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Abstract

:

Metal nanoparticles (NPs) are finding ever-wider applications in plant production (agricultural and forestry-related) as fertilisers, pesticides and growth stimulators. This makes it essential to examine their impact on a variety of plants, including trees. In the study detailed here, we investigated the effects of nanoparticles of silver and copper (i.e., AgNPs and CuNPs) on growth, and chlorophyll fluorescence, in the seedlings of Scots pine and pedunculate oak. We also compared the ultrastructure of needles, leaves, shoots and roots of treated and untreated plants, under transmission electron microscopy. Seedlings were grown in containers in a peat substrate, prior to the foliar application of NPs four times in the course of the growing season, at the four concentrations of 0, 5, 25 and 50 ppm. We were able to detect species-specific activity of the two types of NP. Among seedling pines, the impact of both types of NP at the concentrations supplied limited growth slightly. In contrast, no such effect was observed for the oaks grown in the trial. Equally, it was not possible to find ultrastructural changes in stems and roots associated with the applications of NPs. Cell organelles apparently sensitive to the action of both NPs (albeit only at the highest applied concentration of 50 ppm) were chloroplasts. The CuNP-treated oaks contained large plastoglobules, whereas those dosed with AgNP contained large starch granules. The NP-treated pines likewise exhibited large numbers of plastoglobules, while the chloroplasts of NP-treated plants in general presented shapes that changed from lenticular to round. In addition, large osmophilic globules were present in the cytoplasm. Reference to maximum quantum yields from photosystem II (Fv/Fm)—on the basis of chlorophyll a fluorescence measurements—revealed a slight debilitation of oak seedlings following the application of both kinds of NP at higher concentrations. In contrast, in pines, this variable revealed no influence of AgNPs, as well as a favourable effect due to the CuNPs applied at a concentration of 5 ppm. Our research also showed that any toxic impact on pine or oak seedlings due to the NPs was limited and only present with higher concentrations.
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1. Introduction


Nanoparticles (NPs) are defined as particles with at least one dimension of less than 100 nm. They have existed in the environment naturally since the beginning of Earth’s history, in ash from volcanoes and forest fires; as sea salt aerosols; and as oxides of iron or other metals in soils, rivers and oceans [1]. A second group of “incidental NPs” are produced unintentionally by human activity and are also defined as waste or anthropogenic particles. They appear through desertification, biomass burning and coal combustion, as well as in engine exhaust fumes and thanks to mining and other similar activities [2].



A third group comprises the engineered NPs. They have gained wide application around the world in the last few decades, thanks to their unique electronic, optical, mechanical, magnetic and chemical properties that ensure a wide range of applications in medicine, pharmacy, cosmetic manufacture, electronics, construction, jewelry-making and photography [3,4]. Today, more than 1000 products containing nanomaterials are available commercially [1].



Nanotechnology has also been applied in plant production (agriculture and forestry), with nanomaterials used as fertilisers to increase plant growth and yields, pesticides to achieve pest and disease management, and sensors by which to monitor soil quality and plant health [5].



NPs can be taken up by plants and transported to other plant tissues [6]. Some studies have reported the direct uptake of NPs (e.g., those of Ag) by roots, in which they accumulate [7] or are translocated to other organs [8]. NPs can enter plant tissues through above-ground organs, tissues and cellular structures, such as the cuticles, epidermis, stomata, lenticels, hydathodes, trichomes and stigmata, as well as through root tissues, i.e., the rhizodermis/cortex and through root tips and lateral root junctions [9]. NP uptake across the cell wall is shown to depend on the sizes of particles and cell-wall pores, with NPs crossing the latter usually limited to diameters of 5–20 nm. Both the apoplastic and symplastic pathways have been proven to be traversed by NPs [10]. Long-distance transport in turn takes place through the phloem and xylem in the plant stem [6,11,12].



Some NPs, such as AgNPs, have been reported to induce the formation of new and larger pores in cell walls and cuticles, thereby facilitating the internalisation of larger NPs [6].



Thus far, the results of studies document positive, negative and neutral effects on plants at the morphological, physiological, biochemical and molecular levels [13,14].



