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Abstract

:

In recent years, the relationship between plants and nanoparticles (NPs) has been the subject of extensive research interest. Hence, an ever-increasing number of perspectives connected with both the positive and adverse consequences of NPs application in plants are highlighted in this review. On the other hand, nanoparticles and their interactive effects on plants have raised concern regarding their harmful aspects. There are complex mechanisms evolved in plants for controlling the uptake, accumulation, and mobilization of nanoparticles that need to be discussed further, especially in the context of proteomics and genetic level. To fill this gap, there is a dire need for the integration and application of multiomics in plants to identify sensitive biomarkers responding to engineered NPs and to provide mechanistic insights in order to design safer and enhanced nano-enabled products for agriculture. For this purpose, transcriptomic technologies have essentially contributed to understanding of the molecular systems in plants against nanoparticle stress by laying out an association between gene expression and cell response. In light of this background, the current article attempts to summarize a variety of recent transcriptomic and proteomic contributions that have been made to establishing the genetic basis of nanoparticle uptake and the mechanism of stress response. The present article also looks at recent proteomic and transcriptomic studies to learn more about the intricate regulatory network that connects plant and nanoparticle stress responses.
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1. Introduction


Nanotechnology is a rapidly emerging and multifaceted science with great potential and applications. The concern of the scientific community regarding its impact on biota has grown along with the technology’s rapid growth [1,2,3]. Given that manufactured nanomaterials (MNMs) or engineered nanoparticles (ENPs) play a significant role in this rapidly emerging science, the remarkable physicochemical properties of manufactured nanoscale materials (ENMs) are studied in precision agriculture to (i) increase nutritional quality and crop productivity [4], (ii) apply the controlled release and targeted delivery of agrochemicals [5,6], (iii) protect crops against pathogens [7,8], (iv) enhance resilience to environmental stress [9,10], and (v) monitor soil quality and detect stressors using sensitive nanosensors [11,12]. In addition to their benefits to the targeted crop, it is also possible to significantly reduce unwarranted exposure to nontargeted organisms and leaching into environmental waters. The concern of the scientific community regarding its impact on biota has grown along with the technology’s significant role in a variety of consumer goods, including biomedicine, cosmetics, and many others, and their massive atmospheric release is inevitable. Plant communities are particularly exposed to MNMs due to their restricted distribution [13,14,15]. There is a lot of literature on nanoparticles’ (NPs’) beneficial as well as phytotoxic implications for plant communities [16,17]. However, the best way to use nanotechnology in agricultural applications has been limited by a lack of mechanistic understanding of how plants absorb, mobilize, and respond biologically to NPs. The type, particle size, composition, and specific surface area of these nanoparticles are the primary determinants of their effects on plants [18]. Plants’ reactions to NPs are exceptionally varied and subject to natural circumstances, plant species and age, duration and dose of exposure, and NP properties, such as structure, size, surface covering, morphology, stability, or disintegration, among different factors [19]. The integrated implications for specific NPs, including phytotoxic and beneficial effects on plants, have been precisely discussed in the literature [20,21,22]. Titanium oxide (TiO2) NPs, for example, lessen UV-B-induced oxidative stress [23]; they also stimulate the production of organic form of nitrogen from inorganic form, supporting nitrate assimilation and acquisition [24], and increasing photosynthesis rate [25]. In contrast, water acquisition and transpiration rate in corn plants is negatively impacted by TiO2 NPs [26]. In a similar manner, carbon nanotubes (CNTs) belong to a class of NPs that are capable of entering the seed coat and facilitating the acquisition of water by tomato plant seedlings, which is necessary for germination [27]. The synthesis of NPs, which exhibit fascinating effects on living systems and possess a variety of properties, has been attempted in a number of ways [28,29,30]. Likewise, many reports demonstrate the potential impacts of NPs on plants in terms of morphology and physiology [31], whereas there have been few endeavors examining the impacts of MNMs on plants at the genetic level. For example, soybean seedlings have been shown to be genotoxic to cerium oxide (CeO2) NPs, and onion seedlings have been shown to be genotoxic to silver (Ag) NPs; both of these nanoparticles have a gene-level effect on seedling growth [32]. In addition, the Oryza sativa seedling’s flowering time was extended when carbon (C) NPs were combined with natural organic matter [33]. Zinc oxide (ZnO) NPs, which harm the epidermal and cortical cells of Lolium perenne, are another example [34]. It is crucial to establish the interactive mechanism to study the relation between plants and their responses against nanoparticles, especially related nutrient flux, photosynthetic efficiency, and oxidative stress protections.



There are transcriptomics studies that assess the potential toxicity of nanomaterials in plants, and many of them focus on their impact on genes that respond to stress [35,36]. Because they show how NPs affect gene expression, the transcriptomic and proteomic studies add new information to our understanding of how plants interact with NPs. Carbon nanotubes (CNTs) were used in a study on tomato seedlings, and upregulation of various genes involved in stress-related processes was uncovered through microarray analysis [37].



