of both oxidation status and priming effects for innate tolerance to toxic metals. This study was conducted with the intention to fill, at least partially, this gap. Our aim was to compare the effect of Cd and previously applied priming on the oxidation level of critical cell macromolecules—lipids, proteins, and DNA—in two ecotypes of bladder campion (Silene vulgaris (Moench) Garcke). Ecotypes were selected for their distinct Cd tolerance: Cd-tolerant calamine ecotype and referential (sensitive), non-calamine one. We have also examined how priming contributes to Cd accumulation, ionic balance maintenance, and sulfur content. We hypothesized that the responses to applied Cd stress and pretreatment with various priming agents differ between the ecotypes and reflect their distinct strategies to cope with Cd toxicity. Distinguishing the responses common to both ecotypes and those that are ecotype-specific may contribute to understanding the mechanisms responsible for priming-induced tolerance to metallic stress.




2. Results


2.1. Growth Parameters


The micropropagation coefficient (MC), depicting proliferation efficiency and formation of new shoots, ranged from 7.5 to 11.4 in the N-Cal ecotype (Table 1). The MC of shoots primed with SA increased in comparison with non-primed shoots by 40%, while other priming agents had no significant impact on shoot proliferation ability in this ecotype.



The dry biomass of N-Cal shoots increased as a result of priming with NO (by 19%) and SA (by 27%) but decreased by 42% after H2O2 priming (Table 1). These three priming agents induced changes in shoot morphology. SA and NO-primed shoots were enlarged, particularly on the surface of the initial explant. Shoots primed with NO branched intensively, whereas, in shoots primed with SA and H2O2, changes in leaf blade morphology occurred (Table 1). H2O2 caused shoot chlorosis (Supplementary Materials Figure S1). Priming with ASA had no significant effect on shoot biomass accretion and morphology.



In the Cal ecotype, the MC of non-primed shoots amounted to 11.9 (Table 1). The MC increased after ASA and SA priming by 31 and 27%, respectively (Table 1). H2O2 and NO had no effect on this parameter. Shoot dry biomass was affected only in H2O2-priming cultures, where it decreased by 18%. Red coloration appeared on the leaves from this treatment. In shoots primed with SA internodes were elongated, while shoots primed with NO formed flowers. ASA priming did not cause any visible differences in shoot morphology in comparison with non-primed shoots.



A comparison of growth parameters between both ecotypes revealed that shoots of the Cal ecotype had higher proliferation ability and DW accretion than N-Cal shoots (Table 1). Only N-Cal shoots primed with NO multiplicated as efficiently as the majority of Cal shoots. Shoot proliferation in both ecotypes was stimulated by SA, while in the case of Cal, it was also stimulated by ASA. In both ecotypes priming with H2O2, SA, and NO caused alterations in shoot morphology, and H2O2 priming significantly reduced shoot biomass.




2.2. Enzymatic and Nonenzymatic Oxidation of Lipids


Enzymatic oxidation of lipids was evaluated on the basis of LOX activity. In non-primed shoots exposed to Cd2+, LOX activity was 1.5-fold higher in N-Cal than in the Cal ecotype (p < 0.05) (Figure 1A). In N-Cal, LOX activity declined after the application of each priming agent. The highest reduction, amounting to 58%, occurred in SA-primed shoots (Figure 1A). In other priming treatments: ASA, H2O2, and NO, LOX activity dropped nearly by half (48–53% (p > 0.05)). In the Cal ecotype, LOX activity dropped by 14–20% in the shoots primed with H2O2, SA, and NO, in comparison with non-primed cultures (Figure 1A). Priming with ASA did not affect LOX activity in this ecotype.



The content of malondialdehyde (MDA), a product of nonenzymatic lipid peroxidation, was the same in non-primed N-Cal and Cal shoots (Figure 1B). In both ecotypes, priming with H2O2 did not affect MDA concentration, whereas SA and NO reduced it (drop by 25–35% and 42–45% in N-Cal and Cal, respectively, p > 0.05) (Figure 1B). Priming with ASA caused a significant MDA decline in N-Cal, while in the Cal ecotype, it had no effect on this parameter (Figure 1B).




2.3. Assessment of DNA Damage and Excision of Oxidized Bases by Repair Enzyme


Assessment of DNA integrity by the comet assay revealed that applied Cd2+ concentration did not induce serious DNA fragmentation in S. vulgaris ecotypes (Figure 2A,B). Without priming, in both ecotypes, the percentage of DNA in the comet head (% head DNA), depicting undamaged genetic material, exceeded 90% (Figure 2A), and tail moment (TM) was low (1.1 and 1.5 µm in N-Cal and Cal ecotype, respectively (p > 0.05) (Figure 2B). Priming with H2O2 significantly diminished DNA content in the comet head and increased the TM parameter, irrespective of the ecotype (Figure 2A,B). Differential response of the ecotypes concerned priming with ASA, which enhanced DNA fragmentation only in the N-Cal ecotype (Figure 2A,B). Priming with SA and NO did not induce DNA damage in comparison with non-primed shoots. Observed increments in DNA damage were not pronounced, and % head DNA did not drop below 80%.



Nuclei incubation with endonuclease Fpg (Fpg assay in short) was conducted to reveal the existence of oxidative modifications in DNA. An increase in DNA breakage, in relation to control comet assay performed without Fpg treatment, informed on the excision of oxidized bases from DNA strands.



Cd2+ treatment itself did not contribute to enhanced DNA oxidation as the level of DNA damage was comparable in non-primed shoots of both ecotypes, in relation to the results obtained without Fpg incubation (Figure 2C,D). In turn, priming treatments caused a decline in % head DNA in the Fpg assay, irrespective of the genotype (Figure 2C). Considering TM, only in ASA-primed Cal shoots, this parameter was the same as in non-primed shoots, whereas in the remaining treatments, it increased (Figure 2D). In the N-Cal ecotype, the highest level of base oxidation was detected after priming with H2O2 (39% head DNA, TM = 45.8 µm), followed by NO (53% head DNA, TM = 24.3 µm). Moderate levels of DNA oxidation occurred after ASA (64% head DNA, TM = 7.0 µm) and SA (83% head DNA, TM = 4.0 µm) treatments (Figure 2C,D). In the Cal ecotype DNA oxidation was less pronounced than in N-Cal; however, H2O2 and NO induced it the most (% head DNA 64.8 and 68.5%, respectively, and TM 17.3 and 14.8 µm, respectively).




2.4. Protein Content and Its Oxidation Status


Total protein content in non-primed shoots grown in the presence of Cd2+ was higher in N-Cal than in the Cal ecotype (Figure 3A). Priming differentially affected the accumulation of soluble proteins in the ecotypes. In N-Cal, protein content declined in each priming treatment. The weakest declines were caused by ASA and H2O2 (by 26–22% in comparison with non-primed shoots, p > 0.05 among these two treatments), while the highest occurred after priming with SA (by 51% in comparison with non-primed control) (Figure 3A). In the Cal ecotype, priming with ASA and SA caused an increase in protein content whereas the application of H2O2 and NO did not affect the level of proteins significantly (Figure 3A).



The concentration of total protein-bound carbonyls (sum of aldehyde and ketone derivatives) was similar in non-primed shoots of both ecotypes (Figure 3B). In the N-Cal ecotype, the carbonylation significantly increased as a result of SA and NO priming (Figure 3B). Other treatments did not affect this parameter in comparison with non-primed N-Cal control (Figure 3B). In the Cal ecotype, carbonylation was enhanced irrespective of the applied priming agent. The highest increase in the content of carbonyl derivatives was an effect of ASA priming.



Regarding a profile of carbonyl derivatives, aldehydes prevailed over ketones in both ecotypes, constituting 63.8–69.0% of total carbonyls (Table 2). In the N-Cal ecotype, a proportion of aldehydes and ketones was not affected by priming treatments, whereas in the Cal ecotype, all priming agents induced ketone formation in comparison with non-primed control (Table 2).




2.5. Cadmium Accumulation


All priming agents reduced Cd2+ accumulation in the N-Cal shoots in comparison with non-primed control (Figure 4A). The most pronounced decrease (by 29%) occurred after SA priming. In the Cal ecotype, H2O2 and SA priming inhibited Cd2+ accumulation while other treatments did not affect it. Similar to N-Cal, in the Cal ecotype SA priming reduced Cd2+ accumulation the most (by 18%). Comparing both ecotypes, Cal has a significantly higher ability to accumulate Cd than N-Cal. Non-primed Cal shoots contained nearly 30% more Cd than respective N-Cal shoots.




