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Abstract 

The increasing salinization of arable lands exposes crops to abiotic stresses, requiring the adoption of 

novel, sustainable and efficient technologies to counteract yield reductions. In recent years, prolonged 

drought conditions contributed to the intrusion of saline water from the sea into rivers and wells, 

furtherly increasing the overall salinity levels. The use of brackish water from the Po River delta 

lagoons in Romagna, along with salinized water in the Foggia plains, are examples of common 

practices for field irrigation in Italian regions. However, this practice has been associated with 

reduced tomato plant yields and the gradual salinization of the soil. Nano-biotechnological 

approaches, including Plant Growth Promoting Microorganisms (PGPM) and Engineered 

Nanomaterials (ENMs) to mitigate salt stress in economically significant crops such as tomato 

(Solanum lycopersicum L.) hold promise to regulate plant responses. In particular, multi-strain 

inoculants offer the potential to achieve a balanced microbial functional profile capable to induce 

various plant responses, including resistance to abiotic stresses. In addition, the use of ENMs could 

be an applied solution as agricultural nanofertilization, due to their unique properties contributing to 

improve crop performance and to decrease environmental impact, through a diminished usage of 

conventional fertilizers. The present work aims to assess the effects of PGPMs (microbial consortia) 

combined with SiO2 nanoparticles (NPs) on salt stress tolerance during the cultivation of industrial 

tomato (cv. Heinz 3402). The experiments consisted of different phases: a preliminary study aimed at 

optimizing experimental conditions, including the determination of the optimal saline concentration 

and the selection of the most promising consortium. For the treatment the selected consortium was 

combined with silicon nanoparticles and its physiological and transcriptomic effects in the plant were 

assessed. A germination test was performed to evaluate the impact of microbial consortia when used 

as seed coatings at different salinity levels. Given that the microbial consortia seeds coating 

consistently showed a negative effect on tomato germination, the subsequent pot experiment involved 

the inoculation of microbial consortia stabilized in zeolite during the transplant phase. Tomato plants 

were transplanted after 21 days from germination, in soil inoculated with 2 grams of MC_B and 

MC_D consortia powder in combination with 2 grams of spores of Arbuscular Mycorrhizal Fungi 

(AMF) (Rhizophagus intraradices). One week after transplant other 2 grams of microbial consortia 

were inoculated and the induction of salt stress started, through 0% (no stress), 0.5% (low), 0.75% 

(medium) and 1% (high) NaCl solutions and lasted for a total of six weeks. The results indicated a 

decreased germination rate of seeds coated with MC_D, along with reduced plant biomass, 

photosynthetic activity and flowering in the pot experiment. Conversely, plants treated with MC_B 

in combination with AMF exhibited decreased proline content under stress conditions and a 
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significant increase in root length. After the preliminary assessment of the experimental conditions, 

tomato plants were transplanted into soil amended with SiO2 NPs or sodium metasilicate (Na2SiO3), 

in combination with MC_B and AMF inoculum and salt stress (1% NaCl). After 6 weeks of salt stress, 

samples of roots, shoots, and leaves were collected. Physiological and phenotypic parameters were 

monitored during plant growth: photosynthetic activity and biochemical assays (lipid peroxidation, 

cellular respiration, determination of proline content) were performed. Leaves and roots samples were 

analyzed through scanning electron microscopy (µ-XRF), to obtain X-ray fluorescence elemental 

maps. Transcriptomic analysis through RNAseq were also performed on leaves and roots samples. 

The results showed a positive role of SiO2 NPs in reducing lipid peroxidation of plant roots under salt 

stress condition, although it did not affect proline content. On the other hand, microbial consortium 

inoculum appears to play a role in the reduction of salt stress biomarkers, including proline content 

and lipid peroxidation. However, a comprehensive understanding of these mechanisms requires 

further investigation. X-ray fluorescence elemental maps analyses showed a greater accumulation of 

silicon into the stems treated with Na2SiO3, as compared to SiO2 NPs treatment and untreated control, 

suggesting a greater silicon translocation in its ionic form. The reduced SiO2 NPs translocation (as 

compared with sodium metasilicate) results in a differential gene expression regulation. Interestingly, 

chloroplast functions have been observed in the modulation of silicon-mediated salt stress response. 

The use of ENMs demonstrated considerable potential, not only for inducing stress tolerance, as 

exemplified in the case of nano-Si, but also as a sustainable alternative to conventional fertilizers 

application. In a parallel study, Zea mays L. plants were treated with Fe3O4 NPs to assess a controlled 

release of iron, a vital element for plant physiology. Maize plants (V2 growth stage) were transplanted 

into Fe3O4 NPs or FeCl3 amended soil, and after 5 month (R growth stage) leaves, roots and seeds 

were harvested. Morphological and physiological parameters, metal uptake in the three tissues and 

transcriptional responses in leaves and roots, were evaluated. While no significant morphological 

differences were observed, FeCl3 treated plants showed reduced photosynthetic activity as well as 

increased stomatal transpiration and lipid peroxidation, while Fe3O4 NPs treatments resembled 

untreated controls and FeCl3 treated plants. Furthermore, the transcriptional analysis via RT-qPCR on 

target genes in RNA extracted from leaves and roots has revealed an influence of iron treatments on 

iron transport mechanisms and the response to oxidative stress. The approaches explored on different 

plants of agri-food interest, utilizing multiple nano-biotechnological strategies (with PGPM, 

nanofertilizers, or through their combination) showed a high potential of implementation in the 

modern agricultural practices and scale-up to field experimental conditions. Moreover, the 

approaches utilized may also contribute to develop and to adopt novel strategies in assessment and in 

characterization of the risk associated to nano-biotechnological solutions. 
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Abbreviations list 

 

AAS13 Auxin amido synthetase13 

ABA Abscissic acid 

ABRE ABA-responsive elements  

ACC 1-aminocyclopropane-1-carboxylic acid 

AMF Arbuscular Mycorrhizal Fungi  

BP Biological Processes 

CAT Catalase 

CC Cellular Component 

CK Cytokinins 

DEGs Differentially Expressed Genes  

DLS Dynamic Light Scattering  

ENMs Engineered Nanomaterials 

FA-AAS Flame Atomic Absorption Spectrometry  

FC Fold Change 

FDR3 Ferric reductase defective3  

FPKM Fragments Per Kilobase of exon per Million mapped fragments 

GA Gibberellins 

GI GIGANTEA 

GSI Germination Stress Tolerance Index  

GSR1 Glutathione reductase 1  

HSP Heat Shock Protein 

IAA Indole-3-acetic acid  

ISR Induced Systemic Resistance 

JA Jasmonic acid 

JAR1 Jasmonic acid-amido synthetase  

MATE Multidrug and toxic compound extrusion 

MC Microbial Consortia 
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MDA Malondialdehyde 

MF Molecular Function 

NA Nicotianamine 

NAS Nicotianamine synthase 

NPs Nanoparticles 

PGPMs Plant Growth Promoting Microorganisms  

PGPR Plant Growth-Promoting Rhizobacteria  

PI Promptness Index  

POX Peroxidase 

PRO1 Proline responding 1 

PS Phytosiderophores 

PSII Photosystem II  

ROS Reactive Oxygen Species 

SA Salicylic acid  

SOD Superoxide dismutase  

SOD1 Superoxide dismutase 1 

SOS Salt Overly Sensitive  

TBAR Thiobarbituric Acid Reactive Substance 

TTC 2,3,5-Triphenyltetrazolium chloride 
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1 Introduction with foreground literature 

1.1 Climate change: an emerging agricultural challenge 

One of the most debated topics in recent decades is the ongoing climate change and its negative effect. 

The damages caused are irreversibly creating serious issues in various essential sectors, and the 

condition is expected to worsen unless immediate international measures are taken to manage and 

mitigate the damages, with effects the entire industrial system. Global warming has led to a sudden 

increase in average temperatures by 1.1°C during the period 2011-2020 compared to the last century, 

with a greater impact on inland areas (+1.6°C) than oceans (+0.9°C). Projections from the 

Intergovernmental Panel on Climate Change (IPCC, 2023) indicate that if we maintain an 

intermediate level of emissions as of today, we can expect the average temperature increase that could 

reach 3°C by 2100 (Figure 1.1).  

 

Figure 1.1: The picture is taken from Figure SPM.1 of the United Nations Intergovernmental Panel on Climate 

Change, AR6 Synthesis Report with partial elaboration. The image depicts the fluctuations in worldwide surface 

temperature from 1900 to 2020, and its projection up to 2100, and it is showcasing the historical and future changes 

in climate across the lifespan of three generations (born in 1950, 1980, and 2020). The predicted changes in global 

surface temperature from 2021 to 2100 are displayed for different emissions scenarios, ranging from very low to 

very high. The 'climate stripes' represent the fluctuations in yearly global surface temperatures, illustrating the 

human-induced long-term trends and the ongoing influence of natural variability. The generational icons' colors 

match the global surface temperature stripes for each year, and the segments within the icons from 2020 to 2100 

represent possible future emission scenarios depending on how we address climate change today. 
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The rise in temperature is having, and will have, an increasingly significant impact on agriculture. On 

one hand, climate change is reducing the moisture of the soils in various geographic areas, including 

the Mediterranean region (Figure 1.2), and, on the other hand, it is rising sea levels (it is currently 20 

cm higher than in 1901, as reported by IPCC). This leads to a subsequent decrease in river levels and 

a rise in the seawater level, causing to cultivated lands to become generally drier and/or more saline, 

resulting in significant damages to agriculture. Climate change has already reduced food security, 

while the average crop production increased over the last 50 years. Approximately half of the global 

population is currently at risk of severe drought during at least one period of the year due to a 

combination of climatic and non-climatic factors (IPCC, 2023).  

In Europe, it is estimated that 34.6% of arable lands are subjected to drought, and climate change will 

further increase this percentage (Pr�v�lie et al., 2021). Globally, some scenarios predict a 7%-23% 

decrease in the yield of staple food crops, particularly rice and maize (Rezaei et al., 2023).  

Figure 1.2: The picture is taken from Figure SPM.1 of the United Nations Intergovernmental Panel on Climate 

Change, AR6 Synthesis Report with partial elaboration. The figure illustrates the projected changes in annual 

maximum daily temperature and annual mean total column soil moisture at different global warming levels (1.5°C, 

2°C, 3°C, and 4°C relative to 185031900). In dry regions, large positive relative changes of temperature may 

correspond to small absolute changes in soil moisture. The unit of measurement for soil moisture change is the standard 

deviation of interannual variability during 185031900, which is commonly used to characterize drought severity.  
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Only in Italy, estimates suggest that climate change will cause by 2100 a reduction in the value of 

agricultural land ranging from 87-162 billion euros due to drought (Spano et al., 2020). In the summer 

of 2022, an extremely hot and dry period led to a drastic decrease in the water level of the Po River, 

the main Italian river that provides water for field irrigation across much of the Po Valley, resulting 

in the intrusion of saltwater into cultivated areas for over 40 km inland (Straffelini & Tarolli, 2023). 

It is projected that in the future, saltwater intrusions into the Po River will increase by 80% in extent 

and 100% in persistence (Bellafiore et al., 2021), causing serious issues related to the progressive 

salinization of soils and the consequent reduction in crop yields. This calls for agricultural practices 

capable of mitigating these harmful effects. According to the United Nations, the planet is projected 

to accommodate 10.4 billion people, leading to a global increase in food demand that by 2050 should 

increase from 30% to 62%, compared to 2010 (van Dijk et al., 2021). To meet this growing demand, 

it will be necessary to increase crop yields, especially to counteract the progressive reduction in 

cultivable areas. However, the use of conventional fertilizers could cause the accumulation of toxic 

substances in the soil, exacerbating the environmental situation (Baweja et al., 2020). Furthermore, 

fertilizer production is a significant source of climate-altering gases (Walling & Vaneeckhaute, 2020). 

Hence, it is crucial to prioritize the development of eco-friendly alternatives to tackle the rising food 

demand and promote environmental preservation. 

1.2 Impact of abiotic stresses on plants 

According to various reports, crop productivity is consistently impacted from the changing 

environmental conditions (Janni et al., 2024). Indeed, cultivations are subjected to increased 

temperatures, prolonged periods of drought and floods, that are leading to enormous losses with a 

reduction of nearly 50% of the yield of various crops. In response to abiotic stresses, plants adopt 

various response strategies such as modulating photosynthetic activity and hormonal homeostasis. 

However, this leads to an alteration in the plant's biochemical and physiological balance, sometimes 

resulting in oxidative stress (Khan et al., 2012). One of the most critical abiotic stresses is salt stress 

as it directly reduces crop yield and health. Moreover,  salt accumulation in soils progressively makes 

fields less arable and reduces their use in agriculture (Abdelgawad et al., 2016). The consequences of 

salt stress on crops pose a global threat, affecting approximately 1.1 billion hectares worldwide (FAO, 

2020). In Italy, particularly in the Po Delta region, it is estimated that over the last twenty years, the 

rise of seawater has reached values of 40 kilometers along the deltaic mouths. This phenomenon, 

along with the increasingly frequent droughts, enhanced the salinity of the irrigation waters (Agenzia 

prevenzione ambiente energia emilia-romagna, Arpae, 2023). Plants exposed to salt stress undergo 

an initial osmotic phase, caused by the influx of salts, primarily sodium ions, into its root cells from 
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the surrounding soil. This increased concentration of salts creates an osmotic imbalance, leading to a 

higher solute concentration in the root cells compared to the surrounding soil solution. As a result, 

water moves out of the plant cells, causing a decrease in turgor pressure and cell dehydration. 

However, when saline stress persists over a long period of time, the ionic phase follows the osmotic 

phase.  The influx of Na+ and Cl- ions determines the plant's response at the cytoplasmic level, 

triggering different pathways aimed at sequestering ions within the vacuole. This accumulation may 

lead to an osmotic imbalance within the cell, which could result in tissue damage and interference 

with the plant's vital biochemical and physiological activities (Munns & Tester, 2008). 

1.2.1 Physiological mechanisms in response to salt stress 

The onset of drought stress during the osmotic phase triggers a plant response which tries to minimize 

water loss through stomatal closure, thereby maintaining water balance in plants (Saradadevi et al., 

2017). However, the low availability of CO2 in leaf intercellular spaces can lead to the disruption of 

important biochemical reactions such as photosynthesis, which in turn may induce oxidative damages 

in tissues. During photosynthesis, excessive light absorption and low CO2 availability promotes 

electron transfer to O2, resulting in the generation of singlet oxygen and the subsequent induction of 

oxidative stress (Nadarajah, 2020). Under salt and drought stress conditions, respiration increases to 

compensate for the reduced energy rate in chloroplasts, contributing to a further increase in oxidative 

stress (Atkin & Macherel, 2009). The overproduction of reactive oxygen species (ROS) causes 

oxidative damage to membrane lipids, proteins, DNA, and nucleic acids (Gill & Tuteja, 2010). 

