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Introduction

Cu is a transition metal and a crucial microelement for plant health and is a cofactor in pivotal metabolic processes such as photosynthesis, mitochondrial respiration, hormone perception, etc. [START_REF] Shahbaz | Prioritization of copper for the use in photosynthetic electron transport in developing leaves of hybrid poplar[END_REF]. Thus, Cu starvation severely affects plants, particularly cereals, manifesting itself in stunted growth, chlorosis, increased susceptibility to diseases, etc. [START_REF] Rahman | Response of wheat, pea, and canola to micronutrient fertilization on five contrasting prairie soils[END_REF]. It is estimated that Cu deficiency occurs in 14% of agricultural soils, mainly in calcareous and organic soils due to the low mobility of Cu at high pH and strong binding of Cu by soil organic matter [START_REF] Graham | Micronutrient Deficiencies in Crops and Their Global Significance[END_REF]. To alleviate Cu scarcity, Cu fertilization via soil amendment or foliar application is widely used. Due to the low bioavailability of Cu in soil and its mobility in plants, a foliar spray is often appointed for the delivery of Cu to plants.

However, the foliar treatment with conventional fertilizing agents such as CuO, CuSO4, and Cu-EDTA is of low efficiency (Deng et al., 2022a). For instance, 50% of the applied nutrients do not reach their target, and high losses of active ingredients cause soil and groundwater pollution (Avellan et al., 2021a). Thus, several strategies are put into improving the effectiveness of agrochemicals, including chemical and biotechnological approaches (Kah et al., 2019b;[START_REF] Kusiak | Cross-examination of engineered nanomaterials in crop production: Application and related implications[END_REF][START_REF] Wang | Nanotechnology: A New Opportunity in Plant Sciences[END_REF]. Due to the public concern and environmental risk of genetically modified plants (European Commission, 2012), the more intense works focus on the development of the next generation of agrochemicals posing more efficient and sustainable traits [START_REF] Kusiak | Cross-examination of engineered nanomaterials in crop production: Application and related implications[END_REF]. For instance, the implementation of nano-enabled formulations [START_REF] Fraceto | Nanotechnology in Agriculture: Which Innovation Potential Does It Have? Front[END_REF][START_REF] Guo | Nano-enabled fertilizers to control the release and use efficiency of nutrients[END_REF][START_REF] Hofmann | Technology readiness and overcoming barriers to sustainably implement nanotechnology-enabled plant agriculture[END_REF], or nano-carriers (Bonser et al., 2023a;[START_REF] Xu | Enhancing Agrichemical Delivery and Plant Development with Biopolymer-Based Stimuli Responsive Core-Shell Nanostructures[END_REF] including the cutting-edge stimuli-responsive nanoagrochemicals (Bonser et al., 2023a;[START_REF] Xu | Enhancing Agrichemical Delivery and Plant Development with Biopolymer-Based Stimuli Responsive Core-Shell Nanostructures[END_REF] are considered. The small size of the engineered nanoparticles (ENPs) can provide unique physico-chemical properties (reactivity, dissolution, aggregation) to the material, and thus increase the efficiency of the product in relation to their bulk counterparts [START_REF] Tan | Foliar Exposure of Cu(OH)2 Nanopesticide to Basil (Ocimum basilicum): Variety-Dependent Copper Translocation and Biochemical Responses[END_REF]. ENPs containing microelements such as Cu have a higher dissolution rates than microparticles or bulk materials [START_REF] Xia | Corrosion characteristics of copper microparticles and copper nanoparticles in distilled water[END_REF]. At the same time, the gradual release of Cu ions from ENPs provides a long-term source of microelements in relation to applied metal salts, which are already dissolved upon application [START_REF] Wang | Nanotechnology: A New Opportunity in Plant Sciences[END_REF].

To date, numerous studies have demonstrated both positive and negative effects of ENPs on the morphological, physiological, and biochemical traits of plants (Grillo et al., 2021a;Kah et al., 2019a;[START_REF] Kohatsu | Comparison of foliar spray and soil irrigation of biogenic CuO nanoparticles (NPs) on elemental uptake and accumulation in lettuce[END_REF][START_REF] Tan | Foliar Exposure of Cu(OH)2 Nanopesticide to Basil (Ocimum basilicum): Variety-Dependent Copper Translocation and Biochemical Responses[END_REF]. On the other hand, plant responses to ENPs exposure at the molecular level remain relatively unexplored (Jośko et al., 2021a;[START_REF] Landa | Transcriptomic Response of Arabidopsis thaliana Exposed to CuO Nanoparticles, Bulk Material, and Ionic Copper[END_REF]. Nonetheless, the molecular analysis could provide more in-depth and comprehensive information on plant responses to ENPs treatment (Zhao et al., 2017a). As the impact of nano-Cu on plants is complex, the observed results might be related simultaneously to copper-specific and nanoparticle-specific biological effects [START_REF] Tan | Foliar Exposure of Cu(OH)2 Nanopesticide to Basil (Ocimum basilicum): Variety-Dependent Copper Translocation and Biochemical Responses[END_REF]. A study by Valdes at al. (2020a) shown similar upregulating effect of particle size of CuO at 10 mg L -1 on APX gene expression, and no effect of CuSO4. In turn, the analysis of Arabidopsis thaliana L. revealed the similar transcriptional pattern under exposure to nano-Cu and ionic Cu, the different from the activity of bulk CuO [START_REF] Landa | Transcriptomic Response of Arabidopsis thaliana Exposed to CuO Nanoparticles, Bulk Material, and Ionic Copper[END_REF]. Moreover, plant species or cultivars determine their response on the ENPs, and their bulk counterparts. For instance, nano-CuO upregulated auxins in grains of both cultivated and weedy rice, while bulk CuO and CuSO4 mostly in cultivated rice (Deng et al., 2022b). Therefore, knowledge regarding the mechanism by which plants modulate the expression of genes involved in Cu translocation to maintain Cu balance can be used as the potential markers of the cellular status of Cu [START_REF] Landa | Transcriptomic Response of Arabidopsis thaliana Exposed to CuO Nanoparticles, Bulk Material, and Ionic Copper[END_REF]. Nowadays, much attention is shifting towards investigating changes in the expression of genes and proteins in response to Cu-based ENPs excess [START_REF] Ren | Physiological and molecular adaptations of Citrus grandis roots to long-term copper excess revealed by physiology, metabolome and transcriptome[END_REF][START_REF] Roy | Impact of CuO nanoparticles on maize: Comparison with CuO bulk particles with special reference to oxidative stress damages and antioxidant defense status[END_REF]. However, there are no previous studies assessing the impact of nano-Cu on gene expression in plants grown in Cu deficient conditions. Yet, this might be crucial to determine the optimal dose of nano-fertilizers.

Moreover, there is no research on the transcriptional response of plants under the treatment of Cu-based ENPs during the growth stages, when plants demonstrate high sensitivity to Cu starvation [START_REF] Rahman | Response of wheat, pea, and canola to micronutrient fertilization on five contrasting prairie soils[END_REF]. Therefore, we hypothesize that the analysis of transcript levels of genes involved in Cu homeostasis and detoxification in plants grown in Cu deficient conditions might be crucial in the evaluation of nano-Cu safety and efficiency as a fertilizer [START_REF] Del Pozo | Gene expression profiling analysis of copper homeostasis in Arabidopsis thaliana[END_REF][START_REF] Landa | Transcriptomic Response of Arabidopsis thaliana Exposed to CuO Nanoparticles, Bulk Material, and Ionic Copper[END_REF].