2.6. Ionic Balance


K+/Na+ ratio, an indicator of ionic balance, increased by 17% in the N-Cal ecotype after priming with ASA and SA, in comparison with non-primed control. It also increased as a result of priming with all tested agents in the Cal ecotype, by 12–34%, depending on the treatment (Figure 4B).



Chloride content in non-primed shoots was higher by 37% in N-Cal than in Cal. In N-Cal shoots Cl− accumulation increased after priming with ASA (by 62%), NO (by 72%), and H2O2. In the Cal ecotype, all priming agents significantly increased Cl− content. In the shoots primed with respective compounds, Cl− content was always higher in N-Cal than in the Cal ecotype (Figure 4C).



The sulfur content was 33% higher in non-primed shoots of Cal than the N-Cal ecotype. In the case of N-Cal, ASA priming elevated S2+ content, H2O2 declined it, while SA and NO did not affect it. In turn, priming with ASA, SA, and NO further enhanced S2+ accumulation in Cal shoots (Figure 4D).




2.7. Principal Component Analysis (PCA)


Principal component analysis was conducted to determine and group variables responsible for observed responses to respective priming treatments in both S. vulgaris ecotypes. In the N-Cal ecotype, PCA distinguished two main components that explained 79.29% of the total variance (TV). The first component (52.50% TV) was associated with differential oxidation status of lipids and proteins and ionic balance affected by accumulation of Cd2+ ions. Positively correlated with this component were: Cd2+ content in the shoots, LOX activity with MDA content (enzymatic and nonenzymatic lipid peroxidation), and total protein content (Figure 5A). Variables negatively correlated with component 1 included protein carbonyl content (protein oxidation) and K+/Na+ ratio (ionic balance indicator). Component 2 (26.79% TV) was related to the integrity of genetic material since strong negative correlations with this component were determined for both oxidative and total DNA damage, expressed by the TM parameter (Figure 5A). Considering priming treatments and distinguished principal components, component 1 correlated positively with the treatment causing excessive lipid peroxidation (non-primed control) and negatively with the treatments inducing oxidative changes in proteins (priming with ASA, SA, and NO). Component 2 correlated negatively with H2O2 priming treatment as it was the variant that enhanced DNA fragmentation and oxidation (Figure 5B).



In the Cal ecotype, the first two principal components explained 78.72% of the TV. Component 1 (46.24%) was associated with differential oxidation of lipids and proteins, ionic balance, and nutrition status of cultured shoots. Unlike in N-Cal, cadmium accumulation was not correlated with any of the main components. Component 1 positively correlated with MDA content (nonenzymatic lipid peroxidation). Negative correlations occurred between component 1 and protein carbonyls, total protein content, K+/Na+ ratio, and Cl− and S2+ contents. The second component (32.48% TV) reflected the impact of priming on lipid and DNA damage. The activity of the LOX enzyme was positively correlated with this component and negatively correlated with both parameters depicting DNA integrity (TM + Fpg and TM-Fpg) (Figure 5C). Considering correlations between the experimental treatments and distinguished principal components, the pattern was similar to the one distinguished for the N-Cal ecotype. With component 1, control treatment (‘non-priming’) was positively correlated, while the treatments that improved ionic balance and nutrition status (ASA, SA, and NO)—negatively. Component 2 was positively correlated with ASA and C treatments (treatments that did not promote DNA fragmentation) and negatively correlated with H2O2 treatment (treatment that enhanced DNA oxidation and fragmentation) (Figure 5D).





3. Discussion


Contamination of the environment with metallic elements is among the most significant challenges to plants’ metabolic activity leading either to its disturbance or adjustment. Metal-bearing sites, as very restrictive habitats for plants, stimulate strong modifications in cellular processes, resulting in the natural selection of plant communities adapted to metals, called metallophytes. These may be the genetically altered ecotypes of species found in uncontaminated areas or taxa capable of surviving only in the presence of metals [21]. Regardless of the classification, metallophytes exhibit unique functional traits for handling excess amounts of metallic ions. In this study, we examined reactions to long-term Cd exposure preceded by short-term priming in two bladder campion (S. vulgaris) ecotypes: metal-adapted and non-adapted. The species is a pseudometallophyte that easily forms ecotypes tolerant to a wide range of metallic elements, also common in nonpolluted areas [22]. The adapted ecotype used in this study was a calamine one, naturally inhabiting the metal-polluted area of the Olkusz Ore Bearing Region (Poland). The soils in this area contain elevated concentrations of Zn, Cd, Pb, and As ions [23]; therefore, calamine ecotype exhibits a wide spectrum of tolerance to metal elements. The ecotype activates ubiquitous reactions to counteract their toxicity, including efficient ROS scavenging, and, also, produces a considerable amount of ROS for signaling purposes [22,24]. The second ecotype used in this study, the non-metallicolous one, was found to be sensitive to Cd, Ni, Pb, and Zn [22,24]. In this study, we tested how the contrasting ecotypes respond to Cd after priming with various priming agents and how priming affects the oxidative status of macromolecules, Cd accumulation, and ionic balance. Following induction of the primed state, shoots were exposed to Cd at a concentration that corresponds to the level determined for the soil in the calamine area (16 µM CdCl2).



3.1. Ecotypes’ Growth Characteristics Were Similarly Modulated via Priming


In both ecotypes, the formation of new shoots was promoted by SA treatment, which may be related to the reduced Cd accumulation as a result of SA priming. It can be explained by a decrease in the pool of available transport proteins resulting from an interrelation between exogenous SA and an expression of uptake/transport-related genes [25]. However, other studies showed that SA impact on Cd accumulation is dose dependent. In Silene sendtneri, priming with a higher SA dose (1.0 mM) boosted Cd uptake and translocation to the extent noted only for hyperaccumulating plants [19]. Massive Cd accumulation deteriorated growth, but primed plants survived under such Cd concentration that was lethal to non-primed plants. Interestingly, an improvement of growth parameters in the Cal ecotype was also achieved after ASA treatment although Cd content in the shoots did not decline. It suggests the existence of a specific defense mechanism in the calamine ecotype that allows for sustaining undisturbed organogenesis at high Cd concentration in the tissues. The acetylated derivative of salicylic acid is often regarded as a functional analog of SA [26], but our study indicates that the distinct biological activity of ASA should also be considered.



Uniform ecotypes’ reactions also included a significant reduction of dry biomass after H2O2 priming. This finding is in contrast to other studies where exogenous H2O2 induced dry biomass accretion in plants exposed to Cu and Cr [27,28], most probably due to the protection of photosynthetic apparatus. As our experiment was held in in vitro conditions, biomass accretion in S. vulgaris ecotypes was unlikely to be based on photosynthetic activity [29]. Instead, lower dry matter content could be associated with higher hydration status of cultured shoots. Oxidative burst generated by H2O2 treatment may lead to hyperhydricity, related to the accumulation of ROS in the apoplast, and disturbances of cell ultrastructure [30], affecting the overall growth performance of plantlets.




3.2. Oxidation Status in Non-Primed Shoots Treated with Cd


The level of lipid peroxidation was evaluated on the basis of LOX activity (enzymatic oxidation) and MDA accumulation (nonenzymatic oxidation). This is a simplified classification because some part of MDA is also produced in an enzymatic reaction [31]. Although both processes occur side by side and affect each other [32], we have detected differential responses between the ecotypes in relation to enzymatic and nonenzymatic oxidation. The activity of LOX was much higher in non-primed N-Cal than in Cal shoots, while MDA content was the same. It suggests that the enzymatic pathway of lipid oxidation was suppressed in the Cd-tolerant ecotype and induced in the non-tolerant one. In contrasting Sedum alfredii ecotypes, a similar pattern occurred under higher doses of Pb ions: MDA content was comparable while the LOX activity increased only in the non-accumulating ecotype [33]. Such differences in the LOX activity may reflect the altered composition of cellular membranes in relation to the content and profile of polyunsaturated fatty acids (PUFA) in ecotypes tolerant and susceptible to abiotic stresses [34]. A particular level of membrane fluidity and permeability, conditioned by the specific lipid composition, was found to be crucial for the development of Cd tolerance and hyperaccumulation in Noccaea caerulescens [35]. Differences in the LOX activity may be also associated with the synthesis of signaling compounds, mainly oxylipins, from lipid peroxides generated by LOX [36,37]. It is noteworthy that MDA content did not differ in S. vulgaris ecotypes. This compound, commonly regarded as a marker of oxidative stress [6], does not seem to be such an undisputable indicator in S. vulgaris. Our previous studies revealed that various ecotypes and populations of this species are often capable of maintaining stability of or reducing the MDA content regardless of stress exposure [38,39]. Similarly, simultaneous treatment of the serpentine ecotype with Zn, Pb, and Cd in the concentrations reflecting their contents in post-industrial substrate did not alter MDA content in comparison with untreated control and the calamine ecotype [24]. As there is evidence that MDA itself is a nontoxic product but contributes to further oxidative damage in other macromolecules [31], its ambiguous role in stress response in metal-tolerant ecotypes of S. vulgaris requires further investigation.