A comparison examination of changes in total expression, however, points to a minimal effect on the transcriptome [38,39]. Biotic and abiotic stresses like pathogens, salinity, or drought may cause higher transcriptional reactions than nanoparticles [40,41]. It is obvious that plants did not have the opportunity to create unique gene regulation in response to novel nanomaterials; instead, they use regulatory circuits that are shared with other stress responses [42]. The suppression of genes for root development and pathogen response is a common consequence of abiotic stress [43]. There are reviews of further works that support these findings [44,45]. In a similar vein, additional research has shown that in Arabidopsis thaliana seedlings, gene expression for the peroxide-scavenging enzyme was influenced by CNTs [46]. Injection of single-walled carbon nanotubes (SWCNTs) to leaves increased transcription level for the two enzymes: ascorbate peroxidase (APX1) and manganese superoxide dismutase (Mn SOD1). Arabidopsis thaliana was the subject of a study using ZnO and TiO2 NPs, with the former exhibiting phytotoxicity in the aforementioned plant and the latter on depicting profoundly significant positive effect on the plant [24,34,47,48,49]. Researchers have utilized advanced techniques to find NP uptake in plant tissues upon root or foliar exposure [50,51]. Such examinations have really demonstrated that some NPs enter through roots or passes on and can cross natural hindrances to move inside plants, in contrast to their conventional analogues [52,53]. But the molecular drivers of the uptake and transport of NMs in plants remains inconclusive.



To fully utilize the potential of NPs for sustainable crop production, it is essential to have a comprehensive understanding of the biological networks at multiple levels [54]. In recent years, the examining of NP–plant interaction has developed from conventional, single endpoint measures to discovery-oriented, high-throughput system biology approaches, referred to as “omics”. Analytical methods and bioinformatics tools have increased in sensitivity and accuracy [55]. “Omics” refers to the undistinguished screening of biomolecules in an organism, specifically genes (genomics), mRNA (transcriptomics), and proteins (proteomics). With the rising need for mechanistic comprehension of complex agronomic qualities and crops’ reaction to NPs exposure, omics technologies have picked up speed in agriculture and nanotoxicity studies. This worldview helps in framing a hypothesis by checking the reaction of biomolecules upon perturbing biological cycles with NPs, followed by a combination of worldwide datasets onto pathways utilizing advanced bioinformatics [56,57]. In this manner, researchers are expected to provide more comprehensive knowledge to figure out the plant–NP interface. This review throws a wide beam of light over the previous endeavors made by researchers, and it also identifies a need for additional research; however, side effects such as genotoxic effects posed by nanoparticles on plants need to be discovered through relevant research studies. Acknowledgment of the underlying molecular systems in plants will provide cues to formulating NPs for explicit applications like expanding strength to ecological circumstances, designated delivery of nutrients, and NP-empowered biosensing.




2. Plant Interaction with Nanoparticles


Materials react substantially differently at the nanoscale than they do at larger dimensions, and they frequently exhibit unusual chemical and physical characteristics [41]. This makes the transformation of matter through nanotechnology a promising area for the creation of new goods and procedures. On the other hand, their distinct features enable innovative materials to interact with biological systems in unanticipated ways [42,43]. Different plants interact with NPs through chemical or physical contact (Figure 1). These interactions result in physical and chemical signaling, which generates new molecules, such as reactive oxygen species (ROS), which may pose serious damage to plants [58]. These ROS cause oxidative stress and damage [59], altering the movement of ions throughout the cell membrane [60], and peroxidation of fatty acids [61]. The key factors that determine plant–NP interaction are the nanoparticle’s characteristics, environmental factors, and plant species [62]. It is still unclear how the first NP contact point in plants chooses the traffic route. Nevertheless, a number of studies have suggested a few paths that could enhance our comprehension of nanoparticle trafficking. The well-known channels that determine the entry route are direct application, contaminated sediments or soil, accidental release, and atmospheric fallouts. Xylem, cortex, and pericycle play crucial roles in facilitating nanoparticles’ entry into the plant via the root [63]. Particle entry at various key checkpoints are controlled by a few key components. The cell wall is the first checkpoint, and it functions as a structural sieve, allowing only NPs with compatible pore sizes to enter. Only NPs with pore sizes comparable to those of the cell wall were able to successfully travel outside the cell membrane through the cell wall [13]. Through the root system, tiny NPs can quickly enter plant cells, while larger NPs can only enter through larger openings such as stomata, stigma, and hydathodes. The cell rarely receives larger NPs; as a result, there is no change in cell metabolism [64]. Metal-based NPs change into reactive metal ions when they enter plant cells, react with various functional protein groups, and disrupt the biochemical activity. These NPs easily adsorb various inorganic ions and molecules from the soil or nutrient medium due to their large surface area, leading to indirect toxicity symptoms such as wilting and chlorosis [65]. The reaction between NPs and plants determines their accumulation and transfer across various trophic levels.




3. Uptake and Translocation of NPs in Plants


Through roots or stomata or epidermal absorption in leaves, NPs enter the plant because of their quite small size. Through the apoplastic or symplastic pathway, NPs enter the cells and reach various plant systems in the case of roots. NPs enter the cell membrane through the cell wall in the root’s epidermis, where they are symplastically transported to the vascular system. Pore size is a factor in movement through the cell membrane or cell wall [66,67]. In addition to travelling through the symplastic pathways, NPs also travel via the apoplastic pathway to reach the vascular system. After they enter, NPs are moved to the plant’s leaves, where they come in contact with chloroplast, which results in the disruption of the plant’s physiology [68]. A brief explanation of how NPs make their way to a plant’s system is provided in the schematic illustration in Figure 1.