Polyunsaturated fatty acids (PUFA), such as linoleic acid, are particularly susceptible to ROS attack, 

leading to the formation of alkoxyl radicals, aldehydes (malondialdehyde), alkanes, epoxides, and 

alcohols (Davies, 2000). Following ROS generation, hydrogen peroxide synthesis stimulates a 

transduction cascade that activates detoxification mechanisms, including enzymatic and non-

enzymatic components capable of preventing cellular damages. Enzymatic components include 

superoxide dismutase (SOD), catalase (CAT), and peroxidase (POX), involved in reducing singlet 

oxygen (1O2) to hydrogen peroxide (H2O2). Non-enzymatic components include ascorbic acid, ³-

tocopherol, flavonoids, glutathione, carotenoids, lipids, and phenolic compounds, components that 

can effectively mitigate oxidative damage by reducing ROS activity or working in conjunction with 

the enzymatic components mentioned above (Gill & Tuteja, 2010). Exposure of plants to NaCl-rich 

soils can lead to the accumulation of Na+ and Cl- ions in the apoplast or in the vacuole. If ion 

accumulation occurs in the apoplast, the osmotic gradient between the cell interior and exterior 

increases, promoting water diffusion into the intercellular spaces and a progressive dehydration which 

could lead to cell death. Alternatively, if ion accumulation occurs in the cellular vacuole, salt stress 
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tolerance is enhanced (Volkmar et al., 2011). Indeed, ion compartmentalization in the vacuole creates 

a strong osmotic gradient across the vacuolar membrane, balanced by an increased synthesis of low 

molecular weight biochemical molecules in the cytoplasm, known as osmolytes and osmoprotectants. 

Osmolytes play a role in stabilizing internal osmotic potential, increasing protein stability, and 

protecting the macromolecular structures (Yancey, 2005). Osmoprotectants are categorized into 

various groups, including amino acids, sugars, and sugar alcohols (Läuchli & Grattan, 2011). Salt 

stress alters the biosynthesis, accumulation, and distribution of various phytohormones, including 

abscisic acid (ABA) (Calestani et al., 2015; Ruotolo et al., 2018), jasmonic acid (JA), salicylic acid 

(SA), indole-3-acetic acid (IAA), gibberellins (GA), and cytokinins (CK). Abiotic stress in plants 

leads to ethylene overproduction, which can inhibit roots and shoots proliferation and leaf senescence, 

thereby reducing plant growth and development. ABA is a key hormone in regulating the response to 

salt stress, playing a major role during the osmotic stress phase. In leaves, ABA regulates transpiration 

by promoting stomatal closure and inducing the expression of many genes involved in abiotic stress 

tolerance (Fujita et al., 2013). Another example of hormonal regulation is the induction of salt stress 

tolerance by salicylic acid, the latter is involved in maintaining ion homeostasis by promoting 

osmolyte accumulation and detoxification from reactive oxygen species (Elhakem, 2020). 

1.2.2 Molecular mechanisms in response to salt stress 

The molecular mechanisms underlying the plant response to salt stress involve various signal 

transduction pathways triggered by environmental stimuli capable of disrupting biochemical and 

physiological balance. Among the primary consequences of Na+ ion accumulation are alterations in 

intracellular Ca2+ levels and the production of ROS. The increase in cytosolic Ca2+ caused by Na+ 

accumulation induces changes in cellular osmotic pressure, activating Ca2+ channels and, 

consequently, initiating the Ca2+ signaling transduction cascade, as described more in details in 

Figure 1.3.  

Figure 1.3: The picture is taken from Yang Y. & 

Guo, 2018 with partial elaboration. Comparison of 

cellular homeostatic regulation in the presence and 

absence of salt stress. The kinase activity of SOS2 

is repressed under unstressed conditions by 14-3-3 

and GIGANTEA (GI) proteins, preventing the 

transport of H+ through the ATPase. When salt 

stress is induced, the concentration of Ca2+ ions in 

the cytoplasm increases, and SCaBP8, which under 

unstressed conditions acts as a repressor of the K+ 

transporter AKT1, gets phosphorylated, activating 

the SOS pathway. Gradients that allow the 

internalization of Na+ into the vacuole through the 

Na+/H+ antiport are then generated. 
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The rise in ROS levels also contributes to trigger the Ca2+ signaling pathway: for instance, hydrogen-

peroxide-induced Ca2+ increases 1 (HPCA1), a kinase receptor located in the plasma membrane 

capable of sensing H2O2 increase and induce stomatal closure through Ca2+ influx (Zhao et al., 2021). 

The accumulation of Na+ ions under salt stress conditions also leads to a disruption of cellular ion 

homeostasis, potentially causing severe cytotoxic damage. The efflux of Na+ from the cytoplasm is 

mediated by Na+/H+ antiports that transport Na+ to the apoplast, if located in the plasma membrane, 

or to the vacuole, if located in the vacuolar membrane. This regulation is mediated by the Salt Overly 

Sensitive (SOS) signaling pathway, that prevent the cytosolic Na+ concentration from reaching toxic 

levels (Yang Y. & Guo, 2018). The production of osmolytes such as proline, polyols, and sugars 

results in a reduction of cytosolic osmotic potential, contributing to alleviating the cytotoxic effects 

induced by salt stress. Simultaneously, these osmolytes serve as signaling molecules for the regulation 

of ABA-mediated signaling. The interaction with ABA-responsive elements (ABREs) modulates the 

expression of various genes responsible for salt stress tolerance, with the involvement of ABRE-

binding protein/ABRE-binding factor (AREB/ABF) transcription factors (Figure 1.4). Furthermore, 

the disruption of cellular balance caused by salt stress can also lead to damages of the cell membrane, 

requiring a specific regulatory system for its biosynthesis.  

Figure 1.4: The picture is taken from Ma L. et al. 2022 with partial elaboration. The increase in cellular Na+ is 

sensed by the GIPCs sensor, which, by binding to Na+, mediates Ca2+ influx. The accumulation of Ca2+ activates 

the SOS pathway. To ensure the plant response to salt stress in the long term, calcium influx is then maintained 

through the modulation of AtANN4 by the SOS pathway. The interaction between PIP3 and RLK7, which 

accumulate under salt stress conditions, activates MPK3/6, initiating a signal transduction cascade mediated by 

MAP kinases. As a result of this signal transduction, various transcription factors activate the expression of genes 

involved in the plant's response to salt stress (e.g., ABFs, WRKYs, NACs) at the nuclear level. 
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In addition to ABA-mediated regulation of secondary wall biosynthesis, other key players such as the 

Homeobox HD-ZIP Class III (HD-ZIPIII) transcription factor, as well as the MYB46/MYB83 

transcription factor, play a crucial role (Zhao et al., 2021). There are also evidences of a correlation 

between the plants response to salt stress and light signaling, highlighting the negative influence of 

salt stress on the photosynthetic system. For instance, there are reports of the translocation in cytosol 

of constitutive photomorphogenic1 (COP1) protein in plants exposed to salt treatments, which is 

typically controlled by light signal. Additionally, the proline pathway, which is typically modulated 

under salt stress conditions, shows regulation by light signaling at the P5CS1 gene level. Furthermore, 

the modulation of the expression of salt-dependent genes linked to diurnal cycles and the circadian 

clock has been observed (Ma L. et al., 2022). 

1.3 Nano-biotechnological approaches to improve plant growth 

1.3.1 Engineered nanomaterials (ENMs)  

Nanotechnologies attract the interest of numerous companies in diverse sectors because of the wide-

ranging applicability, and unique properties, of nanoscale materials. According to the European 

Commission, nanomaterials, whether natural or synthetic, are defined as solid particles wherein at 

least 50% of their composition falls within the range of 1 nm to 100 nm. Alternatively, if they exhibit 

an elongated or plate-like shape, one dimension should be less than 1 nm, and the other dimensions 

should exceed 100 nm (EU Commission, 2022). Operating at the nanoscale exploits unique 

physicochemical properties, such as highly specific surface area, enhanced dissolution and reactivity 

rates, and strong absorption capabilities. These distinguish nanoparticles significantly from their bulk 

counterparts. Adhering strictly to the definition of NPs enables the identification of various types of 

NPs in nature, including biological (viral NPs) and non-biological (volcanic powders). However, 

naturally occurring NPs often exhibit irregular structures and size variabilities. In contrast, the 

synthesis of ENMs allows for greater uniformity and the design of well-defined nanostructures, 

making them applicable in various technological sectors (Elmer & White, 2018).  Classification 

systems of ENMs are dependent on both the morphology and the chemical composition of 

nanoparticles (Figure 1.5). The morphology of ENMs is influenced during their production by the 

material and synthesis techniques, allowing the creation of specific shapes (e.g., spherical, needle, 

cubic, nanotubes) tailored to the intended application (Buzea & Pacheco, 2017).  
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In recent decades, many studies in the field of plant pathology have involved the use of metalloids 

and metallic oxides to be used as bactericides/fungicides, nanofertilizers or protectant against abiotic 

stress (Elmer & White, 2018).  The use of ENMs such as metal oxide or functionalized carbon-based 

NPs, enables the gradual and targeted release of fertilizers, pesticides, and herbicides, reducing their 

widespread application and optimizing the administration of micronutrients (P. Wang et al., 2016). 

Numerous studies have demonstrated the potential use of NPs as nutritional sources to support plant 

growth (Marmiroli et al., 2017; Pavlicevic, Pagano, et al., 2023). However, potential concentration-

dependent phytotoxic effects remain to be investigated (Ma C. et al., 2018). For example, it is reported 

that SiO2 nanoparticles can be used as fertilizers, insecticides, and herbicides (Goswami & Mathur, 

2022). It has been shown that nano-Si could have a beneficial impact on plant growth, attributed to 

an increase in photosynthesis, transpiration, and photochemical efficiency (Rastogi et al., 2019). 

Additionally, silicon-based nanomaterials are known for their ability to induce resistance and enhance 

plant stress tolerance through a wide range of mechanisms, including mechanical reinforcement of 

defensive structures and activation of biochemical defenses (Fellet et al., 2021). Several studies also 

indicate that Fe3O4 nanoparticles can have positive effects on plant growth and development 

(Palmqvist et al., 2017; Servin et al., 2017), offering promising prospects for their potential 

application in agriculture as nanofertilizers. For example, it has been demonstrated that the 

application of iron nanoparticles can lead to an increase in the chlorophyll content in leaves, 

improving the photosynthetic activity of plants (Ghafariyan et al., 2013; Jalali et al., 2016, 2017; 

Souad A. Elfeky, 2013).  

 

Figure 1.5: The picture is taken from Elmer & White, 2018 with partial elaboration. The schematic 

diagrams illustrate the various types of nanoparticles utilized in phytopathology. These include molecular 

arrangements of metal oxide nanoparticles, single-walled carbon nanotubes (SWCNT), multiwalled carbon 

nanotubes (MWCNT), fullerenes, graphene nanoparticle sheets, graphene-oxidized nanoparticle sheets, 

dendrimers, and quantum dots.  
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The small size and high surface area-to-volume ratio of nanomaterials make them ideal to pass 

through cellular barriers and interact with intracellular structures, but  this may also increase the 

potential for genotoxic and cytotoxic effects (Ma C. et al., 2015; Rico et al., 2011). Potential toxic 

effects of nanomaterials on plants can be caused by a variety of factors, including dissolution and 

release of metallic ions, size and morphology-dependent injuries or obstructions from NPs, 

production of ROS, and oxidation of biomolecules through catalytic reactions. The nature of 

interactions between plants and NPs strongly depends on the intrinsic properties of the ENM (Burello 

& Worth, 2015; P. Wang et al., 2016). To enhance the understanding of interactions between ENMs 

and plants, several models have been proposed, describing the pathways through which nanomaterials 

can penetrate plant tissues. These includes binding to carrier proteins, endocytosis, or binding to 

organic compounds present in the plants growth medium (Figure 1.6).  

 

Figure 1.6: The picture is taken 

from Ma C. et al., 2018 with partial 

elaboration. Graphic representation 

of the plant response to exposure to 

nanoparticles (NPs) and potential 

internalization pathways in plant 

tissues. Once internalized at the 

root level, NPs can accumulate in 

the vacuole or be translocated to 

the aerial parts, either maintaining 

their structure or undergoing 

biotransformations. Internalization 

can occur through endocytosis 

followed by accumulation inside 

the plant cell, thereby exhibiting 

potential cytotoxicity. However, 

nanotoxicity at the cellular level 

can be mitigated by sequestration 

in the vacuole. The induction of 

cytotoxicity can be caused by 

oxidative stress, leading to 

increased levels of ROS, activating 

antioxidant defense mechanisms 

and regulating the plant's hormone-

mediated response, both at the 

biochemical and molecular level. 
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They can also form complexes with membrane transporters or root exudates and subsequently be 

transported into the plant (Rico et al., 2011). The assessment of potential toxic effects of ENMs is 

crucial for establishing reliable regulations for their use. A significant factor when approaching 

nanotoxicological studies is understanding the effects of the material in its various physical forms, to 

determine whether any toxicity is distinctively caused by the nanostructured material, the bulk 

material, or the release of the metallic ion (Rico et al., 2011). For example, when designing an 

experiment for the study of nanomaterials, it is advisable to treat the organism with both the ENM 

and its respective salt under the same conditions, to assess whether any toxic effects or tolerance are 

exclusive to the nanostructured material or not (Marmiroli et al., 2014). This type of studies would 

also provide a more comprehensive and wide-ranging understanding of the action of NPs in complex 

systems (Pagano et al., 2017). In this context, some of the challenges related to the ecotoxicology of 

nanomaterials are common to conventional ecotoxicology, while others present unique 

characteristics. Traditional ecotoxicology for example refers to the effective dose of a toxic substance 

capable of crossing the cell membrane and disrupting essential processes. However, when 

investigating ENMs, the effective dose could vary based on the conditions in which the suspension is 

found or due to dynamic physico-chemical interactions between receptors and the toxic substance, as 

well as biotic and abiotic transformations (Holden et al., 2016). The accumulation of nanomaterials 

and the potential trophic transfer are influenced by several factors: chemical-physical and biological, 

which are generally analyzed separately, despite the need for a robust characterization of the complex 

interaction among all these parameters within the ecosystem. In the context of promoting a secure 

and sustainable application of ENMs in agriculture, with the aim of implementing strategies to 

optimize processes and production in the agri-food chain and mitigate damages resulting from climate 

change, it becomes essential to conduct specific studies on nanomaterials in cultivated plants that are 

economically significant.  

Characterizing the modes of internalization and accumulation in different plant tissues is crucial, 

especially when dealing with edible plants. It is important to thoroughly understand the molecular 

and physiological mechanisms underlying the interaction between nanomaterials and plants. This 

approach seeks to broaden the understanding of these mechanisms to ensure safe use, both for 

environmental introduction and for the end consumer. In this way, a good balance between 

implication and application in the use of nanomaterials in agriculture can be established, opening a 

promising scenario for sustainable alternatives to conventional fertilization methods. 
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1.3.2 Plant Growth Promoting Microorganisms (PGPM) 

An alternative strategy to the use of chemical fertilizers could involve the use of microorganisms able 

to interact with plants, generating positive effects on both growth and tolerance to abiotic and biotic 

stresses. PGPMs include a wide variety of microorganisms, such as AMF and rhizobacteria, present 

both in the rhizosphere and inside root tissues (Ma Y. et al., 2011). AMF are filamentous fungi that 

colonize roots and the rhizosphere in the form of branched filaments. After initial contact with root 

epidermal cells mediated by root exudates, hyphae reach cortical cells and branch into arbuscules, 

allowing enhanced nutrient assimilation by the plant. Nutrient absorption occurs due to the presence 

of extraradical mycelium, nitrogen, phosphorus, zinc, and potassium assimilation (Jacott et al., 2017). 

