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Abstract

:

This study aimed to examine the hypothesis that silver nanoparticles (AgNPs) and silver ions might induce specific changes and thereby affect plant development and final yield. The experiment was performed on spring wheat, cultured hydroponically with two types of negatively charged AgNPs of an average size of 13–15 nm and silver ions for 14 days and then transplanted to pots with soil. Our results indicated that treatment with the AgNPs stabilized by specific compounds resulted in growth promotion and a reduced number of days to flowering, while that with the ionic form of Ag only caused greater growth in height without influencing the time to heading. Accelerated flowering was caused by changes in phytohormone balance, with GA6 found to be especially favorable. Nanoparticles and silver ions affected the function of photosystem II and the transport and partitioning of assimilates. Increases in the transport form of sugars such as sucrose, raffinose and sorbitol were associated with a considerable improvement in wheat yield, especially in the case of plants treated with the nanoparticle forms, which were more stable and resistant to oxidative dissolution.
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1. Introduction


Nanotechnology has great potential to transform agriculture and food production by influencing the development of sustainable systems of land cultivation. The application of nanoparticles may increase production and allow plants to make better use of nutrients [1,2,3]. Nanotechnology may be used to limit or eliminate the adverse impact of modern agriculture on the environment and in the remediation of arable lands and recovery of its use value [2,4,5,6]. To avoid risks, nanoparticles must be used carefully and all used products should be thoroughly tested and described. Even the smallest changes in the structure or profile of the release of ions from nanoparticles can have completely different consequences for the metabolism of the whole plant.



The phytotoxicity of nanoparticles is caused by oxidative stress, lipid peroxidation and damage to nucleic acids and proteins [7]. They also disturb physiological processes such as photosynthesis, seed germination and transpiration [8,9]. However, this toxic effect of silver nanoparticles on living cells cannot be generalized. The interaction of nanoparticles with living organisms and the environment depends mainly on the way they are transported and their properties, i.e., their size, chemical composition, surface structure, catalytic processes, shape, water and fat solubility and most importantly, the dose [10].



A frequently observed effect caused by nanoparticles is inhibition of growth [11,12]. Many aspects of plant growth and development, including germination and growth in height, are regulated by phytohormones. Inhibition of growth by AgNPs could possibly be an indirect effect of their influence at the level of phytohormones. Phytohormones are natural growth regulators and their accumulation is different in particular stages of growth. They exhibit signal interactions with other phytohormones and with environmental and developmental signaling pathways [13]. Crosstalk of hormonal and environmental signals determines plant phenotype. Moreover, changes in hormonal balance caused by environmental stress factors can also affect the level of other phytohormones [14]. However, the relationship between stress caused by nanoparticles and phytohormone balance is not widely acknowledged.



Photosynthesis is very sensitive to environmental changes in plants exposed to stress. One of the toxicity of nanoparticles could be manifested in the form of reduced photochemical performance of PSII [15]. Chlorophyll a fluorescence reflects the reactions in thylakoid membranes induced by different environmental factors. After absorbing light energy, chlorophyll enters its excited state and then decays through any of the three following pathways: (1) photosynthesis (photochemistry); (2) dissipation as heat or (3) re-emission as chlorophyll a fluorescence or delayed fluorescence [16]. When photosynthetic energy input exceeds its utilization (i.e., when there is an excess of energy), the plant may increase the fraction of absorbed energy that is dissipated as heat in a process known as non-photochemical quenching (NPQ) [17,18].



The plant yield under stress conditions is supported by increased carbon fixation and enzymes responsible for sucrose biosynthesis, such as sucrose phosphate synthase (SPS) and sucrose synthase (SS) [19]. The increase in photosynthesis may increase the number of assimilates that can be used to build a larger yield. Wheat yield and grain weight are restricted by the capacity of source tissues to produce photoassimilates and by their transport to acceptor tissues. The main transported form of photoassimilates are sucrose and raffinose. However, in some cases, the transporting form is also polyol sorbitol [20].



This study aimed to explore the significance of silver ions and AgNPs with different surface properties for the modulation of phytohormone balance, utilization of photoassimilates and photosynthesis process. The overarching issue addressed was to examine the hypothesis that AgNPs and silver ions might induce specific changes and thereby affect plant development and plant yield.




2. Materials and Methods


2.1. AgNP Preparation and Characteristics


Two AgNPs suspensions, obtained by a chemical reduction method, were used in the tests. The first type of AgNPs, indicated as SBTCAgNPs, was obtained by the reduction of silver ions in the mixture of trisodium citrate (TC) and sodium borohydride (SB). The details regarding this synthesis and the purification of the suspension were described by Oćwieja and Adamczyk [21]. SHSHAgNPs were synthesized in the presence of sodium hexametaphosphate (SH) using sodium hypophosphite (SH) [21,22]. The AgNP concentrations in the purified suspensions were determined using a DMA5000M densitometer (Anton Paar, Graz, Austria) according to the procedure described by Oćwieja et al. [23]. The electric conductivity and pH of the suspensions were measured using a CPC-505 multifunctional device (Elmetron, Zabrze, Poland). The sizes and morphology of the AgNPs were determined using a JEOL JSM-7500F scanning electron microscope (JEOL, Peabody, MA, USA) working in transmission mode. The size distribution and average size of AgNPs were determined using MultiScan Base software (Computer Scanning System, Warszawa, Poland). The average size of AgNPs in the suspensions, their stability and electrophoretic mobility were determined using ZetaSizer Nano ZS apparatus (Malvern Panalytical, Malvern, UK) according to the procedure described by Oćwieja et al. [23]. The amount of leached silver ions from the SBTCAgNPs and SHSHAgNPs was determined using a spectrometer PinAAcle 900Z (PerkinElmer, Waltham, MA, USA) and an ion selective electrode perfectI ON™ silver/sulphide electrode, according to the approaches given in works [24,25].