3.1. Leaf


Leaves contain two entry points: one is via absorption through the leaf’s epidermis and the other through the stomata. In a study, it was demonstrated through confocal microscopy that NPs enter Vicia faba at a specific size through the stomata; NPs of 1.1 μm did not penetrate the cell system; those of 43 nm did. Cerium (37 nm) enter the plant system but are not translocated to the stem, as observed in leaves of Zea mays using electronic and confocal microscopy and mass spectrometry [69]; however, this study was unable to determine whether the stomata or the leaf epidermis were the entry points [70]. Similarly, in another study using X-ray and electron fluorescence microscopy on Arabidopsis seedlings, NPs entered the epidermis through stomata and were absorbed by endocytic vessels to reach the palisade layer [71,72]. Several studies have been carried out to investigate entry through the leaf’s epidermis in addition to those focused on stomatal entry. The work carried out by some researchers, using nonionic colloidal solutions of iron, zinc, and manganese, demonstrated that these are translocated after being absorbed by the leaf epidermis [73]. Another study found that both bulk salt and Ag NPs (both with 47.9 nm hydrodynamic diameter) entered Lactuga via absorption through the cuticle and stomata before being transported to the vascular system. The study also unveiled that Ag+ is interconverted into Ag NPs by binding with thiol groups [74].




3.2. Roots


Maize, rapeseed, spinach, and desert plants have been the subject of numerous studies [73,75,76,77,78,79,80] and it has been demonstrated that NPs make their way to the root system through the epidermis and then translocate to the stems and leaves [81]. In another study, the entry of iron oxide (Fe2O3) NPs through the root epidermis was found in pumpkin plants grown in an aqueous medium, and further translocation to shoots and leaves was observed as well [82]. In another study, 2.8 nm sized Ti nanoconjugates were found to be penetrated into root cells and transported to nucleus and vacuoles in Arabidopsis thaliana [71]. Transmission electron microscopy revealed the adherence and accumulation of Ti NPs in the cell wall of roots, as well as further translocation of particles in the cortex and then to the vacuoles [83]. In addition, a number of experiments using confocal microscopy, X-ray fluorescence, and coupled plasma optical emission spectrometry reported that NPs entered the plant via the roots before being transferred to the shoots via the apoplastic pathway [84,85,86]. Additionally, analysis on soil systems averred that organic substances in the soil influence NP mobility.





4. Mechanism of Phytotoxicity Induced by Nanoparticle–Plant Interaction


The phytotoxicity caused by NPs increases the production of ROS like hydrogen peroxide (H2O2), superoxide radical (O2•−), singlet oxygen (1O2), and hydroxyl radical (OH•). The distortion in flow of electrons results in the production of ROS in the chloroplast and mitochondria. Resultantly, oxygen takes the electron that has escaped from the electron transport chain and generates the superoxide radical O2•−. Through the action of the enzyme SOD, O2− becomes H2O2. Although ROS function as a signaling molecule at a low level, an increase in ROS causes negative effects known as oxidative stress. When the amount of ROS exceeds the defense mechanisms, oxidative stress occurs, and it poses serious threat to cells, i.e., damage to DNA, lipid peroxidation and protein oxidation, membrane damage, electrolyte leakage, and, consequently, cell death [87,88,89]. The hydroxyl radical is the most reactive ROS, which is produced by a Fenton reaction. Because it has one unpaired electron, it reacts with all biological molecules causing cellular damage like membrane and protein damages [90,91]. Damage to the fundamental structure of the cell membrane results in membrane leakage when lipids are peroxidized [92]. It can be said that NPs may speed up lipid peroxidation and increase the production of ROS. It was proposed in a study that phytotoxicity is caused by lipid peroxidation and ROS formation in research on ZnO NPs in ryegrass [34]. Later, it was discovered that the accumulation of H2O2 in plant roots treated with La2O3 and CeO2 NPs using the 3,3′-diaminobenzidine-a ROS-sensitive dye demonstrated that a deep brown-colored insoluble product was produced when NPs were used [93]. Similarly, treatment with Ag NPs up to 10 mg mL−1 produced ROS, which in turn decreased the number of viable cells [94]. Plants have an antioxidant system that includes nonenzymatic (ascorbate, nonprotein thiol, glutathione, cysteine, proline) and enzymatic (guaiacol peroxidase, catalase (CAT), SOD, APX, glutathione reductase (GR), glutathione peroxidase (GPx), monodehydro ascorbate reductase, glutathione S-transferase) elements. Researchers also found that treated castor bean (Ricinus communis) seeds produced more ROS and that POD (peroxidase) and SOD (superoxide dismutase) activity also increased. SOD, which converts O2− into less harmful H2O2, is the first line of defense among enzymatic antioxidants [95]. It is also reported that 0–1000 mg L−1 nickle oxide (NiO) NPs had a different impact on SOD, at the low levels of treatment, SOD level increased, while at a high level of treatment, SOD activity decreased [96]. Similar to that, in a finding, SOD activity increased at low exposure levels to CeO2 NPs, but that enzyme activity did not change at high treatment levels [97]. Some researchers utilized 100 mg L−1 Al2O3 NPs exposed on onion root and produced similar results [98]. Moreover, CAT also is an essential enzyme that is involved in stress-induced ROS detoxification and produces O2 and H2O from H2O2 [99]. The ascorbate–glutathione (AsA–GSH) cycle, which includes GR, DHAR, and APX, controls the excessive production of ROS in plants, and is centrally regulated by APX, which also targets H2O2 but at the cost of ascorbate [100]. It also is an essential enzyme that is involved in stress-induced ROS detoxification and produces O2 and H2O from H2O2. Similarly, it was reported that treatment with Fe3O4 NPs, CeO2 NPs, and Co3O4 NPs increased the activity of CAT, while treatment with CuO NPs, Au NPs, Fe3O4 NPs, MnO2 NPs, Co3O4 NPs increased the activity of GPX, and treatment with CeO2 NPs and Pt NPs accelerate the activity of SOD [101]. It was also found that treatment with NiO NPs increased SOD and CAT activity in tomato depending on the dose increase [96]. Additionally, in Phaseolus vulgaris, phytotoxicity was caused by exposure to CeO2 NP, which disrupted the antioxidant defense system [102]. CeO2 NP exposure significantly improved the activities of POD, CAT, SOD, and APX in A. thaliana, while an increase was only observed for POD and SOD [97]. Likewise, Nd2O3 NPs decreased pumpkin growth, nutrient levels (Ca, K, S, and Mg), and APX, CAT, and SOD activity [103]. Nonenzymatic antioxidants like GSH and ASC participate in the ROS detoxification process, just like enzymatic antioxidants do. On treatment with CuO NPs, consistent increases in AsA were observed [104]. GSH is another important thiol group metabolite that helps to bind pesticides and metals. Through the AsA–GSH cycle, GSH also aids in AsA regeneration [105]. According to several studies on metal and metal-based NP phytotoxicity, it can be concluded that NPs can cause oxidative stress in many plant species by producing ROS that are balanced by the plant’s defense system [104,106,107,108,109]. In recent years, the study of NP phytotoxicity has made rapid progress; however, our understanding of ROS-dependent damage and its impacts on plants are incomplete and ambiguous in many ways. As a result, it is necessary to investigate the entire antioxidant defense system and enzymatic mechanism of nanotoxicity in plants.