Due to the importance of Cu in crucial physiological processes and its high reactivity, which can lead to the generation of reactive oxygen species (ROS), all intracellular Cu is precisely controlled [START_REF] Cota-Ruiz | Copper nanowires as nanofertilizers for alfalfa plants: Understanding nano-bio systems interactions from microbial genomics, plant molecular responses and spectroscopic studies[END_REF][START_REF] Wang | Improvement of nutrient elements and allicin content in green onion (Allium fistulosum) plants exposed to CuO nanoparticles[END_REF]. Both Cu deprivation and excess induce a cascade of reactions in plants, e.g., the differential expression pattern of gene encoding proteins involved in Cu trafficking and counteracting the stress response [START_REF] Del Pozo | Gene expression profiling analysis of copper homeostasis in Arabidopsis thaliana[END_REF][START_REF] Merakli | CU-INDUCED GENES EXPRESSION IN THE ACCUMULATOR PLANT BRASSICA NIGRA L[END_REF][START_REF] Ravet | Copper and Iron Homeostasis in Plants: The Challenges of Oxidative Stress[END_REF][START_REF] Wintz | Expression Profiles of Arabidopsis thaliana in Mineral Deficiencies Reveal Novel Transporters Involved in Metal Homeostasis[END_REF]. One of the strategies for maintaining Cu homeostasis is the regulation of the expression of genes involved in Cu trafficking via heavy metal transporters (HMA) and Cu transporters (COPT) in response to changes in the cellular amount of Cu [START_REF] Del Pozo | Gene expression profiling analysis of copper homeostasis in Arabidopsis thaliana[END_REF][START_REF] Printz | Copper Trafficking in Plants and Its Implication on Cell Wall Dynamics[END_REF][START_REF] Wintz | Expression Profiles of Arabidopsis thaliana in Mineral Deficiencies Reveal Novel Transporters Involved in Metal Homeostasis[END_REF]. The HMA family includes P-type ATPase: PAA1 responsible for Cu transport to the stroma and PAA2 to the lumen of the chloroplast [START_REF] Blaby-Haas | Evolution of a plant-specific copper chaperone family for chloroplast copper homeostasis[END_REF], as well as transporters localized in the endoplasmic reticulum (ER) membrane Responsive-to-Antagonist 1 (RAN1), which plays an essential role in Cu delivery and biogenesis of the ethylene receptor 1 (ETR1), crucial for plant growth and development [START_REF] Binder | Ethylene signaling in plants[END_REF]. According to del [START_REF] Del Pozo | Gene expression profiling analysis of copper homeostasis in Arabidopsis thaliana[END_REF], A. thaliana counteracts Cu excess by down-regulation of HMA family genes to hamper absorption of Cu, while Cu starvation increases expression levels of PAA1, PAA2 and RAN1 genes to induce the uptake and mobilization of Cu (del Pozo et al., 2010). At the same time, there is little to none information regarding changes in Cu transporters gene expression under metal-based ENPs exposure. Moreover, the existing studies were conducted only in Cu excess conditions (Jośko et al., 2021b;[START_REF] Landa | Transcriptomic Response of Arabidopsis thaliana Exposed to CuO Nanoparticles, Bulk Material, and Ionic Copper[END_REF][START_REF] Roy | Impact of CuO nanoparticles on maize: Comparison with CuO bulk particles with special reference to oxidative stress damages and antioxidant defense status[END_REF]. For an unbiased assessment of ENPs potential as fertilizers, more data on the regulation of Cu transporter genes in plants exposed to Cu-based ENPs under deficient conditions is needed, especially during growth stages with high Cu-demand. On another note, the translocation and accumulation of Cu in various organelles in plants could be controlled via dynamic osmoregulation facilitated by aquaporins (AQs) [START_REF] Banerjee | The role of aquaporins during plant abiotic stress responses[END_REF][START_REF] Kapilan | Regulation of aquaporins in plants under stress[END_REF]. The water channels controlled by AQs are involved in bilateral distribution of metal ions into/out of cells (Nodulin 26 like intrinsic proteins, NIPs) [START_REF] Banerjee | The role of aquaporins during plant abiotic stress responses[END_REF][START_REF] Kapilan | Regulation of aquaporins in plants under stress[END_REF] and cellular organelles like chloroplasts (Plasma membrane intrinsic proteins, PIPs) and/or vacuoles (Tonoplast intrinsic proteins, TIPs) [START_REF] Kholodova | Water status in Mesembryanthemum crystallinum under heavy metal stress[END_REF][START_REF] Yue | Molecular mechanisms of maize seedling response to La2O3 NP exposure: water uptake, aquaporin gene expression and signal transduction[END_REF].

Recently, some research suggested the involvement of AQs in ENPs translocation in plants [START_REF] Bárzana | Nanomaterials in plant systems: Smart advances related to water uptake and transport involving aquaporins[END_REF][START_REF] Rico | Interaction of nanoparticles with edible plants and their possible implications in the food chain[END_REF]. The existing studies on the expression of AQs in response to ENPs are restricted to plant roots exposure to carbon-based ENPs [START_REF] Khodakovskaya | Carbon Nanotubes Induce Growth Enhancement of Tobacco Cells[END_REF], nano-La2O3 [START_REF] Yue | Molecular mechanisms of maize seedling response to La2O3 NP exposure: water uptake, aquaporin gene expression and signal transduction[END_REF] or nano-Ag [START_REF] Qian | Comparison of the toxicity of silver nanoparticles and silver ions on the growth of terrestrial plant model Arabidopsis thaliana[END_REF]. To the best of our knowledge, the transcriptional response regarding AQs in crops under foliar exposure to Cubased ENPs remains unknown. So far, the majority of studies addressing the changes in gene expression upon ENPs containing Cu are focused on oxidative stress-related genes [START_REF] Cohu | Regulation of superoxide dismutase expression by copper availability[END_REF][START_REF] Del Pozo | Gene expression profiling analysis of copper homeostasis in Arabidopsis thaliana[END_REF][START_REF] Roy | Impact of CuO nanoparticles on maize: Comparison with CuO bulk particles with special reference to oxidative stress damages and antioxidant defense status[END_REF]Valdes et al., 2020b;Zhao et al., 2017bZhao et al., , 2017a)). Plants counteract the negative effects of both deficiency and excess of Cu through activation of the defense system, including antioxidant enzymes such as superoxide dismutase (SOD) and catalase (CAT) [START_REF] Del Pozo | Gene expression profiling analysis of copper homeostasis in Arabidopsis thaliana[END_REF]Zhao et al., 2017b). Thus far, both ionic Cu and Cu-based ENPs have shown the potential to induce defense responses in plants, regardless if applied thru foliar application (Zhao et al., 2017a) or soil irrigation (Jośko et al., 2021a). The study by Zhao et al (2017a) demonstrated a similar pattern of transcriptomic changes in antioxidant genes of Cucumis sativus L. induced by both nano-Cu(OH)2 and CuSO4, which suggests that released Cu 2+ contributed to the overall effect. Moreover, the modulation of SOD Cu-Zn and SOD Fe expression patterns has been proven to be a good indicators of plant response to both Cu starvation and Cu excess due to the Fe-Cu crosstalk [START_REF] Cohu | Regulation of superoxide dismutase expression by copper availability[END_REF][START_REF] Del Pozo | Gene expression profiling analysis of copper homeostasis in Arabidopsis thaliana[END_REF].

