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Abstract


In recent years, there has been an impressive development of nanotechnology. This has resulted in the increasing release of nanomaterials (NM) into the environment, thereby causing the risk of an uncontrolled impact on living organisms, including plants. More studies indicated the biotoxic effect of NM on plants, including crops. The interaction of nanoparticles (NP) with food crops is extremely important as they are a link to the food chain. The objective of this study was to investigate the effect of negatively charged gold nanoparticles (-) AuNP (at two concentrations; 25 µg/mL or 50 µg/mL) on barley (Hordeum vulgare L.) root development. Morphological, histological and ultrastructural analyses (with the use of stereomicroscope, bright filed microscope and transmission electron microscope) revealed that regardless of the concentration, (-) AuNP did not enter into the plant body. However, the dose of (-) AuNP proved to be important for the plant’s response because different morphological, histological and ultrastructural changes were observed in the treated roots. The NP treatment caused: red root colouration, a local increase in the root diameter and a decreased formation of the root hair cells (on morphological level), damage to the rhizodermal cells, vacuolisation of the cortical cells, a detachment of the cell files between the cortical cells, atypical divisions of the cells, disorder of the meristem organisation (on the histological level), the appearance of periplasmic space, numerous vesicles and multivesicular bodies, electron-dense spots in cytoplasm, alterations in the structure of the mitochondria, breakdown of the tonoplast and the plasmalemma (on the ultrastructural level).
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1. Introduction


The rapid development of nanotechnology is related to the use of nanomaterials (NM) in a growing number of applications [1,2,3]. Recently, there has been an increase in the use of NM in agriculture, where it can provide new strategies to improve plant production for human consumption and animal feed as well as to promote a reduction in pesticide usage [4,5]. Nanoparticles (NP) are currently used as nanofertilisers, nanopesticides, nanosensors and exposure to wastewater and soil remediation additives [6]. However, more research has indicated that an accumulation of NP in the aquatic, terrestrial and atmospheric environments could induce adverse effects on plant development [7,8,9,10,11]. Moreover, the accumulation of NP in plants could allow them to enter the food chain, thereby potentially affecting human health. Hence, it is extremely important to examine the impact of NP on crops. Therefore, the focus of our research was to study the effect of NP on barley (Hordeum vulgare L.) as it is one of the most important food crops in the world.



Information on the impact of manufactured nanomaterials on food crops is increasing. This knowledge is important in connection with increasing production and use of manufactured nanomaterials, including nanopesticides. The toxic effects of CuO NP on cultivated crop plants by inhibiting seed germination, decreasing shoot and root lengths, reducing photosynthesis and the respiration rate and morphological as well enzymatic changes were also proven (for a review, see [12]). The effect of NP on crops also includes a decrease in the germination rate, a reduction in the biomass and the length of roots and shoots, an alteration in the process of photosynthesis and the transpiration rate and an increase in the chromatin condensation and lipid peroxidation [12]. The influence of AgNP on wheat plants revealed severe phytotoxicity and a decrease in the content of micronutrients such as Fe, Cu and Zn [13]. A significant part of the publication describes the effect of NP on the growth and physiological parameters of crop plants [14,15,16]. Despite numerous studies in this field, there is still no complete picture of the impact of NP on crops. Thus, on the one hand, nanofertilisers and nanopesticides are necessary to obtain the right yields, but on the other hand, the effects of NP may be detrimental to plant growth.



Nanofertilisers provide nutritional management benefits due to their strong potential for increasing the efficacy of nutrient utilisation. When used alone or in combination, the nutrients are bound to nano-sized adsorbents that release nutrients very slowly compared to conventional fertilisers [17]. Metal NP that can be used as fertilisers or plant growth stimulants were described, among others, silver (Ag), zinc oxide (ZnO), iron (Fe), titanium (Ti), nickel (Ni), copper (Cu) and also gold (Au) nanoparticles [4]. This enables nanoparticles, including AuNP, to be present in the soil and therefore has an impact on the interaction with plants, especially cultivated plants. AuNP have become the subject of our interest because they have the potential to stimulate plant growth, and they can also be accumulated or have a toxic effect on plants. Moreover, AuNP also have many other commercial applications [18,19,20,21,22] that inevitably cause them to be increasingly released and accumulated in the environment, including soil, water, air, etc. This makes the need to study the interaction of the AuNP with plants.