Finally, the stock AgNP suspensions were diluted to a concentration of 10 mg L−1. The pH of diluted suspensions was 6.3. The properties of nanoparticles, respectively, for SHSHAgNPs and SBTCAgNPs were: particle size 13 ± 4 and 15 ± 4 nm; Zeta potential −54 ± 2 and −66 ± 3 mV (at pH 6.3 and ionic strength 10−3 M) and concentration of silver ions released from the suspensions of AgNPs after 10 days 1.04 ± 0.06 and 0.63 ± 0.05 mg L−1. SBTCAgNPs were more stable and resistant to oxidative dissolution than SHSHAgNPs.




2.2. Experimental Design


The experiment was performed on spring wheat (Triticum aestivum L.). The seeds of cv. Tybalt were obtained from the Research Centre for Cultivar Testing (Słupia Wielka, Poland). The sterilization of the surface of seeds was done using a 5% sodium hypochlorite solution for 5 min and then they were rinsed thoroughly several times with deionized water. The seeds were subsequently placed in plastic containers, filled with the AgNPs suspension, silver nitrate solution of Ag+ concentration of 10 mg L−1 or water (control). Four containers containing 100 seeds each were used per treatment. The plants were cultured for 14 days in a greenhouse at 22 °C under natural light (in June, at latitude: 50°03′ N; longitude: 19°55′ E) supplemented with sodium lamps (AGRO Philips sodium lamps, 250 µmol m−2 s−1 PPFD) under 12 h photoperiod. The amount of water/AgNPs suspensions/silver nitrate solutions was 100 mL per one container. After 14 days, the seedlings were transplanted to pots (six pots per treatment, nine plants per pot) (15 cm × 15 cm × 38 cm) containing a mixture of soil, sand and peat in equal volumes and placed in a roofed vegetation hall without sidewalls. The plants were watered to maintain soil moisture at 70% (optimal watering) until the end of the experiment. All analyses were carried out after the transfer of plants to soil, and the observed effects were the result of earlier Ag uptake during the two-week growth in hydroponic culture. PSII efficiency was measured and leaf-tissue samplings—for extractions and measurements to determine the profile of soluble sugars and phytohormones—were taken each week for 3 weeks from the time of transfer to soil. The number of days required to heading of particular plants were recorded. Finally, yield-related parameters were determined.




2.3. Slow Kinetic Fluorescence of Chlorophyll a


The slow kinetic fluorescence parameters of chlorophyll a were measured using an FMS2 fluorometer (Hansatech, Kings Lynn, UK). After dark-adaptation of leaves held in clips for 20 min, the following measurements were obtained: the maximum quantum yield of PSII (Fv/Fm), fluorescence when all PSII reaction centers are closed (Fm) and fluorescence when all PSII reaction centers are open (Fo). From light-adapted leaves, the following measurements were obtained: the maximum quantum yield of PSII (Fv′/Fm′) with fluorescence when all PSII reaction centers are closed (Fm′). Steady-state fluorescence (Fs) was recorded after achieving stable values of Fs after re-exposure to light. Current quantum yield (ϕPSII), (Fm′ − Fs)/Fm′, was calculated according to Genty et al. [26]. Photochemical quenching (qp), (Fm′ − Fs)/(Fm′ − Fo′), where Fo′ is the fluorescence in leaves previously exposed to light and darkened just before measurement, was calculated according to Schreiber et al. [27]. NPQ was calculated as (Fm − Fm′)/Fm′ according to Bilger and Björkman [17].




2.4. Soluble Sugars Profiling


Sugars were analyzed according to Pociecha and Dziurka [28] with some modifications. Lyophilized and homogenized samples were extracted in 1 mL of ultra-pure water from Elga Option R (ELGA LabWater, High Wycombe, UK) by shaking for 15 min at 30 Hz (Mixer Mill MM 400, Retsch, Haan, Germany). Then samples were centrifuged for 5 min at 2100× g (Universal 32R, Andreas Hettich, Tuttlingen, Germany). Supernatant was collected, diluted with 1:1 (v/v) acetonitrile, filtered (0.22 um nylon membrane, Costar Spin-X, Corning, NY, USA) and analyzed by HPLC for soluble sugar content. An Agilent 1200 chromatograph (Agilent, Waldbronn, Germany) coupled to an ESA Coulochem II electrochemical detector (ESA, Chelmsford, MA, USA) with an analog-to-digital converter was used. Separation of soluble sugars (glucose, fructose, sucrose and other fructans) was performed on an RCX-10; 100Å; 7 µm; 4.1 × 250 mm column (Hamilton, Reno, NV, USA) at a flow rate of 1.5 cm3 min−1 in gradient mode. Mobile phase A: 75 mM aqueous NaOH solution, B: 500 mM sodium acetate in 75 mM aqueous NaOH solution, 0% A (0–3.5 min), 0–35% B (3.5–19 min), then 0% B (19–20 min). Injection volume was 0.01 cm3, column temperature 40 °C; integration time 20 min. Pulsed Amperometric Detection was employed (analytical potential 200 mV; oxidizing potential 700 mV, reducing potential—900 mV).