To address the aforementioned knowledge gaps, the expression of genes involved in Cu homeostasis and detoxification in barley Hordeum vulgare L. treated with nano-Cu or CuSO4 was analyzed. Due to its importance as a food source and ability to adapt to various global climates, H. vulgare is considered as the fourth most important cereal in the world [START_REF] Doğaroğlu | TiO2 and ZnO Nanoparticles Toxicity in Barley (Hordeum vulgare L.)[END_REF]. Barley has demonstrated high sensitivity to both Cu deficiency and excess, which results in losses in crop yields [START_REF] Rahman | Response of wheat, pea, and canola to micronutrient fertilization on five contrasting prairie soils[END_REF]. The adverse effects of Cu deficiency are particularly evident during tillering and anthesis stages, leading to a reduction of pollen grains and their lower nutritional values [START_REF] Van Maarschalkerweerd | Diagnosing Latent Copper Deficiency in Intact Barley Leaves (Hordeum vulgare, L.) Using Near Infrared Spectroscopy[END_REF]. Although nano-fertilizers demonstrated the potential for effective plant supplementation with microelements than common fertilizers [START_REF] Wang | Nanotechnology: A New Opportunity in Plant Sciences[END_REF], little is known regarding their transcriptional response of plants towards nano-Cu supply during periods of increased nutritional demand or severe deficiency conditions (Deng et al., 2022b;Zhao et al., 2017b).

Thus, the overriding objective of this study was to exam the pattern of gene expression of Cu transporters, aquaporins and enzymatic antioxidants under foliar treatment of Cu-compounds to determine actual Cu status in plants, which further may indicate the effectiveness of Cu supplementation. We hypothesize that nano-Cu will be subsequently supplemented plant with Cu compare to dissolved metal salts releasing full/excessive pool of Cu ions.

Materials and methods

Cu compounds and suspensions

Cu nanoparticles (nano-Cu) (purity ≥ 95.5%) and CuSO4 (purity ≥ 95.5%) as powders were purchased from Sigma-Aldrich (USA). The preparation and characterization of nano-Cu and CuSO4 solutions for the foliar application have been previously described [START_REF] Kusiak | Unveiling of interactions between foliar-applied Cu nanoparticles and barley suffering from Cu deficiency[END_REF]. In brief, these Cu-solutions were prepared in Milli-Q ® water (Ω< 0.05 μS cm -3 ) containing 0.05% Tween 20 at a total Cu concentration of 100 and 1000 mg L -1 . The nano-Cu solutions were sonicated in an ultrasonic bath (25 ºC, 250 W, 50 Hz) for 30 min before application.

Characteristics of nanopowder and nano-Cu suspension

Nano-Cu (a powder) was characterized by the primary particle size of 25 ± 10 nm using a transmission electron microscope (TEM) (JEM-3010 TEM JEOL, Ltd., Japan). The TEM image of nano-Cu was provided in previous work [START_REF] Kusiak | Unveiling of interactions between foliar-applied Cu nanoparticles and barley suffering from Cu deficiency[END_REF]. The surface area of nano-Cu was 8 m 2 g -1 as determined by BET analysis. ENPs crystal structure, phase formation and oxidation state were analyzed with powder XRD diffractometer (Empyrean, PANalytical, the Netherlands). The details of XRD analysis were described in our previous article (Jośko et al., 2022). Based on the XRD pattern (Supplementary Materials, Fig. S1), the presence of copper (Cu -62%) and cuprite (Cu2O -38%) was confirmed in nano-Cu powder. The absence of additional peaks attributed to typical possible impurities confirmed the purity of tested nanopowder. The crystallite size of nano-powder was estimated based on the diffraction peak broadening using the Scherrer equation. The average crystallite size of nano-Cu was 32.6 ± 3.7 nm.

The methods used for characteristics of ENPs suspensions (the distribution of aggregate sizes, zeta (ζ) potential and dissolution rate) were described in the Supplementary Materials.

The properties of the nano-Cu suspension have been previously described [START_REF] Kusiak | Unveiling of interactions between foliar-applied Cu nanoparticles and barley suffering from Cu deficiency[END_REF].

Briefly, the TEM image and particle size distribution revealed strong aggregation of nano-Cu in stock suspension (Supplementary Materials, Fig. S2). The average particle size of nano-Cu at 100 mg L -1 was at the level of 248.8 ± 6 nm, while10 times higher of concentration of ENPs did not allow to measure of the aggregation size. The ζ potential of nano-Cu at 100 and 1000 mg L -1 in aqueous solution was -14.6 and -19.6 mV, respectively. The concentration of Cu 2+ in 100 and 1000 mg L -1 ENPs solutions reached 0.3% (0.3 mg L -1 ) and 0.065% (0.7 mg L -1 ) of stock suspensions ready to use (Supplementary Materials, Fig. S3), respectively [START_REF] Kusiak | Unveiling of interactions between foliar-applied Cu nanoparticles and barley suffering from Cu deficiency[END_REF].

Plant growth and experimental design

Seeds of H. vulgare (cultivar Ella) were soaked for 2 h in Milli-Q ® water. The seeds were then surface sterilized with 2% calcium hypochlorite for 15 min and a further 70% ethanol for 1 min.

Next, the seeds were rinsed 3 times with Milli-Q ® water and germinated in Petri dishes containing filter paper soaked in Milli-Q ® water. Prepared Petri dishes were put into a growth chamber at 24 °C in the dark. Further, the 4-day seedlings were transferred into black containers that were filled with Hoagland's solution containing 1.0 mM KNO3, 1.0 mM Ca(NO3)2, 0.457 mM MgSO4, 0.1 mM KH2PO4, 1.0 μM MnCl2, 3 μM H3BO3, 1 μM (NH4)6Mo7O24, 1 μM ZnSO4, 0.0672 mM NaSiO3, 60 μM Fe(III)-EDTA buffered with 0.02 MES (4morpholineethanesulfonic acid, 2-(N-Morpholino) ethanesulfonic acid hydrate)-KOH. Cu was omitted from the nutrient solution to induce Cu deficiency, which usually occurs in the agricultural soil due to the strong immobilization by organic matter or high pH [START_REF] Graham | Micronutrient Deficiencies in Crops and Their Global Significance[END_REF].

The positive control containing Cu was not used in this experiment due to weak transfer of Cu from the roots to upper parts of plant, not providing an optimal Cu level for plant growth [START_REF] Graham | Micronutrient Deficiencies in Crops and Their Global Significance[END_REF]. The hydroponic solutions were refreshed every 7 days and continuously aerated. Plants were grown at a relative humidity of 60 ± 10%, a 16 h light/8 h dark cycle at 23 ± 3 °C (day time) and 18 ± 3 °C (night time) and with a light intensity at 450 μmol m -2 s -1 in a growth chamber (Conviron GEN1000). After 5 weeks of cultivation, when plants reached the advanced tillering stage (BBCH: 23), the foliar treatments with Cu compounds were performed. This time of Cu application is widely practiced under the field conditions, because a tillering stage is an intense growth period characterized by the increased demand for this micronutrient.

It should be noted that due to the growth in prolonged adverse conditions (Cu starvation), Cu deficiency symptoms (white tip disease, chlorosis) were apparent on the leaves (Supplementary Materials, Fig. S4). The whole aboveground parts of plant with emerged flag leaf were sprayed with nano-Cu or CuSO4 solutions with 0.05% Tween 20 at concentration of 100 and 1000 mg of Cu L -1 using a hand-held diffusive sprayer in three biological replicates. The total volume of solution used for foliar application was 3.3 mL per plant. The Cu-solution at 1000 mg L -1 was chosen following the guidelines for agricultural practice [START_REF] Fageria | Foliar Fertilization of Crop Plants[END_REF]. The lower concentration of Cu-compounds was selected in a preliminary experiment to assess the fertilizing potential of reduced Cu doses [START_REF] Kusiak | Unveiling of interactions between foliar-applied Cu nanoparticles and barley suffering from Cu deficiency[END_REF]. Milli-Q ® water with surfactant was used as a control treatment. To avoid nutrient solution contamination and the entry of solutions into roots, each pot lit was covered with foil. The final volume of solution applied to the plants was assessed by recording the weight of the foil from before and after spraying (Supplementary Materials, Tab. S1). Approximately 28.5 ± 3.0% of the spray volume was deposited on each plant on average, which demonstrates a comparable, reproducible application process. As we described in the previous work [START_REF] Kusiak | Unveiling of interactions between foliar-applied Cu nanoparticles and barley suffering from Cu deficiency[END_REF], the leaves sprayed only with the higher rate of CuSO4 (after 7days) had substantially greater chlorotic changes than control or other treatments (Supplementary Materials, Fig. S4).