A positive influence of NPs on plants is manifested in the stimulated germination of seeds; faster plant growth rate; higher biomass of plants; larger numbers of flowers, fruits and seeds; and higher gluten or starch content [15,16,17,18]. In turn, a negative influence is to be seen in inhibited seed germination or reduced shoot and root length, as well as amounts of fresh and dry matter [19,20,21,22]. An indirectly beneficial or negative effect of nanoparticles on plant growth may in turn reflect alterations in numbers of microorganisms in the rhizosphere and/or in their metabolic activity [14,23,24].



Stimulation or inhibition of plant growth often results from the (favourable or unfavourable) effect of NPs on chloroplasts, chlorophyll content (higher or lower) and rate of photosynthesis (faster or slower) [25,26]. Low concentrations of NPs may have a positive influence on plant growth by sustaining increases in the numbers of chloroplasts, as well as tighter packing of chloroplast grana [27]. The negative impact of NPs may in turn be manifested in swollen chloroplasts with a dilated thylakoid system [7]; the presence of a large number of starch granules within chloroplasts; and the destruction of grana [12], or smaller, ruptured chloroplasts not manifesting changes in the thylakoid system [28,29]. Following NP treatment, chloroplasts may change shape and become either spherical or flatter [25,30].



NPs in plants may cause changes in the content or activity of plant hormones, generate oxidative stress, or modify plant gene expression [14,31].



The main factors influencing the effects of NPs on plants reflect the characteristics of the nanomaterials themselves (size, shape, chemical composition, surface structure and coating, solubility, aggregation and concentration), as well as the plant species involved, the growth medium, the growth stage and the length of the period of exposure [31,32].



Certain authors consider that NPs have a toxic impact when taken up by plants, but exert a positive influence when merely present in the environment [26].



From among the methods by which the impacts on plants of both biotic and abiotic stress factors are researched, it is the chlorophyll a fluorescence measurement in vivo that has gained wide application [33]. This allows for a rapid, precise and non-invasive measurement of the efficiency of photosystem II (PSII) to photosynthesis, with plants’ molecular-level responses to stress factors, in essence, being indicated in this way [34]. Higher values for such chlorophyll a fluorescence measurements in Brassica juncea, following the application of AgNPs, were considered to reflect a higher chlorophyll content, and hence favourable changes in enzyme activity from a plant’s perspective, capable of stimulating further growth [35]. Other studies point to impaired chlorophyll fluorescence parameters as a result of the application of NPs [12,26,36,37].



Although plants must have been exposed to naturally-occurring NPs since they first evolved, the impact is likely to be infinitely greater now, given the increased ambient concentrations of incidental and engineered NPs as the result of industrial processes and the increasing overt demand for NP-based products, for example, as pesticides, fertilisers, growth stimulators or promoters of plant resistance [2,5]. However, notwithstanding the rather large number of studies that have been carried out, a full picture of the influence they exert remains elusive. This is particularly the case for woody plants, given the clear emphasis on crop plants thus far [14].



In these circumstances, the work detailed here sought: (i) to determine the influence of CuNPs and AgNPs on growth in one-year-old seedlings of Scots pine and oak; (ii) to compare the TEM-ultrastructure of leaves/needles, roots and stems of pines and oaks treated with NPs or left untreated; and (iii) to assess the condition of plants following NP application, by reference to chlorophyll a fluorescence measurements. We hypothesised that NPs would have a slightly negative effect on the plants tested, albeit with these effects differing between species.




2. Materials and Methods


2.1. Plant Material


The study was conducted at the nursery of the Forest Experimental Station of Warsaw University of Life Sciences (Rogów, Poland, 51°40′ N, 19°55′ E, 195 m a.s.l). One-year-old seedlings were grown in plastic container trays: Scots pine—V-120 (40 pots per tray with a capacity of 120 cm3) and pedunculate oak—V-360 (15 pots per tray with a capacity of 360 cm3). The substrate used was a peat–perlite mix purchased from the container nursery in Nędza, Rudy Raciborskie Forest District. With a pH of 4.5, the composition was 85% Sphagnum peat from Estonia and 15% coarse-grained perlite (No. 3), regarded as improving aeration. Seedlings were treated with a mixture of Osmocote Exact Standard controlled-release fertilisers of different release characteristics, i.e., 3–4 M, 5–6 M and 8–9 M (1:1:1). Fertiliser was added at the same time as seeds were sown. The seeds of both species were of local origin, from managed forest. At the beginning of May, two seeds were planted in each pot. After germination, one plant per pot was selected at random and the others were removed. The containers were placed in a foil-covered greenhouse (with a height of 2.8 m, width of 6 m and length 30 m) and watered regularly when necessary. Temperatures in the greenhouse at the time of the experiment were in the 25–32 °C range.