2.5. Estimation of Endogenous Phytohormones


Endogenous phytohormone measurements were conducted as described by Hura et al. [29]. Phytohormones (auxins, cytokinins, gibberellins, abscisic acid, jasmonates and salicylic acid) were analyzed by ultrahigh performance liquid chromatography (UHPLC) using an Agilent Infinity 1260 coupled to a 6410 Triple Quad LC/MS ion source with ESI (Electrospray Interface) (Agilent Technologies, Santa Clara, CA, USA). Separation was performed on an Ascentis Express RP-Amide analytical column (2.7 μm, 2.1 mm × 150 mm; Supelco, Bellefonte, PA, USA) at a linear gradient of H2O vs. acetonitrile with 0.01% of HCOOH, in both cases. The monitored hormones were: trans-zeatin (tZ) and cis-zeatin (cZ), [15N4]dihydrozeatin (DHZ-N15, used as ISTD), [15N4]kinetin (K-N15, ISTD) and kinetin (K), [2H5]trans-zeatin riboside (tZR-D5, used as ISTD) and trans-zeatin riboside (tZR), cis-zeatin riboside (cZR), kinetin riboside (KR), gibberellic acid (GA3), [2H5]indole-3-acetic acid (IAA-D5, ISTD) and indole-3-acetic acid (IAA), [2H4]salicylic acid (SA-D4, ISTD), salicylic acid (SA), [2H2]gibberellin A1 (GA1-D2, ISTD), gibberellin A1 (GA1), gibberellin A6 (GA6), [2H6]cis,trans-abscisic acid (ABA-D6, ISTD), cis,trans-abscisic acid (ABA), [2H5]jasmonic acid (JA-D5), jasmonic acid (JA), 2H2]gibberellin A4 (GA4-D2, ISTD), gibberellin A4 (GA4). Multiple reaction monitoring (MRM) transitions were used for the identification and quantification of all compounds of interest (details given by Hura et al. [29] and Płażek et al. [30]). MassHunter software was used to control the LC–MS/MS system and for data analysis. MassHunter Optimizer was used for the optimization of MRM parameters. All standards except JA-D5 (supplied by CND Isotopes (Pointe-Claire, QC, Canada)) and dinorOPDA-D5 (supplied by Cayman Chem. Comp. (Ann Arbor, MI, USA)) were supplied by OlChemim (Olomouc, Czech Republic) at the highest available purity, whereas all solvents were of HPLC-grade from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).




2.6. SS (EC 2.4.1.13) and SPS (EC 2.4.1.14) Activity


SS (EC 2.4.1.13) and SPS (EC 2.4.1.14) activity was measured according to the method of Kalt–Torres and Huber [31]. The extraction buffer contained 50 mM Hepes-NaOH (pH 7.5), 10 mM MgCl2, 1 mM EDTA, 5 mM DTT and 0.5% (w/v) BSA. Enzyme activity was measured at 33 °C by quantitation of sucrose formation using the resorcinol method. Assays contained 7.0 µmol fructose and 3.5 µmol UDP-glucose (SS) or 3.5 µmol fructose and 8.75 µmol UDP-glucose (SPS) dissolved in 50 mM Hepes-NaOH (pH 7.5), 15 mm MgCl2 and 135 µL desalted extract. The reaction was terminated by removing a 70 µL aliquot of the reaction mixture and placing it in a tube containing 70 µL 1 N NaOH. Tubes were boiled to destroy any remaining fructose, then 250 µL 0.1% (w/v) resorcinol in 95% ethanol plus 750 µL 30% (v/v) HCI were added. Tubes were incubated at 80 °C for 8 min and after cooling, the absorbance was measured using an LKB Ultrospec II spectrophotometer (Pharmacia, Sweden) at λ = 520 nm. Sucrose formation was quantitated by comparison to a sucrose standard curve.




2.7. Statistical Analysis of the Results


To validate the use of parametric tests, the normality assumption of ANOVA was verified by the Shapiro–Wilk test. Data was analyzed by multifactor analysis of variance (MANOVA). Graphs were plotted using the means and standard errors (SE) for each data point. A post hoc comparison was conducted using Duncan’s multiple range test (p = 0.05). All calculations were carried out using the STATISTICA 12.0 (TIBCO Software Inc., Palo Alto, CA, USA) software package.