5. Nanoparticle–Plant Interaction: Transcriptomic and Proteomic Debate


Plants are portrayed as the most important link between the environment and the biosphere; therefore, in order to conduct pertinent environmental assessments, it is necessary to understand how nanoparticles affect them. Compared to their bulk metal counterparts, Ag, ZnO, and SnO2 NPs can alter growth rate, cell viability, and chlorophyll at the cellular level [110,111,112]. The proteomics platforms that have evolved over the past 20 years—gel, label, gel free/label free, targeted—are used to describe protein profiles, posttranslational changes, and interactions [45]. Isolation, separation, visualization, and precise protein identification are among the many aspects of any proteomic technique that ultimately determine its effectiveness [44]. Despite recent developments, more attention needs to be paid to protein extraction procedures, especially for proteins that are hydrophobic and large molecular mass proteins [39].



Changes in organelles like chloroplasts and vacuoles, as well as the aggregation of NPs close to the plasma membrane and cell wall, have been observed at the subcellular level [113,114]. When compared to bulk metals, NPs are considered to significantly increase the concentration of ROS and peroxidation of lipids at the molecular level [111,115,116,117]. Studying higher plants physiologically, it was discovered that 40 nm sized NPs are uptaken by the root via the symplastic pathway through the vascular system; however, the apoplastic pathway is where larger NPs accumulate. After being exposed to clay NPs and TiO2, the cell walls of maize roots had smaller pores, reduced transpiration, and suppressed hydraulic conductivity [26]. Rice has demonstrated C-based NMs translocation, uptake, and generational transmission [33]. New studies on the plant Arabidopsis thaliana about its gene expression have shown the novel interactions mechanisms between plants and nanoparticles [118,119]. When subjects were exposed to fullerene of different sizes for the long duration, TiO2 NPs, Ag NPs, and ZnO NPs, these studies observed changes in gene expression. In addition, oxidative stress and antioxidant enzymes were found to unveil the mechanisms underlying ZnO NP toxicity [120]. In this context, the major advancements that have been made in plants’ transcriptomic and proteomic levels since the use of nanoparticles are highlighted in the sections that follow.



5.1. Genomic Insight into Nanoparticle–Plant Interaction


Since nanotechnology has been recognized as the most cutting-edge, rapidly developing, and labor-saving technology by the scientific community as of late, it now has applications in almost every field of science. The toxicity caused by the constant deposition of NPs in the environment is not ignorable, especially in terms of plant performance. NPs interaction at genomic level is shown in Figure 2. A bulk of the literature demonstrates the morphological and physiological phytotoxic effects of NPs, but very little demonstrates the gene-level toxicity of NPs. Researchers reported that CuO NPs were toxic to some agricultural crops like Loliumrigidum, Loliumperenne and Raphanussativus, Lolium rigidum, Lolium perenne, and Raphanus sativus, and after prolonged NP exposure, DNA was destroyed. The deposition of compounds that have been altered by oxidation led to the formation of mutagenic DNA lesions, which in turn caused rapid disruptions in plant growth [121]. Similarly, ZnO NP toxicity in wheat seedlings was examined and it was discovered that nitric oxide (NO) mitigates this toxicity in wheat effectively [122]. Additionally, figuring out the NPs’ genotoxic endpoints is a concern because they have been linked to metal’s genotoxic effects in plants [123], but any generalizations regarding NP-induced phytogenotoxicity must be handled with care.