2.2. Nanoparticles and Treatments


The two types of metal nanoparticle selected for trials were silver (AgNPs) and copper (CuNPs). Samples of commercially-available solutions of AgNPs and CuNPs were purchased from Nano-Koloid Sp. z o. o, Warsaw, Poland as a licensee of the Nano Technologies Group, Inc. (USA), manufactured under European Patent EP2081672 A2. As the producer notes, these are generated in a physical process, consist of around 100 atoms (about 5 nm) and are suspended in demineralised water. The concentration of nanoparticles in the commercially-available product is 50 ppm.



There were four spray treatments of seedlings’ aerial parts using 1000 L/ha (=100 mL/m2) aqueous solutions of NPs (AgNPs, CuNPs) in four concentrations: 0 ppm, 5 ppm, 25 ppm and 50 ppm. Previously, the NPs had been suspended in deionised water by means of vigorous shaking for at least 10 min. Applications were foliar, with the first on May 27th, followed by three more at two-week intervals. Spraying was done in the early morning, with a manual compressed-air sprayer (Kisan Kraft, model KK-PS5000). For each species, the experimental design comprised two factors (types of metal nanoparticle—Ag and Cu, at the four different concentrations of 0, 5, 25 and 50 ppm). The experiment was performed in a randomised complete block design of four blocks.




2.3. Chlorophyll a Fluorescence Measurements


Leaves were subject to this kind of measurement with the aid of a Hansatech FMS-2 fluorometer (Hansatech Ltd., Kings Lynn, UK), 11 times in total, with nine readings taken in the July-August period and two final ones separated by a two-week interval in September. The total number of leaves subject to measurement was 10, selected at random from among the youngest that were fully developed in the young oak seedlings. Ten needles from the pines in each variant were also selected. With the aid of clips, leaves and needles were given the chance to adapt to darkness for some 20 min. Such shaded leaves were then connected to the optical fibre, with the parameters referred to in measuring the fluorescence of chlorophyll a being: Fo—initial (zero) fluorescence following adaptation to darkness; Fm—maximal fluorescence after adaptation to the dark; and Fv/Fm—maximal efficiency of photosystem II (PSII), where Fv is the variable fluorescence Fm − Fo.




2.4. Samplings and Biometric Parameters


At the end of October, 40 seedlings (10 plants × 4 blocks) were harvested at random from each treatment. A total of 320 Scots pine and 320 pedunculate oak seedlings were sampled. The shoot-growth parameters measured length [cm] and root-collar diameter [mm]. To determine the total root length [cm], the root systems were analysed using the Epson Perfection 4990 Photo scanner integrated with WinRhizo software (Regent Instruments Inc., Quebec City, QC, Canada). Ultimately, values for the dry mass of the above-ground part and root [g] were determined after drying at 105 °C for 24 h.




2.5. Microscopic Investigations


The transmission electron microscopic imaging (TEM) work was based on ten seedlings chosen at random from each treatment. The adsorption of NPs and ultrastructure of studied organs were observed under TEM eight weeks after the last treatment. Tissue samples were collected from the middle parts of needles or leaves, shoots and roots of the pine and oak seedlings. Obtained plant material was fixed in 2% (v/v) glutaraldehyde and 2% paraformaldehyde (v/w) in 0.05 M cacodylate buffer (pH 7.2) after Karnovsky [38], for 4 h at room temperature. The material was then rinsed four times in cacodylate buffer, prior to samples being contrasted in 1% OsO4 for 2 h at 4 °C, and then rinsed four times with the same buffer. Material was next dehydrated in a series of aqueous solutions of ethanol, and subsequently in propylene oxide. Finally, the material was gradually saturated with resin (Epon, Fluka) and polymerised for 24 h at 60 °C. The Epon blocks with plant material were cut for TEM, with an ultramicrotome (Leica) into ultrathin sections (~90 nm thick), which were collected on Formvar-coated slot-grids and contrasted with 1% lead citrate and 2% uranyl acetate. Thereafter, the material was examined using a Morgagni 268D (FEI) electron microscope. Photographic documentation was prepared with a Morada (SIS) digital camera and the iTEM (SIS) computer programme.