3. Results


3.1. Influence of the Surface Properties of Charge-Stabilized AgNPs and Silver Ions on Height of Plants, Phytohormone Balance and Time of Flowering


To examine the impacts of silver on plants, the wheat seedlings were cultured with silver ions (Ag+) and AgNPs, the nonionic form of silver, for two weeks in hydroponic culture and, close to the end of experiment, cultured in pots with soil. For testing, the silver ions were delivered in the form of silver nitrate (AgNO3) and two suspensions of SBTCAgNPs and SHSHAgNPs, representing different ion release profiles, were applied. It is worth mentioning that both types of AgNPs exhibited spherical shape and comparable size distribution [21] which was confirmed based on the recorded TEM micrographs. Due to the application of trisodium citrate (TC) and sodium hexametaphosphate (SH) as stabilizing agents, the AgNPs were negatively charged in broad ranges of pH and ionic strengths [21]. The citrate-stabilized AgNPs, herein marked as SBTCAgNPs, were selected for the research due to the fact that this type of AgNPs has been widely applied in diverse branches of science and industry. Citrate-stabilized AgNPs prepared by the Lee and Meisel method were especially dedicated for spectroscopic and catalytic purposes. In the case of diverse biological studies, citrate-stabilized AgNPs are considered a model system used to compare the biological activity or toxicity of other AgNPs characterized by, e.g., opposite surface charge. SHSHAgNPs, obtained under acidic condition with the use of two inorganic phosphate derivatives, belong to the less common type of AgNPs. Nevertheless, it was proven that the presence of sodium hexametaphosphate, which is a well-known permeabilizer of biological membranes, in the stabilizing layer of AgNPs, enhanced their toxicity towards pro- and eukaryotic cells [21,22]. In this way, two types of AgNPs of comparable shape, size and surface charge but diverse chemistry of stabilizing layers and, consequently, of diverse ion release profile, were selected for study. Based on the previous literature and evidence focused on the biological activity of these AgNPs [21,22], it was hypothesized that phytotoxicity of SBTCAgNPs and SHSHAgNPs should be correlated with properties of their stabilizing agents; namely, trisodium citrate and sodium hexametaphosphate.



After the transfer from hydroponic culture to soil, the silver ions and suspensions of SBTCAgNPs and SHSHAgNPs promoted growth in height compared to corresponding untreated control plants (Figure 1A). The differences became apparent after 6 weeks and were the most pronounced after 7 weeks of growth in soil.



As growth rate is controlled by endogenous growth regulators, we examined the levels of these (Table 1). The AgNPs affected hormone balance and caused changes in the proportions of the three main groups of phytohormones, i.e., cytokinins, auxins and gibberellins (Figure 2). After three weeks, the control and AgNO3-treated plants had groups of 56% and 51% of the different cytokinins, about 40% and 46% of gibberellins and 4% and 3% of auxins, respectively. In plants treated with the SBTCAgNPs and SHSHAgNPs, the proportions of cytokinins (29%, 42%) and gibberellins (63%, 55%), respectively, were reversed in comparison to the control. In all treatments, cis-zeatin riboside (cZR) dominated the cytokinins’ spectra, especially in the control and AgNO3-treated plants. In turn, GA6 strongly exceeded the combined amount of GA1, GA3 and GA4, especially in plants treated with the SBTCAgNPs and SHSHAgNPs. After four weeks, the cZR level declined but the decrease was much stronger in plants treated with the SBTCAgNPs and SHSHAgNPs. In parallel, an increase in the level of gibberellins with greater abundance of GA6 was noted, especially in plants treated with the SBTCAgNPs and SHSHAgNPs. It was only the following week that the percentage of cytokinins and auxins decreased significantly in favor of gibberellin (91–95%), represented mainly by GA6. This was similar in all treatments.



The time to flowering of the wheat plants that were treated with either the SBTCAgNPs or SHSHAgNPs was accelerated, while that of the plants treated with silver in ionic form remained unchanged. As shown in Figure 1B, the period of days required to complete flowering was shorter for wheat plants treated with the SBTCAgNPs and SHSHAgNPs. However, those treated with SBTCAgNPs flowered earlier and in larger quantities than those treated with SHSHAgNPs. In the case of ionic silver-treated seedlings, the time to flowering was similar to the control.




3.2. Influence of the Surface Properties of Charge-Stabilized AgNPs and Silver Ions on Photosynthesis, Soluble Carbohydrates, SPS and SS Activity and Yield


To provide an insight into the physiological mechanisms underlying the growth promotion effect of AgNP treatment, some parameters characterizing the functioning of photosystem II were examined. As shown in Figure 3, photosynthetic efficiency varied with the form of silver (silver ions and AgNPs) and with the surface properties of AgNPs (SBTCAgNPs and SHSHAgNPs). After one week of growth in pots with soil, non-photochemical quenching (NPQ) increased to a greater extent in response to SBTCAgNPs, while in the AgNO3- and SHSHAgNPs-treated plants, a substantial decrease was noted.



This tendency did, however, reverse and, the following week, NPQ values were recorded that were less than the control for all treatments. After a further week of treatment with SBTCAgNPs, the NPQ was much lower, but this was accompanied by an increase in the quantum efficiency of PSII (ϕPSII). At the same time, the lowest values for ϕPSII were noted in response to SHSHAgNPs, indicating a dependence of the aforementioned changes on surface properties. The values for plants treated with ionic silver showed an effect that fell between those treated with SBTCAgNPs and SHSHAgNPs.



The comparison of soluble carbohydrates during growth in soil revealed trends in the quantity of carbohydrates between treatments (Table 2). The control, SBTCAgNPs and SHSHAgNPs plants revealed enhanced levels of glucose, though its levels decreased thereafter. Under treatment with AgNO3, the glucose levels did not differ; however, a tendency to decrease was noted. The fructose level was the highest for the control plants and generally did not differ between the treatments. Sucrose responded with an increase for the duration of the experiment in all treatments, however, its level in the end was much higher in response to treatment with the SBTCAgNPs and SHSHAgNPs. Plants treated with AgNPs also exhibited an enhanced sorbitol level. Interestingly, in the control plants, sugar was detected only at the latter stage of the experiment, in contrast to the plants treated with AgNO3 and both suspensions.