The influence of AMF treatments on mitigating detrimental effects of salt stress has been documented, 

involving mechanisms such as increased nutrient availability, greater accumulation of osmolytes and 

antioxidant enzymes, and important physiological alterations, such as an improved photosynthetic 

efficiency and increased ABA accumulation (Evelin et al., 2009). Bacteria capable of colonizing plant 

root systems and promoting growth are referred to as Plant Growth-Promoting Rhizobacteria (PGPR). 

PGPR can be distinguished into internal PGPR (iPGPR), symbiotic bacteria living inside plant cells 

through nodule production, and external PGPR (ePGPR), bacteria colonizing the rhizosphere (Gray 

& Smith, 2005).  The interaction of PGPR with plants promotes plant growth and development and 

enhances resistance to abiotic and biotic stresses through both direct and indirect mechanisms (Figure 

1.7). Generally, PGPR mechanisms influencing plants include improved nutrient acquisition through 

nitrogen fixation and potassium and phosphate solubilization, as well as hormone synthesis. Common 

symbiotic nitrogen-fixing bacteria belong to the genera Rhizobium, Sinorhizobium, Mesorhizobium, 

Frankia, Bradyrhizobium, Burkholderia, while common non-symbiotic nitrogen-fixing bacteria 

include Azoarcus, Herbaspirillum, Gluconacetobacter, Azospirillum, and Azotobacter. Among the 

common phosphate-solubilizing bacteria are Bacillus circulans, Agrobacterium spp, Pseudomonas 

spp, Rhizobium, Burkholderia, Azotobacter, and Enterobacter (Shah et al., 2021).  

In addition to enhancing nutrient availability, other direct mechanisms include the synthesis of 

hormone-like molecules (Figure 1.8). Many rhizospheric bacteria can synthesize indole-3-acetic acid 

(IAA) from tryptophan present in root exudates, which is absorbed by plants, promoting auxin 

synthesis and stimulating plant growth and cell proliferation (Ilangumaran & Smith, 2017). Indirect 

mechanisms include the bio-protective action of microorganisms against phytopathogens through 

antibiotic and antifungal synthesis or induced systemic resistance (ISR) by the activation of the plant's 

defense mechanisms, preparing it to resist and respond more rapidly and effectively to future 

pathogenic attacks.  
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PGPR-induced ISR stimulates signal transduction pathways dependent on jasmonic acid and 

ethylene, enhancing the plant's basal defense level against phytopathogens (Choudhary et al., 2007; 

Pavlicevic, Elmer, et al., 2023).  

 

 

 

 

Figure 1.7: The picture is taken from 

Ilangumaran & Smith, 2017 with partial 

elaboration. Graphical representation of 

various mechanisms triggered by Plant 

Growth Promoting Rhizobacteria (PGPR) to 

mitigate the effects induced by abiotic stress, 

specifically salt stress. The action includes 

both direct effects at the root level, and 

influence on communication between the 

root and aerial parts through hormone-

mediated signaling, as well as the regulation 

of physiological processes and the plant's 

water balance.  

Figure 1.8: The picture is 

taken from Murali et al., 2021 

with partial elaboration. 

Regulation of the ethylene 

pathway mediated by the 

production of ACC 

deaminase by root-associated 

PGPR. Mechanisms of action 

for enhancing plant and root 

growth and mitigating the 

effects induced by abiotic 

stress. 



20 
 

In the context of abiotic stress resistance, a key role is played by 1-aminocyclopropane-1-carboxylic 

acid (ACC)-deaminase, capable of regulating ion homeostasis and osmolyte accumulation by 

hydrolyzing ACC and thus decreasing ethylene concentration (Murali et al., 2021). Ethylene is a well-

known hormone important in regulating many morphological and physiological plant processes, and 

it is overproduced in the presence of high exposure to abiotic stress. Its overproduction can inhibit 

root and shoot proliferation and increase leaf senescence, hindering plant growth and development. 

Another mechanism of stress response induced by microorganisms is the regulation of ionic 

homeostasis (Figure 1.9). It is reported that inoculation with certain PGPR prevents excessive Na+ 

accumulation under salt stress conditions, increasing the K+/Na+ ratio in shoots, enhancing Na+ 

exclusion through roots by enhancing high-affinity K+ transporters (Sunita et al., 2020).  

 

1.4 Microbial Consortia 

Microbial consortia, composed by communities of bacteria, fungi, and other microorganisms, have 

emerged as promising tools for enhancing plant growth and health in agricultural systems. The 

relationships between plants and their associated microbiota play a pivotal role in shaping plant 

development, nutrient acquisition, and stress responses. For these reasons, the potential of microbial 

consortia for plant biostimulation represents a sustainable and eco-friendly approach in modern 

agriculture. Unlike single-strain inoculations, microbial consortia leverage the synergistic interactions 

among diverse microbial species, creating a complex web of relationships that can positively 

influence plant performance. In this study, potential effects of PGPMs on salt stress mitigation were 

investigated with three different microbial consortia (MC): MC_B (Bacillus amyloliquefaciens LMG 

9814, Pseudomonas fluorescens DR54, Ranhella aquatilis BB23/Tad, Bacillus sp. BV84, 

Azotobacter vinelandii DSM2289), MC_C (Bacillus amyloliquefaciens LMG9814, Pseudomonas 

fluorescens DR54, Ranhella aquatilis BB23/Tad, Bulkholderia ambifaria MCl7, Azotobacter 

Figure 1.9: The picture is 

taken from Murali et al., 2021 

with partial elaboration. Salt 

stress cellular response 

mediated by PGPR through the 

production of ACC deaminase 

and the regulation of ionic 

homeostasis. 
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chrococcum LS132) and MC_D (Paenibacillius amylolyticus Sp949, Microbacterium oxydans 

Sp951, Stenotrophomonas rhizophila Sp952, Xanthomonas retroflexus Sp95). Microbial consortia 

MC_B and MC_C were produced during the Horizon 2020 project <Sustainable Innovation of 

Microbiome Applications in Food System= (SIMBA), to the unit of Biotechnology of the Department 

of Chemistry, Life Science and Environmental Sustainability (SCVSA - University of Parma) and 

described by Tabacchioni et al. (2021) with a bottom-up approach: microorganisms with different 

plants stimulating functions (nitrogen fixation, phosphorus solubilization, biocontrol, auxin 

production, amylolytic activity) were selected from a broad panel of PGPMs and their ability to 

coexist in consortia was verified through in vitro compatibility tests. The most promising 

combinations of microbial species were then used to formulate synthetic microbial consortia. 

Economically significant plants including tomato, wheat, and corn treated with MC_B and MC_C, 

revealed the involvement of microbial consortia in both biomass yield and productivity. Additionally, 

these studies demonstrated the modulation of gene expression in critical pathways governing the 

physiological and metabolic regulation of the plant. The results highlighted a root-level crosstalk 

between plants and microorganisms, leading to a systemic plant response (Caldara et al., 2024; 

Graziano et al., 2022; Vassura et al., 2023). The four strains comprising MC_D were identified from 

soil samples collected from a Danish agricultural field (De La Cruz-Perera et al., 2013). Their ability 

to form biofilms was verified, revealing distinct properties in the microbial consortium compared to 

individual strains (Ren et al., 2014). MC_D was then tested on Arabidopsis thaliana L. (Heyhn) 

exposed to drought stress. Inoculation with MC_D influenced chlorophyll content, abscisic acid 

signaling and root microbiota, resulting in an improvement in the response to drought stress. The 

contribution of MC_D appears to be attributed to the formation of a robust biofilm at the root level, 

which could lead to increased water retention and nutrient supply (Yang N. et al., 2021). 

For greenhouse experiments, microbial consortia were stabilized on zeolite powder (Hett et al., 2023) 

and inoculated in soil during the transplant. The use of PGPMs stabilized on zeolite rather than liquid 

inoculum, can offer significant advantages in agricultural applications. Zeolites are alumino-silicates 

characterized by an ordered and microstructured framework. In addition to their easy use for field 

applications, zeolites possess intrinsic properties that enhance water retention in the soil and promote 

its gradual release. The microstructured nature of zeolites enables their use as PGPMs carriers, 

increasing their survival potential throughout the plant's life cycle. 
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1.5 Solanum lycopersicum L. (cv. Heinz 3402) 

The cultivation of tomato (Solanum lycopersicum L.) for industrial transformation is widely practiced 

worldwide, ranking as the second most important plant in horticulture after potatoes, with a 

production of approximately 180 million tons/year (FAO, 2020).  

Italy is the third-largest global producer after California and China, with cultivation spanning about 

67 thousand hectares of land, with 54% of the cultivation concentrated in Northern Italy and 41% in 

Southern Italy. The composition of macro and micronutrients in tomatoes, like all horticultural 

products, is strongly influenced by factors such as cultivar type, agronomic practices, sunlight 

exposure, and soil characteristics. Considered a health-promoting food, tomatoes have rich nutritional 

quality due to the presence of secondary metabolites such as lycopene, alpha- and beta-carotene, 

flavonoids, vitamin C, and hydroxycinnamic acid derivatives. Tomato has reached enormous 

popularity in recent years, particularly with the discovery of the antioxidant and anticancer activities 

of lycopene (Raiola et al., 2014) and the high content of vitamins B and C.  

Tomatoes belong to the Solanaceae family, which also includes potatoes and eggplants, constituting 

one of the most important species in terms of food production. Since its introduction in Europe, 

tomatoes were initially underutilized for food due to the presence of small golden berries like other 

toxic Solanaceae varieties, i.e. mandrake. Between the 17th and 18th centuries tomatoes use in cuisine 

began thanks to progressive domestication, which led to a drastic reduction in genetic variability 

(Bergougnoux, 2014). The first complete genome sequence of the tomato (cv. Heinz 1706) was 

published in 2012 as part of the international Tomato Genome Consortium, providing a valuable 

resource for understanding plant biology and developing new varieties (Sato et al., 2012). The study 

of the tomato genome as a model organism over the years has facilitated the investigation of 

interesting pathways and molecular markers in the plant biology. Thanks to this, biomarkers related 

to the regulation of the transition from vegetative to reproductive states, fruit maturation, and response 

to abiotic and biotic stresses have been identified and characterized (W. Liu et al., 2022). 
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1.6 Zea mays L. (cv. Pioneer P0837) 

Maize (Zea mays L.) is widely cultivated in many regions around the world and together with wheat, 

rice and soybean represent one of the most important cereals in terms of production and distribution. 

In Italy, maize is the leading national crop both in terms of production, amounting to approximately 

8.5 million tons, and yields. It generates an annual value of ¬2.1 billion for direct consumption, and 

an overall value of ¬36.2 billion for derived livestock productions, including over ¬6.0 billion from 

Protected Designation of Origin (PDO) and Protected Geographical Indication (PGI) excellence 

productions (Ministero dell'agricoltura, della sovranità alimentare e delle foreste (MASAF), 2019).  

Currently, over 80% of maize is allocated for animal feed, while the portion designated for human 

consumption does not exceed 5%. The remaining part is utilized for industrial purposes (biogas 

production) and for starch production (ISTAT, 2013). The main constituents of maize kernel are 

carbohydrates (with a high presence of starch), lipids, proteins, and minerals (with a high iron content, 

though it is poorly bioavailable). Moreover, phenolic compounds, which exert antioxidant, 

antimicrobial, and anti-inflammatory effects, are the characteristic active compounds (Formenti A. et 

al., 2004). Interestingly, the beginning of maize (Zea mays ssp. mays) domestication can be traced 

back to Mexico around 9000 years ago, originating from the wild ancestor Zea mays spp. parviglumis. 

Considering that it was then exported from Mexico to various regions in South America, genetic 

variability has significantly diversified over the centuries, adapting to different domestication 

pathways and climatic conditions, leading to the development of numerous landraces. The CIMMYT 

collection, for instance, documents over 300 maize races (Andorf et al., 2019).  

Improving maize cultivation for enhanced production and nutritional qualities necessitates in-depth 

phenotyping, which is challenging due to the dispersion of specific traits related to resistance to 

abiotic stress or nutritional properties among different landraces. The complete genome sequencing 

of maize has been conducted on B73 and Palomero (Jiao et al., 2017). Characterizing maize 

germplasm with targeted traits is crucial to increase crop yield in the agri-food chain, but this requires 

international networks (e.g., "Seeds of Discovery" (SeeD) promoted by CIMMYT) that provide 

accurate and systematic characterization of genetic diversities (Prasanna, 2012). 
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1.7 Aim of the project 

This project aims at enhancing eco-sustainable innovations in the agri-food system through the 

evaluation of nano-biotechnological solutions. In the context of food and climate emergencies, the 

use of biostimulants could improve agricultural practices, providing sustainable alternative strategies 

for better soil management. Biostimulants are substances or microorganisms applied to plants or soil 

to enhance nutrient uptake, nutrient efficiency, tolerance to abiotic stress, and overall plant 

performance (du Jardin, 2015). Unlike traditional fertilizers that provide essential nutrients directly 

to plants, they stimulate natural processes within the plant or the surrounding soil microbiome. Their 

mechanisms of action may involve improving nutrient availability, promoting root development, 

enhancing stress tolerance, and modulating various physiological processes. The use of biostimulants 

is gaining significance in sustainable agriculture as they contribute to more efficient resource 

utilization, reduce the environmental impact of agricultural practices, and offer potential solutions for 

mitigating the effects of climate change on crop productivity.  

Among the emerging problems associated with climate change, the salinization of irrigation water 

following prolonged drought periods led to a severe reduction in crop yields. This is happening in the 

Po river delta and in many area of the Po valley, causing significant economic losses. The application 

of biostimulants able to mitigate the reduction in crop yields mediated by salt stress could be a 

potential strategy, increasing the availability of arable land. However, the use of nanomaterials, 

whether to mitigate adverse responses to abiotic stresses or as nanofertilizers, may pose several 

challenges related to potential accumulation in the environment, biomagnification, and 

biotransformation (Pagano et al., 2023), increasing the need to clarify aspects related to their potential 

eco-toxicity. A clear understanding of the mode of action of nanomaterials on crops, both from a 

physiological and molecular perspective and in terms of their internalization in plant tissues, is a 

crucial goal for their implementation and application within the agri-food production context. These 

aspects were investigated in this work.  
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2 Materials and Methods 

2.1 Experimental design: Solanum lycopersycum L. 3 

preliminary experiments 

2.1.1 Germination Test  

To assess the effectiveness of a potential seed coating with microbial consortia under salt stress 

conditions, tomato seeds were coated and exposed to various concentrations of saline solution to 

evaluate key parameters for germination efficiency. In this study, the cultivar Heinz 3402 tomato 

variety was used, known for its good-sized fruits and thick, excellent-textured pulp. The individual 

bacteria strains of microbial consortia MC_B (Bacillus amyloliquefaciens LMG 9814, Pseudomonas 

fluorescens DR54, Ranhella aquatilis BB23/Tad, Bacillus sp. BV84, Azotobacter vinelandii DSM 

2289), MC_C (Bacillus amyloliquefaciens LMG 9814, Pseudomonas fluorescens DR54, Ranhella 

aquatilis BB23/Tad, Bulkholderia ambifaria MCl 7, Azotobacter chrococcum LS132), and MC_D 

(Paenibacillius amylolyticus Sp949, Microbacterium oxydans Sp951, Stenotrophomonas rhizophila 

Sp952, Xanthomonas retroflexus Sp95) were grown on LB (Luria-Bertani) agar cultures (Triptone 10 

g/L, Yeast Extract 5 g/L, NaCl 10 g/L, agar 15 g/L) and incubated in 3 mL of LB broth (Triptone 10 

g/L, Yeast Extract 5 g/L, NaCl 10 g/L) for 24 hours at 28°C. Considering the relationship between 

OD600 and colony forming units (CFU), a volume of microbial culture corresponding to 108 CFU/mL 

for each strain was collected and mixed in a tube in order to obtain the desired consortium. The mix 

was centrifuged at 6000 rpm for 3 minutes. The resulting pellet was resuspended in 100 µL of ddH2O 

and transferred to 3 mL of 1% methylcellulose. The seeds were sterilized with a 10% sodium 

hypochlorite solution for 10 minutes and then washed three times for 20 minutes with sterile 

deionized water (ddH2O). The seeds were transferred to methylcellulose alone (untreated control) or 

supplemented with microbial consortia, incubated for 1 hour with agitation at room temperature, and 

dried for 24 hours in a sterile environment (Rocha et al., 2019). The seeds were then sown in 10 cm 

Petri dishes (10 seeds per plate, for a total of 100 seeds per condition) on sterile Whatman filter paper 

(grade 1) impregnated with 1.5 mL of ddH2O (unstressed condition), 0.3% NaCl solution and 0.6% 

NaCl solution (salt stressed conditions). The plates were then incubated in the dark in a growth 

chamber for 6 days (temperature 24/19°C, 16h/8h light cycle). Germination monitoring was 

conducted from the third day after sowing up to the sixth day, with daily counts of germinated seeds. 