2.6. Data Analysis


We tested relationships among biometric and fluorescence parameters as set against different concentrations of AgNPs and CuNPs, using a two-way Analysis of Variance ANOVA for the randomised complete block design. The Tukey Test was used in pairwise comparisons (as a post-hoc test) of different concentrations of AgNPs and CuNPs. The statistical analysis was performed using R version 3.5.1 (The R Foundation for Statistical Computing, Vienna, Austria) [39], with the accepted level of significance set at p < 0.05.





3. Results


3.1. Biometric Parameters of Seedlings


Pine seedlings exposed to the 50 ppm dosage of AgNPs had impaired growth in comparison with the control seedlings, in the sense that stems were shorter and the root dry mass was lower. Shorter average lengths of stems were also to be noted among pines sprayed with AgNPs at a concentration of 5 ppm. The application of CuNPs had an apparent impact on growth in pines, with the comparisons with the control revealing a smaller root collar diameter (in the presence of all concentrations of the nanoparticles), a shorter length of shoots (at 50 ppm), and a lower dry mass of roots (at 5 ppm). Treatment with 5 ppm of CuNPs had the effect of increasing the tendency for side-shoots to be produced, with this ensuring a greater dry mass of above-ground parts than in control seedlings (Table 1).



The apparent influence of NP applications was more limited in the case of oaks than pines, where most of the measured variables were concerned. Oaks treated with AgNPs at 25 ppm were characterised by a lower total root length than control plants. The dry mass of roots in oak seedlings supplied with CuNPs at the highest (25 and 50 ppm) concentrations was in turn significantly greater than that noted for the seedlings not treated with NPs (Table 1).




3.2. Microscopic Investigations


The ultrastructure of shoots and roots in the nanoparticle-treated pines and oaks is similar to that in control plants (data not shown). Seedlings treated with CuNPs and AgNPs, but only at the highest (50 ppm) concentrations, exhibit a disturbed ultrastructure in needles and leaves, especially in the photosynthetic apparatus. In the control pines (no AgNP and CuNP), the chloroplasts contain single plastoglobules, whereas the NP-treated plants exhibit large numbers of plastoglobules, while the chloroplasts of NP-treated plants are of a shape modified from lenticular to round. In addition, large, osmophilic globules are present in the cytoplasm of NP-treated needle cells. Application of CuNPs, as compared with AgNPs, only resulted in more limited disturbance to the ultrastructure of mesophyll cells in the pine needles (Figure 1).



Changes of ultrastructure were more limited in the leaves of oaks than in pine needles, only therefore being observed where seedlings had received the highest (50 ppm) concentrations of NPs, and being differentiated, depending on whether CuNPs or AgNPs had been applied. While the CuNP-treated oaks have chloroplasts containing large plastoglobules (compared with the small ones present in control seedlings), those supplied with AgNPs have large starch granules (Figure 2). Other organelles (e.g., mitochondria and vacuoles) in both species remained unchanged, as did the structure of cell walls.



At 5 nm, the sizes of the AgNPs and CuNPs combined with limits to the microscopic resolution prevented direct observation of the NPs. Because of this, the work carried out could neither confirm nor preclude the presence of NPs in the tissues and cells of leaves or needles, or else stems and roots.




3.3. Chlorophyll a Fluorescence


The spraying of pine seedlings with AgNPs was not associated with any emerging differences when it came to mean values for the maximum efficiency of photosytem II (expressed as Fv/Fm and noted in different experimental variants; F = 1.204; p = 0.471). In contrast, where the application was of CuNPs, higher values for Fv/Fm were noted in pines receiving the nanoparticles at a 5 ppm concentration (0.8119), as opposed to those in the control (0.8011). Where young oaks were concerned, both NPs applied caused lower values of the chlorophyll fluorescence parameter (Fv/Fm) in comparison to untreated seedlings. This was true for the highest concentrations of CuNPs (25 and 50 ppm) and the 50 ppm concentration of AgNPs (Table 2).