The levels of the transporting forms of sugars, i.e., sorbitol and raffinose, increased in the following weeks of the experiment. Over time, the content of the oligosaccharide kestose, also increased, with the lowest observed increase, significantly, in the control. The increase in sucrose content and export from leaves was confirmed by an increase in SS and SPS activity under the influence of SBTCAgNPs and SHSHAgNPs (Figure 4).



The changes in yield parameters are shown in Figure 5. On average, thousand-grain weight was significantly higher (by 150% and 140%, respectively) for SBTCAgNPs and SHSHAgNPs. The increase for the ionic silver treatment was not significant. The increase in the number of grains per spike was significant only for the SBTCAgNPs-treated plants (140%). The overall yield increase in the case of treatment with AgNPs was due to the increased thousand-grain yield, which was associated with a trend toward an increase in sucrose and sorbitol level.





4. Discussion


There are many questions to be answered in biology concerning the effects of AgNPs on plant metabolism. It is still unclear whether the effects of the use of AgNPs are positive or negative especially since their action may depend on many factors such as size, concentration and surface properties. Here, we focused on the role of the chemical structures of the stabilizing layer around nanoparticles. AgNPs may function differently to ionic silver within the phytohormone regulatory network and therefore may play a significant role in plant metabolism and development. Our research indicated the regulatory role of AgNPs in balancing phytohormones and the functioning of the photosynthetic system, which led to earlier flowering and an increase in yield.



In the present study, the differences in growth in height were probably brought about by means of changes in phytohormones like cytokinins, gibberellins and auxins. In particular, the increase in gibberellin content and the accompanying decrease in cytokinins—observed under influence of both forms of silver nanoparticles and AgNO3—may have been responsible for the increased growth in height.



Positive effects on plant growth were previously found after the application of ZnO NPs [32]. The plant height and biomass of root and shoot of cotton plants increased with the increasing dose of ZnO NPs with no toxicity effects [32]. It was also found that distribution and accumulation of various metal oxide-based nanoparticles in the different plant parts could lead to beneficial and adverse impacts on the synthesis and regulation phytohormones [33]. For example, CeO2 affected IAA, cytokinins (t-ZR) and GA levels while SiO2 affected ABA levels. In turn, CuO NPs treatments resulted in elevated levels of IAA, ABA, and GA relative to control.



The transition between vegetative and reproductive development was accelerated only by AgNPs (not by ionic silver), which induced specific changes in gibberellins’ and cytokinins’ spectra, especially in relation to GA6 and cZR. GA6 strongly exceeded the combined amount of GA1, GA3 and GA4. The earliest (in the 3rd week of growth) and the greatest abundance of GA6 occurred in the SBTCAgNPs-treated plants. The SHSHAgNPs-treated plants also showed a clear predominance of GA6 over other gibberellins, starting from the 4th week of growth. As a consequence, the SBTCAgNPs- and SHSHAgNPs-treated plants recorded the shortest time to flowering compared to the AgNO3-treated and control plants, which is indicative of the role that surface properties play in phytohormone regulation. Gibberellins comprise a large group of members which promote germination, stem elongation and developmental changes such as induction of flowering [34]. The most common active forms responsible for growth promotion are GA1, GA3 GA4 [35]. They stimulate stem elongation much more effectively than GA5. In turn, GA5 (which may be converted into GA6) and GA6 play an important role in flowering [36]. In Lolium temulentum, endogenous GA5 and GA6, produced in the leaves in response to long days and then transported to the apex, have been suggested to control early events of floral initiation [37].



The study revealed that the cis-isomer of zeatin dominated the cytokinins’ spectrum, especially in the control and AgNO3 plants after the 3rd and 4th week of growth, in contrast to the SBTCAgNPs- and SHSHAgNPs-treated plants. Cytokinins are a class of phytohormones responsible for cell division. They include kinetin, trans-zeatin, cis-zeatin, trans-zeatin riboside (tZR) and cis-zeatin riboside (cZR). tZR exhibits higher cell division-promoting activity compared to the much less active cZR [36,38]. Domination of cZR in the cytokinins’ profile (in the control and under treatment with AgNO3) and lack of kinetin at the early stage in the control may explain their lower growth compared to AgNPs. Although AgNO3 did not enhance the growth of plants as much as AgNPs, they were significantly higher than the control, probably due to presence of kinetin in the early stages of the experiment. Kinetin is reported to have anti-stress properties due to the prevention of ROS formation [39]. A smaller amount of less-active cZR under treatment with AgNPs allowed for a greater increase to occur, especially in the SBTCAgNPs-treated plants in which the level of cZR was the lowest.



In the present study, the pattern of phytohormone changes induced by AgNPs was clearly associated with the time of flowering. In turn, the earlier onset of the transition between vegetative and generative developmental stages was linked to higher yield. The final yield was shaped by the following components: the thousand-grain weight (TGW), in response to SBTCAgNPs and SHSHAgNPs treatment and the number of grains per spike resulting from the number of fertile florets [40], in response to SBTCAgNPs treatment.