Plant tissues analysis

After 1 and 7 days of exposure, barley plants were harvested and parts of flag leaves (around 500 mg) were immediately ground in liquid nitrogen for RNA isolation. For metal content and microscopic analysis, the flag leaves were Milli-Q ® water-rinsed. The analyzes focused on the flag leaves for the following reasons: (i) as the youngest leaves, there are the most sensitive, (ii) to exam a short-term and in situ response, especially since our previous studies indicated the slow translocation of Cu (Jośko et al., 2021b;[START_REF] Kusiak | Unveiling of interactions between foliar-applied Cu nanoparticles and barley suffering from Cu deficiency[END_REF], (iii) to obtain the highest quantify and quality of RNA for the real-time qPCR analysis. The water-rinsed flag leaves were next rinsed with 2.2 M HNO3 for 30 s and then rinsed 3 times with Milli-Q ® water to remove nano-Cu/CuSO4 adhered to the leaf surface. Then leaves samples were air-dried, weighted and stored (in darkness at 20 °C) for Cu spectroscopic and microscopic analysis. The dry weight of flag leaves were provided in Supplementary Material (Supplementary Materials, Tab. S2). Only nano-Cu at 100 mg L -1 after 7 days increased the dry weight by almost 100% compared to control, while other treatments did not affected biomass.

ICP-OES analysis

Dry flag leaves were digested with a mixture of HNO3:H2O2 (4:1) in Teflon vessels in a microwave oven (Milestone, ETHOS EASY, Italy) for 1 h at 200 °C. Cooled samples were filtered (0.45 μm, PTFE), diluted with Milli-Q ® -water to 25 mL, and analyzed with ICP-OES (iCAP 7200, Thermo Scientific). All analyses included blanks. Certified material (tomato leaves, NIST ® SRM ® 1573a) was used for the quality control of the sample digestion. Recovery of Cu was at the level of 94 ± 2%. Because the etching protocols were not fully effective in removing particles attached to plant leaves, the determined metal content in leaves may be overestimated.

SEM-EDS analysis

Scanning electron microscopy with energy dispersive spectrometry (SEM-EDS) (Quanta™ 3D FEG, FEI with EDAX SDD Apollo detector) was used to detect the occurrence of Cu from nano-Cu suspensions and CuSO4 on flag leaves. The SEM-EDS measurements were made with the high vacuum with accelerating voltage mode. The EDS diagrams present spectra, which show characteristics X-rays of sample atoms induced by electron beam (30 keV).

The SEM-EDS maps (with 100-fold magnification) were obtained for a part of leaves after 7 day of exposure.

Total RNA isolation and cDNA synthesis

For gene expression analysis, the total RNA was extracted from H. vulgare flag leaves (~50 mg) using the TRIzol TM reagent (Invitrogen, USA) in accordance to the manufacturer's instructions. Isolation of RNA was performed in 3 biological replicates. The RNA was quantified using NanoDrop 2000 spectrophotometer (Thermo Scientific). RNA quality and integrity were confirmed by 2% agarose gel electrophoresis stained with ethidium bromide.

RNA was treated with RNase-free DNase I (Thermo Scientific) to remove genomic DNA. The reaction of reverse transcription was performed in 20 μL reactions containing 1 µg RNA with NG dART RT kit (EURx) following the manufacturer's instructions. Obtained cDNA (50 ng μL -1 ) was used as template in the qPCR analysis.

Real-time qPCR analysis

The transcript levels of genes related to Cu transport in plants (PAA1, PAA2, RAN1, COPT5), aquaporins (NIP2.2, PIP1.1, TIP1.1, TIP1.2), and antioxidant enzymes (SOD Cu-Zn, SOD Fe, SOD Mn, CAT) were determined by the real-time PCR analysis. A total of 7 candidate genes: Actin (ACT), ADP-ribosylation factor 1 (ADP), Elongation factor 1-alpha (EF1a), Alpha-tubulin (TUBa), Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), Ubiquitin (UBI), RNA binding protein (RNA BP) were evaluated as potential reference genes in this study using geNorm algorithm [START_REF] Vandesompele | Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal control genes[END_REF]. According to obtained results, ACT, GAPDH and ADP genes were used as internal controls to normalize the data. Gene-specific primers used in the experiment were taken from our previous studies or designed with OligoArchitect™ Online (Sigma-Aldrich) as indicated in Supplementary Materials (Tab. S3).

The full-length cDNA sequences were obtained from the NCBI, The Barley Genome Explorer (BARLEX) and Ensembl Plants databases.

The real-time qPCR reactions were conducted using PowerUp TM SYBR TM Green Master Mix (Applied Biosystems) in accordance to the manufacturer's instructions. The reactions were carried out in a total volume of 20 μL. The real time-qPCR conditions were optimized by adjusting the template cDNA concentration, primer concentration and annealing temperature for each primer pair (Supplementary Materials, Tab. S4). Real time-PCR was carried out according to the following cycling program: 2 min at 50 °C and 95 °C for 2 min, followed by 40 cycles of: 15 s at 95 °C and 1 min at optimal temperature for each primer pair (Supplementary Materials, Tab. S4). To verify the specificity of amplification melting curve analysis was performed after each run with continuous data collection from 60 °C to 95 °C (Supplementary Materials, Fig. S5). Reactions were performed in three full biological and three technical replicates along with no template control (NTC). Standard curves were generated from five dilution points and were used to determine the amplification efficiency for each primer pair. All real time-qPCR reactions were performed on the QuantStudio™ 3 Real-Time PCR System (Applied Biosystems™). The results were analyzed using the dedicated relative quantification software module from ThermoFisher Cloud (ThermoFisher Scientific). Relative gene expression was calculated using the 2 -ΔΔCt method.

Statistics

All statistical analyses were performed using Statistica 13.1 software package. The differences between treatments were determined using a one-way and two-way analysis of variance (ANOVA) followed by Tukey's or Dunnett's post hoc test at a significance level of 0.05. Clustering heatmaps were performed with euclidean dissimilarity for distance measure and complete linkage method using Heatmapper [START_REF] Babicki | Heatmapper: web-enabled heat mapping for all[END_REF] to explore the responses of H. vulgare to applied Cu compounds. The correlation plot was performed based on Pearson coefficient at significance levels of 0.05, 0.01, 0.001.

Results and discussion

Cu acquisition in flag leaf

After 1 day of exposure (Fig. 1A), no significant differences were found in the concentration of Cu in leaves of H. vulgare treated with 100 mg L -1 of either nano-Cu or CuSO4 when compared to the control group (52.8 mg kg -1 d.w.). Noticeably, leaves exposed to 1000 mg L -1 of nano-Cu and metal salt (CuSO4) contained significantly more Cu (101.8 and 150.1 mg kg -1 d.w., respectively) than in the control plant (p < 0.05). After 7 days (Fig. 1B), the Cu content in leaves treated with both doses of Cu compounds was higher than in the control sample (79.4 mg kg -1 d.w.) (p < 0.05). While plants exposed to nano-Cu at 100 mg L -1 showed the lowest Cu concentration in flag leaf (106.3 mg kg -1 d.w.) among all Cu-treated groups, the highest Cu content was observed in plants treated with CuSO4 at 100 mg L -1 (191.6 mg kg -1 d.w.). On the other hand, at the rate of 1000 mg L -1 , no significant difference in Cu content in flag leaves between ENPs and their corresponding salts was noted (135.0-143.1 mg kg -1 d.w.).