We assessed cadmium-induced DNA damage in the ecotypes twice: in nuclei directly isolated from Cd-treated shoots and in nuclei treated with Fpg endonuclease, an enzyme that recognizes an oxidized form of guanine (8-oxoguanine) and cuts off modified base. The first assay was addressed to estimate total DNA integrity, while the second assessed the level of oxidative modifications to nucleotides. As Cd binds only weakly to DNA, vast genotoxic effects of this metal are mediated via overproduced ROS, and these effects should be manifested in the second assay. However, at low micromolar concentrations, Cd may interact directly with proteins of the DNA repair system [40], which should be reflected in total DNA integrity. In non-primed S. vulgaris shoots, total DNA damage was slightly higher in the N-Cal ecotype than in Cal. Higher resistance of the Cal ecotype to DNA damage could be attributed to an adaptive response, a phenomenon involving an adaptation to the presence of genotoxic factor due to constant exposure to low doses of this or other genotoxin [41]. The stability of genetic material in the presence of trace metals usually indicates higher plant tolerance to their toxicity, as revealed by comparison of Zygophyllum fabago populations from Pb-contaminated and Pb-free sites [42] and Solanum nigrum treated with Cu [43]. Such ecotype-specific DNA damage response in S. vulgaris was also evidenced previously at lower Cd doses [39]. Considering oxidative DNA damage, both ecotypes responded similarly. It can be concluded that although the ecotypes are equally sensitive to base oxidation by ROS, mechanisms of DNA repair are likely more efficient in the metal-tolerant ecotype. Additionally, distinct patterns of epigenetic modifications between tolerant and non-tolerant ecotypes could influence general DNA damage response, as in Ni hyperaccumulator Noccaea caerulescens and its relative species Arabidopsis thaliana [44]. Particularly methylation of cytosine is often affected by oxidative modifications in the DNA, causing changes in gene expression and altering epigenetic profile [5].



Differences between the ecotypes involved altered protein accumulation. Cd-exposed Cal accumulated about 20% less protein than N-Cal. Usually, the protein content drops in sensitive plants as a result of metal treatment, in comparison with their metal-tolerant counterparts. This contrasting result could be attributed to the stimulation of rapid stress defense in N-Cal by enhanced synthesis of specific protective proteins. It was revealed that low tolerance to metal stress was associated with massive synthesis of heat shock proteins (HSP) in the cell lines of S. vulgaris and Lycopersicon peruvianum [45]. Upregulation and enhanced accumulation of various defense proteins, such as chaperones, metal-binding proteins, and enzymes catalyzing the synthesis of chelating peptides, as well as proteins involved in detoxification, were reported in plants subjected to Cd stress [46]. In turn, metal-tolerant species and ecotypes are capable of maintaining stable protein concentration under a wide range of metal concentrations [47,48], suggesting that the activity of the defense system is constitutively boosted. Interestingly, total protein carbonylation and the content of protein-bound aldehyde and ketone groups were comparable between both S. vulgaris ecotypes. It may suggest that proteins of both ecotypes are similarly susceptible to post-translational modifications. It is in accordance with our previous study on S. vulgaris, which indicated that shoots of non-metalliferous, calamine, and serpentine ecotypes untreated with metals had similar content of carbonylated proteins, and the application of Zn, Pb, and Cd ions did not contribute to changes in this parameter in metalliferous shoots [49]. However, the determined amounts of protein-bound carbonyls should be considered high in relation to the optimal level equal to 4 nmol carbonyl groups (C=O) per mg of proteins [50]. We assume that pronounced protein carbonylation could be associated with shoot aging resulting from prolonged in vitro cultivation [51].




3.3. Effect of Priming on Macromolecule Oxidation under Cd Treatment


Both ecotypes similarly responded to priming in relation to lipid peroxidation and DNA oxidation, indicating that these modifications are constitutively recognized by the species metabolic machinery and are not directly related to acquired tolerance to Cd toxicity. However, the ecotypes differed in the intensity of the reaction, and the levels of lipid and DNA oxidation were less harmful in the Cal ecotype. In turn, the ecotypes responded distinctly to priming agents in relation to the oxidation of proteins, indicating that priming interrelates with the protein-based mechanisms of conditioning adaptation and Cd tolerance in the studied species.



The main role of priming is an induction of mild defense response prior to stress occurrence [52]. In the case of metal stress, such defense relies mainly on the activation of antioxidant machinery and osmotic adjustment and contributes to altered abilities to uptake toxic ions [11]. In the current study, such ameliorative effects of priming were achieved in the non-tolerant S. vulgaris ecotype. First, all priming treatments reduced Cd accumulation, which, according to PCA, was correlated with the main component of variance explaining the response of this ecotype to priming. Lower Cd content in the tissues contributed to higher survival and improved growth of shoots. Second, applied priming agents either diminished or stabilized an oxidative activity and the resulting level of lipid and protein oxidation. These observations indicate that ROS were successfully scavenged in the majority of primed N-Cal plants. The least efficient was H2O2, which was incapable of reducing the MDA content and caused pronounced DNA damage and oxidation. Hydrogen peroxide is a strong oxidative agent itself and affects DNA integrity directly [53]. In addition, a common type of DNA damage results from the conjugation of MDA with guanine [5]. It seems that in N-Cal, unbalanced oxidative activity of exogenous H2O2 prevailed over the mechanisms controlling ROS homeostasis. Our findings are in contrast to the reports presenting the ameliorative effect of H2O2 priming on antioxidant response. The reaction may be, therefore, influenced by the dose and treatment time as the delicate balance between H2O2 production and scavenging may be easily disturbed [54].



In the Cal ecotype, the effects of priming were more contradictory. Only H2O2 and SA restricted Cd uptake, which was in accordance with the mode of their protective action reported in other studies [17,55]. However, PCA analysis showed that Cd accumulation was not correlated with any of the main components involved in Cal response to priming. Oxidation of lipids and total DNA damage was reduced the most by priming with SA and NO. These priming agents were previously reported as capable of protecting cellular components by increasing antioxidant capacity in plants treated with metals. Their beneficial action was manifested by reduced lipid peroxidation in common bean (Phaseolus vulgaris) exposed to As [56] and flax (Linum usitatissimum) treated with Cd [13], as well as by the protection of DNA from fragmentation [57,58]. However, NO may also directly interfere with DNA structure, leading to its fragmentation or base modification [59,60]. Such a phenomenon was also observed in the case of the Cal ecotype, where the level of oxidative changes in DNA was significantly elevated after NO priming, although without influence on growth parameters. Here, DNA oxidation could be an indicator of epigenetic changes that could alter cellular metabolism [61]. Accumulation of oxidized guanine affects epigenetic stability, leading to genome hypomethylation and distinct affinity of DNA damage sensor proteins [62,63]. As it may further influence plant adaptability to environmental challenges [62], the occurrence of such mechanisms in the metallicolous ecotype is plausible.