One strategy to explain the increase in the yield potential of wheat is that it optimized photosynthetic performance and the partitioning of assimilates to grains. Our results suggest that the treatments with AgNPs positively affected both the functioning of photosystem II and the utilization of assimilates. Optimizing photosynthesis under unfavorable conditions requires an adjustment in energy partitioning in photosystem II (PSII) between photochemical and non-photochemical processes. Non-photochemical quenching (NPQ) gives an indication of the portion of absorbed energy that is dissipated as heat and not trapped by reaction centers. Excess dissipation of energy indicates the effects of stress on the components of the PSII [41]. In contrast, the increase in the NPQ parameter is indicative of the photoprotection function [42,43], since energy absorbed in excess leads to photooxidative damage to the thylakoid membrane resulting from formation of hazardous reactive oxygen species [44,45].



One week after transfer from hydroponic culture (during which plants were having to make more of an effort to cope with stress) to soil, some changes in photosynthesis were triggered. The greater NPQ values, in response to SBTCAgNPs reflected photoprotection from photooxidative damages while SHSHAgNPs and AgNO3, caused a fall in this parameter. After the second week, all forms of silver led to a decrease in the NPQ values below the control and this trend deepened in the following week. At the same time, an increase in quantum efficiency of PSII and antennae efficiency of PSII, especially under treatment with SBTCAgNPs, was observed.



The main forms of photoassimilates’ transport are sucrose and raffinose. Together with sucrose and raffinose, the polyols, such as sorbitol, are used for long-distance transport in phloem. Increased transport and phosphorylation of sucrose reflects higher SPS activity [46,47]. In turn, SS is responsible for the reaction of sucrose synthesis in leaves and sucrose degradation in grains [48,49]. The availability of sucrose translates into higher seed yield, since seed filling is largely dependent on assimilate supply [40]. Feeding sucrose through the flag leaf significantly increased the number of fertile florets in wheat when compared to the control [40]. Lastly, in sink tissues, sucrose is converted to starch. The increase in photosynthetic efficiency was accompanied by an increase in sucrose and sorbitol content starting from the fourth week of growth, but only in the case of AgNPs, and not in plants treated with ionic silver. Moreover, AgNPs stimulated the activity of the regulatory enzyme in sucrose synthesis. SS and SPS activities were upregulated by SBTCAgNPs and SHSHAgNPs. Our previous studies showed that AgNPs applied in a hydroponic culture are taken up by the roots and then moved into the above-ground parts of plants [11]. The transport of nanoparticles takes place mainly via the xylem, but nanoCuO has also been detected in the phloem in Zea mays L. [50]. Moreover, leaves exposed to NPs accumulated them in the stomata instead of in the xylem and translocated them to other parts of the plant via the phloem [51]. We suppose that it is precisely the presence of AgNPs in the phloem that may have an effect on the increased proportion of sugars with a transport function—and in turn, a favorable effect on yield.




5. Conclusions


Our results indicate that treatment with AgNPs stabilized by specific compounds resulted in growth promotion and a reduced number of days to flowering, while that with the ionic form of Ag caused only greater growth in height without influencing the time to heading. Accelerated flowering was caused by changes in phytohormone balance, with GA6 found to be especially favorable. Our study also proved that the surface properties of AgNPs play a profound role in the functioning of photosystem II and the transport and partitioning of assimilates. Increases in transport sugars such as sucrose, raffinose and sorbitol were associated with enhanced wheat yield, especially in plants treated with SBTCAgNPs, which were more stable and resistant to oxidative dissolution than SHSHAgNPs.
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Figure 1. Growth in height of the control and the AgNO3-, SBTCAgNPs- and SHSHAgNPs-treated wheat plants from the 3rd to 7th week of growth (A). The percentage of wheat plants at vegetative and generative (heading) stages of development in control and the AgNO3-, SBTCAgNPs- and SHSHAgNPs-treated wheat plants at the 6th, 7th and 8th week of growth (B). Significant differences to the control within the term are given by asterisks: ** p < 0.01. 
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Figure 2. Proportions between three main group of phytohormones of the control and the AgNO3, SBTCAgNPs and SHSHAgNPs treated wheat plants from the 3rd to 5th week of growth. 
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Figure 3. Parameters of slow kinetic fluorescence of chlorophyll a in leaves of the control and the AgNO3-, SBTCAgNPs- and SHSHAgNPs-treated wheat plants after the 3rd (A), 4th (B) and 5th (C) week of growth. The following parameters were measured: maximum quantum yield in dark-adapted (Fv/Fm) and light-adapted (Fv′/Fm′) leaves, current quantum yield (ϕPSII), photochemical quenching (qp) and non-photochemical quenching (NPQ). The presented data (arbitrary units) are mean values for the silver-treated plants, expressed as a percentage of the control values based on 10 replicates. Significant differences to the control are given by asterisks: ** p < 0.01; * p < 0.05. 
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Figure 4. Sucrose Synthase (SS) and Sucrose Phosphate Synthase (SPS) activity in leaves of the control and the AgNO3, SBTCAgNPs and SHSHAgNPs treated wheat plants after the 3rd and 4th week of growth. The presented data are mean values based on five replicates. Mean values marked with the same letter within a treatment did not differ significantly according to Duncan’s test at p ≤ 0.05. 
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Figure 5. Yield-related parameters of the control and the AgNO3-, SBTCAgNPs- and SHSHAgNPs-treated wheat plants shown as percentages of the control plants (100%). Significant differences to the control are given by asterisks: ** p < 0.01; * p < 0.05. 
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Table 1. Endogenous phytohormone content (ng/g DW) in the leaves of the control and the AgNO3-, SBTCAgNPs- and SHSHAgNPs-treated wheat plants after 3, 4 and 5 weeks of growth. The presented data are the mean values based on 5 replicates ± SE. The mean values marked with the same letter within a parameter (phytohormone) did not differ significantly according to Duncan’s test, where p ≤ 0.05 (nd—not detected).
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Control