Interestingly, the Cu content in the flag leaf of barley exposed to CuSO4 at 1000 mg L -1 did not increase after 7 days compared to 1 day. SEM-EDS analysis (Fig. 2) showed the presence of numerous particulate Cu attached to the leaf surface treated with nano-Cu (100 mg L -1 ) after 7 days of exposure (Fig. 2B), while definitely lower amount of Cu was detected on the surface leaves of control (Fig. 2A) or CuSO4-applied (Fig. 2C).

The analysis of genes expression

Metal transporters

The expression pattern of PAA1, PAA2, RAN1 and COPT5 genes in barley plants in response to foliar-applied Cu compounds are demonstrated in Figure 3. After 1 day of exposure, the transcript level of PAA1 was ca. 4-fold decreased under 100 mg L -1 of nano-Cu, while other treatments did not elicit any significant response compared to untreated plants (p > 0.05).

Noteworthy, the analysis of PAA2 gene expression showed the opposite trend: the higher rate of nano-Cu and both doses of CuSO4 caused up-regulation of the gene by 32-47% in relation to control plants (p < 0.05). A similar pattern of gene expression was observed for RAN1 gene (Fig. 3): no effect of nano-Cu at 100 mg L -1 , while a higher rate led to a ca. 3.7-fold increase, whereas CuSO4 at 100 and 1000 mg L -1 increased RAN1 expression by ca. 2.7-and 1.6-fold, respectively (p < 0.05). On the other hand, our results indicated that compared to control plants, the transcript level of COPT5 was reduced ca. 2-fold in plants exposed to both ENPs and its corresponding salts, regardless of used rates (Fig. 3).

After 7 days (Fig. 3), the transcript levels of all analyzed genes were down-regulated in response to both doses of nano-Cu and CuSO4 in comparison with untreated plants (p < 0.05).

The expression of PAA1 was reduced by both nano-Cu and CuSO4 by 64-85% regardless of used rates compared to the control plants (p < 0.05). Meanwhile, the transcript level of PAA2 dropped under all Cu compounds treatment by ca. 2-fold in relation to the control. Interestingly, nano-Cu at 100 mg L -1 led to a 4.6-fold decline in RAN1 expression, while a higher rate of nano-Cu and both doses of CuSO4 resulted in ca. 90% reduction of gene expression in comparison to the control group (Fig. 3). It is recorded that the transcript level of COPT5 was decreased by ~43% under nano-Cu exposure and ~84% by CuSO4 regardless of the used dose (Fig. 3) with respect to untreated plants (p < 0.05).

Aquaporins

As presented in Figure 4, the foliar application of Cu compounds remarkably affected aquaporin gene expression. The transcript level of NIP2.1 declined after 1-day exposure to both doses of nano-Cu (1.9-fold) and CuSO4 at 100 mg L -1 (1.7-fold), whereas no significant changes were observed under 1000 mg L -1 CuSO4 treatment (Fig. 4) when compared to control plants (p < 0.05). Interestingly, a similar pattern of changes in transcript levels of PIP1.1 and TIP1.2 was observed (Fig. 4): only nano-Cu at 100 mg L -1 significantly down-regulated genes expression by ca. 2-fold, while remaining treatments did not affect the gene expression (p > 0.05). Meanwhile, the lower dose of nano-Cu also caused down-regulation of TIP1.1 gene by 64%,whereas nano-Cu at 1000 mg L -1 and CuSO4 at 100 mg L -1 increased TIP1.1 expression by 78% and 99%, respectively (p < 0.05). Surprisingly, no effect was observed in response to CuSO4 at 1000 mg L -1 treatment (p > 0.05).

After 7 days of exposure (Fig. 4), nano-Cu and CuSO4 at 100 mg L -1 resulted in 2 times higher up-regulation of NIP2.1 (ca. 5.1-fold) than at 1000 mg L -1 (p < 0.05). Moreover, after 7 days from the application, the transcript levels of both PIP1.1 and TIP1.1 (Fig. 4) increased significantly in response to the lower dose of both nano-Cu (by 85% and 73%, respectively) and CuSO4 (by 104% and 49%, respectively) (p < 0.05). On the other hand, no significant changes in these gene expression were observed under the treatments with Cu-compounds at 1000 mg L -1 (Fig. 4) in relation to control. Interestingly, the expression of TIP1.2 was higher in barley plants exposed to nano-Cu at 100 mg L -1 (5.6-fold) than 1000 mg L -1 (3.8-fold), while in plants treated with CuSO4 transcript levels increased in dose-dependent manner (4.7-and 5.7-folds, respectively) (Fig. 4) (p < 0.05).

Antioxidants

The influence of nano-Cu and CuSO4 on enzymatic antioxidants in barley leaves is presented in Figure 5. While both doses of CuSO4 elevated SOD Cu-Zn expression after 1 day of treatment almost 4.9-and 3.9-fold compared to the control (p < 0.05), nano-Cu induced higher gene expression only at 1000 mg L -1 (1.8-fold). Similarly, the lower dose of nano-Cu did not lead to a significant change in SOD Fe expression. On the other hand, the transcript level of SOD Fe was increased ca. 2-fold under nano-Cu at 1000 mg L -1 , while both CuSO4 rates decreased gene expression by ~76% (p < 0.05). Interestingly, none of the tested Cu compounds affected the expression of SOD Mn after 1-day exposure with respect to the control group (p > 0.05). On the contrary, Cu compounds strongly increased CAT expression: both doses of nano-Cu caused ca. 1.5-fold rise in CAT transcript levels, while both rates of CuSO4 induced stronger up-regulation of CAT expression (ca. 4.5-fold) in relation to untreated plants (p < 0.05). Surprisingly, after 7 days of exposure to 100 mg L -1 of nano-Cu, the transcript level of SOD Cu-Zn declined by 56.3% in reference to the control, while no effect of higher rate was observed (p > 0.05) (Fig. 5). Conversely, the increase in SOD Cu-Zn expression under 100 and 1000 mg L -1 of CuSO4 was dose-dependent (ca. 4-and 13.5-fold, respectively) (p < 0.05).

Further, SOD Fe expression level was decreased by CuSO4 treatment (4-and 12.8-fold), while no significant changes were observed under nano-Cu exposition (p < 0.05) (Fig. 5). Even after 7 days, the transcript levels of SOD Mn were not influenced by either Cu compound when compared to untreated plants. Noteworthy, after 7 days of all treatments, a down-regulation of CAT expression was observed (p < 0.05) (Fig. 5). While the lower dose of nano-Cu and both CuSO4 rates caused a ca. 2.6-fold decrease in CAT transcript level, 1000 mg L -1 of nano-Cu declined the gene expression by 78% comparing to control groups (p < 0.05).

Discussion

Finding an efficient and suitable way to combat micronutrient deficiency in crops is a long-standing issue which requires an urgent solution for tackling food security [START_REF] Hasegawa | Risk of increased food insecurity under stringent global climate change mitigation policy[END_REF]. Here, both nano-Cu and CuSO4 treatments resulted in an dose-dependent increase in Cu content in tissues of H. vulgare overtime. However, the Cu loading to plant was higher under exposure to CuSO4 than ENPs in line with studies on other plant species such as Lactuca sativa [START_REF] Kohatsu | Comparison of foliar spray and soil irrigation of biogenic CuO nanoparticles (NPs) on elemental uptake and accumulation in lettuce[END_REF] and Cucumis sativus (Zhao et al., 2017a). One can suppose, that those findings can be explained by the differences in the dissolution kinetics between ENPs and metal salts: while CuSO4 basically provides all of the Cu 2+ immediately, Cu-based ENPs show the potential to release Cu 2+ over a prolonged period (Jośko et al., 2021b;[START_REF] Landa | Transcriptomic Response of Arabidopsis thaliana Exposed to CuO Nanoparticles, Bulk Material, and Ionic Copper[END_REF][START_REF] Ma | Time-Dependent Transcriptional Response of Tomato (Solanum lycopersicum L.) to Cu Nanoparticle Exposure upon Infection with Fusarium oxysporum f. sp. lycopersici[END_REF][START_REF] Tan | Foliar Exposure of Cu(OH)2 Nanopesticide to Basil (Ocimum basilicum): Variety-Dependent Copper Translocation and Biochemical Responses[END_REF]Zhao et al., 2017a). In the dissolution test, the concentration of Cu 2+ in nano-Cu solution used for foliar application was increased overtime (Fig. S2).