Arabidopsis thaliana seeds and seedlings that were exposed to 80 μg/mL AuNP increased their germination capacity and seed yield, thus accelerating plant growth. Moreover, enhanced flowering and an increase in the length of the pods in the treated plants were also observed [23]. AuNP at a concentration of 0.013% (w/w) in the soil increased the shoot length ratio to the root length of Lactuca sativa but did not disturb the community of soil microorganisms or the germination of seeds [24]. A foliar spray of AuNP on Brassica juncea indicated that at a concentration of 10 ppm, germination and growth were accelerated, and the chlorophyll content, seed oil content, seed yield and the number of pods per plant was increased. However, higher doses (50–100 ppm) caused oxidative stress in plants [25]. This indicates that AuNP can positively affect the development and yield of plants. However, it is important to remember that the interaction of NP with plants depends on their physico-chemical properties (such as their shape, size, coating properties), their concentration as well as the plant species. Experiments on four plant species (Raphanus raphanistrum subsp. sativusr, Cucurbita pepo, Oryza sativa, Lolium perenne) that was treated with AuNP at different surface charges indicated that positively charged AuNP had a greater ability to enter the plant roots while negatively charged AuNP were most efficiently transferred from the roots to plant shoots. Moreover, the radish (Raphanus raphanistrum subsp. Sativusr) and ryegrass (Lolium perenne) roots accumulated higher amounts of AuNP than the rice (Oryza sativa) and pumpkin (Cucurbita pepo) roots [26]. Another study showed that AuNP did not penetrate into the roots of Arabidopsis; however, it had an influence on root development and ultra-structure that was dependent on the NP surface charge [27]. Similarly, it was demonstrated that positively charged AuNP influenced the development of Hordeum vulgare roots without penetrating into the plant body. A high concentration of AuNP (50 μg/mL) caused changes in the rhizodermis differentiation and formation of the hairless phenotype [27]. Sabo-Attwood et al. [28] showed that AuNP might penetrate and translocate within the plant body in a size-dependent manner as 3.5 nm of AuNP entered into the roots of Nicotiana xinthi and moved into the vasculature, while 18 nm of AuNP were retained on the root surface. Moreover, after 14 days of exposure to 3.5 nm of AuNP, leaf necrosis was observed, which indicates their toxicity.



The presented data showed that many parameters affect the interaction of NP with plants, and our knowledge in this area is still insufficient. There is no doubt that the rapid development of nanotechnology requires just as much research into their potential toxicity, especially in relation to crops. Knowledge about the response of plants to NP at the morphological, histological and ultrastructural levels enables the effect of NP on plant growth and development to be predicted and thus to effectively minimise the toxicity of the NP that are a component of nanofertilisers and nanopesticides that are used to increase yields. Information on the influence of NP on root morphology and histology showed that root anatomy could be changed in terms of cellular alterations in the apical meristem, zone of elongation and metaxylem differentiation, e.g., [29,30], however, it should be added that this information is scarce. Our previous research showed the effects of neutral [27] and positively charged (+) AuNP on barley roots [27]. Therefore, we undertook research on the effects of negatively charged AuNP on morphology, histology and ultrastructure of Hordeum vulgare roots to obtain a complete picture of the influence of AuNP with different surface charges on barley root development. The results presented in this paper indicate that regardless of the concentration, NP did not penetrate to the roots but that the plant’s response was manifested by various morphological, histological and ultrastructural changes in the treated roots.




2. Materials and Methods


2.1. Characterisation of Gold Nanoparticles


Gold nanoparticles in the form of 5 ± 0.6 nm spheres were purchased from nanoComposix Europe, the Czech Republic. The AuNP were citrate coated, which conferred a negative surface charge to the NP. The solution of the gold nanoparticles had an intense red tint.