5.2. Genes Regulation with Respect to NP-Induced Genotoxicity


At the molecular level, the basis of nanoparticle-induced phytotoxicity in higher plants is still poorly understood. However, transcriptomic analysis, upon NP exposure, has presented information about the up- and downregulation of different genes, which has provided some knowledge regarding NP toxicity at the genetic level in higher plants. For example, it was experimented that when maize root tissue was exposed to single-walled carbon nanotubes (SWCNTs), the genes for RTCS and SLR1 were upregulated and the genes for RTH3 and RTH1 were downregulated. Aquaporin also plays a significant role in nanoparticle acquisition. A variety of stress parameters control or regulate many stress-inducible genes in plants [124]. In another study, it was found that an increase in aquaporin production in tomato seedlings upregulated the water channel and NtLRX1 genes [125]. Some researchers treated Eruca sativa with Ag NPs, recorded the proteomic profile of Ag-treated plants, and different gene and protein expressions. Ag NPs effected the number of proteins in the plant cell’s vacuole and endoplasmic reticulum (ER), indicating that these organelles are Ag NPs’ primary targets [126]. When Arabidopsis plants were treated with varying concentrations of gold (Au) nanoparticles, similar expression results for micro RNAs (miRs) were observed [127]. When Au NP exposure was compared to a control, expression of some microRNAs, especially miR164, miR395, miR167, miR408, and miR398, were found to be downregulated. However, this study’s findings are in direct opposition to those of Burklew, Ashlock [128] regarding tomato plant seedlings in significant ways. This further proves that NPs have a species-specific phytotoxicity. Moreover, NPs alter gene expression even at very low concentrations, suggesting that the impact of NP-caused toxicity at cellular level can be gauged using gene expression analysis [129,130]. In this way, gene expression analysis assists in the identification and development of transgenic plants that are sensitive or tolerant to certain stresses [131,132]. As a result, genomics analysis is profoundly useful for determining the mechanism of NP toxicity and relating any physiological or morphological changes at the genetic level in plants. The fundamental processes of electron transport chain signaling are disrupted by the NP-induced phytotoxicity, which ultimately affects the organism’s cell cycle. Moreover, the experimental proofs of the NPs induced gene regulation is summarized in the Table 1.




5.3. Transcriptomic Insight into Nanoparticle–Plant Interaction


Numerous researchers have reported evidence of nanoparticle-induced alterations in plant gene expression. It is averred that exposure to ZnO and TiO2 altered the gene expression found in Arabidopsis thaliana roots. They concluded that ZnO NPs are the most toxic NPs among the three abovementioned NPs because they induced downregulation and upregulation of 826 and 660 genes for stress regulation, respectively, although the least toxic TiO2 NPs only had an impact on 74 and 80 genes, respectively [118]. Despite the researchers’ clear demonstration of up- and downregulation of genes caused by the phytotoxicity of nanoparticles, comprehensive details have not yet been portrayed. In a recently conducted study, they exposed A. thaliana to various sizes and types of NPs under abiotic and biotic stresses to observe the early changes in gene expression. As a general response to nanoparticle-induced stress, they observed transcriptional repression and downregulation of gene expression [134]. In another study, examination of proteomic, ionomic, and transcriptomic shifts have put Arabidopsis into focus to determine how Au NPs affect growth and development. The expression of the MYB, BHLH, and WRKY gene families, which are involved in homeostasis of some essential metals and Fe, differed according to the transcriptome analysis of Arabidopsis roots [153]. It was inferred that Au impacted the normal homeostasis of essential elements like Mn, Fe, and Zn. By observing genetic and physiological responses of plants to Au, it has also been discovered that Au is uptaken by Arabidopsis and then transported to the shoot. In addition, it has been observed to have an effect on the transcription of a specific group of genes, particularly cation transporters, with 869 genes being upregulated and 851 genes being downregulated. IRT1 and IRT2, iron-regulated transporters, have shown the lowest expression of genes. Downregulation of eleven aquaporin genes was also reported in this study. Metal uptake, particularly that of heavy metals, is thought to involve a number of these genes [154]. Numerous studies have looked into the different kinetics that NMs use to acquire, translocate, and internalize NMs, as well as the cytotoxicity that is recorded at the level of gene expression. These studies also found that NMs affected plant growth and development, along with a number of other morphological and physiological effects. Although the genetic processes underlying these effects have not yet been discovered, it has been observed that these effects are species-specific. A summary of the various other transcriptomic analyses that have been carried out with NPs, as well as their effects on cell systems, can be seen in Table 2. The transcripts of genes involved in vacuolar proton or cation exchange, hormonal responses, antioxidant systems, pathogen-responsive genes, decreases in photosynthesis genes’ transcript formation, aquaporin genes, as well as biogenesis and cell organization genes, were found to be upregulated in NP-mediated toxicity.