4. Discussion


The results obtained point to a toxic, though limited, impact of both kinds of tested nanoparticle on one-year old pine and oak seedlings. The presence and magnitude of the influence exerted were found to depend on the features analysed (be these growth parameters; ultrastructural features of stems, roots and leaves; or chlorophyll fluorescence), as well as the types and concentrations of NPs and the species of plant concerned.



Previously, the influence of NPs has mainly been researched by reference to crop plants, with only a few studies devoted to woody species. The results of the latter have furthermore been very varied—encompassing stimulation of growth [30] and the lack of any influence [40,41,42], through to inhibition [43]. In contrast, our work points to a differentiated influence of NPs, depending on both plant species and type of nanomaterial. Oaks were not found to have been affected negatively in terms of their growth, while pines experienced a curtailment of growth under the influence of NPs of both kinds studied. However, a linear decline in the magnitude of the effect was only obtained for the root collar diameter, following the application of CuNPs. There was a more marked restriction on growth in seedlings treated with either of the NPs at the highest concentration tested (50 ppm), and this was particularly clear in respect of shoot length and the dry mass of roots. Equally, CuNPs, even at a concentration of 5 ppm, induced a change of habit in pine seedlings, given the large number of side stems and consequent significant increase in the dry mass of above-ground parts.



Stimulation or inhibition of plant growth often results from the effect of NPs on chloroplasts, chlorophyll content and photosynthesis rate [25,26]. In both the pines and oaks studied, we were able to show changes in chloroplasts (see below) that were capable of producing the observed impacts on seedling growth parameters. Given that changes in chloroplasts in oak were very minor, this may have translated into a lack of differences in plant growth between specimens treated or not treated with NPs. In turn, as the unfavourable changes were greater in young pines, this may account for the curtailment of growth observed with both kinds of NP. Nevertheless, the results obtained as regards chlorophyll a fluorescence do not allow for this kind of unambiguous interpretation regarding the influence that nanoparticles are able to exert in the two species.



Many studies have noted the application of various different types of NP corresponding with a linear decline (accompanying increased dosages or concentrations of NPs) in chlorophyll fluorescence as expressed in terms of the Fv/Fm index. At the same time, a lowered content of chlorophyll, changes in chloroplasts, a reduction in the level of activity of enzymes associated with photosynthesis and, in consequence, restrictions on plant growth, are noted [12,26,36,37]. In our research into the maximum value, the efficiency of photosystem II (as Fv/Fm) was found to depend on the type of NP, the concentration and the plant species. In the oak seedlings studied, the level of fluorescence of chlorophyll was lower than in the control variant, where both NPs were applied at the highest concentrations, though this was not reflected in any curtailment of seedling growth. Chlorophyll a fluorescence is not strictly proportional to the intensity of photosynthesis (expressed via the assimilation of CO2 or emission of O2; [33]), so the results we obtained point to a weakening of seedlings that does not have to denote an influence on their actual growth. In turn, a significantly higher value for the Fv/Fm index in pines treated with CuNPs at a 5 ppm concentration may link up with a specific kind of “bushy” form of seedlings, with numerous side stems, and hence a significantly greater above-ground dry mass.



The inhibition of the growth of pine seedlings may be an effect of the indirect action of NPs, and, drawing on the work of other authors, it is possible to invoke two possible mechanisms underpinning such an unfavourable indirect influence. The presence of NPs on the root surface can change the surface chemistry there and consequently affect the uptake of nutrients [8]. NPs can also clog root transport channels for water and ions, inhibiting root hydraulic conductivity and nutrient absorption [44]. The indirectly negative effect of NPs on plant growth may also be the result of some alteration in the numbers of microorganisms present in the rhizosphere, and/or their metabolic activity [14,23,24,45]. In fact, it would appear that the first of these mechanisms does not apply to our experiment. We noted no ultrastructural change in either roots or stems. What is more, even if NPs did make it into the substratum, that would be in such small amounts and concentrations that any influence in disturbing the uptake of water and/or nutrients looks improbable. A more marked influence in modifying growth parameters in seedlings would seem likely to have been exerted by the second aforementioned mechanism. The results of the research cited above make it clear that microbiological change in soil may have been the consequence of NP application.