2.2. Plant Material


Hordeum vulgare L. cultivar Karat was used as the model crop plant for the research. Caryopses were provided from the collection of Iwona Szarejko’s team at the Institute of Biology, Biotechnology and Environmental Protection, Faculty of Natural Sciences, the University of Silesia in Katowice, Poland.




2.3. Culture and Treatment


Barley caryopses were immersed in a 20% (v/v) sodium hypochlorite solution for 20 min for surface sterilisation. After washing three times with distilled water for five minutes, seeds were left in distilled water for 24 h (at room temperature, RT) for imbibition. Caryopses were placed in Petri dishes filled with filter paper moistened with distilled water. Petri dishes were closed with Parafilm (Parafilm®M, Bionovo, Legnica, Poland) to prevent evaporation and incubated at RT in the dark (48 h). Subsequently, the caryopsis with emerging radicle (the first day of the culture) was cultivated in glass tubes sealed with Parafilm under hydroponic conditions: the control plants were grown in a 1/16-strength Hoagland’s solution (prepared on distilled water), while the experimental plants were grown in a solution of 5 nm of negatively charged AuNP at two different concentrations: 25 µg/mL or 50 µg/mL (nanoparticles were dissolved in Hoagland’s solution). The colour of the AuNP solutions had a red tint (the intensity of the solution’s colour correspond to AuNP concentration) and did not change during the culture indicating that the tested NP were stable. The plants were grown for seven days in a growth chamber under 16 h photoperiod conditions, 20 °C and 180 μE m−2 s−1 of light. Barley roots were analysed in the research. The specimens were viewed under a light microscope.



The experiment was repeated three times, and the photo documentation is representative of all the replicates.




2.4. Light Microscopy


In order to analyse the morphology of the roots, an SMZ 1500 stereomicroscope (Nikon) equipped with a Nikon Digital DS-Fi digital camera was used.



Sample preparation for the histological analysis was conducted according to the method for ultrastructural studies (described below). Sections were stained with a 0.05% (w/v) water solution of Toluidine blue 0 (TBO; Sigma) for 10 min. Five minutes of staining with Lugol’s iodine solution (Sigma-Aldrich) was used to detect the amyloplasts. The stained sections were rinsed in water and mounted in Euparal (mounting media; Carl Roth). The observations and photography were performed using an Olympus BX60 bright field equipped with a CCD matrix digital camera.




2.5. Transmission Electron Microscopy (TEM)


The control and the treated roots were fixed according to the procedures that were described earlier [31]. Briefly, the samples were fixed in a solution of 2.5% (v/v) glutaraldehyde (Sigma-Aldrich) and 2.5% (w/v) paraformaldehyde (Polysciences, Warrington, PA, USA) in a 0.05 M cacodylate buffer (CB; Sigma; pH 7.2), rinsed in CB, postfixed in 1% osmium tetraoxide (OsO4; Serva) in CB, washed in CB, dehydrated in a graded ethanol series and embedded in Epon resin (Polysciences, Warrington, PA, USA). The ultrathin sections (70 nm) were obtained using a Leica EM UC6 ultramicrotome and were collected on carbon-coated copper grids (200 mesh, Electron Microscopy Science, Hatfield, PA, USA). Subsequently, the grids were contrasted with uranyl acetate (Polysciences, Warrington, PA, USA) followed by lead citrate agent (Sigma). The samples were analysed using a Jeol JEM-3010 (300 kV) High-Resolution Electron Microscope (HR-TEM) equipped with an EDS (Energy Dispersive Spectrometry) spectrometer and a Gatan 2 k × 2 k OriusTM 833 SC200D CCD camera. TEM has specific limitations, especially for the determination of NP in section. Thus, the EDS was used to determine the diffraction pattern of electron-dense spots presented in the cells. HR-TEM allows the determination of the characteristic morphology and structure of the tested NP, and this assay was used in the presented analyses [32].