5.4. Proteomic Insight into NP–Plant Interaction


Over the past few decades, various multidisciplinary studies on the impacts of Ag NPs on plants have shown that they are toxic at many levels—cellular, morphological, physiological, etc. However, only a small number of studies have examined the detrimental proteomic effects of Ag NP stress on plants. In an effort to carry away the toxicity posed by Ag NPs, a gel-based proteomic study of Oryza sativa seedlings was recently conducted [157]. Ag NP-receptive proteins of were reported to be primarily associated with Ca2+ signaling and regulation, the oxidative stress response pathway, transcription, protein degradation, cell wall synthesis, cell division, and apoptosis. Specific defense-related proteins, i.e., SOD, glutathione S-transferase (GST), and L-ascorbate peroxidase, were found to be overexpressed after exposure to Ag NP toxicity. Resultantly, this accelerated the generation of reactive oxygen species (ROS) under Ag NP treatment. Previous research has suggested that secreted ions or Ag NPs could disturb the cell’s metabolism by binding to Ca2+/Na+ATPases and Ca2+ ion channels—the secondary messenger receptors. In a similar manner, a proteomic analysis of Eruca sativa roots exposed to AgNO3 and Ag NP stress revealed that both bulk metal and NPs can alter the structure of proteins associated with redox regulation and ultimately disrupt cellular homeostasis [126]. However, the fact that the exposure of Ag NPs is sufficient to alter the membrane proteins of vacuoles and endoplasmic reticulum suggests that these NPs primarily target both of these specific organelles. According to these findings, Ag NP phytotoxicity is caused by its unique chemical and physical properties rather than its continuous release to the atmosphere [126]. The agricultural sector is an important field in terms of the application of gold nanoparticles. After exposing Arabidopsis thaliana to Au NPs, a proteome analysis revealed the induction of glutathione S-transferases in the shoot. Additionally, researchers have also suggested that auxin, the plant hormone, plays a significant role in shaping Au-induced root system architecture [153]. In a similar way, Ag NPs at three distinct particle sizes (2, 15, and 50–80 nm) and concentrations (0.2, 2, and 20 ppm) were used in a series of experiments on soybean seedlings [158]. They demonstrated that, under flood stress, Ag NPs of 15 nm particle size promoted soybean seedling growth rate and germination potential in comparison to larger and smaller Ag NPs. The proteins altered by the exposure of Ag NPs were mostly linked to stress signaling, the detoxification pathway, and cellular metabolism. The concentration of these proteins increased under flood stress, but the proteins rapidly decreased when exposed to Ag NPs. Additionally, treatment with Ag NPs demonstrated a shift in metabolism from fermentative to cellular processes. According to the findings, soybean seedlings subjected to Ag NP treatment under flooding stress experience less oxygen loss as a result of treatment with Ag NPs, which have a particle size of 15 nm and 2 ppm. Additionally, soybean seedlings were found to be damaged at elevated Ag NP concentrations with particle sizes of 15 nm [158]. A comparative study with Ag, Al2O3, and ZnO NPs on two-day-old soybean seedlings subjected to flooding stress was recently conducted [159]. Surprisingly, treatment with 50 ppm Al2O3 NPs resulted in increased vigor and growth in soybeans. The primary functions of these Al2O3NP-responsive proteins were lipid metabolism, glycolysis, protein degradation, and protein synthesis. Under treatment with Al2O3 NPs, a fivefold increase in the negative NmrA-like transcriptional regulatory protein family was also observed. The proteomic results suggest that the growth of flood-stressed soybean seedlings may be attributed to regulation of energy metabolism and reduced proliferation of root cells. Similar to Ag and Au NPs, various cell systems have been used to investigate other NP toxicities. For instance, it has been demonstrated that CeO2 NPs inhibit maize growth by hampering stress-responsive protein expressions like CAT, heat shock protein, and APX [84]. A brief description of the effects that some other NPs have on cell systems is provided in Table 3. Mediation of NP toxicity has been reported by the decline and destabilization in cell membrane potential, lowering ATP levels in cells, elevating stress-responsive and quorum-sensing proteins, expression of oxidative stress-tolerant proteins, Ca2+ release and its signaling, transcriptional proteins, as well as downregulating essential proteins related to growth-regulating mechanisms like cell metabolism, photosystem-II functioning, and sulfur assimilation. A brief description of NPs interaction at transcriptomic and proteomic level is shown in Figure 3.