	
AgNO3

	
SBTCAgNPs

	
SHSHAgNPs






	
tZ

	
3

	
29.35 ± 5.99 a

	
30.59 ± 4.32 a

	
22.44 ± 1.14 b

	
28.63 ± 1.90 ab




	
4

	
7.63 ± 1.34 c

	
7.65 ± 1.93 c

	
6.05 ± 0.43 c

	
5.90 ± 1.38 c




	
5

	
4.21 ± 0.6 c

	
3.74 ± 0.62 c

	
4.84 ± 0.79 c

	
4.62 ± 0.11 c




	
cZ

	
3

	
117.89 ± 7.25 a

	
116.06 ± 11.00 a

	
52.19 ± 6.52 bc

	
85.08 ± 3.13 ab




	
4

	
114.19 ± 25.61 a

	
103.96 ± 34.13 a

	
42.56 ± 9.82 cd

	
48.97 ± 4.41 bc




	
5

	
13.66 ± 3.01 cd

	
15.00 ± 4.46 cd

	
7.32 ± 1.69 d

	
6.74 ± 0.39 d




	
K

	
3

	
nd

	
3.52 ± 0.47 a

	
4.28 ± 0.34 a

	
3.94 ± 0.03 a




	
4

	
3.48 ± 1.38 a

	
2.41 ± 0.01 a

	
3.67 ± 0.01 a

	
3.36 ± 0.01 a




	
5

	
4.52 ± 0.01 a

	
3.07 ± 0.01 a

	
4.55 ± 0.40 a

	
4.64 ± 0.49 a




	
tZ(R)

	
3

	
12.57 ± 5.06 a

	
16.28 ± 0.24 a

	
13.79 ± 1.79 a

	
16.72 ± 1.85 a




	
4

	
3.73 ± 0.16 b

	
3.90 ± 1.29 b

	
2.20 ± 0.40 b

	
1.84 ± 0.28 b




	
5

	
1.30 ± 0.01 b

	
1.50 ± 0.01 b

	
1.58 ± 0.09 b

	
1.60 ± 0.14 b




	
cZ(R)