3. Results


3.1. Morphological Changes after Treatment with (-) AuNP


Barley roots that were treated with gold nanoparticles at different concentrations exhibited a different morphology than the control roots (Figure 1A–O). The morphology of the control barley roots was described earlier [31] and was briefly characterised by the presence of four root zones: a lateral root zone (Figure 1B), differentiation (with the presence of root hair cells, Figure 1C), elongation and meristematic zones (Figure 1D). These four zones were also observed in the treated roots (Figure 1E–O). The first visible change in the roots that were growing in the presence of (-) AuNP, regardless of the concentration, was the appearance of a red colour on the surface of the organs (the colour intensity corresponded to the AuNP concentration, Figure 1E–O). The colouration of the roots was not regular (Figure 1E–O) and was only observed up to the level of the immersion of the roots in the (-) AuNP solution (Figure 1F). A local increase in the root diameter was observed in the roots that were growing in a solution with (-) AuNP at both concentrations (Figure 1G,N). These thickenings were present in the differentiation zone (DZ). In the treated roots, regardless of the concentration, a reddish suspension appeared around the root cap and border cells (Figure 1J,O). In the roots that were treated with a higher concentration, there was a decreased formation of the root hair cells (Figure 1L,N).




3.2. Histological Changes after Treatment with (-) AuNP


An investigation of the histological changes under the influence of (-) AuNP (two concentrations: 25 µg/mL or 50 µg/mL compared to the control roots was conducted in the root apex (RA; Figure 2A–N) and DZ (Figure 3A–L). The RA is composed of the distal meristem (lateral root cap and columella), proximal meristem (according to [33]) and a central organising centre, which is known as the quiescent centre (Figure 2A–C). In the meristematic zone, the rhizodermis, cortex and the central cylinder can be distinguished (Figure 2A,B). The root cap cells consist of the columella cells, peripheral cells and border cells (Figure 2C).



In the roots that were treated with the lower concentration of (-) AuNP (25 µg/mL), disturbances were detected in the rhizodermis. The rhizodermal cells were squashed, had an unregular shape and were smaller compared to the control and had a very dense cytoplasm (Figure 2E). In the cortical cells, increased vacuolisation was another visible alteration at the lower concentration of (-) AuNP (Figure 2E,G). A detachment of the cell files, especially between the cortical cells, was also observed (Figure 2E). In some cases, there was a visible accumulation of amyloplasts in the outer cortical cells (Figure 2G, G inset). Another disorder in the root histology that was caused by the lower concentration of (-) AuNP was the atypical divisions of the cells as was visible in the central metaxylem (Figure 2F) and in the disrupted pattern of the meristem organisation (Figure 2H). At the higher concentration of (-) AuNP, there was a disrupted morphology in distal meristem and columella mother cells (Figure 2K). Moreover, increased vacuolisation of rhizodermal and cortical cells was observed (Figure 2J,L). In some cases, there were prominent alterations in the arrangement of the cortical cells (Figure 2M,N).



The histology of the control roots of Hordeum vulgare from the DZ was previously presented and described in detail [31]. In brief, it consists of a one-layer rhizodermis (composed with hair and non-hair cells), four-layer cortical cells and a central cylinder (characteristic eight outer metaxylem vessels and one central metaxylem vessel). After (-) AuNP treatment, the morphology of the rhizodermal cells was disrupted as the cells were more or less irregular (Figure 3A,F,J). Hair cells were detected at both concentrations (Figure 3B,G); however, at the higher concentration, there was a decrease in the formation of these cells (Figure 3F,J). Other changes after the (-) AuNP treatment (both concentrations) concerned the division of the outer metaxylem vessels (Figure 3C,H,I,K,L) and multiplication of the central metaxylem (Figure 3E,J–L). At the higher concentration of (-) AuNP, there were two or more central metaxylem vessels; however, at the lower dose of (-) AuNP, disturbances in the metaxylem division resulted in the formation of two vessels (compare Figure 3D,E). Alterations were also detected in the endodermis at the lower concentration of (-) AuNP, in which there was a collapse of these cells. At the higher dose of (-) AuNP, there was a thickening of the inner periclinal wall of the endodermis (this might be related to the earlier maturation of the endodermal cells, Figure 3I). Moreover, in the roots that were growing in the higher concentration of (-) AuNP, there were atypical divisions of the pericycle (Figure 3I–L).