Seeds with a root length longer than 2 mm were considered germinated.  
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The Promptness Index (PI), which provides an indication of seed germination speed, and the 

Germination Stress Tolerance Index (GSI), which relates the germination speed of treated seeds to 

that of untreated seeds, were calculated as follow (Tanveer et al., 2020):  

PI = gpT3 (1.00) * gpT4 (0.75) * gpT5 (0.50) * gpT6 (0.25) 

GSI (%) = (PI treated seeds/PI control seeds) * 100 

Where gp represents the germination percentage calculated after Tn days from sowing.  

2.1.2 Pot experiment 

After the germination test, a greenhouse pot experiment was conducted to assess the effects of 

microbial consortia at different salinity levels to identify the most promising conditions for further 

investigation. (Figure 2.1).  

Tomato seeds were sterilized with 10% sodium hypochlorite solution, sown in seedbed and 

germinated for 4 weeks. The obtained seedlings were transplanted into pots containing 1.5 kg of soil 

and inoculated with 2 grams of microbial consortia stabilized in zeolite powder (Hett et al., 2023). 

Briefly, microbial consortia powder produced during the year 2020 was made by incubation of 

consortia strains in nutrient medium, then centrifugated and suspended in water at a concentration of 

109 CFU/mL. The strains were then mixed in a 1:1 ratio and stabilized on micronized zeolite (Hett et 

Figure 2.1: Graphical abstract of the experimental setup: timeline and conditions. Tomato seeds cv. Heinz 3402 

were used. Four weeks seedlings were transplanted into pots and inoculated with microbial consortia stabilized 

in zeolite powder MC_B (Bacillus amyloliquefaciens LMG 9814, Pseudomonas fluorescens DR54, Ranhella 

aquatilis BB23/Tad, Bacillus sp. BV84, Azotobacter vinelandii DSM2289) and MC_D (Paenibacillius 

amylolyticus Sp949, Microbacterium oxydans Sp951, Stenotrophomonas rhizophila Sp952, Xanthomonas 

retroflexus Sp95) alone or combined with Arbuscular Mycorrhizal Fungi (AMF) Rhizophagus intraradices. After 

one week, salt stress with 0.5%, 0.75% and 1% NaCl solutions was started. Salt stress was induced for 6 weeks. 
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al., 2022). The production during the next year was made following the Magarelli et al. (2022) 

approach: after the incubation, strains were dehydrated by freeze-drying and the lyophilized bacteria 

were stabilized on zeolite in a 1:1 ratio between strains. Microbial consortia MC_B and MC_D were 

used individually and in combination with 2 grams of the AMF Rhizophagus intraradices 

(commercial product from MycAgroLab, France). After one week of stabilization, a microbial 

reinforcement of an additional 2 grams has been applied and salt stress was induced using NaCl 

solutions at low (0.5% NaCl), medium (0.75% NaCl), and high (1% NaCl) concentrations. The stress 

was induced watering plants with 150 mL of tap water (unstressed condition) or saline solutions twice 

a week for 6 weeks, after which morphological and physiological analyses were conducted, followed 

by sample collection. The plants were grown in greenhouse at a temperature of 24°C with a 16/8 h 

photoperiod. The experimental conditions under analyses were: untreated control, MC_B, MC_D, 

AMF, MC_B + AMF and MC_D + AMF for unstressed condition, while these six treatments where 

also combined with NaCl solutions at low, medium and high salinity level for stressed conditions, for 

a total of 24 different experimental conditions performed in triplicate for a total of 72 pots. 

2.2 Experimental design: Solanum lycopersycum L. treatment 

combining ENMs and PGPMs 

The highest concentration of NaCl solution and the microbial consortium MC_B in combination with 

AMF were selected as the most promising conditions for further analysis. The next year, an additional 

experiment was set up. The microbial consortium treatment was combined with a nano-Si treatment 

under salt stress condition (Figure 2.2). Three weeks tomato seedlings were transplanted into pots 

with 1 kg of soil (same volume used in the preliminary experiment) and exposed to different 

treatments: plants were inoculated with 2 g of microbial consortium MC_B stabilized in zeolite 

powder combined with Rhizophagus intraradices (MycAgroLab, France), while soil was also 

amended with 500 mg/kg of SiO2 NPs (previously suspended in ddH2O and sonicated to inhibit the 

potential formation of aggregates) or 2.37 g/kg of the silicon salt Na2SiO3 as an additional control to 

evaluate the potential effect of ion dissolution. Salt stress (1% NaCl solution) was induced after 1 

week from the transplant with 150 mL of saline solution twice a week for 6 weeks (42 days). The 

plants were grown in greenhouse at a temperature of 24°C with a 16h/8h photoperiod. There were 10 

experimental conditions: untreated control, MC_B+AMF, SiO2 NPs, Na2SiO3, MC_B+AMF + SiO2 

NPs for unstressed condition, while these five treatments were combined with 1% NaCl solution for 

stressed condition, each performed with 5 replicates. 
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2.3 Experimental design: Zea mays L. 

The maize cultivar under examination in this study is Pioneer P0837, known for its exceptional 

productive potential in terms of yield and biomass, making it ideal for central and eastern areas of 

Emilia-Romagna where the focus is on maximizing silage production. Maize seeds were sown in 

vermiculite after sterilization with 10% sodium hypochlorite solution. After 11 days, V2 (two visible 

leaf collars) growth stage seedlings were transplanted in pots with 3.5 kg of soil, to ensure a sufficient 

amount of soil to support the plant until the reproductive phase and grown in greenhouse at 24°C 

(16h/8h photoperiod). Before transplant, the soil of treated conditions was homogenized with 500 

mg/kg of Fe3O4 NPs (previously suspended in ddH2O and sonicated to inhibit the potential formation 

of aggregates) or 75 mg/kg of the iron salt FeCl3 as an additional control to evaluate the potential 

effect of ion dissolution (Pagano et al., 2022). Three months after the germination, flowering started 

(Vt phase) and assessments for stomatal transpiration, photosynthetic activity and plant height were 

made. Five months after germination, cobs were formed and the analysis of morphological and 

physiological parameters was conducted, followed by the collection of samples from roots, shoots, 

and seeds. 

Figure 2.2: Graphical abstract of the experimental setup: timeline and conditions. Tomato seeds cv. Heinz 3402 

were used. Three weeks seedlings were transplanted into pots and inoculated with microbial consortium MC_B 

stabilized in zeolite powder (Bacillus amyloliquefaciens LMG9814, Pseudomonas fluorescens DR54, Ranhella 

aquatilis BB23/Tad, Bacillus sp. BV84, Azotobacter vinelandii DSM2289) combined with Arbuscular 

Mycorrhizal Fungi (AMF) Rhizophagus intraradices. Soil was also homogenized with SiO2 NPs or the silicon 

salt Na2SiO3. After one week, salt stress (1% NaCl solution) was started. Salt stress was induced for 6 weeks. 
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2.4 Nanomaterials characterization 

When planning experiments involving engineered nanoparticles, the characterization to assess their 

stability (ion dissolution, tendency to form aggregates) is essential for a better understanding of their 

effects on the targeted organism. Nanoparticles can undergo chemical and physical variations that not 

only influence their mode of action on organisms and the environment, but also impact their 

internalization and the physiological and molecular response of the plant. In this work, SiO2 NPs 

(Sigma-Aldrich, Merck, Darmstadt, Germany) and Fe3O4 NPs (synthesized by IMEM-CNR, Parma, 

Italy and characterized by Pagano et al. 2022) suspended in water were homogenized in soil after 

sonication to inhibit aggregate formation. The tendency of nanomaterials to form aggregates was 

determined through Zeta (z) potential and the aggregate size (hydrodynamic diameter) by Dynamic 

Light Scattering (DLS), while dissolution percentage was obtained through Flame Atomic Absorption 

Spectrometry (FA-AAS) (Marmiroli et al., 2021; Pagano et al., 2022). Zeta potential and 

hydrodynamic diameter were measured with 1 mL of nanoparticle suspension in ddH2O at 200 mg/L 

concentration and the Zetasizer Nano (Malvern Instruments Ltd., Enigma Business Park, Grovewood 

Road, Malvern, United Kingdom) was used. In DLS the sample placed in a polystyrene cuvette is 

illuminated with a laser light, and the light scattered in all directions by the particles is detected. Zeta 

potential is determined using a combination of electrophoresis and Laser Doppler Velocimetry. In this 

study, measurements were conducted by placing the sample in a polystyrene cuvette with the 

Universal 'Dip' cell (ZEN1002), designed for the application of an electric field to the analyzed 

sample (Zetasizer Nano Series User Manual). 

2.5 Physiological and Morphological analysis 

2.5.1 Morphological analysis 

To monitor the growth of tomato and maize plants, the length of both shoots and roots for each sample 

was measured using a meter. Shoots measurements were taken from the collar to the apical leaf, while 

root measurements were taken from the collar to the terminal portion of the root apex. At the end of 

the plant treatment period, the shoots were cut and measured, and the roots were cut and washed with 

tap water to remove rhizospheric soil, taking care not to damage them. The roots were then laid out 

and measured to obtain their total length. The measurement of fresh weight and dry weight allows the 

determination of the final yield of the plant. Fresh weight refers to the total weight of the freshly 

harvested plant, including water and other fluids present inside.  
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Dry weight represents the weight of the plant after water removal through evaporation or drying. 

Samples of shoots and roots, once collected, were weighed using a precision balance to collect data 

on fresh weight. Subsequently, they were dried in an oven at 70°C for 48 hours before another 

measurement on the precision balance to determine their dry weight.  

2.5.2 Photosynthetic activity and stomatal transpiration 

Total chlorophyll content was measured using an SPAD-502 (Konica Minolta Business Solution Italia 

S.p.a., Milan). Measurements were taken on three young leaves in different nodes (from the youngest 

fully expanded leaf to the oldest, corresponding to the 1st, 2nd, and 3rd nodes) for each plant. Ten 

measurements were taken per leaf to ensure adequate representativeness of the total chlorophyll 

content value. Stomatal transpiration was measured using a porometer (AP4-porometer, Delta-T 

Devices Ltd, 130 Low Road, Burwell, Cambridge, CB25 0EJ, UK) on three leaves in different nodes 

(youngest fully expanded leaves) for each sample. The value of stomatal resistance, which is the 

reciprocal of stomatal conductance, was measured. 

2.5.3 Cellular respiration in leaves (TTC assay) 

Cellular respiration was determined in tomato leaves using the TTC assay ( Marmiroli M. et al., 

2020). Immediately after sample collection, the leaves were cut into discs and weighed. For each 

sample 0.1 g of leaves tissue was incubated for 15 hours at 30°C in the dark with 0.18 M TTC solution 

(2,3,5-Triphenyltetrazolium chloride, Sigma-Aldrich, St. Louis, Missouri, USA). During incubation, 

TTC is reduced to formazan by electrons from metabolically active tissues, originating from the 

electron transport chain in the cellular respiration process. After the 15-hour incubation, two washes 

with water were performed, followed by extraction of the produced formazan with 5 mL of 95% 

ethanol for 10 minutes at 80°C. The extracted formazan was then quantified through 

spectrophotometric reading (Pharmacia type Novaspec II, Prinses Beatrixlaan 301, 7312 DG 

Apeldoorn, The Netherlands) at 530 nm wavelength. 

2.5.4 Lipid peroxidation in roots (TBARs assay) 

To quantify the concentration of malondialdehyde (MDA) from potential peroxidation of 

polyunsaturated membrane lipids, plants roots were frozen in liquid nitrogen and ground with a 

mortar and pestle until their reduction to powder (Marmiroli et al., 2020; Pagano et al., 2022). For 

each sample, 100 mg of roots powder was homogenized in 1 mL of 0.1% trichloroacetic acid (TCA) 

to extract MDA from the tissue. Each homogenized sample was centrifuged at a speed of 12,000 rpm 

for 15 minutes. After centrifugation, 0.5 mL of supernatant (extract) was collected, and 1 mL of 



31 
 

reaction buffer (0.5% Thiobarbituric Acid (TBA) dissolved in a 20% TCA solution) was added and 

incubated at 95°C for 30 minutes to allow the reaction between MDA and TBA. The mixture was 

then rapidly cooled on ice to stop the reaction. Absorbance at 532 nm was measured using a 

spectrophotometer to determine the concentration of the MDA-TBA complex (Hodges et al., 1999; 

Murshed et al., 2014). MDA concentration within the tissue was determined through interpolation 

with the calibration curve (0 µM 3 2.5 µM 3 5 µM 3 10 µM 3 20 µM 3 50 µM). 

2.5.5 Proline content in leaves 

Tomato leaves were harvested and immediately frozen in liquid nitrogen. The frozen tissue was 

ground using a mortar and pestle, and three technical replicates for each condition were prepared. 

Proline was extracted from 100 mg of ground leaves homogenized in the extraction buffer (3% 

sulfosalicylic acid). The homogenate was then centrifuged for 10 minutes at 1,400 rpm to separate 

the extract from the tissues. The supernatant was collected and kept on ice.  

The reaction buffer containing ninhydrin (Sigma-Aldrich, St. Louis, Missouri, USA) dissolved in 

glacial acetic acid and 100 mM PBS (pH = 7) was mixed with 3% sulfosalicylic acid and 50 µl of 

proline extract were added (T. Chen & Zhang, 2016). The reaction mix was then incubated at 100°C 

for 15 minutes. The reaction was stopped on ice for 5 minutes, and the absorbance at 520 nm was 

measured using a spectrophotometer (Pharmacia type Novaspec II, Prinses Beatrixlaan 301, 7312 DG 

Apeldoorn, The Netherlands) (Marmiroli et al., 2022). The proline content (µg per gram of fresh 

weight) for each sample, was derived by a calibration curve obtained with the absorbance measured 

at 520 nm of standard proline solutions (0 µg/mL 3 0.5 µg/mL 3 1 µg/mL - 1.5 µg/mL 3 2 µg/mL - 

2.5 mg/mL 3 3 µg/mL). 