The assimilatory organs of plants in the genera Pinus and Quercus are colonised by endophytic bacteria inter alia of genera Bacillus and Pseudomonas [46,47]. These bacteria may exert a positive influence on plant growth by way of the synthesis of biologically active compounds and growth hormones, a curbing of ethylene synthesis, some kind of binding of nitrogen or an antagonistic action as regards pathogens [48]. Regarding this, there is probably an indirect influence of NPs (following foliar application) on plant growth, due to quantitative and qualitative changes in endophytic bacteria colonising leaves and needles.



In oak and pine seedlings, we have not observed any changes in the ultrastructure of stems and roots in plants capable of being attributed to treatment with NPs. There are two possible explanations to account for this situation: the NPs are delivered into the roots without causing damaging effects, or the NPs only accumulate in leaves. Most studies show that NPs 5 nm in size are taken up by both roots and above-ground parts of plants, and transported via both phloem and xylem [6,8,9,12]. However, work by Peharec Štefanić et al. [7] failed to confirm this kind of transport. AgNPs proved not to be present in the leaves of tobacco seedlings, even though changes in the ultrastructure of chloroplasts and the presence of the nanoparticles in roots were both detected. It was likewise demonstrated that the exposure of maize plants to either an aerosol or a suspension of cerium dioxide nanoparticles resulted in cerium being adsorbed onto or incorporated into maize leaves. However, no translocation into newly-growing leaves was found as maize plants were cultivated following airborne particle exposure [49].



While changes in the ultrastructure of leaves reflecting the application of NPs have already been documented in quite a large number of studies [7,25,27,28,29], work involving the ultrastructure of stems and roots has been rare. AgNPs taken in via cells of tobacco-plant roots were most often accumulated in vacuoles. They did not induce more major change in cell-ultrastructure, other than in terms of the enlarged size of these vacuoles. It likewise proved impossible to confirm that transport to leaves had taken place [7]. In turn, FeNPs taken in through the roots of Capsicum annuum did prove damaging to vascular bundles where the concentrations involved were greater, while only serving to regulate the development of the bundles where concentrations were lower [27]. Results pointing to vascular bundles being damaged by CeO2 NPs in cotton were also obtained by Nhan et al. [28]. In our work, no changes in stem or root ultrastructure were noted, in particular in the vascular bundles of these organs. However, unlike with the results concerning the transport of NPs as cited above, where this did take place, it only involved phloem transport—from leaves to roots.



The results of the ultrastructural study of needles and leaves confirm the species-specific action of NPs, as well as different influences being exerted by AgNPs as opposed to CuNPs. Ultrastructural changes in the leaves of oak were less well-marked than those involving pine needles. In the former species, each of the NPs tested gave rise to its own form of change in chloroplasts. The result of the application of CuNPs was the appearance of large plastoglobules, while AgNPs led to the presence of large grains of starch. In turn, in pine needles, changes in the mesophyll layer were similar, with larger numbers of plastoglobules appearing in chloroplasts, and with a change in the shape of the latter from lenticular to spherical; with osmophilic globules also being present. These changes were less tangible where the treatment was with CuNPs, as opposed to AgNPs. Our work thus shows that, in woody plants, the cellular organelles most prone to the action of NPs are indeed chloroplasts. Changes of a similar nature have been observed in herbaceous plants as a result of the action of different kinds of NP [7,25,27,28,29]. Some of the observed changes do not represent a specific reaction to the action of NPs on the part of plants. Plastoglobules are sub-compartments of thylakoids, containing enzymes that participate in lipid metabolic pathways. It is well-documented that under biotic and abiotic stress conditions, the size, as well as the number, of plastoglobules increases [50,51]. In our study, at 5 nm, the sizes of the AgNPs and CuNPs combined with limits to the microscopic resolution prevented the direct observation of NPs. Because of this, the work carried out could neither confirm nor preclude the presence of NPs in the tissues and cells of leaves or needles, or else stems and roots. It should also be noted that some studies indicate changes in the ultrastructure of cells without the presence of nanoparticles [7]. The results obtained show that changes in the ultrastructure are in fact confined to the assimilatory apparatus, are not major, and only arise with the highest of the concentrations studied (50 ppm), albeit pointing unambiguously to the phytotoxic action of both of the studied NPs.