The most substantial difference between the ecotypes’ response to priming was the level of protein carbonylation. It increased in Cal, regardless of the applied agent. Considering the lack of growth deterioration and the stable pool of total proteins, pronounced carbonylation could be regarded as post-translational modification related to proteome rearrangement, in which proteins dedicated to degradation would be marked by carbonyl groups [6,51]. Proteome reconstruction could be directed toward the degradation of existing proteins in order to supply amino acids for the production of a battery of defense compounds: antioxidant enzymes, metal-binding proteins, peptides, or proteins interacting with DNA. One of the main targets of modifications driven by reactive oxygen and nitrogen species is antioxidant enzymes [64]. The assumption concerning Cal proteome rearrangement due to priming is supported by an increase in the content of S and Cl. Sulfur is essential for thiol synthesis, and it was evidenced that these compounds, including glutathione and phytochelatins, determine metal tolerance in the Silene genus [22,39,65]. In the presence of high doses of accumulated Cd, metabolism in Cal could be redirected toward increased synthesis of Cd-binding peptides and proteins. Elevated content of Cl ions, known to affect nitrogen mobilization [66] and protein biosynthesis [67], may further support proteomic alterations. These, together with potential epigenetic changes, likely ensure the protection of lipids from excessive peroxidation, preventing cell membranes from destabilization. The undisturbed structure of membranes enables the maintenance of optimal osmotic conditions in the cells, as indicated by a high ratio of ionic balance indicator K+/Na+ in the Cal ecotype. A similar protective mechanism was attributed to melatonin pretreatment in Cd-exposed mallow (Malva parviflora) plants [68].





4. Materials and Methods


4.1. Plant Material, Experimental Design, and Assessment of Growth Parameters


Two Silene vulgaris (Moench) Garcke) ecotypes were propagated in in vitro culture. Stock cultures were established from the seeds collected from the calamine area of Olkusz Ore Bearing Region (Poland; 50°17′ N, 19°30′ E) (calamine ecotype—Cal) and from uncontaminated forest clearing located in Zielonka, close to Warsaw (Poland; 52°28′ N, 21°25′ E) (non-calamine ecotype—N-Cal).



Prior to the priming experiment, cultures were maintained on basal propagation medium consisting of MS salt and vitamins [69] and supplemented with 0.65 g/L calcium gluconate (Sigma-Aldrich, Saint Louis, MO, USA), 0.5 g/L polyvinylpyrrolidone (PVP) (Sigma-Aldrich), 0.8% agar (Merck, Darmstadt, Germany), 4.4 µM 6-benzylaminopurine (BAP) (Sigma-Aldrich, Saint Louis, MO, USA), and 1.14 µM indole-3-acetic acid (IAA) (Sigma-Aldrich, Saint Louis, MO, USA). Medium pH was adjusted to 5.7.



For test culture establishment, 10 mm long apical parts of shoots were explanted onto Cd-free basal medium and submerged with sterile 0.1 mM water solutions of priming agents: acetylsalicylic acid (ASA), hydrogen peroxide (H2O2), nitric oxide (using sodium nitroprusside (SNP) as NO donor)), and salicylic acid (SA). In each individual Magenta box (Magenta LLC, Lockport, IL, USA), 5 mL of priming agent solution was poured onto 50 mL of solidified medium prior to culture initiation. As a control treatment, hydropriming with distilled water was applied. The media and distilled water were sterilized by autoclaving whereas solutions of priming agents were filter sterilized.



After 7 days of priming, shoots were transferred onto basal medium containing 16 µM CdCl2 and kept for 6 weeks in a growth chamber at 22 °C under a 16 h photoperiod (irradiance 80 μmol m−2s−1).



Data on growth and biochemical responses were collected after 6 weeks. Growth performance was evaluated on the basis of the number of newly produced adventitious shoots per explant expressed as micropropagation coefficient (MC) and dry biomass accretion (DW). Specific changes in shoot morphology were monitored.




4.2. Biochemical Analyses


4.2.1. Malondialdehyde (MDA) Content


Malondialdehyde level was measured after the homogenization of 100 mg of shoots with 80% methanol. Samples were centrifuged (4 °C, 16,000× g, 20 min) and particular methanolic extracts were mixed with 0.5% 2-thiobarbituric acid dissolved in 20% trichloroacetic acid solution. Then, samples were incubated at 90 °C for 20 min, and reactions were stopped in an ice bath. After the next centrifugation of samples (16,000× g, 10 min), the absorbance of supernatants was measured at 440 nm, 532 nm, and 600 nm on a Varioskan LUX Multimode Microplate Reader (Thermo Scientific, Waltham, MA, USA). MDA content was calculated according to Hodges et al. [70].




4.2.2. Lipoxygenase (LOX) Activity


Plant samples (300 mg) were homogenized on ice in 5 mL cold phosphate buffer (pH = 6.8), and homogenate was centrifuged at 15,000 rpm for 20 min at 4 °C. Reaction substrate, linoleic acid, was emulsified in phosphate buffer (pH = 6.0) according to Salcedo et al. [71]. Lipoxygenase activity was determined by spectrophotometric measurement of conjugated dienes at 234 nm, according to Gardner [72]. The reaction mixture consisted of reaction buffer (buffer pH assuring the highest enzyme activity was optimized prior to the analysis), plant extract, and linoleic acid. The calculation of LOX activity was made according to the equations provided by Gardner [72]. Protein content in plant extracts was determined according to Bradford [73]. LOX activity was expressed on the basis of protein content.




4.2.3. Protein Carbonylation


Protein carbonylation level was estimated according to Muszyńska and Labudda [49]. Briefly, 100 mg of shoots were homogenized in an ice-cold 50 mM 3-(N-morpholino) propane sulfonic acid buffer (pH 7.2) containing 5 mM 2-mercaptoethanol, 2% polyvinylpyrrolidone, 5 mM CaCl2, and 0.5% Triton X-100. Homogenates were centrifuged (16,000× g, 4 °C, 20 min) and extracts were collected. The total soluble protein content was measured using Bradford [73]. Then, 2,4-dinitrophenylhydrazine in 2.5 M HCl was mixed with each extract before the incubation for 1 h (with shaking every 10 min) at room temperature in darkness. Individual blank protein samples were incubated only in 2.5 M HCl. Next, ice-cold 20% (w/v) trichloroacetic acid was added and samples were incubated on an ice bath for 5 min and centrifuged (16,000× g, 4 °C, 10 min). Pellets were washed 4 times with cold ethanol/ethyl acetate mixture (1:1, v/v), then solubilized in 6 M guanidine hydrochloride solution, and centrifuged again (16,000× g, 4 °C, 10 min). After warming up to room temperature, the absorbance was measured at 370 and 430 nm for the determination of aldehyde and ketone derivatives, respectively. Their content was calculated using a molar absorption coefficient for aliphatic hydrazones of 22,000 M−1 cm−1 and expressed in nmol of particular carbonyl groups per mg of protein. The sum of the content of aldehyde and ketone derivatives means the total protein-bound carbonyl groups.





4.3. Determination of DNA Oxidative Damage


DNA oxidative damage was assessed using comet assay modification based on the protocol of Collins and Azqueta [53]. Nuclei were isolated in a cold Tris-HCl buffer from 3 leaves from 3 randomly selected microshoots in each treatment. Nuclei were suspended in low-melting-point (LMP) agarose (Roth, Karlsruhe, Germany), and the suspension was applied to three wells on the Fragment Length Analysis Using Repair Enzymes (FLARE®) slide glass (Trevigen, BioTechne, Minneapolis, NE, USA). After agarose solidification, specimens were soaked in FLARE® buffer for 5 min; afterward, a solution of formamidopyrimidine-DNA glycosylase (Fpg) from E. coli (Trevigen, BioTechne, Minneapolis, NE, USA) was added to two test wells on the slide. One well on each slide contained only the reaction buffer without the enzyme (control well). Slides were incubated in a thermostat at 37 °C in a humidity chamber for 30 min. Afterward, slides were subjected to pre-electrophoresis for DNA unwinding in cold (4 °C) alkaline buffer (pH > 13) for 20 min. Alkaline electrophoresis was conducted for 20 min at 18 V and 300 mA, followed by neutralization in a cold Tris-HCl buffer. Prior to analysis under epifluorescence in an AxioImager Multifunctional Microscope (Carl Zeiss, Jena, Germany), nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI). Images were analyzed in CaspLab 1.2.3beta2 software [74] and DNA damage was evaluated on the basis of % DNA in the comet head and tail moment parameter (TM = comet tail length·% DNA in tail (µm)). The assay was conducted independently three times, with a minimum of 60 nuclei scored per treatment in each experiment replication.




4.4. Determination of Cd, Cl, K, Na, and S Contents


For determination of Cd2+, Cl−, K+, Na+, and S2+ content, dry plant samples were treated with a mixture of nitric acid and perchloric acid (3:1 v/v) and analyzed using Thermo Scientific iCAP TQ ICP-MS spectrometer.