6. Conclusions and Future Perspectives


There connection between plants and nanomaterials in food and the agro-industry is gaining much interest and support due to the vast applications of nanomaterials. Due to their huge applications in various walks of life, i.e., household and industry, nanoparticles are detrimental to the environment and hazardous to human health. Although nanomaterials have been viewed as transformative agents, their potential long-term impact on environment and human health is not yet completely understood. Legislators still lack relevant data to build a regulatory scientific framework for the commercialization and release of nanoparticles. Various research studies, in particular, focus on the profound toxic impacts of nanoparticles in microorganisms, but toxic effects on plants are devoid of substantial research knowledge. The weak domain of plant studies in this regard is genotoxicity caused by nanoparticles. Hence, this article is an essay that unveils the role of transcriptomic and proteomic contributions in this need of hour to decipher the genetic basis of NP absorption and the stress response mechanism. However, a small study about proteomics was conducted in this regard, which showed the complex response of plants towards nanomaterial stress and the manifestation of differential expression of some proteins that augment biological reactions, for instance, detoxification, oxidation reduction, signal transduction, the hormonal signaling pathway, etc. Proteomic studies on silver nanoparticles have recently been performed, such as induced phytotoxicity depicted by particle size as a vital factor that impacts the magnitude of cell kinetics in plants. Every aforementioned piece of collected information provides further comprehensive, detailed, and elliptical patterns of plant responses against nanoparticle stress.
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Figure 1. Schematic diagram of plant—NPs interactions and various responses. (Red color indicates the negative impacts of NPs interaction in plants, whereas green color shows the positive interactions of NPs in plant cells) 
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Figure 2. A brief illustration of genomic insight into plant–-NPs interaction. 
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Figure 3. An illustration of transcriptomic and proteomic analysis of the plant–-NPs interaction. ABI: ABA-insensitive; AOX: alternate oxidase; ADH: alcohol dehydrogenase; AREB: ABA-responsive element-binding proteins; APX: ascorbate peroxidase; ARGOS: auxin-regulated gene involved in organ size; CycB: cyclin B; BiP: binding immunoglobulin proteins; Cys: cysteine synthase; GR: glutathione reductase; ETC: electron transport chain; GlyII: glyoxalase II; HKT1: high-affinity K+ transporter 1; GPX: glutathione peroxidase; HSP: heat shock protein; miR: microRNA; MDHAR: monodehydroascorbate reductase; MMR: mismatch repair gene; OEE2: oxygen-evolving complex 2; MT: metallothionein; PCNA: proliferating cell nuclear antigen; PIN: peptidyl–prolyl cis–trans isomerase NIMA-interacting; PCS1: phytochelatin synthase 1; PIP1: plasma membrane intrinsic protein 1; RbcL: large subunit of Rubisco; PR: pathogenesis-related; RD29A: responsive to desiccation 29A; SAR: systemic acquired resistance; ROS: reactive oxygen species; SCR: scarecrow; SOS1: salt overly sensitive 1; TF: transcription factors; SOD: superoxide dismutase; SHR: short root. Modified from [133,160]. 
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Table 1. Genomic analysis of different nanomaterials’ interaction with plants [133].
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Nanomaterial

	
Size (nm)

	
Plant Species

	
Implications on Cellular System

	
References






	
Ag

	
10–80 nm

	
A. thaliana

	
Disruption of phosphate starvation and pathogenesis-related transcription factors.

	
[134]




	
20 nm

	
A. thaliana

	
Upregulation of genes responsible for oxidative stress, superoxide dismutase, vacuolar proton/cation exchange, peroxidase and cytochrome P450-dependent oxidase, while downregulation of genes is responsible for pathogenesis and hormonal stimuli.

	
[119]




	
20 nm

	
C. reinhardtii

	
Diminishing gene expression for photosynthesis; enhancement in cell wall and flagella-encoding transcripts.

	
[117]




	
TiO2

	
10–40 nm

	
A. thaliana

	
Repression in transcriptional factors responsible for phosphate starvation and pathogenesis.

	
[134]




	
Not specified

	
Arabidopsis

	
Differential expression of genes related to photosynthesis, tetrapyrrole synthesis, hormone metabolism, and DNA metabolism.

	
[135]




	
25 nm

	
Nicotianatattobacum

	
Impacts the expression profiles of miRNA responsible for regulation of genes related to tolerance.

	
[136]




	
5 nm

	
C. reinhardtii

	
Diminishing in genes expression for photosynthesis; enhancement in cell wall and flagella-encoding transcripts.

	
[117]




	
<150 nm

	
A. thaliana

	
Upregulation of abiotic and biotic stress-related genes; downregulation of nucleosome assembly, translation, and cell organization-related genes.

	
[118]




	
ZnO

	
20 nm

	
Arabidopsis

	
Upregulation in differential expression of genes for stress response but downregulation in genes responsible for biogenesis, RNA/DNA metabolism, and cell organization.

	
[137]




	
20 nm

	
C. reinhardtii

	
Suppression of gene expression for photosynthesis; enhancement in cell wall and flagella-encoding transcripts.

	
[117]




	
<100 nm

	
A. thaliana

	
Downregulation of nucleosome assembly, translation, cell organization, and biogenesis-related genes; upregulation of abiotic and biotic stress-related genes.

	
[118]




	
Graphene oxide (GO)

	
40–50 nm

	
Arabidopsis

	
Expression of genes responsible for tolerance to oxidative and abiotic stress.

	
[138]




	
Quantum dots

	
6–10 nm

	
C. reinhardtii

	
Downregulation of gene expression for photosynthesis; enhancement in cell wall and flagella-encoding transcripts.

	
[117]




	
Ag NPs

	
20 nm

	
Arabidopsis

	
Upregulation and downregulation of protein family domain and InterPro protein genes.

	
[139]




	
20 nm

	
Arabidopsis

	
Upregulation of proliferating cell nuclear antigen; downregulation of DNA mismatch repair protein.

	
[140]




	
20 nm

	
Arabidopsis

	
Rise in the expression of glutathione and sulfur assimilation genes.

	
[141]




	
10 nm

	
Arabidopsis

	
Rise in gene expression for oxidative stress in terms of accumulation of oxidized glutathione and metallothionein encoding.

	
[142]




	
60 nm

	
Triticumaestivum and Viciafaba

	
Genotoxicity owing to chromosomal aberration and micronucleus induction.

	
[143]




	
CuO

	
Not specified

	
Brassica juncea

	
Upregulation of genes responsible for CuZn superoxide dismutase (CuZnSOD), while inciting no effect on genes present for expression of ascorbate peroxidase (APX) and catalase (CAT).