3.3. Ultrastructural Changes after Treatment with (-) AuNP


At first, the root cap cells and rhizodermis came into contact with the AuNP. Observations at the cellular level showed some changes between the control and treated roots in these root parts. Therefore, we decided to investigate whether there were any differences in the ultrastructure of the columella root cap cells (Figure 4A–Q) and the rhizodermis (Figure 5A–L). Firstly, it was determined whether the (-) AuNP had penetrated into the root cells. Regardless of the concentration, (-) AuNP did not cross through the cell wall of the peripheral root cap cells (Figure 4F,L) or the outer periclinal wall of the rhizodermal cells (Figure 5E,I). In both cases, the (-) AuNP were retained on the cell wall surface, especially in the fibrous material structures that are characteristic of the outer cell wall of the peripheral root cap cells (Figure 4A) and the rhizodermis (Figure 5A).



The ultrastructure of the columella cells was investigated along the first three layers in the root cap. In the control, each cell contained a cytoplasm with numerous ribosomes, a rough endoplasmic reticulum (ER), dictyosomes, mitochondria, plastids and a large spherical nucleus with electron-dense heterochromatin and electron-lucent euchromatin, which is specific for the interphase nuclei (Figure 4B–E and inset on E). The cell wall, which is a junction of the proximal meristem and distal columella cells of the distal meristem, was not altered in the roots that were treated with the low concertation of (-) AuNP compared to the control and was characterised by the presence of plasmodesmata (Figure 4B,G; insets D,I). However, at the high concentration of (-) AuNP, there was a periplasmic space between the cell wall and the plasmalemma of the cells from the proximal meristem (Figure 4L). There were no changes in the plastid, nucleus or ER ultrastructure of the columella cells in the roots that were treated with the lower dose of (-) AuNP (Figure 4G–J). However, alterations were observed in the structure of the mitochondria, which had a dense matrix and dilated cristae (Figure 4B,D,G,I,N). Moreover, at the lower concentration of (-) AuNP, there was an increased vacuolisation (Figure 4J,K). At the higher concentration of (-) AuNP, a very dense cytoplasm was observed in the columella cells (Figure 4L,M). In these cells, the nucleus structure was changed compared to the control (Figure 4M). Moreover, numerous vesicles and multivesicular bodies (Figure 4M,P), as well as a periplasmic space with vesicles, were also visible (Figure 4Q). Furthermore, in these cells, electron-dense spots were visible in the cytoplasm compartments and in the vicinity of the cell membrane (Figure 4O,P). There were plasmodesmata in all of the analysed variants (Figure 4D, inset I).



In the control roots, the ultrastructure of the rhizodermal cells from meristematic zone was characterised by a dense cytoplasm and organelles such as mitochondria, dictyosomes, ER, plastids, small vacuoles and a large round-shaped nucleus (Figure 5B–D). At the lower (-) AuNP concentration, the rhizodermal cytoplasm was very electron dense; however, electron-lucent regions were also observed (Figure 5J). In these cells, irregular-shaped vacuoles and membranous structures developed (Figure 5H,J), and lipid bodies were also observed. (Figure 5F). A wide periplasmic space was also detected (Figure 5D). At the lower (-) AuNP dose, electron-dense spots were observed in the cell wall (Figure 5H). The rhizodermal cells from the roots that were treated with the higher (-) AuNP concentration had a less dense cytoplasm compared to the control (Figure 5J–L). In these cells, there was a breakdown of the membranes (Figure 5J–L). The vacuoles were large and filled with granular electron-dense spots, and there was an interrupted continuity of the tonoplast (Figure 5L). Moreover, the continuity of the plasmalemma was also disrupted (Figure 5J,K). In these cells, the multivesicular bodies (Figure 5K) and vesicles of different sizes were present (Figure 5J–L). Additionally, some mitochondria had degenerated in their structure (Figure 5K,L).