4.5. Statistical Analyses


Three independent experiments in three replicates were performed. Five Magenta boxes with five explants per experimental treatment constituted a replicate. Data were verified for normality and statistically analyzed using STATISTICA 13.0 software (StatSoft, Tulsa, OK, USA): one-way ANOVA to assess differences between the responses to applied priming agents within respective ecotype and two-way ANOVA to assess differences between ecotypes and treatments. Post hoc comparisons were conducted using the Tukey test. PCA analysis was conducted using the respective module in STATISTICA 13.0 software.





5. Conclusions


Our study revealed that the elevated concentration of Cd ions did not severely affect growth parameters but induced physiological alterations in Silene vulgaris. Considering the growth and oxidation of macromolecules, pronounced changes concerned metal-sensitive ecotypes more than the metal-tolerant ones. We confirmed that primed state induced before Cd exposure could mitigate oxidative impairments coinciding with metal treatment. However, the mode of priming agents’ action in defense response against metallic stress was ecotype-specific. While almost all tested priming agents improved the fitness of N-Cal specimens, the reaction of Cal was more ambiguous and involved the proteome remodeling and effective ROS scavenging rather than reduced metal accumulation. The results suggest that the application of priming agents on specimens with a certain level of adaptive tolerance may modify their reaction in an unpredictable way and not necessarily stimulate extra resistance to stress factors. It would be of importance in studies and practices that exploit metallophytes for phytoremediation. In contrast, the lack of adaptive tolerance trait makes metal-sensitive specimens more responsive to priming stimuli, intensifying their defense reaction. Therefore, priming application could be a beneficial approach in the case of numerous crop plants, particularly ornamental, cultivated for land revegetation. Since there are sparse studies comparing priming effects in related genotypes of contrasting stress tolerance, our study shed light on the mechanisms of their distinct susceptibility to external stimulation. It has been shown for the first time that responses to priming significantly differ in the ecotypes of distinct metal tolerance. The lack of adaptive tolerance made metal-sensitive ecotypes more responsive to the benefits of primed state induced prior to Cd exposure. In the tolerant ecotype, priming did not boost extra stress tolerance. In order to develop efficient methods preventing global environmental distortions, future research should focus on deciphering precise mechanisms underlying the operation of a battery of priming agents in taxa with different levels of tolerance to most challenging abiotic stresses.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms242216075/s1.





Author Contributions


Conceptualization, methodology, investigation, resources, A.W., M.L. and E.M.; original draft preparation, A.W. and E.M.; writing—review and editing, A.W. and M.L.; formal analysis and supervision, A.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Ministry of Science and Higher Education of the Republic of Poland (050012-D011/D017)—statutory funding of research activity held at the University of Agriculture in Kraków, Poland.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article and Supplementary Materials.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Suhani, I.; Sahab, S.; Srivastava, V.; Singh, R.P. Impact of Cadmium Pollution on Food Safety and Human Health. Curr. Opin. Toxicol. 2021, 27, 1–7. [Google Scholar] [CrossRef]

	



Kumar, A.; Subrahmanyam, G.; Mondal, R.; Cabral-Pinto, M.M.S.; Shabnam, A.A.; Jigyasu, D.K.; Malyan, S.K.; Fagodiya, R.K.; Khan, S.A.; Kumar, A.; et al. Bio-Remediation Approaches for Alleviation of Cadmium Contamination in Natural Resources. Chemosphere 2021, 268, 128855. [Google Scholar] [CrossRef]

	



Cuypers, A.; Plusquin, M.; Remans, T.; Jozefczak, M.; Keunen, E.; Gielen, H.; Opdenakker, K.; Nair, A.R.; Munters, E.; Artois, T.J.; et al. Cadmium Stress: An Oxidative Challenge. Biometals 2010, 23, 927–940. [Google Scholar] [CrossRef] [PubMed]

	



Graska, J.; Fidler, J.; Gietler, M.; Prabucka, B.; Nykiel, M.; Labudda, M. Nitric Oxide in Plant Functioning: Metabolism, Signaling, and Responses to Infestation with Ecdysozoa Parasites. Biology 2023, 12, 927. [Google Scholar] [CrossRef] [PubMed]

	



Møller, I.M.; Jensen, P.E.; Hansson, A. Oxidative Modifications to Cellular Components in Plants. Annu. Rev. Plant Biol. 2007, 58, 459–481. [Google Scholar] [CrossRef] [PubMed]

	



Anjum, N.A.; Sofo, A.; Scopa, A.; Roychoudhury, A.; Gill, S.S.; Iqbal, M.; Lukatkin, A.S.; Pereira, E.; Duarte, A.C.; Ahmad, I. Lipids and Proteins—Major Targets of Oxidative Modifications in Abiotic Stressed Plants. Environ. Sci. Pollut. Res. 2015, 22, 4099–4121. [Google Scholar] [CrossRef]

	



Roldán-Arjona, T.; Ariza, R.R. Repair and Tolerance of Oxidative DNA Damage in Plants. Mutat. Res. 2009, 681, 169–179. [Google Scholar] [CrossRef] [PubMed]

	



Chmielowska-Bąk, J.; Izbiańska, K.; Deckert, J. Products of Lipid, Protein and RNA Oxidation as Signals and Regulators of Gene Expression in Plants. Front. Plant Sci. 2015, 6, 405. [Google Scholar] [CrossRef]

	



Agger, J.W.; Isaksen, T.; Várnai, A.; Vidal-Melgosa, S.; Willats, W.G.T.; Ludwig, R.; Horn, S.J.; Eijsink, V.G.H.; Westereng, B. Discovery of LPMO Activity on Hemicelluloses Shows the Importance of Oxidative Processes in Plant Cell Wall Degradation. Proc. Natl. Acad. Sci. USA 2014, 111, 6287–6292. [Google Scholar] [CrossRef]

	



Bazin, J.; Langlade, N.; Vincourt, P.; Arribat, S.; Balzergue, S.; El-Maarouf-Bouteau, H.; Bailly, C. Targeted mRNA Oxidation Regulates Sunflower Seed Dormancy Alleviation during Dry After-Ripening. Plant Cell 2011, 23, 2196–2208. [Google Scholar] [CrossRef]

	



Wiszniewska, A. Priming Strategies for Benefiting Plant Performance under Toxic Trace Metal Exposure. Plants 2021, 10, 623. [Google Scholar] [CrossRef] [PubMed]

	



Labudda, M.; Dziurka, K.; Fidler, J.; Gietler, M.; Rybarczyk-Płońska, A.; Nykiel, M.; Prabucka, B.; Morkunas, I.; Muszyńska, E. The Alleviation of Metal Stress Nuisance for Plants—A Review of Promising Solutions in the Face of Environmental Challenges. Plants 2022, 11, 2544. [Google Scholar] [CrossRef] [PubMed]

	



Belkadhi, A.; De Haro, A.; Obregon, S.; Chaïbi, W.; Djebali, W. Positive Effects of Salicylic Acid Pretreatment on the Composition of Flax Plastidial Membrane Lipids under Cadmium Stress. Environ. Sci. Pollut. Res. 2015, 22, 1457–1467. [Google Scholar] [CrossRef] [PubMed]

	



Hasanuzzaman, M.; Nahar, K.; Gill, S.S.; Alharby, H.F.; Razafindrabe, B.H.N.; Fujita, M. Hydrogen Peroxide Pretreatment Mitigates Cadmium-Induced Oxidative Stress in Brassica napus L.: An Intrinsic Study on Antioxidant Defense and Glyoxalase Systems. Front. Plant Sci. 2017, 8, 115. [Google Scholar] [CrossRef]

	



Kabała, K.; Zboińska, M.; Głowiak, D.; Reda, M.; Jakubowska, D.; Janicka, M. Interaction between the Signaling Molecules Hydrogen Sulfide and Hydrogen Peroxide and Their Role in Vacuolar H+-ATPase Regulation in Cadmium-Stressed Cucumber Roots. Physiol. Plant. 2019, 166, 688–704. [Google Scholar] [CrossRef]

	



Kaya, C.; Ashraf, M.; Alyemeni, M.N.; Ahmad, P. Responses of Nitric Oxide and Hydrogen Sulfide in Regulating Oxidative Defence System in Wheat Plants Grown under Cadmium Stress. Physiol. Plant. 2020, 168, 345–360. [Google Scholar] [CrossRef]