However, the question arisen about the dissolution of nano-Cu after their application on plant, that aspect is a methodologically challenging and has not been analyzed so far. However, for example the impact of dew on ENPs dissolution could be a crucial for release of Cu 2+ from attached ENPs to leave surface. Moreover, the tendency to aggregate on the plant surface (Fig. 2) may constitute a bottleneck for their absorption (Avellan et al., 2021b;Grillo et al., 2021bGrillo et al., , 2021a)). Additionally, as it was reported in the literature, the aggregation rate of ENPs correlate with their the concentration, this tendency was also confirmed in our study. Here, it may also contribute to the difference in the Cu level in the flag leaves sprayed with both doses of nano-Cu. Probably the higher weight of aggregates of nano-Cu at 1000 mg L -1 may foster their fall from flag leaves, which are usually at vertical position. It should be noted that the used etching protocol for removing adhered ENPs from leaves was not fully sufficient; thus the measured Cu content possibly reflects both surface attached and absorbed Cu. Similarly, the strong retention of negative Cu-based nano-products on the leaf surface was confirmed previously in Zea mays L. (Zhao et al., 2017a), Solanum lycopersicum L. [START_REF] Ma | Time-Dependent Transcriptional Response of Tomato (Solanum lycopersicum L.) to Cu Nanoparticle Exposure upon Infection with Fusarium oxysporum f. sp. lycopersici[END_REF] and Myriophyllum spicatum L. [START_REF] Dumont | Cuttingedge spectroscopy techniques highlight toxicity mechanisms of copper oxide nanoparticles in the aquatic plant Myriophyllum spicatum[END_REF]. The overestimated content of Cu in the flag leaves under nano-Cu treatment obstruct to compare the Cu delivery efficiency with other nanoformulations, including the recently developed "on demand" nano-chemicals (Bonser et al., 2023b), even those added to soil [START_REF] Xu | Enhancing Agrichemical Delivery and Plant Development with Biopolymer-Based Stimuli Responsive Core-Shell Nanostructures[END_REF]. Surprisingly, after 7 days, the Cu content in the flag leaf of barley plants exposed to both Cu compounds was at a similar level. The explanation of that fact could be (i) the above-mentioned overestimated Cu content under the treatment of nano-Cu, (ii) the dilution of metal concentration by the most increased biomass in case of CuSO4 application, (iii) the leaves treated with CuSO4 at 1000 mg L -1 after 7 days were affected by chlorosis, which reduced leaf surface area capable of Cu uptake and translocation.

It has to be noted that the translocation from leaves to roots was be excluded, in spite of the fact, that other study reported the transfer of foliar applied Au ENPs from aboveground tissues to the roots. In our experiment the Cu level in roots was unchanged compared to control (Supplementary Materials, Tab. S5).

As the expression of high-affinity Cu transporters (Fig. 6) depends strictly on the pool of Cu ions present in the plant tissue, the analysis of gene expression might offer valuable information regarding the Cu status at the molecular level [START_REF] Del Pozo | Gene expression profiling analysis of copper homeostasis in Arabidopsis thaliana[END_REF][START_REF] Landa | Transcriptomic Response of Arabidopsis thaliana Exposed to CuO Nanoparticles, Bulk Material, and Ionic Copper[END_REF][START_REF] Wintz | Expression Profiles of Arabidopsis thaliana in Mineral Deficiencies Reveal Novel Transporters Involved in Metal Homeostasis[END_REF]. Here, this is particularly justified, because the application of Cucompounds at 100 mg L -1 triggered changes in the expression of selected HMAs genes, while the Cu content in leaves was unaffected after a short-term exposure. Furthermore, the molecular response was different between the nanoparticulate and ionic form of Cu at a lower rate. Nano-Cu decreased (PAA1) or not impacted (PAA2, RAN1) genes expression while CuSO4improved both PAA2 and RAN1 transcripts, which could be attributed to either higher Cu dosage or a faster dissolution rate (CuSO4). It is worthwhile to note that the transcript levels of high-affinity Cu transporters like HMAs were previously shown to significantly decrease soon after Cu treatment and recover overtime [START_REF] Ma | Genome-wide identification and characterization of the heavy metal ATPase (HMA) gene family in Medicago truncatula under copper stress[END_REF]. This could indicate that exposure to nano-Cu at 100 mg L -1 led to a delayed plant response due to a slower release of Cu 2+ . Furthermore, as PAA1 is responsible for Cu transport to the stroma and PAA2 to the lumen (Fig. 6), low PAA1 levels might hinder PAA2 expression [START_REF] Wintz | Expression Profiles of Arabidopsis thaliana in Mineral Deficiencies Reveal Novel Transporters Involved in Metal Homeostasis[END_REF]. Meanwhile, localized in ER membrane RAN1 (Fig. 6) is constitutively expressed at comparatively high levels due to its essential role in Cu delivery and biogenesis of the ETR1 [START_REF] Wintz | Expression Profiles of Arabidopsis thaliana in Mineral Deficiencies Reveal Novel Transporters Involved in Metal Homeostasis[END_REF]. Noteworthy, the highest expression of RAN1 gene was observed after treatment with a higher dose of nano-Cu, which might point out a joint impact of released Cu 2+ and nanoparticles, although this finding requires further research. Interestingly, after 7 days of exposure, the transcript level of these 3 genes showed a relatively comparable decline among all treatments, despite the extremely different Cu content in tissues. This result could be attributed to the limited Cu translocation to the organelles in plants as a means to prevent or alleviate Cu toxicity in response to Cu excess conditions [START_REF] Del Pozo | Gene expression profiling analysis of copper homeostasis in Arabidopsis thaliana[END_REF][START_REF] Ma | Genome-wide identification and characterization of the heavy metal ATPase (HMA) gene family in Medicago truncatula under copper stress[END_REF][START_REF] Wintz | Expression Profiles of Arabidopsis thaliana in Mineral Deficiencies Reveal Novel Transporters Involved in Metal Homeostasis[END_REF]. Surprisingly, COPT5 gene remained constantly down-regulated by all treatments at both time-points. As tonoplastlocalized COPT5 plays a crucial role in transporting vacuole-sequestered Cu ions (Fig. 6), the transcript level of COPT5 gene is known to increase under both Cu deprivation (maintaining Cu content inside the cell) and excess (removing Cu outside the cell) [START_REF] Garcia-Molina | The intracellular Arabidopsis COPT5 transport protein is required for photosynthetic electron transport under severe copper deficiency: Characterization of the Arabidopsis COPT5 protein[END_REF][START_REF] Klaumann | The tonoplast copper transporter COPT5 acts as an exporter and is required for interorgan allocation of copper in Arabidopsis thaliana[END_REF]. Interestingly, metal salts in older plants led to a significantly higher decline in COPT5 expression than nano-Cu, even though Cu content in plant leaves was measured at a similar level. It may suggest that the actual Cu content was higher, upon CuSO4 than nano-Cu resulting in stronger excretion of Cu ions, or the different transcriptional response may stem from the nano-specific impact due to the presence of nanoparticulate and ionic Cu in plants.