	
[144]




	
Al2 O3

	
Not specified

	
Nicotianatabacum

	
Rise in expression of miRNA responsible for inciting stress responses.

	
[128]




	
Ag–silica hybrid complex

	
30 nm

	
Arabidopsis

	
Systemic acquired resistance (SAR) through upregulation of pathogenesis-related genes.

	
[145]




	
Ag NPs, ZnO, and TiO2

	
45–47 nm

	
Medicago

	
Induction of shift in expression of metal homeostasis, nodulation, nitrogen metabolism, and stress-responsive genes.

	
[146]




	
Multiwalled carbon nanotubes (MWCNTs)

	
15–40 nm

	
Glycine max, H. vulgare, Z. mays

	
Rise in expression of gene responsible for water channel proteins.

	
[147]




	
Multiwalled carbon nanotubes (MWCNTs)

	
20 nm

	
Nicotiana tabacum

	
Rise in expression of genes encoding cell wall extension, cell division, and aquaporin.

	
[148]




	
Single-walled carbon nanotubes (SWCNTs)

	
50–100 nm

	
N. tabacum, Z. mays, O. sativa, H. vulgare

	
Variable expression of stress-responsive genes, metabolic processes, and cellular responses.

	
[149]




	
1–2 nm

	
Glycine max, S. lycopersicum, P. virgatum, Z. mays

	
Variable expression of gene response to seminal root; accrual in epigenetic modification enzymes, reducing gene expression for root hair.

	
[150]




	
1–2 nm

	
Arabidopsis, O. sativa

	
Chromatin condensation; accrued cell aggregation; negative impact on protoplast in terms of oxidative stress.

	
[46]




	
CeO2, In2O3

	
20–70 nm 10–30 nm

	
Arabidopsis

	
Disruption of major stress-responsive gene expression, i.e., sulfur assimilation, and glutathione biosynthetic gene.

	
[151]




	
CeO2, ZnO

	
7–8 nm

	
G. max

	
Expression of new bands; mutation and damage to DNA.

	
[152]
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Table 2. Transcriptomic analysis of different nanomaterials’ interaction with plants.
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	Nanomaterial
	Size (nm)
	Species
	Implications on Cellular System
	References





	ZnO
	<100
	Arabidopsis
	Upregulation of genes that are stress-responsive and downregulation of those involved in biogenesis and cell organization.
	[118]



	TiO2
	<150
	Arabidopsis
	Upregulation of genes that are stress-responsive and downregulation of those involved in biogenesis and cell organization.
	[118]



	CdS, quantum dots
	5
	Arabidopsis
	Gene alteration where transcription needs to be augmented, causing mutation in genes for photosynthesis while providing tolerance to cells.
	[155]



	Ag NPs
	20
	Arabidopsis
	Genes’ up regulation, i.e., SOD, cytochrome P450- dependent oxidase, vacuolar cation/proton exchanger, and oxidative stress-causing peroxidases; downregulation of genes related with pathogenic and hormonal responses, i.e., signaling pathway and systemic acquired resistance, and auxin-regulated gene involved in organ size.
	[119]



	Ag NP, TiO2
	10–80 10–40
	Arabidopsis
	Dwindle in gene expression associated with pathogen infection, and gene repression involved in phosphate starvation.
	[134]



	Single-walled carbon nanotubes, graphene, multiwalled carbon nanotubes
	10–35
	S. lycopersicum
	In roots and leaves, gene expression alterations; upregulation of genes associated with stress (i.e., LeAqp2 gene), which are associated with pathogen infection and water channels.
	[156]
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Table 3. Proteomic analysis of different nanomaterials interaction with plants.
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	Nanomaterial
	Size (nm)
	Model System
	Implications on Cellular System
	References





	Ag NPs
	15
	Glycine max
	Alteration in stress associated 107 differential root proteins involved in cell signaling and metabolism.
	[159]



	Ag NPs
	9.3
	E. coli
	Weakening outer membrane; effecting plasma membrane potential; depletion of intracellular ATP accumulation of protein precursors.
	[161]



	TiO2 NPs
	23
	E. coli

MG1655
	Depolarization and weakening of cell membrane, causing extra permeability in the cell.
	[162]



	Ag NPs
	18.34
	Bacillus thuringiensis
	Upregulation/downregulation in proteins involved in responsiveness; dwindle in proton motive force; precursors of envelope protein accumulation.
	[157]



	Ag NPs
	10
	B. subtilis Cu1065, A. vinelandii UW136
	Implications on cellular processes; enhancement in quorum-sensing proteins and stress-related proteins.
	[163]



	Ag NPs
	10
	Triticum aestivum
	Expression of proteins responsible for cell defense and metabolism, particularly in shoots and roots.
	[164]



	Ag NPs
	18
	Oryza sativa
	Variable expression of 28 proteins; regulation of tolerance regarding oxidative stress, apoptosis, calcium signaling, cell division and transcription.
	[157]



	Ag NPs
	20
	Chlamydomonas
	Downregulation of oxygen-evolving enhancer protein 2 of photosystem II.
	[165]



	Ag NPs
	10
	Eruca sativa
	Alteration in proteins involved in sulfur metabolism and present in endoplasmic reticulum and vacuoles.
	[126]



	CeO2 NPs
	10
	Zea mays
	Increased activity of ascorbate peroxidase, catalase; accumulation of H2O2 and heat shock protein.
	[84]
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