	



Agami, R.A.; Mohamed, G.F. Exogenous Treatment with Indole-3-Acetic Acid and Salicylic Acid Alleviates Cadmium Toxicity in Wheat Seedlings. Ecotoxicol. Environ. Saf. 2013, 94, 164–171. [Google Scholar] [CrossRef]

	



Fu, M.-M.; Dawood, M.; Wang, N.-H.; Wu, F. Exogenous Hydrogen Sulfide Reduces Cadmium Uptake and Alleviates Cadmium Toxicity in Barley. Plant Growth Regul. 2019, 89, 227–237. [Google Scholar] [CrossRef]

	



Karalija, E.; Selović, A.; Dahija, S.; Demir, A.; Samardžić, J.; Vrobel, O.; Ćavar Zeljković, S.; Parić, A. Use of Seed Priming to Improve Cd Accumulation and Tolerance in Silene sendtneri, Novel Cd Hyper-Accumulator. Ecotoxicol. Environ. Saf. 2021, 210, 111882. [Google Scholar] [CrossRef]

	



Dolui, D.; Hasanuzzaman, M.; Saha, I.; Ghosh, A.; Adak, M.K. Amelioration of Sodium and Arsenic Toxicity in Salvinia natans L. with 2,4-D Priming through Physiological Responses. Environ. Sci. Pollut. Res. 2022, 29, 9232–9247. [Google Scholar] [CrossRef]

	



Baker, A.J.M.; Ernst, W.H.O.; Van Der Ent, A.; Malaisse, F.; Ginocchio, R. Metallophytes: The Unique Biological Resource, Its Ecology and Conservational Status in Europe, Central Africa and Latin America. In Ecology of Industrial Pollution; Batty, L.C., Hallberg, K.B., Eds.; Cambridge University Press: Cambridge, UK, 2010; pp. 7–40. ISBN 978-0-521-51446-0. [Google Scholar]

	



Muszyńska, E.; Labudda, M.; Kamińska, I.; Górecka, M.; Bederska-Błaszczyk, M. Evaluation of Heavy Metal-Induced Responses in Silene vulgaris Ecotypes. Protoplasma 2019, 256, 1279–1297. [Google Scholar] [CrossRef] [PubMed]

	



Swęd, M.; Uzarowicz, Ł.; Duczmal-Czernikiewicz, A.; Kwasowski, W.; Pędziwiatr, A.; Siepak, M.; Niedzielski, P. Forms of Metal(Loid)s in Soils Derived from Historical Calamine Mining Waste and Tailings of the Olkusz Zn–Pb Ore District, Southern Poland: A Combined Pedological, Geochemical and Mineralogical Approach. Appl. Geochem. 2022, 139, 105218. [Google Scholar] [CrossRef]

	



Muszyńska, E.; Labudda, M.; Kral, A. Ecotype-Specific Pathways of Reactive Oxygen Species Deactivation in Facultative Metallophyte Silene vulgaris (Moench) Garcke Treated with Heavy Metals. Antioxidants 2020, 9, 102. [Google Scholar] [CrossRef]

	



Huang, Q.; Xu, R.; Zhang, Y.; Yan, Z.; Chen, H.; Shao, G. Salicylic Acid Ameliorates Cadmium Toxicity by Increasing Nutrients Uptake and Upregulating Antioxidant Enzyme Activity and Uptake/Transport-Related Genes in Oryza sativa L. Indica. J. Plant Growth Regul. 2023, 42, 1158–1170. [Google Scholar] [CrossRef]

	



Senaratna, T.; Touchell, D.; Bunn, E.; Dixon, K. Acetyl Salicylic Acid (Aspirin) and Salicylic Acid Induce Multiple Stress Tolerance in Bean and Tomato Plants. Plant Growth Regul. 2000, 30, 157–161. [Google Scholar] [CrossRef]

	



Yıldız, M.; Terzi, H.; Bingül, N. Protective Role of Hydrogen Peroxide Pretreatment on Defense Systems and BnMP1 Gene Expression in Cr(VI)-Stressed Canola Seedlings. Ecotoxicology 2013, 22, 1303–1312. [Google Scholar] [CrossRef] [PubMed]

	



Guzel, S.; Terzi, R. Exogenous Hydrogen Peroxide Increases Dry Matter Production, Mineral Content and Level of Osmotic Solutes in Young Maize Leaves and Alleviates Deleterious Effects of Copper Stress. Bot. Stud. 2013, 54, 26. [Google Scholar] [CrossRef] [PubMed]

	



Yaseen, M.; Ahmad, T.; Sablok, G.; Standardi, A.; Hafiz, I.A. Review: Role of Carbon Sources for in Vitro Plant Growth and Development. Mol. Biol. Rep. 2013, 40, 2837–2849. [Google Scholar] [CrossRef] [PubMed]

	



Tian, J.; Jiang, F.; Wu, Z. The Apoplastic Oxidative Burst as a Key Factor of Hyperhydricity in Garlic Plantlet in Vitro. Plant Cell Tiss. Organ. Cult. 2015, 120, 571–584. [Google Scholar] [CrossRef]

	



Repetto, M.; Semprine, J.; Boveris, A. Lipid Peroxidation: Chemical Mechanism, Biological Implications and Analytical Determination. In Lipid Peroxidation; IntechOpen: London, UK, 2012; ISBN 978-953-51-0716-3. [Google Scholar]

	



Farmer, E.E.; Mueller, M.J. ROS-Mediated Lipid Peroxidation and RES-Activated Signaling. Annu. Rev. Plant Biol. 2013, 64, 429–450. [Google Scholar] [CrossRef] [PubMed]

	



Huang, H.; Gupta, D.K.; Tian, S.; Yang, X.; Li, T. Lead Tolerance and Physiological Adaptation Mechanism in Roots of Accumulating and Non-Accumulating Ecotypes of Sedum alfredii. Environ. Sci. Pollut. Res. 2012, 19, 1640–1651. [Google Scholar] [CrossRef] [PubMed]

	



Chakhchar, A.; Wahbi, S.; Lamaoui, M.; Ferradous, A.; El Mousadik, A.; Ibnsouda-Koraichi, S.; Filali-Maltouf, A.; El Modafar, C. Physiological and Biochemical Traits of Drought Tolerance in Argania spinosa. J. Plant Interact. 2015, 10, 252–261. [Google Scholar] [CrossRef]

	



Zemanová, V.; Pavlík, M.; Kyjaková, P.; Pavlíková, D. Fatty Acid Profiles of Ecotypes of Hyperaccumulator Noccaea caerulescens Growing under Cadmium Stress. J. Plant Physiol. 2015, 180, 27–34. [Google Scholar] [CrossRef] [PubMed]

	



Andreou, A.; Feussner, I. Lipoxygenases—Structure and Reaction Mechanism. Phytochemistry 2009, 70, 1504–1510. [Google Scholar] [CrossRef] [PubMed]

	



Grebner, W.; Stingl, N.E.; Oenel, A.; Mueller, M.J.; Berger, S. Lipoxygenase6-Dependent Oxylipin Synthesis in Roots Is Required for Abiotic and Biotic Stress Resistance of Arabidopsis. Plant Physiol. 2013, 161, 2159–2170. [Google Scholar] [CrossRef]

	



Koźmińska, A.; Wiszniewska, A.; Hanus-Fajerska, E.; Boscaiu, M.; Al Hassan, M.; Halecki, W.; Vicente, O. Identification of Salt and Drought Biochemical Stress Markers in Several Silene vulgaris Populations. Sustainability 2019, 11, 800. [Google Scholar] [CrossRef]

	



Wiszniewska, A.; Kamińska, I.; Hanus-Fajerska, E.; Sliwinska, E.; Koźmińska, A. Distinct Co-Tolerance Responses to Combined Salinity and Cadmium Exposure in Metallicolous and Non-Metallicolous Ecotypes of Silene vulgaris. Ecotoxicol. Environ. Saf. 2020, 201, 110823. [Google Scholar] [CrossRef]

	



Filipič, M. Mechanisms of Cadmium Induced Genomic Instability. Mutat. Res. Fundam. Mol. Mech. Mutagen. 2012, 733, 69–77. [Google Scholar] [CrossRef]

	