2.6 Molecular analysis 

2.6.1 RNA extraction and Quality Control 

Roots and leaves samples of Z. mays and S. lycopersicum, after the end of the treatments period, were 

collected and immediately frozen in liquid nitrogen. Tissues were stored at -80°C until their use for 

molecular analysis. Frozen tissues were reduced to powder using a mortar and pestle, avoiding 

thawing thanks to the use of liquid nitrogen. Subsequently, 100 mg of tissue powder was aliquoted 

for RNA extraction. Total RNA extraction was performed using the RNeasy Plant Mini Kit (RNeasy® 

Mini Kit, QIAGEN) following the manufacturer's instructions.  
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After elution of RNA with sterile RNAse-free water, quality control was carried out to verify both the 

concentration of nucleic acids in the eluate and the integrity of the extracted RNA. The concentration 

of nucleic acids and the purity of the sample were determined using the NanoDrop# 2000/2000c 

spectrophotometer (Thermo Fisher Scientific). Absorbance at 260 nm, 280 nm, and 230 nm was 

measured from 1 µL of extract (factor 40), and samples with good 260/280 and 260/230 ratios were 

used for next steps. For the assessment of RNA integrity, a 2% agarose gel was prepared, and 1 µL of 

extract was run at 70 V for 45 minutes. Samples showing visible bands corresponding to the 28S and 

18S rRNA were considered to have passed the quality control.  

2.6.2 Gene expression analysis 

In S. lycopersicum exposed to silicon treatments, gene expression of roots and leaves samples was 

investigated through RNA-seq analysis. Samples with 260/280 ratio greater than 1.8 and with 18S 

and 28S prominent bands, were aliquoted (minimum: total amount 1 µg, concentration 50 ng/µL, 

volume 20 µL), stored in dry ice and sent to IGATech (IGA Technology Services, Udine, Italy) for 

total RNA sequencing. The Universal Plus mRNA-Seq kit (Tecan Genomics, Redwood City, CA) was 

used for library preparation according to the manufacturer9s instructions (library type: fr-

secondstrand). RNA samples were quantified and quality tested by Agilent 2100 Bioanalyzer RNA 

assay (Agilent technologies, Santa Clara, CA). Final libraries were checked using both Qubit 2.0 

Fluorometer (Invitrogen, Carlsbad, CA) and Agilent Bioanalyzer DNA. Libraries were then prepared 

for sequencing and sequenced on paired-end 150 bp mode on NovaSeq 6000 (Illumina, San Diego, 

CA). Base calling, demultiplexing and adapter masking were conducted using Illumina BCL Convert 

v3.9.31. Adapter sequences were masked during the demultiplex with BCL-Convert. Trimming 

involved removing lower quality bases and adapters by ERNE2 software. Reads were aligned to the 

reference genome GCF_000188115.5_SL3.1 using STAR3, a splice junction mapper for RNA-Seq 

reads. STAR3 aligns RNA-Seq reads to genomes and then analyzes the mapping results to identify 

splice junctions between exons. Transcripts count were determined by assembling and quantitation 

of full-length transcripts representing multiple spliced variants for each gene locus by Stringtie4. 

RSeqQC5 package was used to perform statistics on <strandness= of 

reads, on genome coverage and read distribution. 

Gene expression in Z. mays was analyzed with Real Time qPCR (RT-qPCR) for relative quantification 

of target genes (Appendix). The extracted RNA (1 µg) was converted to cDNA using QuantiNova# 

Reverse Trascription Kit (QIAGEN). Key genes able to elucidate the interaction between maize and 

iron nanoparticles were selected, then the primers were designed (Appendix) using Primer-BLAST 
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web tool (National Center for Biotechnology Information 3 NCBI).  After the primers test in end-

point PCR, relative quantification for gene expression analysis was performed using SYBR® Green 

PCR Kit (QIAGEN), 10 ng of cDNA for each sample and a primer concentration of 250 nM, on a 

BIO-RAD CFX96# Touch Real-Time PCR Detection System. The relative quantity of target genes 

was obtained with comparative CT method with actin2 (Zm00001d012277) as housekeeping gene. 

2.7 Elemental quantification and distribution 

2.7.1 Determination of iron content on Zea mays 

For the determination of the iron content in corn tissues, roots, shoots and seeds samples were dried 

in oven at 70°C for 48 h. When completely dry, 200 mg of tissue were digested with 4 mL of HNO3 

for 20 minutes at 165°C using a VELP DK20 digester (VELP Scientifica, Usmate, Italy). The digested 

sample was further diluted with distilled water (dilution 1:20).  

The concentration of iron in the solution was measured using FA-AAS Varian AA240FS (Agilent 

Technologies, Santa Clara, CA, USA). A calibration curve with standard iron solutions at known 

concentrations (0 ppm, 0.1 ppm, 0.5 ppm, 1 ppm, 5 ppm) was created and the iron content of the 

samples was calculated (Marmiroli et al., 2020, 2021). 

2.7.2 Preparation of samples for synchrotron analysis  

For ¿-XRF (TwinMic beamline, ELETTRA synchrotron, Trieste, Italy) tomato freshly collected 

samples of leaves and roots, were immediately frozen in liquid nitrogen and then included in wax. 

With the use of cryomicrotome, 3 ¿m slices were cut and placed on ultralene film and attached to a 

sample holder. For the ¿-XRF analysis on maize roots, leaves and seeds, samples were cut and fixed 

in 3% glutaraldehyde triphosphate for three days. After dehydration in gradients of alcohol (from 

25% to 100%), samples were embedded in epoxy resin (Technovit® 7100) following the 

manufacturer's instructions, cut in 10 ¿m slices and placed a sample holder in ultralene film 

(Marmiroli et al., 2021, 2022). 
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2.8 Data analysis  

2.8.1 Analysis of data from germination test  

To assess the significance of the effects resulting from salt exposure and the contribution of microbial 

consortia during the germination phase, statistical analysis was conducted. The Ç2 test was employed 

to compare the germination percentages obtained in the analyzed treatments. The analysis of 

seedlings lengths from coated and un-coated seeds under various salt stress conditions was compared 

through one-way analysis of variance (ANOVA). Post hoc Tukey's Honestly Significant Difference 

(HSD) test for pairwise multiple comparisons was then applied using the PAST software 

(Paleontological Statistics, https://past.en.lo4d.com/windows). 

2.8.2 Analysis of physiological and morphological data  

Statistical significance in both morphological and physiological analysis was obtained with analysis 

of variance (ANOVA, p-value < 0.05). To analyze the data collected from the preliminary experiment 

in S. lycopersicum, two-way ANOVA was applied to determine the influence of both salt stress and 

the application of microbial consortia, as well as the interaction between these two variables. On the 

other hand, when combining consortia treatment in stressed condition with silicon treatments, three-

way ANOVA was used to better understand the significance of multiple interactions between all the 

variables under analysis.  

Physiological and morphological data related to the treatments of Zea mays with nano-Iron, one-way 

ANOVA was applied. Pairwise multiple comparisons were also performed using Tukey's HSD test, 

utilizing the PAST software (https://past.en.lo4d.com/windows). 

2.8.3 Analysis of data from RT-qPCR  

The analysis of gene expression using RT-qPCR was performed in triplicate, including a no-template 

control. The relative quantity of each gene for all the treatments under analyses was determined by 

calculating the �CT (target gene CT 3 housekeeping gene CT) difference between the treated samples 

and the control, resulting in ��CT. The modulation of gene expression is represented by 2-��CT, 

indicating the fold change that means how many times the target gene expression is increased or 

decreased in treated conditions compared to the control. 
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2.8.4 Analysis of data from RNA sequencing  

The RNA sequencing analysis was conducted on tomato roots and leaves exposed to silicon-based 

treatments (control, SiO2 NPs, Na2SiO3, salt stress, SiO2 NPs + salt stress). Distribution of FPKM 

values obtained for all samples were done, and their normality was verified. For the selection of 

Differentially Expressed Genes (DEGs), genes with an FPKM value greater than 100 in at least one 

of the two conditions (treated vs untreated) were considered, aiming to avoid genes with extremely 

low gene expression. DEGs with log2 Fold Change (FC) greater than 0.6, 2, and 3 were identified for 

both tissues. Considering the DEGs count, a log2FC cut-off of 3 was chosen for roots (FC=8) and 

log2FC=0.6 for leaves (FC=1.5). Analyses were performed, and graphs were generated using R 

statistical software (www.r0project.org) and Microsoft Excel. The resulting DEGs from the four 

treatments were compared, identifying common and unique ones among treatments (diagrams 

generated with Venny bioinformatics tool http://bioinfogp.cnb.csic.es/tools/venny/). DEGs were 

utilized for enrichment analysis, functional annotation was performed with Database for Annotation, 

Visualization and Integrated Discovery (DAVID 3 Huang et al., 2008; Sherman et al., 2022) and gene 

ontology classes were identified. Genes with higher FC and FPKM values, showing interesting 

differences between treatments in both enrichment and modulation analyses, were selected and 

visualized in heatmaps using R software. Among these, a more restricted panel of genes was chosen 

for future validation through RT-qPCR.  
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3 Results and Discussion 

3.1 Nanoparticles characterization 

Nanoparticles and nanomaterials possess different and unique properties compared to bulk materials. 

These properties, in addition to the high surface-to-volume ratio responsible for their remarkable 

reactivity, are undoubtedly connected to other important physical and chemical characteristics that 

significantly influence their interaction with biological matrices. These characteristics make 

nanomaterials interesting for the scientific community, which, in addition to developing various 

synthesis methods and innovative strategies for their production, requires an increasingly detailed 

understanding of the relationship between the physicochemical nature of nanoparticles and the effects 

of their application on living organisms, especially through accurate characterization. This represents 

a valid strategy for understanding the behavior of different nanomaterials in the environment and their 

interactions with various living organisms (Mourdikoudis et al., 2018). The surface charge and the 

sizes of SiO2 NPs and Fe3O4 NPs aggregates were evaluated using DLS and determination of the Zeta 

potential in deionized water suspensions at pH=7, as described in more detail in the "Materials and 

Methods" section. Table 3.1 reports the sizes of the particles, their purity, the percentage of the 

element within the molecule, the values of hydrodynamic diameter (dh) and Zeta potential (·) 

obtained from the characterization analyses. Additionally, Figure 3.1 shows the images obtained via 

TEM of the two nanoparticles used in this work. 

 

a)                                     b)                              

   

Figure 3.1:  

Trasmission Electron Microscope (TEM) images of 

SiO2 NPs (a) and Fe3O4 NPs (b) used in this work 

(the picture 3.1-b is taken from Pagano et al. (2022) 

with partial elaboration). 

Table 3.1: Characterization of 

ENMs used in this work: 

particle size (nm), purity (%), 

Zeta potential (·) (mV), 

hydrodynamic range (dh) (nm), 

percentage of elements in SiO2 

and Fe3O4 NPs in deionized 

water suspension at pH=7. 
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3.2 Solanum lycopersicum L. 3 preliminary experiment 

3.2.1 Effect of seed coating in salt stress conditions 

Germination is a crucial phase in plant development and is the first growth stage that is sensitive to 

salt stress. High salinity results in a decrease of osmotic potential, leading to a subsequent reduction 

in seed imbibition. It also disrupts biochemical processes such as respiration and energy production, 

as well as causing hormonal imbalances, resulting in delayed, or inhibited, seed germination (Uçarl1 

& Uçarl1, 2020). To assess the impact of salt stress on germination and the potential influence of seed 

coating with microbial consortia, two different levels of salt stress (NaCl solutions 0.3% and 0.6%) 

were used. Seeds were coated with methylcellulose inoculated with MC_B, MC_C, or MC_D and 

seeds coated with un-inoculated methylcellulose, were used as untreated control. Germination 

percentage and seedlings length were measured on the sixth day after sowing. 

As expected, the results showed a reduction in the germination percentage with increasing salt stress, 

but no significant differences dependent on the seed coating with microbial consortia were observed 

(Figure 3.2). The seedlings length was also reduced with increasing salt stress, but in this case, there 

is also an influence of the treatments with the microbial consortia. Indeed, the seedlings length after 

six days from sowing was significantly reduced as compared to the untreated control when the seeds 

were coated with methylcellulose inoculated with the three MC, both in unstressed and in stressed 

conditions at a 0.3% NaCl concentration (Figure 3.3). 

Starting from the third day after sowing, a monitoring of germination was carried out to evaluate the 

potential influence of salt stress or treatment with microbial consortia on the germination speed. The 

PI and GSI were calculated as described by Tanveer et al. (2020). 

Figure 3.2: Germination percentage 

measured on the sixth day after sowing 

of Heinz 3402 tomato seeds. The 

observed results for seeds coated with 

1% methylcellulose (control condition) 

are compared with seeds coated with 

methylcellulose inoculated with the 

microbial consortia MC_B, MC_C, 

MC_D under unstressed conditions 

(0%) and two levels of salt stress (NaCl 

solutions 0.3% and 0.6%). The 

significance of the differences was 

obtained using the Chi-Square (Ç2) test. 
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The results show a reduction in GSI with increasing salinity, which is not mitigated by treatments 

with microbial consortia. Conversely, the germination speed was reduced by about 50% compared to 

the stressed control for both levels of salinity when the seeds were coated with MC_D. There is also 

a reduction in germination speed even under unstressed conditions, but with a more pronounced effect 

in the condition of MC_D coated seeds (Table 3.2). Therefore, the hypothesis is that the MC_D 

consortium used during germination had inhibitory effects in this phase, causing increased sensitivity 

to salt stress. In general, the results of the germination test did not show promising evidence, so for 

the subsequent greenhouse experiments, microbial consortia were inoculated exclusively during the 

transplanting phase. 

Figure 3.3: Means and standard 

deviations of seedlings length values 

obtained on the sixth day after sowing 

of Heinz 3402 tomato seeds. The 

observed results for seeds coated with 

1% methylcellulose (control condition) 

are compared with seeds coated with 

methylcellulose inoculated with the 

microbial consortia MC_B, MC_C, 

MC_D under unstressed conditions 

(0%) and two levels of salt stress (NaCl 

solutions 0.3% and 0.6%). The letters 

(a and b) represent significant 

differences was obtained using One-

way analysis of variance (ANOVA) 

followed by Tukey9s HSD (Honestly 

Significant Difference) 

Table 3.2: Germination Stress Tolerance Index (GSI %) of seeds coated with 

microbial consortia MC_B, MC_C, MC_D under unstressed conditions (NaCl 

0%) and two levels of salt stress (NaCl solutions 0.3% and 0.6%). The 

significance of the differences was obtained using the Chi-Square (Ç2) test. 
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3.2.2 Morphological and physiological effects of different PGPMs at different 

salinity levels 

To assess the most promising microbial treatments at the level of salinity that would have more 

pronounced effects on the plant, a greenhouse experiment was set up by inoculating tomato plants 

with the microbial consortia MC_B and MC_D at the transplanting stage, both individually and in 

combination with arbuscular mycorrhizal fungi (AMF). In previous studies (Graziano et al., 2022; 

Vassura et al., 2023) the use of MC_B for field application showed a beneficial impact on plants 

growth. Therefore, given the similarity in composition of MC_C with MC_B, it was not used during 

the pot experiment. Three different salinity levels were chosen for this purpose: low (0.5%), medium 

(0.75%), and high (1%). Morphological and physiological parameters were measured in tomato 

shoots and roots after 6 weeks of salt stress induction, to assess the impact of the microbial treatments 

on salt stress mitigation. 