The results obtained confirm species-specific activity of the two types of NP, of a kind also pointed to by many other authors [8]. Work by Nhan et al. [28] showed that even minor genetic differences may generate disparate reactions to NPs on the part of plants. Bt-transgenic and non-transgenic cotton thus displayed differences in growth, nutrient content and hormone concentrations, following the application of Fe2O3 NPs. It should also be noted that both pine and oak (grown in containers on peat substratum) react in different ways to applied treatments, e.g., artificial mycorrhization combined with the application of plant protection products [52,53].



Our work’s indication of low toxicity or in some cases, a lack of toxicity, due to AgNPs and CuNPs may indicate that plants evolved defence mechanisms to deal with naturally-occurring NPs long before they were exposed to engineered NPs [10].




5. Conclusions


AgNPs and CuNPs at higher concentrations of 25 and 50 ppm produced effects of a certain toxicity to one-year-old seedlings of Scots pine and pedunculate oak. With both kinds of nanoparticles, these effects were manifested (by comparison with the control) in terms of the curtailed growth of pine seedlings (though not those of oak), presenting significantly lower values for the maximum efficiency of photosystem II Fv/Fm (F = 2.1174; p = 0.021). In oaks only, changes at the ultrastructural level in both needles and leaves were demonstrated. Chloroplasts were the organelles seen to be vulnerable to the action of the NPs. Overall, the results obtained point to species-specific impacts of nanoparticles.
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Figure 1. Ultrastructure of pine needles under TEM. (a) Cross-section of mesophyll cells in control needle. (b) Plant treated with 50 ppm AgNPs—osmophilic globules in cytoplasm. (c) Plant treated with 50 ppm CuNP—chloroplast with disturbed ultrastructure and many plastoglobules. (d) Chloroplasts in seedlings treated with 50 ppm AgNPs are of shape modified from lenticular to round. Abbreviations: cw—cell wall; m—mitochondrion; ch—chloroplast; is—intercellular space, v—vacuole; og—osmophilic globule; white arrow—plastoglobule. Scale bars: a = 5 µm, b = 10 µm, c = 2 µm, d = 1 µm. 
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Figure 2. Ultrastructure of oak leaves under TEM. (a) Cross-section of palisade mesophyll cells in control oak leaf. (b) Plant treated with 50 ppm CuNPs—chloroplast with disturbed ultrastructure, large plastoglobules. (c,d) Chloroplasts from plants treated with 50 ppm AgNPs containing large starch granules. Abbreviations: cw—cell wall; ch—chloroplast; sg—starch granule; v—vacuole; white arrow—plastoglobule. Scale bars: a = 5 µm, b = 1 µm, c = 2 µm, d = 1 µm. 






Figure 2. Ultrastructure of oak leaves under TEM. (a) Cross-section of palisade mesophyll cells in control oak leaf. (b) Plant treated with 50 ppm CuNPs—chloroplast with disturbed ultrastructure, large plastoglobules. (c,d) Chloroplasts from plants treated with 50 ppm AgNPs containing large starch granules. Abbreviations: cw—cell wall; ch—chloroplast; sg—starch granule; v—vacuole; white arrow—plastoglobule. Scale bars: a = 5 µm, b = 1 µm, c = 2 µm, d = 1 µm.



[image: Forests 10 00269 g002]







[image: Table]





Table 1. Biometric parameters (mean ± SD) describing one-year-old Scots pine and pedunculate oak seedlings treated with different concentrations of AgNPs and CuNPs. Ag0, Cu0—0 ppm; Ag5, Cu5—5 ppm; Ag25, Cu25—25 ppm; Ag50, Cu50—50 ppm. Different letters indicate significant differences between treatments with different applied concentrations of AgNPs and CuNPs as assessed using Tukey´s Test (α = 0.05).
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Treatment (n = 40)

	
Length of Shoot [cm]

	
Root Collar Diameter [mm]

	
Total Root Length [cm]

	
Dry Mass of Aboveground part [g]

	
Dry Mass of Root [g]