Chakrabarti, M.; Mukherjee, A. Investigating the Underlying Mechanism of Cadmium-Induced Plant Adaptive Response to Genotoxic Stress. Ecotoxicol. Environ. Saf. 2021, 209, 111817. [Google Scholar] [CrossRef]

	



López-Orenes, A.; Santos, C.; Dias, M.C.; Oliveira, H.; Ferrer, M.Á.; Calderón, A.A.; Silva, S. Genotoxicity and Cytotoxicity Induced in Zygophyllum fabago by Low Pb Doses Depends on the Population’s Redox Plasticity. Horticulturae 2021, 7, 455. [Google Scholar] [CrossRef]

	



Al Khateeb, W.; Al-Qwasemeh, H. Cadmium, Copper and Zinc Toxicity Effects on Growth, Proline Content and Genetic Stability of Solanum nigrum L., a Crop Wild Relative for Tomato; Comparative Study. Physiol. Mol. Biol. Plants 2014, 20, 31–39. [Google Scholar] [CrossRef] [PubMed]

	



Gullì, M.; Marchi, L.; Fragni, R.; Buschini, A.; Visioli, G. Epigenetic Modifications Preserve the Hyperaccumulator Noccaea caerulescens from Ni Genotoxicity. Environ. Mol. Mutagen. 2018, 59, 464–475. [Google Scholar] [CrossRef]

	



Wollgiehn, R.; Neumann, D. Metal Stress Response and Tolerance of Cultured Cells from Silene vulgaris and Lycopersicon peruvianum: Role of Heat Stress Proteins. J. Plant Physiol. 1999, 154, 547–553. [Google Scholar] [CrossRef]

	



Kosová, K.; Vítámvás, P.; Prášil, I.T.; Renaut, J. Plant Proteome Changes under Abiotic Stress-Contribution of Proteomics Studies to Understanding Plant Stress Response. J. Proteom. 2011, 74, 1301–1322. [Google Scholar] [CrossRef] [PubMed]

	



Ingle, R.A.; Smith, J.A.C.; Sweetlove, L.J. Responses to Nickel in the Proteome of the Hyperaccumulator Plant Alyssum lesbiacum. Biometals 2005, 18, 627–641. [Google Scholar] [CrossRef]

	



Muszyńska, E.; Labudda, M.; Hanus-Fajerska, E. Changes in Proteolytic Activity and Protein Carbonylation in Shoots of Alyssum montanum Ecotypes under Multi-Metal Stress. J. Plant Physiol. 2019, 232, 61–64. [Google Scholar] [CrossRef]

	



Muszyńska, E.; Labudda, M. Effects of Lead, Cadmium and Zinc on Protein Changes in Silene vulgaris Shoots Cultured in Vitro. Ecotoxicol. Environ. Saf. 2020, 204, 111086. [Google Scholar] [CrossRef]

	



Romero-Puertas, M.C.; Palma, J.M.; Gómez, M.; Del Río, L.A.; Sandalio, L.M. Cadmium Causes the Oxidative Modification of Proteins in Pea Plants: Cadmium-Induced Protein Oxidation. Plant Cell Environ. 2002, 25, 677–686. [Google Scholar] [CrossRef]

	



Ciąćka, K.; Tymiński, M.; Gniazdowska, A.; Krasuska, U. Carbonylation of Proteins—An Element of Plant Ageing. Planta 2020, 252, 12. [Google Scholar] [CrossRef]

	



Savvides, A.; Ali, S.; Tester, M.; Fotopoulos, V. Chemical Priming of Plants Against Multiple Abiotic Stresses: Mission Possible? Trends Plant Sci. 2016, 21, 329–340. [Google Scholar] [CrossRef]

	



Collins, A.R.; Azqueta, A. Single-Cell Gel Electrophoresis Combined with Lesion-Specific Enzymes to Measure Oxidative Damage to DNA. In Methods in Cell Biology; Elsevier: Amsterdam, The Netherlands, 2012; Volume 112, pp. 69–92. ISBN 978-0-12-405914-6. [Google Scholar]

	



Hossain, M.A.; Bhattacharjee, S.; Armin, S.-M.; Qian, P.; Xin, W.; Li, H.-Y.; Burritt, D.J.; Fujita, M.; Tran, L.-S.P. Hydrogen Peroxide Priming Modulates Abiotic Oxidative Stress Tolerance: Insights from ROS Detoxification and Scavenging. Front. Plant Sci. 2015, 6, 420. [Google Scholar] [CrossRef] [PubMed]

	



Bai, X.-J.; Liu, L.-J.; Zhang, C.; Ge, Y.; Cheng, W. Effect of H2O2 Pretreatment on Cd Tolerance of Different Rice Cultivars. Rice Sci. 2011, 18, 29–35. [Google Scholar] [CrossRef]

	



Talukdar, D. Arsenic-Induced Oxidative Stress in the Common Bean Legume, Phaseolus vulgaris L. Seedlings and Its Amelioration by Exogenous Nitric Oxide. Physiol. Mol. Biol. Plants 2013, 19, 69–79. [Google Scholar] [CrossRef] [PubMed]

	



Kaur, G.; Sharma, P.; Rathee, S.; Singh, H.P.; Batish, D.R.; Kohli, R.K. Salicylic Acid Pre-Treatment Modulates Pb2+-Induced DNA Damage Vis-à-Vis Oxidative Stress in Allium cepa Roots. Environ. Sci. Pollut. Res. Int. 2021, 28, 51989–52000. [Google Scholar] [CrossRef]

	



Liu, S.; Zhu, S.; Jing, G. Nitric Oxide Reduces Mitochondrial DNA Damage by Regulating the Base Excision Repair Pathway in Peaches during Storage. Postharvest Biol. Technol. 2023, 197, 112200. [Google Scholar] [CrossRef]

	



Pedroso, M.C.; Magalhaes, J.R.; Durzan, D. Nitric Oxide Induces Cell Death in Taxus Cells. Plant Sci. 2000, 157, 173–180. [Google Scholar] [CrossRef]

	



Bai, S.; Li, M.; Yao, T.; Wang, H.; Zhang, Y.; Xiao, L.; Wang, J.; Zhang, Z.; Hu, Y.; Liu, W.; et al. Nitric Oxide Restrain Root Growth by DNA Damage Induced Cell Cycle Arrest in Arabidopsis thaliana. Nitric Oxide 2012, 26, 54–60. [Google Scholar] [CrossRef]

	



Giorgio, M.; Dellino, G.I.; Gambino, V.; Roda, N.; Pelicci, P.G. On the Epigenetic Role of Guanosine Oxidation. Redox Biol. 2020, 29, 101398. [Google Scholar] [CrossRef]

	



Yan, S.; Wang, W.; Marqués, J.; Mohan, R.; Saleh, A.; Durrant, W.E.; Song, J.; Dong, X. Salicylic Acid Activates DNA Damage Responses to Potentiate Plant Immunity. Mol. Cell 2013, 52, 602–610. [Google Scholar] [CrossRef]

	



Plitta-Michalak, B.P.; Litkowiec, M.; Michalak, M. Epigenetic Marks, DNA Damage Markers, or Both? The Impact of Desiccation and Accelerated Aging on Nucleobase Modifications in Plant Genomic DNA. Cells 2022, 11, 1748. [Google Scholar] [CrossRef]

	



Antoniou, C.; Savvides, A.; Christou, A.; Fotopoulos, V. Unravelling Chemical Priming Machinery in Plants: The Role of Reactive Oxygen–Nitrogen–Sulfur Species in Abiotic Stress Tolerance Enhancement. Curr. Opin. Plant Biol. 2016, 33, 101–107. [Google Scholar] [CrossRef] [PubMed]

	



De Vos, C.H.R.; Vonk, M.J.; Vooijs, R.; Schat, H. Glutathione Depletion Due to Copper-Induced Phytochelatin Synthesis Causes Oxidative Stress in Silene cucubalus. Plant Physiol. 1992, 98, 853–858. [Google Scholar] [CrossRef] [PubMed]

	



Colmenero-Flores, J.M.; Franco-Navarro, J.D.; Cubero-Font, P.; Peinado-Torrubia, P.; Rosales, M.A. Chloride as a Beneficial Macronutrient in Higher Plants: New Roles and Regulation. Int. J. Mol. Sci. 2019, 20, 4686. [Google Scholar] [CrossRef]

	