Stomatal transpiration 

The stomatal transpiration is one of the key parameters which explain the plant response to osmotic 

stress caused by exposure to saline environments. The latter is the resistance imposed by guard cells 

to counteract the outward flow of water vapor through the stomatal opening. The measurement was 

carried out using a porometer before sampling, 6 weeks after stress induction (Figure 3.4). The results 

show an increase in resistance (and thus a reduction in conductance) with increasing salt 

concentration. This behavior aligns with the type of response to salt stress documented in the 

literature, as inhibiting the loss of water vapor through the closure of the stomatal opening promotes 

the maintenance of water balance in the plant (Saradadevi et al., 2017). On the other hand, at the 

highest salinity level, a distinction was evident in two significantly different groups: one group 

comprising the control and plants inoculated with the two individual consortia, which shows 

significantly higher stomatal resistance values compared to the second group comprising all 

treatments containing mycorrhizae (AMF, MC_B+AMF, MC_D+AMF). From this analysis, it is 

evident that the contribution of mycorrhizae results in lower stomatal resistance, leading to greater 

stomatal opening. Numerous studies demonstrate that the application of AMF leads to a reduction in 

stomatal closure under water stress conditions (Augé et al., 2015). Two main hypotheses emerge from 

the literature as a result of this phenomenon: the greater supply of water and nutrients due to the 

greater extension of hyphae (Smith & Read, 2008) and the possible influence of mycorrhizal 

components in regulating hormonal homeostasis (Birhane et al., 2012).  
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Furthermore, plants inoculated with consortia in combination with mycorrhizae also show lower 

stomatal resistance values, which could be due to the induction of greater colonization by 

mycorrhizae. Literature reports that some PGPR can improve mycorrhizal colonization and thus 

increase their influence on plant response (Hashem et al., 2019). 

 

Photosynthetic activity 

Another key parameter in monitoring salt stress in plants is the measurement of chlorophyll content, 

which allows evaluating the plant's physiological response to oxidative stress by modulating 

photosynthetic activity. The measurement of photosynthetic pigment content using the SPAD 

technique is a non-invasive method that enables the quantification of total chlorophyll content by 

measuring leaf absorbance in the red and infrared region. The results highlight a dependence of 

photosynthetic activity on treatments with microbial consortia, while the influence of salt stress is 

moderate, despite significant interactions between the two variables (Figure 3.5).  

While in unstressed condition the differences between microbial treatments are negligible, under 

stress conditions, especially at higher concentrations, photosynthetic activity is reduced in plants 

inoculated with MC_D. These results suggest a greater sensitivity to salt stress in plants inoculated 

with MC_D compared to the control group. The decreased photosynthetic activity at high stress 

condition, is in line with the reduction in photosynthetic input and the concentration of photosynthetic 

pigments typically triggered by salt stress (Taïbi et al., 2016).  

Figure 3.4: Means and standard 

deviations of stomatal resistance values 

obtained after six weeks of salt stress 

induction on tomato plants. Stomatal 

resistance is the inverse of stomatal 

conductance: increased values of stomatal 

resistance indicate decreased stomatal 

transpiration. The results obtained from 

the untreated plants (control condition) are 

compared with those obtained from plants 

inoculated with microbial consortia 

MC_B, MC_D, and AMF alone and in 

combination, under unstressed conditions 

(ns), as well as under three levels of salt 

stress: NaCl solutions at 0.5% (low), 

0.75% (medium), and 1% (high). In the 

table below, results of Two-way analysis 

of variance (ANOVA) are shown. The 

significance of the differences was 

assessed by Tukey9s HSD (Honestly 

Significant Difference) 
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On the other hand, consortium D has been studied in Arabidopsis thaliana L. (Heyhn) exposed to 

drought stress, where it showed an increase in photosynthetic pigment content compared to non-

inoculated plants (Yang N. et al., 2021). Hypothetically, the reduction in photosynthetic activity may 

be a consequence of ionic stress due to the accumulation of Na+ and Cl-, rather than water stress 

caused by salt stress, or it could be dependent on the species under analysis. 

 

Proline content 

The quantification of proline content is useful for understanding how plants respond to changes in 

cellular osmotic balance caused by salt stress. Proline is a well-known osmolyte synthesized in 

response to the perturbation of osmotic balance caused by the compartmentalization and 

accumulation of ions inside the vacuole. Its function is to stabilize the internal osmotic potential, 

increase protein stability, and protect cellular integrity (Yancey, 2005). Proline was extracted from 

leaves and then quantified spectrophotometrically. An increase in proline content was observed, 

depending on increasing salinity levels, particularly pronounced in plants exposed to medium and 

high salt stress (Figure 3.6). However, the type of response to salt stress is modulated by the type of 

consortia used, especially at high salinity level. In fact, in plants inoculated with MC_D and 

MC_B+AMF, no increase in proline concentration was observed under high stress condition 

compared to the unstressed control.  

Figure 3.5: Means and standard 

deviations of chlorophyll content (SPAD 

units) values obtained after six weeks of 

salt stress induction on tomato plants. The 

results obtained from the untreated plants 

(control condition) are compared with 

those obtained from plants inoculated 

with microbial consortia MC_B, MC_D, 

and AMF alone and in combination, under 

unstressed conditions (ns), as well as 

under three levels of salt stress: NaCl 

solutions at 0.5% (low), 0.75% (medium), 

and 1% (high). In the table below, results 

of Two-way analysis of variance 

(ANOVA) are shown. The significance of 

the differences was assessed by Tukey9s 

HSD (Honestly Significant Difference) 
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Conversely, plants inoculated with AMF alone respond to abiotic stress by increasing proline 

concentration more than the other tested conditions, indicating a greater plant response to salt stress. 

It is reported that inoculation with AMF increases proline concentration, allowing for greater 

regulation of osmotic potential or suggesting a greater need to promote an antioxidant response 

(Sharifi et al., 2007). Proline also plays an antioxidative role by promoting the detoxification of 

hydroxyl radicals and inhibiting lipid peroxidation (Trovato et al., 2008).  

 

From the presented results, it seems that plants inoculated with MC_B combined with AMF acquire 

the ability to respond more effectively to higher stress conditions. However, the increase or decrease 

in proline under stress conditions may depend on a multitude of combined physiological and 

molecular variables. A more in-depth analysis, including the examination of other biomarkers and the 

modulation of gene expression, is necessary to understand more fully the physiological mechanisms 

underlying the observed variations. 

Cellular respiration 

Cellular respiration is one of the biochemical mechanisms that is altered when plants are exposed to 

salt stress. In particular, respiration usually increases during salt stress to compensate for the reduction 

in the energy rate in the chloroplasts (Atkin & Macherel, 2009). This increases the generation of 

oxidative stress through the transfer of electrons to oxygen.  

Figure 3.6: Means and standard 

deviations of proline content values 

obtained after six weeks of salt stress 

induction on tomato plants. The results 

obtained from the untreated plants 

(control condition) are compared with 

those obtained from plants inoculated 

with microbial consortia MC_B, MC_D, 

and AMF alone and in combination, under 

unstressed conditions (ns), as well as 

under three levels of salt stress: NaCl 

solutions at 0.5% (low), 0.75% (medium), 

and 1% (high). In the table below, results 

of Two-way analysis of variance 

(ANOVA) are shown. The significance of 

the differences was assessed by Tukey9s 

HSD (Honestly Significant Difference) 
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However, in this case no significant differences between treatments are recorded, either regarding the 

response to salt stress, the response dependent on microbial inoculation and the interactions between 

the two variables (Figure 3.7). 

 

Biometric analyses 

The plant's growth and consequently its yield were evaluated through various biometric analyses at 

both root and shoots levels, such as length, fresh weight, and dry weight. In all cases, the plant's 

response for these parameters was not significantly influenced by salt stress, but it was dependent on 

the type of microbial treatment (Figure 3.8 and 3.9). Specifically, a distinction in plant height emerges 

in two significantly different groups: one group comprising the control group and the plants treated 

with AMF and MC_B, another group comprising plants inoculated with MC_D, MC_B+AMF, and 

MC_D+AMF (Figure 3.8-a). In this case, a possible interaction with hormones involved in plant 

growth and development could be hypothesized. From the results obtained, it is observed that plants 

treated with MC_D show a significant reduction in height compared to the other conditions tested, 

which is more pronounced when the plants are exposed to the highest level of salinity. There could 

be different possible causes for this behavior: in the literature it is reported that the possible growth-

promoting effect depends on the composition of the consortia, the type of plant under analysis, and 

the composition of the soil nutrients (Santoyo et al., 2021).  

Figure 3.7: Means and standard 

deviations of formazan absorbance 

obtained after six weeks of salt stress 

induction on tomato plants. The results 

obtained from the untreated plants 

(control condition) are compared with 

those obtained from plants inoculated 

with microbial consortia MC_B, MC_D, 

and AMF alone and in combination, under 

unstressed conditions (ns), as well as 

under three levels of salt stress: NaCl 

solutions at 0.5% (low), 0.75% (medium), 

and 1% (high). In the table below, results 

of Two-way analysis of variance 

(ANOVA) are shown. The significance of 

the differences was assessed by Tukey9s 

HSD (Honestly Significant Difference) 
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It is known that the production of secondary metabolites by bacterial consortia can influence the 

plant's hormones balance. Furthermore, the pronounced reduction in height following treatment with 

MC_D at the highest saline concentration suggests that this response is a possible plant escape 

mechanism following the induction of stress, aimed at reducing energy demands. At the root growth 

level, despite the absence of an observed influence of salt stress, plants treated with MC_B+AMF, 

especially under low and medium salt stress conditions, showed an increase in root length (Figure 

3.8-b). This parameter also emphasized a certain degree of influence of the MC_B consortium in 

stimulating the response to stress when used in combination with mycorrhizae. 

Parameters like fresh and dry weight allows to quantify the final yield of the plant, providing an 

estimate of the ability of microbial consortia to promote its growth. The results showed a statistically 

significant variation depending on the microbial consortia used. In particular, the fresh weight of the 

roots in the control group is significantly greater than the fresh weight of the roots of plants inoculated 

with MC_D+AMF (Figure 3.9-b). This result is confirmed by roots dry weight, which also shows a 

significant difference between plants inoculated with MC_D and the control group (Fig. 3.9-d), 

highlighting a considerable reduction in root biomass induced by both treatments with MC_D.  

a) 

 
 F value p value 

Salt Stress 2.659 0.057 

Consortia 5.238 0.00024 

Salt Stress * Consortia 0.434 0.9734 

 

b) 

 

 F value p value 

Salt Stress 1.81 0.157 

Consortia 4.13 0.0017 

Salt Stress * Consortia 2.26 0.0104 

 

Figure 3.8: Means and standard deviations of plants height (a) and roots length (b) after six weeks of salt stress 

induction on tomato plants. The results obtained from the untreated plants (control condition) are compared with 

those obtained from plants inoculated with microbial consortia MC_B, MC_D, and AMF alone and in combination, 

under unstressed conditions (ns), as well as under three levels of salt stress: NaCl solutions at 0.5% (low), 0.75% 

(medium), and 1% (high). In the table below, results of Two-way analysis of variance (ANOVA) are shown. The 

significance of the differences was assessed by Tukey9s HSD (Honestly Significant Difference) 
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Shoots fresh and dry weight also show a significant reduction in biomass in plants treated with MC_D, 

MC_D+AMF, and MC_B+AMF compared to the control group (Figure 3.9-a and 3.9-c).  

a) 

 
 F value p value 

Salt Stress 
1.516 0.22 

Consortia 6.556 2.77E-05 

Salt Stress * Consortia 0.67 0.825 

 

b) 

 

 F value p value 

Salt Stress 
0.895 0.4495 

Consortia 2.996 0.0131 

Salt Stress * Consortia 1.07 0.4044 

 
c) 

 
 F value p value 

Salt Stress 
0.819 0.489 

Consortia 7.175 1.04E-05 

Salt Stress * Consortia 0.727 0.77 

 

d) 

 

 F value p value 

Salt Stress 
1.917 0.137 

Consortia 4.468 0.00092 

Salt Stress * Consortia 0.699 0.7975 

 

Figure 3.9: Means and standard deviations of shoots fresh and dry weight (a and c) and roots fresh and dry weight 

(b and d) after six weeks of salt stress induction on tomato plants. The results obtained from the untreated plants 

(control condition) are compared with those obtained from plants inoculated with microbial consortia MC_B, 

MC_D, and AMF alone and in combination, under unstressed conditions (ns), as well as under three levels of salt 

stress: NaCl solutions at 0.5% (low), 0.75% (medium), and 1% (high). In the table below, results of Two-way 

analysis of variance (ANOVA) are shown. The significance of the differences was assessed by Tukey9s HSD 

(Honestly Significant Difference) 
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Therefore, it seems that the analyzed microbial consortia not only do not have a significant positive 

impact in terms of plant growth, but they could even have detrimental effects, especially in the case 

of the treatment with MC_D. Given the results obtained, the most promising microbial combination 

would seem to be MC_B+AMF, considering that unlike MC_D, it has not shown detrimental effects 

on the plant, but on the contrary, for some parameters, it seems to trigger a response to salt stress, 

with more pronounced effects at the highest salinity level (NaCl solution 1%). 

3.3 Solanum lycopersicum L. 3 combining ENMs and PGPMs 

The results obtained during the preliminary experiment highlighted a potential positive influence of 

the treatment with MC_B combined with AMF in modulating the response of tomato plants to salt 

stress, especially at the highest salinity level (NaCl 1%). Next, the experiment was repeated under the 

same environmental conditions to confirm the morphological and physiological results obtained the 

previous year and to further investigate the molecular response of the plants in terms of gene 

expression. Considering the extensive documented potential of silicon-based nanoparticles, we also 

decided to compare the effects of these two types of technologies (i.e. SiO2 NPs and microbial 

consortia), individually assessing their applicative potential or their synergy in the response to salt 

stress mediated by their combination. 

For this purpose, tomato plants treated with MC_B+AMF and with SiO2 NPs (or Na2SiO3 as an 

additional control) were exposed to salt stress (1% NaCl) for 6 weeks (Figure 3.10). At the end of 

salt stress induction, physiological and morphological analyses were conducted, and mRNA from 

leaves and roots was extracted for gene expression analysis through RNA-seq. Furthermore, leaves 

and roots samples were analyzed at the TwinMic beamline of the Trieste Synchrotron to obtain X-ray 

fluorescence elemental maps, providing insights into the internalization and distribution of elements 

within various plant tissues. 

Figure 3.10: Tomato plants cv. Heinz 3402 after six weeks of salt stress. During the transplant, plants were inoculated 

with microbial consortium MC_B stabilized in zeolite powder (Bacillus amyloliquefaciens LMG9814, Pseudomonas 

fluorescens DR54, Ranhella aquatilis BB23/Tad, Bacillus sp. BV84, Azotobacter vinelandii DSM2289) combined 

with Arbuscular Mycorrhizal Fungi (AMF) Rhizophagus intraradices. Soil was also homogenized with SiO2 NPs or 

the silicon salt Na2SiO3. Salt stress induction was performed with saline water irrigation (NaCl 1%) two times/week. 
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3.3.1 Morphological and physiological effects of PGPMs combined with nano-Si 

in tomato plants exposed to salt stress 

The treatments with PGPMs and nano-Si do not lead to a significant change in the height of the plants, 

which is instead affected by salt stress. In stressed conditions, the plant height resulted reduced 

compared to the unstressed condition for nearly all the treatments under analysis. On the other hand, 

the growth of the root system does not appear to be directly influenced by the individual variables 

being studied. However, the results indicate an interaction between them: tomato plants treated with 

a combination of PGPMs and nano-Si would promote greater root growth in terms of length under 

unstressed conditions compared to the same treatment under salt stress.  