Besides high-affinity transporters, AQs are also considered involved in regulating the cellular transport of metal ions and small particles [START_REF] Kapilan | Regulation of aquaporins in plants under stress[END_REF][START_REF] Wintz | Expression Profiles of Arabidopsis thaliana in Mineral Deficiencies Reveal Novel Transporters Involved in Metal Homeostasis[END_REF].

Moreover, as both Cu deficiency and excess impact the osmotic potential, significant changes in AQs expression were observed overtime [START_REF] Kholodova | Water status in Mesembryanthemum crystallinum under heavy metal stress[END_REF][START_REF] Merakli | CU-INDUCED GENES EXPRESSION IN THE ACCUMULATOR PLANT BRASSICA NIGRA L[END_REF][START_REF] Wintz | Expression Profiles of Arabidopsis thaliana in Mineral Deficiencies Reveal Novel Transporters Involved in Metal Homeostasis[END_REF]. It is worth emphasizing that, only nano-Cu at 100 mg L -1 led to down-regulation of all tested AQs genes under a short-term exposure. Previously, such a drop in AQs expression was associated with osmotic adjustments to Cu 2+ exposure rather than nanoparticles [START_REF] Landa | Transcriptomic Response of Arabidopsis thaliana Exposed to CuO Nanoparticles, Bulk Material, and Ionic Copper[END_REF], however, prolonged Cu deficiency is known to alter plants' responses to stimuli via changes in metabolic processes [START_REF] Peñarrubia | Temporal aspects of copper homeostasis and its crosstalk with hormones[END_REF]. Moreover, these results may also be related to mechanically-induced stress to sudden ENPs presence as alien solid particles rather than a Cu related response. After 7 days, the up-regulation of all tested AQs was noted under almost all treatments. However, that molecular response (NIP2.1, PIP1.1 and TIP1.1) was inversely dose-dependent. This is in agreement with previous research, in which low Cu treatment demonstrated a more positive impact on AQs expression than high Cu dosage [START_REF] Landa | Transcriptomic Response of Arabidopsis thaliana Exposed to CuO Nanoparticles, Bulk Material, and Ionic Copper[END_REF][START_REF] Merakli | CU-INDUCED GENES EXPRESSION IN THE ACCUMULATOR PLANT BRASSICA NIGRA L[END_REF]. Noteworthy, PIP1.1 and TIP1.1 expressions generally increase in plant tissues during intense growth as a means for effective water and solute circulation [START_REF] Akdemir | Evaluation of transcription factor and aquaporin gene expressions in response to Al2O3 and ZnO nanoparticles during barley germination[END_REF][START_REF] Banerjee | The role of aquaporins during plant abiotic stress responses[END_REF], which demonstrates a positive impact of Cu fertilization with low doses. Surprisingly, no clear pattern of TIP1.2 stimulation is noticeable. We hypothesize that TIP1.2 gene expression increased due to its involvement in both Cu remobilization to/out of vacuoles [START_REF] Banerjee | The role of aquaporins during plant abiotic stress responses[END_REF].

Cu homeostasis is regulated not only by the expression of genes involved in Cu transport, but also by the targets for Cu delivery [START_REF] Del Pozo | Gene expression profiling analysis of copper homeostasis in Arabidopsis thaliana[END_REF]. Generally, plants grown under Cu-deficient conditions down-regulate transcripts of all cuproproteins indirectly involved in photosynthesis (e.g. SOD Cu-Zn), while their expression is improved by Cu-resupply [START_REF] Cohu | Regulation of superoxide dismutase expression by copper availability[END_REF][START_REF] Del Pozo | Gene expression profiling analysis of copper homeostasis in Arabidopsis thaliana[END_REF][START_REF] Wintz | Expression Profiles of Arabidopsis thaliana in Mineral Deficiencies Reveal Novel Transporters Involved in Metal Homeostasis[END_REF]. This observation was confirmed for CuSO4 treatments, whereas nano-Cu application showed only a slight increase in SOD Cu-Zn expression after 1 day of exposure. Similarly to the earlier studies, the inhibition of SOD CU-Zn transcript under Cu-deficiency was counterbalanced by the induction of SOD Fe expression, whereas increasing Cu content stimulated the reverse situation (Supplementary Materials, Fig. S6) [START_REF] Cohu | Regulation of superoxide dismutase expression by copper availability[END_REF][START_REF] Del Pozo | Gene expression profiling analysis of copper homeostasis in Arabidopsis thaliana[END_REF]. The increase in SOD Fe transcript level under nano-Cu (at 1000 mg L -1 ) in contrast to the significant drop in the gene expression in barley plants exposed to CuSO4 seems to further prove this assumption. On the other hand, enhanced SOD Cu-Zn and CAT expression in response to metal salts might signal the overproduction of ROS due to the fast influx of Cu 2+ [START_REF] Landa | Transcriptomic Response of Arabidopsis thaliana Exposed to CuO Nanoparticles, Bulk Material, and Ionic Copper[END_REF]Zhao et al., 2017a). SOD Cu-Zn and CAT are important components of the enzymatic antioxidant defense system, which convert ROS to less toxic H2O2 or neutral O2 and H2O, respectively [START_REF] Ravet | Copper and Iron Homeostasis in Plants: The Challenges of Oxidative Stress[END_REF].

Interestingly, nano-Cu application at low doses did not influence either SOD Cu-Zn or SOD-Fe transcript levels. It is possible that such low ENPs and/or Cu doses did not activate the antioxidant plant response (Zhao et al., 2017a) or the specific response of different Cu/Zn SOD isoenzymes or that other response pathways were induced (Zhao et al., 2017b). Moreover, the observed gene expression pattern may be Cu compound/dose of ENPs (the aggregation rate) specific. Similarly, a study by [START_REF] Cota-Ruiz | Toxicity of copper hydroxide nanoparticles, bulk copper hydroxide, and ionic copper to alfalfa plants: A spectroscopic and gene expression study[END_REF] revealed the transcriptional defense response in alfalfa was Cu form-dependent. Only nano-Cu(OH)2 induced up-regulation of SOD Cu/Zn gene, while Cu sulfate caused the increased in the transcript of MT gene related with metallothionines, capable to bind heavy metals, whereas no effect on the selected gene expression was observed for bulk Cu(OH)2. However, considering prolonged Cu deficiency conditions, all released Cu ions from nano-Cu might be efficiently utilized in the process involved in photosynthesis [START_REF] Cohu | Regulation of superoxide dismutase expression by copper availability[END_REF], thus avoiding SODs activation. Expression of SOD Mn remained unchanged regardless of Cu content in barley leaves or Cu-compound type, which suggests that in barley plants, this SOD isoform is not regulated by Cu status. While similar results were observed in A. thaliana [START_REF] Kliebenstein | Superoxide Dismutase in Arabidopsis: An Eclectic Enzyme Family with Disparate Regulation and Protein Localization[END_REF], SOD Mn expression pattern differed significantly depending on Cu exposure in Solanum nigrum [START_REF] Fidalgo | Copperinduced stress in Solanum nigrum L. and antioxidant defense system responses[END_REF], which indicates a species-specific response.