Geilfus, C.-M. Review on the Significance of Chlorine for Crop Yield and Quality. Plant Sci. 2018, 270, 114–122. [Google Scholar] [CrossRef] [PubMed]

	



Tousi, S.; Zoufan, P.; Ghahfarrokhie, A.R. Alleviation of Cadmium-Induced Phytotoxicity and Growth Improvement by Exogenous Melatonin Pretreatment in Mallow (Malva parviflora) Plants. Ecotoxicol. Environ. Saf. 2020, 206, 111403. [Google Scholar] [CrossRef]

	



Murashige, T.; Skoog, F. A Revised Medium for Rapid Growth and Bio Assays with Tobacco Tissue Cultures. Physiol. Plant 1962, 15, 473–497. [Google Scholar] [CrossRef]

	



Hodges, D.M.; DeLong, J.M.; Forney, C.F.; Prange, R.K. Improving the Thiobarbituric Acid-Reactive-Substances Assay for Estimating Lipid Peroxidation in Plant Tissues Containing Anthocyanin and Other Interfering Compounds. Planta 1999, 207, 604–611. [Google Scholar] [CrossRef]

	



Salcedo, C.L.; López De Mishima, B.A.; Nazareno, M.A. Walnuts and Almonds as Model Systems of Foods Constituted by Oxidisable, pro-Oxidant and Antioxidant Factors. Food Res. Int. 2010, 43, 1187–1197. [Google Scholar] [CrossRef]

	



Gardner, H.W. Lipoxygenase and Associated Enzymes. In Handbook of Food Enzymology; CRC Press: Boca Raton, FL, USA, 2002; pp. 1–12. ISBN 978-0-429-22254-2. [Google Scholar]

	



Bradford, M.M. A Rapid and Sensitive Method for the Quantitation of Microgram Quantities of Protein Utilizing the Principle of Protein-Dye Binding. Anal. Biochem. 1976, 72, 248–254. [Google Scholar] [CrossRef]

	



Końca, K.; Lankoff, A.; Banasik, A.; Lisowska, H.; Kuszewski, T.; Góźdź, S.; Koza, Z.; Wojcik, A. A Cross-Platform Public Domain PC Image-Analysis Program for the Comet Assay. Mutat. Res. 2003, 534, 15–20. [Google Scholar] [CrossRef]








[image: Ijms 24 16075 g001] 





Figure 1. Activity of lipoxygenase (A) and malondialdehyde (MDA) content (B) in the primed shoots of non-calamine (N-Cal) and calamine (Cal) ecotypes of Silene vulgaris. Significant differences between treatments within each ecotype are marked with capital letters (A–C for N-Cal, X–Y for Cal), whereas significant differences between treatments are marked with lowercase letters. 
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Figure 2. Total DNA damage (A,B) and oxidative DNA damage (C,D) in the primed shoots of non-calamine (N-Cal) and calamine (Cal) ecotypes of Silene vulgaris. Significant differences between treatments within each ecotype are marked with capital letters (A–E for N-Cal, V–Z for Cal), whereas significant differences between treatments are marked with lowercase letters. 
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Figure 3. The content of total proteins (A) and their carbonylated derivatives (B) in the primed shoots of non-calamine (N-Cal) and calamine (Cal) ecotypes of Silene vulgaris. Significant differences between treatments within each ecotype are marked with capital letters (A–D for N-Cal, X–Z for Cal), whereas significant differences between treatments are marked with lowercase letters. 
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Figure 4. The ion content in the primed shoots of non-calamine (N-Cal) and calamine (Cal) ecotypes of Silene vulgaris. (A) Cd2+, (B) K+/Na+ ratio, (C) Cl−, (D) S2+. Significant differences between treatments within each ecotype are marked with capital letters (A–C for N-Cal, X–Z for Cal), whereas significant differences between treatments are marked with lowercase letters. 
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Figure 5. The results of principal component analysis conducted for two S. vulgaris ecotypes of contrasting metal tolerance (N-Cal—non-calamine, sensitive; Cal—calamine, tolerant) subjected to Cd exposure and priming. ASA—acetylsalicylic acid, H2O2—hydrogen peroxide, SA—salicylic acid, NO—nitric oxide (NO). C stands for control treatment (hydropriming). (A) Variables and (B) treatments correlated with the main components of the total variance in the N-Cal ecotype. (C) Variables and (D) treatments correlated with the main components of total variance in the Cal ecotype. 
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Table 1. Growth parameters of non-calamine (N-Cal) and calamine (Cal) ecotypes of Silene vulgaris primed with 0.1 mM acetylsalicylic acid (ASA), hydrogen peroxide (H2O2), salicylic acid (SA), and nitric oxide (NO) prior to Cd exposure.
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Priming Agent

	
MC 1

	
Shoot Dry Weight (g)

	
Specific Morphological Remarks after 6 Weeks of Cd Exposure






	
N-Cal ecotype




	
Control (H2O)

	
8.1 ± 0.8 Bc

	
0.369 ± 0.03 Bc

	
Typical shoot morphology




	
ASA

	
7.5 ± 1.1 Bc

	
0.395 ± 0.02 Bc

	
Typical shoot morphology




	
H2O2

	
8.8 ± 1.4 Bc

	
0.217 ± 0.06 Cd

	
Narrow leaf blades, pale green




	
SA

	
11.4 ± 0.6 Ab

	
0.472 ± 0.03 Ab

	
Enlarged, wide leaf blades




	
NO

	
9.2 ± 0.3 Bc

	
0.441 ± 0.03 Abc

	
Intense branching, enlarged explants




	
Cal ecotype




	
Control (H2O)

	
11.9 ± 1.3 Zb

	
0.538 ± 0.01 Ya

	
Typical shoot morphology




	
ASA

	
15.6 ± 0.3 Ya

	
0.554 ± 0.01 Ya

	
Typical shoot morphology




	
H2O2

	
13.6 ± 1.1 Zb

	
0.446 ± 0.03 Zbc

	
Red pigmentation




	
SA

	
15.2 ± 0.8 Ya

	
0.512 ± 0.04 Ya

	
Elongated internodes




	
NO

	
13.1 ± 0.5 Zb

	
0.577 ± 0.02 Ya

	
Flowering








1 MC—micropropagation coefficient. Values are means ± SD, n = 4. Significant differences between treatments within each ecotype are marked with capital letters (A–C for N-Cal, Y–Z for N-Cal) according to one-way ANOVA and post hoc Tukey test, whereas significant differences between treatments according to two-way ANOVA and post hoc Tukey test are marked with lowercase letters.













 





Table 2. Profile of protein carbonyl derivatives: aldehydes and ketones in the shoots of non-calamine (N-Cal) and calamine (Cal) ecotypes of Silene vulgaris primed with 0.1 mM acetylsalicylic acid (ASA), hydrogen peroxide (H2O2), salicylic acid (SA), and nitric oxide (NO) prior to Cd exposure.
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Ecotype and Priming Treatment

	
Carbonyl Derivatives (nmol·mg−1 Protein)




	
Aldehydes

	
Ketones






	
N-Cal

	




	
Control (H2O)

	
15.8 ± 3.0 Cd

	
8.7 ± 1.8 Cd




	
ASA

	
19.4 ± 2.3 BCcd

	
10.5 ± 1.2 BCcd




	
H2O2

	
21.4 ± 4.1 ABCc

	
12.2 ± 3.5 ABCc




	
SA

	
28.0 ± 2.6 Aab

	
16.0 ± 1.9 Aab




	
NO

	
24.2 ± 2.1 ABbc

	
13.6 ± 1.2 ABbc




	
Cal

	




	
Control (H2O)

	
17.0 ± 1.7 Zd

	
7.6 ± 0.9 Zd




	
ASA

	
33.8 ± 1.6 Xa

	
18.2 ± 0.7 Xa




	
H2O2

	
23.7 ± 1.6 Ybc

	
13.3 ± 1.1 Ybc




	
SA

	
27.1 ± 2.8 Xb

	
14.0 ± 1.4 Xb




	
NO

	
29.4 ± 1.2 Xa

	
16.0 ± 0.7 Xa








Values are means ± SD (n = 3). Significant differences between treatments within each ecotype are marked with capital letters (A–C for N-Cal, X–Z for Cal) according to one-way ANOVA and post hoc Tukey test, whereas significant differences between species and treatments according to two-way ANOVA and post hoc Tukey test are marked with lowercase letters.
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