It is reported that silicon plays a positive role in the development of plant roots, stems, and leaves 

(Roohizadeh et al., 2015). This effect may be attributed to its fundamental role in improving the 

plant's water status (Romero-Aranda et al., 2006). Furthermore, it is interesting to note that silicon 

also has the capacity to promote the formation of secondary and tertiary cells of the endodermis, 

which are directly involved in the development of a more extensive root system (Hattori et al., 2005). 

a) 

 

 

b) 

 

 

Figure 3.11: Means and standard deviations of plants height (a) and roots length (b) after six weeks of salt stress 

induction on tomato plants. The results obtained from the untreated plants (nt) are compared with those obtained 

from plants inoculated with MC_B+AMF (cons), SiO2 NPs or Na2SiO3 under stressed and unstressed conditions. 

In the table below, results of Three-way analysis of variance (ANOVA) are shown. The significance of the 

differences was assessed by Tukey9s HSD (Honestly Significant Difference) 
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a) 

 

 

b) 

 

 

c) 

 

 

d) 

 

 

Figure 3.12: Means and standard deviations of shoots fresh and dry weight (a and c) and roots fresh and dry weight 

(b and d) after six weeks of salt stress induction on tomato plants. The results obtained from the untreated plants 

(nt) are compared with those obtained from plants inoculated with MC_B+AMF (cons), SiO2 NPs or Na2SiO3 

under stressed and unstressed conditions. In the table below, results of Three-way analysis of variance (ANOVA) 

are shown. The significance of the differences was assessed by Tukey9s HSD (Honestly Significant Difference) 
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The yield of plants exposed to treatments with silicon and PGPMs was assessed by measuring the 

fresh and dry weights of shoots and roots (Figure 3.12). In untreated plants, salt stress does not appear 

to interfere with the biomass of the shoots, both in terms of fresh and dry weights. However, when 

plants are inoculated with the microbial consortium (both in the presence and absence of nano-Si), an 

increase in biomass is observed under salt stress compared to the non stressed condition (Figure 3.12-

a and 3.12-c). Conversely, root length is reduced in untreated plants under salt stress compared to the 

unstressed control. This reduction is mitigated when plants are inoculated with the microbial 

consortium (Figure 3.12-b and 3.12-d). In terms of yield, therefore, a direct influence appears to be 

exclusively mediated by PGPMs treatments, which in this case have a greater impact in mitigating 

salt stress compared to silicon-based treatments. Contradictory results are reported in the literature 

regarding the effect of SiO2 NPs on plant growth. Studies, have reported that nano-Si can be beneficial 

or ineffective on plants, either supporting growth or with no impact (Bao-shan et al., 2004; Siddiqui 

& Al-Whaibi, 2014; Suriyaprabha et al., 2014), while in other studies, a negative impact has been 

observed (Slomberg & Schoenfisch, 2012). The different growth conditions and a species-specific 

response may explain these differences. 

As previously described, both osmotic imbalance induced by salt stress and the use of nanomaterials 

may lead to the formation of ROS in plants, causing oxidative damage. The disturbance of the cell's 

redox state thus affects the proper functioning of both the photosynthetic system and cellular 

respiration. The photosynthetic activity at the end of salt stress induction was assessed by measuring 

the chlorophyll content using the SPAD method, while cellular respiration was measured on leaves 

through the TTC assay. The photosynthetic activity (Figure 3.13-a) did not show a significant 

difference under salt stress conditions compared to the unstressed control in untreated plants. 

Conversely, for both treatments analyzed (MC_B+AMF and SiO2 NPs), a significant increase in 

photosynthetic activity under stress conditions compared to the unstressed condition within the same 

treatment was reported, with no treatment-specific differences observed. It appears that neither nano-

Si nor the microbial consortium play a role in the response to salt stress in terms of chlorophyll 

concentration. However, these results still need to be clarified through molecular analysis, as pigment 

content alone is not sufficient to fully describe the integrity of the photosynthetic apparatus. In 

contrast, it has been demonstrated that silicon may play a role in increasing chlorophyll content in 

leaves, contributing to the maintenance of chloroplast integrity and ultrastructure, by increasing 

enzymes involved in chlorophyll biosynthesis or reducing enzymes that degrade it (Liang et al., 

2007). On the other hand, cellular respiration (Figure 3.12-b) does not appear to be significantly 

influenced by salt stress in plants untreated with PGPMs and nano-Si.  
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However, when the plant's soil is supplemented with SiO2 NPs, there is an increase in cellular 

respiration in leaves of unstressed plants, while under stress conditions, the respiration returns to 

levels similar to the untreated control. Cellular respiration is a vital process for energy production in 

plants, and an increase in response to SiO2 NPs treatment could be interpreted as an adaptation or 

defense strategy induced by nanoparticles. 

The cytoplasmic proline content is a key parameter for understanding the plant's response to the 

accumulation of ions in the vacuole induced by salt stress, as an increase in its production suggests a 

heightened plant response to restore cellular osmotic balance. As expected, the proline content 

increases under salt stress conditions while it remains at low levels in the absence of stress, with no 

significant differences observed among the silicon and consortium treatments (Figure 3.14-a). 

Conversely, under stress conditions, a treatment-dependent modulation of proline content is observed. 

Plants inoculated with the microbial consortium exhibit a reduction in proline content compared to 

the untreated plants under stress conditions, confirming the results obtained during the preliminary 

experiment. On the other hand, the use of SiO2 NPs induces an increase in proline content under stress 

conditions compared to the untreated plant. 

a) 

 

 

b) 

 

 

Figure 3.13: Means and standard deviations of Means and standard deviations of chlorophyll content (SPAD units) 

values (a) and formazan absorbance (b) after six weeks of salt stress induction on tomato plants. The results 

obtained from the untreated plants (nt) are compared with those obtained from plants inoculated with MC_B+AMF 

(cons), SiO2 NPs or Na2SiO3 under stressed and unstressed conditions. In the table below, results of Three-way 

analysis of variance (ANOVA) are shown. The significance of the differences was assessed by Tukey9s HSD 

(Honestly Significant Difference) 
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However, the reasons behind the increase or decrease in proline content requires additional analyses 

for accurate interpretation. This includes both the molecular mechanisms underlying this response 

and a quantitative analysis of ions accumulated within the plant cell. It is not clear whether the 

variation in proline content is due to modulation of the plant's response interconnected with other 

pathways responding to abiotic stresses or whether it may indicate a reduced accumulation of ions in 

the vacuole, hence a diminished osmotic unbalance at the cellular level.  

The production of MDA is due to the degradation of polyunsaturated membrane lipids, induced by 

the attack of ROS. Quantifying its content, especially in the root system where the plant first enters 

in contact both NaCl, SiO2 NPs and microbial consortia, provides an indication of the oxidative 

damage caused at the cellular level. In plants untreated with silicon or the microbial consortium, the 

MDA content significantly increases under salt stress conditions compared to the unstressed control, 

confirming the destructive impact of NaCl infiltration at the cellular level (Figure 3.14-b). This 

stress-induced increase is significantly modulated when plants are treated with SiO2 NPs. However, 

despite the stress-improving response induced by nano-Si, in unstressed conditions an increase in 

lipid peroxidation is observed for all the silicon treatments, suggesting a silicon-dependent oxidative 

effect. The use of silicon at the concentrations under analysis could therefore lead to the formation of 

a) 

 

 

b) 

 

 

Figure 3.14: Means and standard deviations of proline content in leaves (a) and malondialdehyde (MDA) content 

in roots (b) after six weeks of salt stress induction on tomato plants. The results obtained from the untreated plants 

(nt) are compared with those obtained from plants inoculated with MC_B+AMF (cons), SiO2 NPs or Na2SiO3 

under stressed and unstressed conditions. In the table below, results of Three-way analysis of variance (ANOVA) 

are shown. The significance of the differences was assessed by Tukey9s HSD (Honestly Significant Difference) 
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free radicals and to the disruption of membrane integrity. These results align with other studies 

documenting an increase in lipid peroxidation in various plant species following treatment with SiO2 

NPs (Hussain et al., 2020; Metzler et al., 2012; Salajegheh et al., 2020). However, in a study 

conducted by Ashkavand et al. (2015) on drought resistance mediated by nano-Si in hawthorn plants, 

it is reported that under stress conditions, the amount of MDA decreases with an increase in silicon 

NPs concentration. It can be hypothesized that SiO2 NPs might enhance the activity of certain 

antioxidant systems in some cases. According to Zarafshar et al. (2015), silicon nanoparticles 

significantly increase the activity of SOD, POX and CAT which are among the key enzymatic 

antioxidants in plants, promoting the scavenging capacity of ROS (Kumar Tripathi et al., 2017), thus 

contributing to the potential induction of resilience to abiotic stresses. 

Interestingly, while silicon mitigates oxidative damage under salt stress conditions but induces 

oxidative damage itself in the absence of salt stress, a different pattern is observed for treatments with 

the microbial consortium. In this case, there seems to be no negative impact on membrane integrity 

in unstressed conditions. Moreover, under salt stress conditions, the MDA content is significantly 

comparable to that of unstressed plants, suggesting a protective role of the microbial consortium 

(MC_B) combined with AMF in the response to oxidative stress, both AMF in the presence and 

absence of silicon. For instance, a combined use of PGPR such as Pseudomonas libanensis and AMF 

like Claroideoglomus claroideum has been reported to reduce the MDA content in plants exposed to 

salt stress compared to non-inoculated plants. This demonstrates their ability to protect against 

cellular damage induced by oxidative stress (Y. Ma et al., 2019). Furthermore, a study conducted on 

tomatoes showed a reduction in MDA content induced by inoculation with a microbial consortium 

under drought stress conditions (Krishna et al., 2022). In this case, the analysis of antioxidant 

enzymes revealed a correlation between the reduction in MDA content compared to non-inoculated 

plants, and an increase in antioxidant enzymes involved in ROS scavenging. 

3.3.2 Gene expression analysis through RNA-seq in roots and leaves tissues  

The use of SiO2 NPs in agriculture has been reported to potentially provide benefits in terms of 

enhancing plant growth and yield, mitigating the effects of abiotic stress, boosting the plant's defense 

system, and improving water status (El-Kady et al., 2017; Mukarram et al., 2022; Rajput et al., 2021; 

Zmeeva et al., 2017). However, the potential harm that these particles may cause when interacting 

with plants or being translocated into the fruit, particularly if consumed by humans, remains to be 

investigated. Indeed, understanding both the risks associated with the use of nanoparticles in 

agriculture and the mechanisms through which nanoparticles exert their function is essential to grasp 

the long-term implications of their use in agriculture (Iavicoli et al., 2017; Okeke et al., 2023; Rastogi 
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et al., 2019). For this reason, in the analysis of gene expression through RNA-seq, we focused on 

treatments with nanoparticles and salt stress to obtain a comprehensive overview of the mechanisms 

involved in mitigating salt stress and the effects mediated by silicon-based treatments. In the future, 

the analysis of the expression of key genes identified during this initial phase will also be extended 

to plants treated with microbial consortia. For the RNA-seq analysis, the GCF_000188115.5_SL3.1 

genome provided by the International Tomato Genome Sequencing Project (Sol Genomics Network) 

was used for alignments. It encompasses 34,075 protein-coding genes, with functional annotations 

assigned to 29,532 genes and 4,794 novel genes. In addition, over 98.94% of its sequences are 

anchored to 12 chromosomes, offering a comprehensive resource for RNA-seq alignments and other 

genomic analyses (Sato et al., 2012; Su et al., 2021). 

The FPKM values obtained from RNA-seq were processed to derive log2FC values, where 

log2FC=log2(treated)-log2(untreated). From the box plots and violin plots, a higher density of log2FC 

values close to 0 was observed in leaves in the presence of SiO2 NPs compared to other conditions. 

Conversely, in the presence of salt stress with the addition of SiO2 NPs, log2FC values appeared more 

dispersed compared to other conditions (Figure 3.15-a). In roots, a higher frequency of log2FC values 

between 0 and 1 was observed in the two unstressed conditions compared to the two stressed 

conditions (Figure 3.15-b). For the analysis of DEGs, genes were selected if the FPKM value was 

greater than 100 in at least one of the two conditions (treated vs untreated). This was done to avoid 

including genes with a too low expression level, which could lead to potential errors in the evaluation 

of DEGs (a very high fold change between very small values is less reliable than the same fold change 

for high FPKM values, as it is more susceptible to potential errors). The number of DEGs falling 

within different fold change ranges was identified for both leaves and roots, and based on these 

results, an ideal cut-off was selected (Figures 3.16 and 3.17). In leaves, we focused on DEGs with 

log2FC>0.6 (1.5-fold change), while in roots, the analysis was restricted to DEGs with log2FC>3 (8-

fold change). In fact, from the number of modulated genes under the analyzed conditions, a greater 

variation in gene expression is evident in the roots compared to the leaves. The number of genes 

modulated within the range 0.6 < log2FC < 2 is approximately 9-times higher in plants treated with 

nano-Si and about 4-times higher for other treatments. Additionally, unlike in the roots where there 

is a strong modulation of gene expression even in the presence of nano-Si, in the leaves, it appears 

that nanoscale silicon has an impact of more than two times lower than silicate salt and from 3 to 4 

times lower in the presence of salt stress. 
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a) Leaves 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b) Roots 

Figure 3.15: Box plot (left) and violin plot (right) representing the statistics of expressed genes in leaves (a) and 

roots (b) of tomato plants treated with Na2SiO3 (2.37 g/kg) and SiO2 NPs (500 mg/kg) under unstressed and stressed 

conditions (NaCl 1%). The values are expressed in log2 and normalized to the control condition. 

a) Leaves 

Figure 3.16-a: Comparison of the 

percentage of up-regulated and down-

regulated genes in leaves of tomato 

plants treated with Na2SiO3 (2.37 

g/kg) and SiO2 NPs (500 mg/kg) 

under unstressed and stressed 

conditions (NaCl 1%). Differentially 

Expressed Genes (DEGs) were 

selected using different ranges of log2 

fold change (0.6, 2, and 3 log2FC, 

corresponding to 1.5-FC, 4-FC, 8-

FC), the percentage is on the total 

DEGs count. 
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b) Roots 

 

Figure 3.16-b: Comparison of the percentage of up-regulated and down-regulated genes in roots of tomato plants 

treated with Na2SiO3 (2.37 g/kg) and SiO2 NPs (500 mg/kg) under unstressed and stressed conditions (NaCl 1%). 

Differentially Expressed Genes (DEGs) were selected using different ranges of log2 fold change (0.6, 2, and 3 log2FC, 

corresponding to 1.5-FC, 4-FC, 8-FC), the percentage is on the total DEGs count. 

a) Leaves 

 

 
Figure 3.17-a: Percentage of the number of genes that exhibit, for each condition, a log2 fold change 

between 0.6 and 2, between 2 and 3, greater than 3 (corresponding to 1.5-fold change, 4-fold change, 8-

fold change), in leaves of tomato plants treated with Na2SiO3 (2.37 g/kg) and SiO2 NPs (500 mg/kg) under 

unstressed and stressed conditions (NaCl 1%). 
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The DEGs obtained for the four conditions using a log2FC>0.6 for leaves and log2FC>3 for roots 

were compared. In leaves, 15 genes were modulated in all conditions, 32 genes were typical of the 

nano-Si treatment in unstressed conditions, and 96 genes were modulated in the nano-Si treatment in 

stressed conditions (Figure 3.18-a). In roots, 95 genes modulated in all conditions, and 71 typical of 

the nano-Si treatment were found, including 2 in unstressed conditions, 68 in stressed conditions, and 

1 in common (Figure 3.18-b). The heatmaps represent the modulation of the common DEGs to all 

treatments (Figure 3.18-c, value reported in Appendix).  