4. Discussion


In this paper, we described a detailed morphological, histological and ultrastructural analysis of barley roots that were treated with (-) AuNP. The obtained results showed that although (-) AuNP did not penetrate into the roots, it caused them to be altered. To the best of our knowledge, such thorough research has not yet been conducted on barley, which is an important crop plant. The studies indicate that (-) AuNP: 1/ affect the hair cell differentiation, which can influence the micronutrient uptake and decrease plant growth; 2/ disrupt the apical root meristem, which may lead to root length growth and histological disorders; and 3/ cause the death of the rhizodermal cells in which case the roots are not protected against pathogens.



4.1. Morphological Malformations of the Roots


Analyses were performed on the seminal roots, and the main visible difference in their morphology was a decrease in the formation of root hairs after treatment with the higher concentration of (-) AuNP, which confirms our earlier results [31]. A similar reaction to NP was described for Lolium multiflorum, which did not develop root hairs when exposed to silver NP (AgNP) [34], and in Arabidopsis that was exposed to AgNP and titanium dioxide NP (TiO2 NP) [35,36]. Seedlings of Fagopyrum esculentum that were exposed to zinc oxide NP (ZnO NP) and copper oxide NP (CuO NP) responded with a decreased number of root hair cells [37]. In NP-exposed Arabidopsis plants, the transcriptional analysis revealed the repression of the genes that are directly involved in root hair development [35]. The opposite reaction was described for wheat (Triticum L.) roots that were exposed to CuO NP, in which there was an increase in the formation of the root hair cells [38]. In tomato (Solanum lycopersicum L.) plants treated with cerium oxide NPs, there was also no inhibition of the formation of root hair cells [39].



However, it should be remembered that the above-mentioned examples are only small fragments of our current knowledge. It is difficult to make generalisations about the effect of NP on plant organisms at this time. When undertaking research on this topic, one should always remember the enormous differences in this interaction depending on the factors mentioned above.



This also indicates that further research is needed to understand how crops react to NP. It was postulated that the reduction in plant growth after NP treatment is connected with phosphate starvation. Such a reaction was documented for Arabidopsis seedlings that were treated with TiO2 NP and AgNP [35] and Nicotiana tabacum roots that were treated with aluminum oxide NP (Al2O3 NP) [40]. Studies with tobacco (Nicotiana tabacum) also indicated that NP might influence the availability of copper for plants [40]. The above examples show that the reduction in plant growth of NP-treated crops might result from the lack of the basic elements that are necessary for the proper functioning of the biochemical processes. In the case of crops, preventing such effects is extremely important.




4.2. Histological Changes


Abnormalities in the histology of plant roots that were treated with NP were described for many plant species, including crops [41]. In Gossypium hirsutum, ZnO NP caused anatomical alterations in the roots, such as the vacuolisation of the cortical cells [42]. The treatment of Asparagus officinalis with the ZnO NP resulted in an increased size of its cells and the number of cell files in specific root tissues [41]. In Capsicum annuum roots, selenium NP (nSe) resulted in the development of secondary tissues and fibres, a restriction in the differentiation of vascular tissues or the repression of the vascular tissues after a higher dose of nSe [43]. Studies on maize (Zea mays L.) and cabbage (Brassica oleracea var. capitata L.) that were treated with Ag NP and ZnO NP exhibited cellular alternation in the root apical meristem and elongation zone as well as a diverse metaxylem development compared to the control roots [29]. In the roots of Lolium perenne that was treated with ZnO NP, collapsed cortical cells and the destroyed continuity of the rhizodermis and root cap were described [44]. A similar reaction to NP was described for Brassica juncea [45] and Brassica napus [46]. In the roots of Hordeum sativum that was treated with CuO NP, abnormalities in the root histology were also detected, and it was shown that the rhizodermis had undergone a disruption and that the cortical cells had collapsed [47]. The presented examples indicate that histological changes are an important aspect of the plant-NP interaction (for a review, see [14]). This knowledge is essential for investigating the impact of NP on the growth and development of crops, especially in terms of their nanotoxicity. A previous study showed that positively charged AuNPs modified the root morphology, inhibited the differentiation of rhizodermal cells into hair cells and caused qualitative changes in the components of the cell walls [27]. The results presented in this paper are the first (to the best of our knowledge) showing the influence of negatively charged AuNP on the histology of barley roots, although our research has shown that AuNP do not enter the root cells.