	
3

	
698.17 ± 107.64 a

	
668.32 ± 79.37 ab

	
203.12 ± 21.83 d

	
510.48 ± 58.08 c




	
4

	
574.12 ± 25.42 abc

	
535.35 ± 52.70 bc

	
103.78 ± 10.01 de

	
203.49 ± 17.95 d




	
5

	
20.64 ± 7.10 e

	
29.35 ± 11.59 e

	
9.19 ± 2.72 e

	
17.72 ± 5.58 e




	
GA4

	
3

	
5.26 ± 1.47 bcd

	
8.00 ± 1.27 ab

	
8.79 ± 1.10 a

	
7.07 ± 0.91 abc




	
4

	
2.96 ± 0.87 d

	
4.77 ± 1.42 bcd

	
4.69 ± 1.11 bcd

	
3.88 ± 1.37 cd




	
5

	
3.23 ± 1.08 d

	
4.05 ± 0.77 cd

	
2.71 ± 0.09 d

	
3.25 ± 0.63 d




	
GA3

	
3

	
41.61 ± 5.58 a

	
16.71 ± 9.56 a

	
32.67 ± 0.01 a

	
33.83 ± 6.75 a




	
4

	
55.85 ± 26.05 a

	
35.83 ± 12.29 a

	
37.07 ± 16.26 a

	
31.52 ± 0.01 a




	
5

	
27.75 ± 7.78 a

	
17.77 ± 3.00 a

	
24.38 ± 8.95 a

	
30.83 ± 0.19 a




	
GA1

	
3

	
26.08 ± 5.86 ab

	
16.67 ± 1.50 b

	
21.43 ± 2.73 b

	
24.54 ± 3.31 ab




	
4

	
35.02 ± 0.01 a

	
18.34 ± 1.04 b

	
16.99 ± 1.25 b

	
19.64 ± 3.43 b




	
5

	
22.29 ± 1.64 b

	
16.77 ± 1.16 b

	
22.00 ± 4.49 b

	
22.00 ± 2.14 b




	
GA6

	
3

	
454.30 ± 40.10 b

	
652.73 ± 124.22 b

	
494.16 ± 83.39 b

	
704.15 ± 68.94 b




	
4

	
677.67 ± 120.75 b

	
731.55 ± 161.38 b

	
614.24 ± 156.35 b

	
798.03 ± 103.83 b




	
5

	
1513.78 ± 88.50 a

	
1417.05 ± 135.90 a

	
1443.15 ± 353.70 a

	
1314.17 ± 86.25 a




	
ABA

	
3

	
919.41 ± 34.33 cd

	
195.15 ± 42.98 d

	
683.67 ± 92.59 bcd

	
562.35 ± 56.66 bcd




	
4

	
423.79 ± 173.62 cd

	
629.44 ± 17.42 bcd

	
664.69 ± 115.39 bcd

	
749.77 ± 117.54 bcd




	
5

	
843.01 ± 44.67 cd

	
620.632 ± 80.67 bcd

	
1561.19 ± 230.69 a

	
1142.39 ± 182.83 ab




	
JA

	
3

	
3280.87 ± 434.59 b

	
784.73 ± 164.89 c

	
8456.72 ± 358.65 a

	
744.84 ± 137.38 c




	
4

	
71.70 ± 25.84 c

	
492.02 ± 15.00 c

	
223.47 ± 59.61 c

	
8782.62 ± 728.12 a




	
5

	
65.12 ± 7.97 c

	
276.96 ± 8.71 c

	
303.12 ± 52.65 c

	
179.31 ± 22.17 c




	
IAA

	
3

	
65.53 ± 14.89 ab

	
51.04 ± 16.41 abc

	
82.53 ± 6.37 a

	
47.20 ± 34.36 abc




	
4

	
36.36 ± 7.34 bc

	
19.65 ± 3.38 c

	
46.54 ± 12.52 abc

	
37.18 ± 1.59 bc




	
5

	
32.41 ± 4.01 bc

	
53.51 ± 11.41 abc

	
25.48 ± 5.80 bc

	
20.86 ± 3.38 c
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Table 2. The carbohydrate composition (µg/mg DW) in the leaves of the control and the AgNO3-, SBTCAgNPs- and SHSHAgNPs-treated wheat plants after 3, 4 and 5 weeks of growth. The presented data are the mean values based on 5 replicates ± SE. The mean values marked with the same letter within a parameter (sugar) did not differ significantly according to Duncan’s test, where p ≤ 0.05 (nd—not detected).
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Week

	
Glucose

	
Fructose

	
Sucrose

	
Sorbitol

	
Rafinose

	
Maltose

	
Kestose






	
CONTROL

	
3

	
25.01 ± 4.63 bcd

	
20.12 ± 3.77 bc

	
22.38 ± 3.38 c

	
nd

	
0.99 ± 0.1 c

	
3.16 ± 0.61 c

	
1.90 ± 0.3 e




	
4

	
41.13 ± 6.15 a

	
32.21 ± 5.34 a

	
36.96 ± 7.39 c

	
nd

	
1.67 ± 0.2 bc

	
3.95 ± 0.49 c

	
5.80 ± 0.94 d




	
5

	
18.46 ± 2.48 cd

	
21.05 ± 2.5 bc

	
60.24 ± 7.56 b

	
13.74 ± 1.54 b

	
1.67 ± 0.98 bc

	
4.59 ± 0.68 bc

	
8.14 ± 0.56 cd




	
AgNO3

	
3

	
27.40 ± 4.09 bcd

	
22.14 ± 2.32 b

	
20.01 ± 2.47 c

	
nd

	
0.93 ± 15 c

	
3.19 ± 0.33 c

	
2.06 ± 0.29 e




	
4

	
27.74 ± 4.41 bcd

	
24.45 ± 3.2 b

	
59.10 ± 6.1 b

	
10.70 ± 0.1 bc

	
1.30 ± 0.1 c

	
4.19 ± 0.7 bc

	
6.76 ± 2.17 d




	
5

	
16.60 ± 0.96 d

	
18.38 ± 0.7 bc

	
64.52 ± 4.7 b

	
9.96 ± 0.2 c

	
2.52 ± 0.1 ab

	
7.06 ± 3.05 a

	
12.91 ± 0.51 b




	
SBTCAgNPs

	
3

	
17.95 ± 2.7 cd

	
12.56 ± 2.23 c

	
28.67 ± 10.07 c

	
nd

	
1.01 ± 0.2 c

	
3.40 ± 0.48 c

	
2.27 ± 0.44 e




	
4

	
28.57 ± 2.06 bc

	
19.82 ± 1.34 bc

	
97.79 ± 6.51 a

	
0.98 ± 0.11 d

	
1.31 ± 0.28 c

	
4.02 ± 0.12 c

	
6.47 ± 1.06 d




	
5

	
20.64 ± 1.98 cd

	
20.22 ± 0.91 bc

	
102.94 ± 6.25 a

	
19.25 ± 1.31 a

	
2.74 ± 0.27 a

	
4.79 ± 0.53 bc

	
10.94 ± 0.22 bc




	
SHSHAgNPs

	
3

	
22.13 ± 2.23 bcd

	
18.68 ± 1.2 bc

	
27.73 ± 2.78 c

	
nd

	
0.92 ± 0.05 c

	
3.39 ± 0.2 c

	
1.68 ± 0.13 e




	
4

	
32.73 ± 2.78 ab

	
21.04 ± 0.76 bc

	
83.63 ± 6.77 a

	
0.64 ± 0.04 d

	
1.21 ± 0.04 c

	
3.53 ± 0.14 c

	
4.96 ± 0.82 de




	
5

	
16.88 ± 2.43 d

	
17.74 ± 1.77 bc

	
94.96 ± 1.07 a

	
17.75 0.08 a

	
2.39 ± 0.52 ab

	
6.14 ± 0. 16 ab

	
16.50 ± 0.67 a
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