	
Scots pine




	
Ag0

	
9.4 ± 2.70 b

	
2.43 ± 0.451 a

	
283.4 ± 71.3 a

	
0.788 ± 0.369 a

	
0.421 ± 0.101 b




	
Ag5

	
7.8 ± 1.75 a

	
2.29 ± 0.363 a

	
293.4 ± 76.8 a

	
0.719 ± 0.332 a

	
0.348 ± 0.165 ab




	
Ag25

	
9.7 ± 2.41 b

	
2.27 ± 0.463 a

	
295.0 ± 80.5 a

	
0.883 ± 0.355 a

	
0.338 ± 0.147 ab




	
Ag50

	
7.6 ± 2.57 a

	
2.36 ± 0.542 a

	
287.5 ± 74.4 a

	
0.876 ± 0.326 a

	
0.325 ± 0.116 a




	
Cu0

	
9.5 ± 2.17 bc

	
2.63 ± 0.375 b

	
269.6 ± 80.9 a

	
0.986 ± 0.371 ab

	
0.431 ± 0.159 b




	
Cu5

	
8.7 ± 1.86 ab

	
2.25 ± 0.469 a

	
290.4 ± 87.9 a

	
1.314 ± 0.443 c

	
0.294 ± 0.113 a




	
Cu25

	
10.7 ± 2.14 c

	
2.22 ± 0.547 a

	
269.3 ± 89.3 a

	
0.944 ± 0.381 b

	
0.332 ± 0.162 ab




	
Cu50

	
8.0 ± 1.59 a

	
2.03 ± 0.453 a

	
296.0 ± 84.9 a

	
0.730 ± 0.323 a

	
0.404 ± 0.125 b




	
Pedunculate oak




	
Ag0

	
28.7 ± 4.33 a

	
5.28 ± 0.622 a

	
408.8 ± 122.3 b

	
3.145 ± 1.082 a

	
1.633 ± 1.194 a




	
Ag5

	
27.1 ± 5.64 a

	
4.62 ± 0.989 a

	
400.1 ± 115.2 b

	
3.010 ± 1.444 a

	
2.415 ± 1.249 a




	
Ag25

	
27.4 ± 6.42 a

	
4.98 ± 0.906 a

	
366.2 ± 127.6 a

	
2.761 ± 1.133 a

	
2.365 ± 1.199 a




	
Ag50

	
25.9 ± 7.92 a

	
5.06 ± 1.012 a

	
410.9 ± 102.8 b

	
2.988 ± 1.530 a

	
1.753 ± 1.210 a




	
Cu0

	
28.0 ± 4.68 ab

	
4.77 ± 0.786 a

	
401.3 ± 122.5 ab

	
2.690 ± 0.968 a

	
1.607 ± 1.133 a




	
Cu5

	
25.3 ± 7.37 ab

	
5.06 ± 0.962 a

	
371.0 ± 113.5 a

	
2.660 ± 1.245 a

	
1.763 ± 1.272 ab




	
Cu25

	
28.5 ± 5.61 b

	
5.11 ± 1.110 a

	
379.2 ± 123.6 a

	
3.063 ± 1.481 a

	
2.543 ± 1.155 b




	
Cu50

	
25.0 ± 6.02 a

	
5.05 ± 0.911 a

	
432.8 ± 124.0 b

	
2.543 ± 1.079 a

	
2.072 ± 1.167 b
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Table 2. Maximum efficiency of photosystem II (Fv/Fm), mean ± SE, among one-year-old Scots pine and pedunculate oak seedlings dosed with different concentrations of AgNPs and CuNPs. Ag0, Cu0—0 ppm; Ag5, Cu5—5 ppm; Ag25, Cu25—25 ppm; Ag50, Cu50—50 ppm. Different letters indicate significant differences between treatments with different applied concentrations of AgNPs and CuNPs, as assessed using Tukey´s Test (α = 0.05).
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	Treatment
	Scots Pine
	Pedunculate Oak





	Ag0
	0.8026 ± 0.0276 a
	0.7905 ± 0.0467 b



	Ag5
	0.8086 ± 0.0339 a
	0.7803 ± 0.0533 ab



	Ag25
	0.8049 ± 0.0360 a
	0.7798 ± 0.0630 ab



	Ag50
	0.8074 ± 0.0282 a
	0.7629 ± 0.0901 a



	Cu0
	0.8011 ± 0.0391 a
	0.7905 ± 0.0425 b



	Cu5
	0.8119 ± 0.0263 b
	0.7780 ± 0.0679 ab



	Cu25
	0.8013 ± 0.0352 a
	0.7628 ± 0.0634 a



	Cu50
	0.8075 ± 0.0355 ab
	0.7651 ± 0.0611 a
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