4.3. Ultrastructural Distortion


An ultrastructural analysis of barley roots that were treated with (-) AuNP showed that the peripheral cells of the root cap cells produced a thicker network layer on the wall surface compared to the control roots. This layer was composed, among others, of pectins, which was confirmed by many studies [48,49,50]. The retention of NP in this layer is because the root surface is negatively charged, and therefore the (-) AuNP were repelled and were located only within this external network of pectin. In the mucilage layer, several functional groups (-OH and -CO) were detected that might be involved in the interaction with negatively charged ions [51].



From the studies presented here, it appears that the cell ultrastructure was also influenced by NP, which was evidenced by the increased area of the periplasmic space, a distortion of the organelles, including the breakdown of the tonoplast and the presence of electron-dense spots within the cytoplasm. Studies on Vicia faba roots that were treated with TiO2 NP showed that such treatment resulted in the presence of an electron-dense cytoplasm and numerous not well recognisable organelles and weakly electron-lucent bodies of about 0.3–0.5 mm diameter [52]. In the roots of Hordeum sativum, there were also changes in the ultrastructure of the root cells [53]. In Pisum sativum, the roots that were treated with TiO2 NP, there were cell ultrastructure changes such as plasmolysis, mitochondria with swollen cristae and crystals as well as a cytoplasm with the features of degeneration [54]. Alterations in the root cell ultrastructure were also detected in Oryza sativa plants that were treated with ZnO NP [55]. In these plants, besides the ruptured cell wall and changed ultrastructure of organelles, an increased level of starch was detected. Disruption of the root cell ultrastructure was also described for tobacco plants that were treated with iron oxide NP (Fe3O4 NP) [56]. Changes in the ultrastructure of the root cells of Brassica napus after treatment with ZnO NP were described, and when the observed differences were compared to the control plants, they concerned the degree of cytoplasm density, the appearance of the periplasmic space and changes in the ultrastructure of the plastids and mitochondria [57]. In the case of barley that was treated with Cu NP, it was shown that NP accumulated in the intercellular spaces and altered the histology of the roots [12]. The presented research also showed that at the ultrastructural level, NP significantly affected the root cells. The detected changes for barley roots that were treated with (-) AuNP were similar to those that were described for other crop plants. The ultrastructural changes affected the proper functioning of the cells, especially disturbances in the structure of the mitochondria and plastids and the disruption of the continuity of the tonoplast, which indicated that cells might decay under the influence of NP.





5. Conclusions


The obtained results provide important information about the reaction of barley roots to AuNP. Our study is the first to investigate changes in Hordeum vulgare roots under the impact of (-) AuNP on the morphological, histological and ultrastructural levels, and it depended on the concentration. In the case of barley roots, although NPs do not enter the cells, they cause anatomical changes that may affect barley physiology. It is worth mentioning that the reaction was concentration dependent. At the current stage of the research, it is not possible to state whether the observed changes have a long-term effect, so it cannot be determined whether the influence of the analysed AuNP is positive or negative on growth. It is definitely negative in the context of morphological, histological and ultrastructural changes.
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Figure 1. Morphology of the barley roots that were growing in the control conditions (A–D), 25 µg/mL (-) AuNP (E–J) or 50 µg/mL (-) AuNP (K–O). The red dotted lines indicate the boundary level of the (-) AuNP solution in which the roots were growing; blue dotted lines indicate the local radial thickening of the roots. Scale bars: (A,E,K) = 1 mm; (B–D,F–J,L–O) = 0.5 mm. 