To gain further insight into the impact of nanoparticulate and ionic Cu on the 12 analyzed genes, heatmaps were obtained (Fig. 7). According to the received heatmaps, the samples were subdivided into 4 clusters, which corresponded to the Cu-compounds, regardless of the duration of exposure. It is worth noting, that after 1 day of exposure to metal salt, plants showed similar patterns of expression of all genes regardless of the dosage when compared to nano-Cu (Fig. 7A). That modification of gene expression most likely results from the fast dissolution and Cu 2+ uptake when applied as CuSO4, which directly leads to the quick induction of antioxidant gene expression. However, a clear divide in gene expression patterns is noticeable between lower doses of nano-Cu and the remaining Cu compounds (Fig. 7A). Generally, two clusters of genes with similar expression patterns were recorded: one (upper part) corresponded to up-regulation/ lack of changes to Cu application. The co-expression of CAT and SOD Cu-Zn under metal salts was most likely a stress response to a sudden influx of Cu 2+ after a long period of Cu starvation. Meanwhile, another cluster (lower part) included genes, which showed low expression levels, especially in AQs and HMAs gene expressions under treatment with nano-Cu (100 mg L -1 ). This consistent pattern of down-regulation most likely results from a combination of low doses and limited dissolution of nano-Cu. Furthermore, after 7 days of exposition, two clusters of similarly expressed genes were achieved (Fig. 7B): interestingly, due to excessively high up-regulation, SOD Cu-Zn gene acts as 1 cluster.

Meanwhile, all remaining genes were subdivided into another two clusters: highly expressed AQs and significantly down-regulated genes, e. g., all high-affinity Cu transporters, as a means to avoid Cu toxicity in plant cells. Moreover, a clear substitution relationship between SOD Cu-Zn and SOD Fe (for CuSO4 at 1000 mg L -1 ) depending on the Cu ion pool in plants was observed. In turn, the performed correlation plot of the transcript levels of analyzed genes and the used Cu rate/actual applied Cu amount/Cu content leaves did not show the statistical significant correlation between these endpoints (Supplementary Materials, Fig. S7.A). In case of exposure to ENPs, no relation was also noted for the concentration of Cu 2+ released from nano-Cu and the transcriptional response (Supplementary Materials, Fig. S7.B). Probably, only actual concentration of cellular Cu/ nano-Cu could be indicate the relationship with the measured transcripts of genes.

Conclusion

This study analyzed the impact of foliar applied nano-Cu on H. vulgare grown in Cu deficient condition, which could give insight into the further potential use of Cu-based ENPs in plant growth. Prior to this study, the transcriptional mechanisms behind the maintenance of Cu homeostasis in Cu-deficient H. vulgare plants exposed to nano-Cu were poorly investigated.

Due to the strong retention of nano-Cu on the leaf surface, Cu content measurements were probably overestimated. However, the gene expression analysis involved in the maintenance of Cu homeostasis allowed real-time indication of Cu status in plants. Nano-Cu (1000 mg L -1 ) and CuSO4 induced fast plant responses at the molecular level as the sudden influx of Cu 2+ resulted in the induction of oxidative stress. On the other hand, slower dissolution of nano-Cu (100 mg L -1 ) led to more gradual changes in gene expression, thus limiting the negative impact on the plant at the molecular level, further, this treatment provided the highest biomass among the sprays. The obtained results may be useful for both efficiently optimizing the metal nutrient content in plant and ensuring the long-term safety of nano-enabled products. Moreover, the transcriptional analysis with focus on cellular balance of metals could be valuable marker also for the recent intensively developing a stimuli responsive nano-agrochemicals. Scale color bar in the pictures shows low (blue) to high (red) gene expression. The hierarchical clustering of genes is shown in the dendrograms on the side of the heat map using the complete linkage approach.

  FIGURE CAPTIONS: Fig. 1. TEM image (A) and XRD pattern (B) of nano-Cu.
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 2 Fig. 2. Nano-Cu characterization in Milli-Q® water with 0.05% (v/v) Tween 20 solution at 100 mg L-1. (A) TEM image of nano-Cu solution; (B) Particle size distribution of nano-Cu aggregates based on DLS technique.

Fig. 3 .

 3 Fig. 3. Analysis of Cu in barley. The total content of Cu (A, B) in aboveground parts of H. vulgare (leaves + shoots) exposed to two concentration (100 and 1000 mg L-1) of nano-Cu and CuSO4. Error bars represent standard error (SE, n=3 tests). Different letters indicate significant differences among the treatments (Tukey's test, p < 0.05). Analysis of Cu internalization with the use of SEM-EDS (C, D, E, F) The pictures were taken before (C, D) and after (E, F) etching of H. vulgare leaves exposed to nano-Cu and CuSO4 (at 100 mg L-1) to remove adhered Cu nanoparticles. The pink color corresponds with Cu presence. Fig. 4. FT IR/ATR spectra of analysed samples. H. vulgare leaves was exposed to nano-Cu and CuSO4 (at 100 mg L-1) for 7days.
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 5 Fig. 5. Activation of enzymatic and nonenzymatic antioxidants in H. vulgare to detoxify cellular ROS induced by abiotic stress. ROS, reactive oxygen species; SOD, superoxide dismutase; APX, ascorbate peroxidase; CAT, catalase; GPX, glutathione peroxidase; GR, glutathione reductase; GSH, reduced glutathione; GSSG, oxidized glutathione; H2O2, hydrogen peroxide; O2•-, superoxide anion; PAL, phenylalanine ammonia-lyase; POD peroxidase; PPO, polyphenol oxidase; NADP+, nicotinamide adenine dinucleotide phosphate; NADPH, reduced form of NADP+.
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 6 Fig. 6. The activity of SOD (A), CAT (B), POD (C), GR (D) in H. vulgare under treatment of nano-Cu and CuSO4 (at 100 and 1000 mg L-1) after 1 and 7 days of exposure. Error bars represent standard error (SE, n=3 tests). The asterisks indicate significant difference between untreated and treated samples (Duncan's test, p < 0.05). Different letters indicate significant differences among the treatments (Duncan' test, p < 0.05).
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 7 Fig. 7. The effect of nano-Cu and CuSO4 (at 100 and 1000 mg L-1) after 1 and 7 days of exposure on glutathione in both reduced (GSH) (A) and oxidized (GSSG) (B) states in barley leaves. Error bars represent standard error (SE, n=3 tests). The asterisks indicate significant difference between untreated and treated samples (Duncan's test, p < 0.05). Different letters indicate significant differences among the treatments (Duncan' test, p < 0.05).
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 8 Fig. 8. The changes in activity of PAL (A), PPO (B) and TPC content (C) in H. vulgare under treatment of nano-Cu and CuSO4 (at 100 and 1000 mg L-1) after 1 and 7 days of exposure. Error bars represent standard error (SE, n=3 tests). The asterisks indicate significant difference between untreated and treated samples (Duncan's test, p < 0.05). Different letters indicate significant differences among the treatments (Duncan' test, p < 0.05).

Fig. 9 .

 9 Fig. 9. PCA diagrams of endpoints after treatment of H. vulgare with nano-Cu (A) and CuSO4 (B) and 1-day exposure.
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 1 Fig. 1. Analysis of total Cu content in flag leaf of H. vulgare exposed to 100 and 1000 mg L -1 of nano-Cu and CuSO4 for 1 day (A) and 7 days (B). Error bars represent standard error (SE, n=3 tests). Different letters indicate significant differences among the treatments (Tukey's test, p < 0.05).
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 2345 Fig. 2. SEM images with corresponding EDS copper maps of barley leaf surfaces: (A) control, (B) nano-Cu, (C) CuSO4. Plants were treated with Cu compounds at a rate of 100 mg L -1 and exposed for 7 days. The pink signals indicate the localization of elemental Cu. The pictures were taken after etching to remove copper particles with 2.2M HNO3 for 30s.
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 7 Fig. 7. Heatmaps showing differential gene expression of Cu homeostasis, aquaporins and enzymatic antioxidants genes in H. vulgare flag leaves after 1 (A) and 7 days (B) of exposition to Cu-compounds. Each column represents the expression in flag leaves under different Cu
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