Figure 1. Morphology of the barley roots that were growing in the control conditions (A–D), 25 µg/mL (-) AuNP (E–J) or 50 µg/mL (-) AuNP (K–O). The red dotted lines indicate the boundary level of the (-) AuNP solution in which the roots were growing; blue dotted lines indicate the local radial thickening of the roots. Scale bars: (A,E,K) = 1 mm; (B–D,F–J,L–O) = 0.5 mm.



[image: Applsci 12 03265 g001]







[image: Applsci 12 03265 g002] 





Figure 2. Longitudinal section through the barley RA (root apex) from the control roots (A–C), the roots growing in the 25 µg/mL (-) AuNP (D–H) or 50 µg/mL (-) AuNP (I–N) conditions. Black arrows—large intercellular spaces between the cortical cells (E); red arrow—atypical division of the central metaxylem vessel in the distal meristem (F); red open arrows—the amyloplast in the outer cortical cells (G); black open arrow—rearrangement of the proximal meristem organisation (H). TBO staining (apart from the G inset—Lugol’s staining that indicates the presence of amyloplasts in the cortical cell). Scale bars: (A,D,I) = 50 µm; (B,C,H,L,M,N) = 20 µm; (E,F,G,G Inset,J,K) = 10 µm. 
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Figure 3. Cross-sections through the DZ (differentiation zone) of the roots growing in 25 µg/mL (-) AuNP (D–H) or 50 µg/mL (-) AuNP (I–L). Red open arrows—multiplicated metaxylem vessels; black open arrow—collapse of the endodermis; black arrow—atypical divisions of the pericycle cells; red arrow—ticked inner periclinal wall of the endodermis; yellow asterisks—central metaxylem. TBO staining. Scale bars: (A–I) = 10 µm; (E–G) = 20 µm. 
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Figure 4. Ultrastructure of the root cap outer cell wall of the control (A), those that were treated with 25 µg/mL (-) AuNP (F) or 50 µg/mL (-) AuNP (K) roots. The outer cell wall had a fibrous character and was a barrier to the entry of (-) AuNP into the root cells regardless of the concentration (F,K). The ultrastructure of the columella root cap cells from control (A–E), the barley roots that were treated with 25 µg/mL (-) AuNP (F–J) or 50 µg/mL (-) AuNP (K–Q). Red arrows indicate electron-dense spots inside the cytoplasm; yellow asterisks indicate the periplasmic space; CW—cell wall; ER—endoplasmic reticulum; M—mitochondrion; Mb—multivesicular body; N—nucleus; NU—nucleolus; P—plastid; Pb—paramural body; V—vacuole; Ve—vesicles. Scale bars: (A,F,K,Q; D,E,I Insets) = 200 nm; (F Inset) = 10 nm; (B–E,G–J,L–P) = 1 µm. 
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Figure 5. The ultrastructure of the rhizodermal cells from the control (A–E), the barley roots that were treated with 25 µg/mL (-) AuNP (E–H) or 50 µg/mL (-) AuNP (I–L). The outer periclinal rhizodermal cell wall of the control (A), the barley roots that were treated with 25 µg/mL (-) AuNP (E) or 50 µg/mL (-) AuNP (I). The electron-dense dots in the control root are the result of overlapping fibrils running in different directions (A). In the treated roots, the AuNP were retained in the fibrous of the cell wall (E,I). Black arrow indicates electron-dense spots in the cell wall; red arrows indicate a cell membrane rupture; blue arrows indicate a tonoplast rupture; yellow asterisks indicate the periplasmic space; CW—cell wall; D—dictyosome; ER—endoplasmic reticulum; LB—lipid body; M—mitochondrion; Mb—multivesicular body; N—nucleus; NU—nucleolus; P—plastid; Pb—paramural body; V—vacuole; Ve—vesicles. Scale bars: (A,E,I; F Inset) = 200 nm; (B–D,F–H,J–L) = 1 µm. 
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