 

 

b) Roots 

 

Figure 3.17-b: Percentage of the number of genes that exhibit, for each condition, a log2 fold change 

between 0.6 and 2, between 2 and 3, greater than 3 (corresponding to 1.5-fold change, 4-fold change, 8-

fold change), in roots of tomato plants treated with Na2SiO3 (2.37 g/kg) and SiO2 NPs (500 mg/kg) under 

unstressed and stressed conditions (NaCl 1%). 

Figure 3.18: Venn 

diagrams of DEGs 

upregulated and 

downregulated in 

leaves (a) and roots 

(b) of tomato plants 

treated with SiO2 

NPs (blue), 

Na2SiO3 (yellow), 

NaCl 1% (green) 

and SiO2 NPs + 

NaCl 1% (red). The 

heatmaps represent 

the modulation of 

gene expression of 

common DEGs in 

leaves and roots 

(expressed as 

log2FC). 
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In leaves, it is possible to identify two genes (LOC101253759, yfe37) that show modulation related 

to salt stress, with down-regulation in stress conditions and up-regulation in unstressed conditions for 

the first gene, and the opposite for the second gene. The gene LOC101253759 encodes for MLO-like 

protein 2 (MLO2), which is part of the MLO protein family, transmembrane proteins involved in 

plant immunity and response to host-pathogen interactions. Four genes (LOC101254946, 

LOC101255185, LOC101268307, HSP17-6), all encoding for heat shock proteins, are down-

regulated only in the leaves of plants treated with nano-Si in unstressed conditions, while they are up-

regulated for all other conditions. In roots, there are no differences in the modulation pattern of 

Figure 3.18-c: The heatmaps represent the modulation of gene expression of common 

DEGs in leaves and roots (expressed as log2FC). 
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common genes between treatments, but a panel of 15 genes strongly down-regulated in the salt stress 

condition is observed, with their strong down-regulation mitigated when SiO2 NPs is applied in stress 

conditions. Among these, there are, for example, genes that encode for ethylene response factor, 

calcium-binding protein, and TIFY protein, highlighting the involvement of nano-Si in the variation 

of the plant's response to salt stress.  

In leaves, DEGs with a log2FC greater than 0.6 were used for enrichment analysis using DAVID to 

obtain the most relevant functional annotations. In Figure 3.19, cluster frequencies are depicted, 

categorically divided into biological processes (BP), molecular function (MF), and cellular 

component (CC). While in leaves of tomato plants treated with SiO2 nanoparticles, sets of genes 

predominantly localized in the cytoplasm are modulated, in plants treated with salts (both Na2SiO3 

and NaCl), the modulation of genes localized in the chloroplast and mitochondria is also observed, 

suggesting an involvement of organelle functions in the response to the salt treatments (Pagano et al., 

2022). Notably, only in plants exposed to salt stress (both in the presence and absence of nano-Si), an 

involvement of the photosystem II oxygen-evolving complex is observed, suggesting the initiation of 

a plant response to oxidative stress mediated by salt. The involvement of organelles in the salt stress 

response is further reinforced by the modulation of key biological processes and molecular functions 

related to photosynthetic processes, stabilization of photosystems, as well as sugar metabolism.  

Figure 3.19-a: Cluster frequency (%) of GO enrichment performed with the Database for Annotation, Visualization, 

and Integrated Discovery (DAVID) of Differential Expressed Genes (DEGs) on tomato leaves (log2FC>0.6). Category 

of Biological Processes (BP, blue), Molecular Function (MF, pink) and Cellular Component (CC, yellow) are 

represented for the SiO2 NPs condition. 
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Figure 3.19-b: Cluster frequency (%) of GO enrichment performed with the Database for Annotation, Visualization, 

and Integrated Discovery (DAVID) of Differential Expressed Genes (DEGs) on tomato leaves (log2FC>0.6). Category 

of Biological Processes (BP, blue), Molecular Function (MF, pink) and Cellular Component (CC, yellow) are 

represented for the NaCl condition. 
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Figure 3.19-c: Cluster frequency (%) of GO enrichment performed with the Database for Annotation, Visualization, 

and Integrated Discovery (DAVID) of Differential Expressed Genes (DEGs) on tomato leaves (log2FC>0.6). Category 

of Biological Processes (BP, blue), Molecular Function (MF, pink) and Cellular Component (CC, yellow) are 

represented for the SiO2 NPs + NaCl condition. 
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Pathways involved in maintaining cellular homeostasis are also modulated. In particular, from the 

heatmap in Figure 3.20-a, it can be observed that genes involved in photosynthetic activity, such as 

PSBQ, PSBR, PSBS (responsible for the regulation and assembly of the photosystem II (PSII) 

complex, essential for the light-dependent reactions of photosynthesis and involved in protecting PSII 

from photodamage and oxidative stress), RBCS1, RBCS4 (encoding the small subunit of ribulose-

1,5-bisphosphate carboxylase/oxygenase, Rubisco), and CAB13, CAB6A (associated with the 

production of chlorophyll a/b-binding proteins), are strongly up-regulated only under salt stress 

conditions. However, the presence of nano-Si does not influence the mitigation of this response. This 

observation supports physiological data, where the content of photosynthetic pigments increased 

under salt stress conditions but was not affected by the presence of SiO2 NPs. The same trend is 

observed for GIGANTEA (GI) proteins, which are significantly down-regulated under both salt stress 

conditions. GI proteins act as regulators of flowering and modulate the plant's transition from the 

vegetative to the reproductive stage. Interestingly, it has been demonstrated that GI proteins may also 

play a role in the response to salt stress, crucially regulating the SOS pathway (Park et al., 2016). It 

has been shown that the down-regulation of GI contributes to enhancing the plant's response to 

cellular ion accumulation, increasing the export of sodium ions from the cell (Ke et al., 2017; Kim et 

Figure 3.19-d: Cluster frequency (%) of GO enrichment performed with the Database for Annotation, Visualization, 

and Integrated Discovery (DAVID) of Differential Expressed Genes (DEGs) on tomato leaves (log2FC>0.6). Category 

of Biological Processes (BP, blue), Molecular Function (MF, pink) and Cellular Component (CC, yellow) are 

represented for the Na2SiO3 condition. 
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al., 2008). It is noteworthy, however, that although the leaves do not exhibit an influence of nano-Si 

on the plant's response to salt stress, the down-regulation of several HSP is observed when plants are 

treated with nano-Si in the absence of stress. In any case, despite the well-documented effects of 

nano-Si in mitigating various types of abiotic stress in plants (Parveen et al., 2022; Verma et al., 

2022), the direct effect on the modulation of HSP remains to be clarified. 

a) Leaves b) Roots 

Figure 3.20: Modulation of leaves (a) and roots (b) genes that, in at least one of the four 

conditions (SiO2 NPs, Na2SiO3, NaCl, SiO2 NPs + NaCl), fall within functional annotations 

with high frequency. Log2 Fold Change values are depicted. 
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In roots, the enrichment analysis was conducted with DEGs having a log2FC greater than 3 (Figure 

3.21). In this scenario, the most represented cellular component gene ontology classes are the 

extracellular region and the anchored component of the plasma membrane. At the root level, the main 

pathways across all conditions included the defense response, with modulation of the jasmonate and 

ethylene pathways, as well as the response to water deprivation and osmotic stress. Specifically, genes 

with water channel activity, monooxygenase and oxidoreductase activity, as well as ion binding, were 

modulated. This suggests an involvement in the response to osmotic stress, which at the root level 

appears to be triggered by all conditions under analysis.  

Figure 3.21-a: Cluster frequency 

(%) of GO enrichment performed 

with the Database for Annotation, 

Visualization, and Integrated 

Discovery (DAVID) of 

Differential Expressed Genes 

(DEGs) on tomato roots 

(log2FC>3). Category of 

Biological Processes (BP, blue), 

Molecular Function (MF, pink) 

and Cellular Component (CC, 

yellow) are represented for the 

SiO2 NPs condition. 

Figure 3.21-b: Cluster frequency 

(%) of GO enrichment performed 

with the Database for Annotation, 

Visualization, and Integrated 

Discovery (DAVID) of 

Differential Expressed Genes 

(DEGs) on tomato roots 

(log2FC>3). Category of 

Biological Processes (BP, blue), 

Molecular Function (MF, pink) 

and Cellular Component (CC, 

yellow) are represented for the 

Na2SiO3 condition. 



64 
 
 

Figure 3.21-c: Cluster frequency (%) 

of GO enrichment performed with the 

Database for Annotation, 

Visualization, and Integrated 

Discovery (DAVID) of Differential 

Expressed Genes (DEGs) on tomato 

roots (log2FC>3). Category of 

Biological Processes (BP, blue), 

Molecular Function (MF, pink) and 

Cellular Component (CC, yellow) are 

represented for the NaCl condition. 

Figure 3.21-d: Cluster frequency (%) 

of GO enrichment performed with the 

Database for Annotation, 

Visualization, and Integrated 

Discovery (DAVID) of Differential 

Expressed Genes (DEGs) on tomato 

roots (log2FC>3). Category of 

Biological Processes (BP, blue), 

Molecular Function (MF, pink) and 

Cellular Component (CC, yellow) are 

represented for the SiO2 NPs + NaCl 

condition. 
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Observing the heatmap in Figure 3.20-b, no general differences in the modulation type between 

treatments are evident, but certain genes exhibit a more pronounced modulation under specific 

conditions compared to others. Specifically, the ethylene response factor D.5 (ERF-D5) and the gene 

encoding for protein TIFY 5A-like (LOC101252609) are significantly down-regulated only in plants 

exposed to salt stress, but this behavior is mitigated when SiO2 NPs are applied to stressed plants. 

Notably, the TIFY gene family has been documented to play a crucial role in the salt stress response 

across various plant species, interacting with key genes and hormones (Heidari et al., 2021; Tao et 

al., 2022; Wang B. et al., 2023). In soybean, it has been demonstrated that their down-regulation leads 

to increased salt stress sensitivity, while their overexpression enhances plant tolerance (Y. L. Liu et 

al., 2022). It is interesting to note that despite its reduced expression under salt stress conditions, the 

addition of nano-Si appears to act positively inhibiting this effect, playing an ameliorative role. 

Furthermore, chitinase activity is strongly up-regulated (CHI17, CHI3, CHI9) only in the salt stress 

condition when SiO2 NPs are added. Chitinases constitute a group of proteins involved in chitin 

degradation, and it has been documented that they play a role in the response to abiotic stresses 

(Vaghela et al., 2022). Induction of chitinase activity is believed to contribute to the plant's ability to 

tolerate salt stress, and it has been demonstrated in various species that its overexpression can lead to 

an improved plant response to imbalances induced by exposure to saline soils (X. Liu et al., 2020; 

Takenaka et al., 2009). 

Other key genes to analyze the response to salt stress include gibberellin 2-oxidase (GA2ox3), two 

jasmonate ZIM-domain proteins (JAZ2 and SLJAZ3), and two WRKY transcription factors 

(WRKY40 and WRKY41). Despite being down-regulated in all conditions, this behavior is 

approximately three times more pronounced in plants exposed to salt stress, but it is mitigated when 

nano-Si is added. It has been demonstrated that salt stress triggers the up-regulation of JAZ genes, 

which act as negative regulators of the jasmonate pathway, and the increased expression of these 

genes is associated with an improved plant stress response (Delgado et al., 2021; Peethambaran et 

al., 2018; Yoon et al., 2020).  In this case, a down-regulation is observed under stress conditions, but 

the fact that the addition of nano-Si mitigates this type of response could be positive in terms of 

enhancing tolerance. Conversely, the aquaporin PIP2-4 (PIP2-4) and transcription factor MYB48 

(LOC101262486) genes, despite being up-regulated in all conditions, exhibit an up-regulation of 

almost 50% only in the combined salt stress and nano-Si condition compared to other treatments. It 

is interesting to note that aquaporins under stress conditions generally tend to be down-regulated to 

limit water loss (Afzal et al., 2016; Jia et al., 2020; Yepes-Molina et al., 2020; Yi et al., 2022). 

However, it has been demonstrated in wheat that increasing their gene expression would be favorable 

for maintaining ion balance, thereby enhancing the plant's tolerance to saline environments (Hu et 
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al., 2012). Finally, the MYB transcription factor family serves as key regulators of salt stress 

tolerance, and it has been shown that overexpression of certain MYB genes improves resistance to 

saline conditions through their interaction with the DREB and ABA signaling pathways (Chen N. et 

al., 2023; Sukumaran et al., 2023; Wang X. et al., 2021). In general, it appears that at the leaves level, 

the plant's response is primarily influenced by salt stress, which involves the modulation of genes 

mainly associated with sugar metabolism and photosynthetic activity, confirming the common plant 

response to salt stress. The use of SiO2 NPs does not seem to play a role in mitigating these effects. 

Conversely, at the root level, various genes involved in the salt stress response are strongly up-

regulated or down-regulated and a direct effect of silicon nanoparticles is observed, which seems to 

mitigate this response when applied under stress conditions. Despite not showing a significant 

contribution of nano-Si at the systemic level, it is essential to consider the impact that nanoparticles 

have at the root level, given that this represents the plant's first point of contact. A confirmation of 

salt stress induced genes will be performed on tomato roots and leaves in condition of treatments with 

microbial consortia, alone and combined with nano-Si. 

3.3.3 X-ray fluorescence elemental maps analyses on roots and leaves samples  

The distribution of different elements in leaves and roots of tomato plants, was investigated through 

X-ray fluorescence elemental maps analyses, with the aim to clarify the interactions between the 

applied nanomaterials and the plants response to saline conditions. The details revealed by this 

analysis provide a perspective on the molecular dynamics governing the plants response to stress 

factors, for a deeper understanding of the underlying mechanisms in this complex interaction.  

The ¿-XRF maps reveal an increase in silicon uptake in both tissues when used in the form of salt 

(Na2SiO3). In the roots, the signal increased compared to the control in plants treated with nano-Si, 

but triplicate compared to the control in the presence of sodium metasilicate (Figure 3.22-a). 

Interestingly, in the leaves, despite silicon increased fivefold compared to the control when plants are 

treated with Na2SiO3, it remained substantially unchanged when compared to the control in plants 

treated with SiO2 NPs, suggesting an absence of silicon translocation to the aerial part when used in 

its nanometric form (Figure 3.22-b). Despite this, sodium, which drastically increased under salt 

stress conditions compared to unstressed conditions, was significantly reduced both in the leaves and 

roots, demonstrating the effect of nano-Si in decreasing intracellular sodium ion content.  
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The observation was consistent with what has been reported in the literature: silicon has been 

identified as a key factor influencing the accumulation of sodium ions in plants, especially in the 

presence of salt stress conditions. Recent research has demonstrated that silicon effectively 

diminishes the absorption of sodium ions (Na+) by plant roots, resulting in improved ion homeostasis 

and reduced sodium accumulation in the shoots (Shen et al., 2022). This beneficial effect is attributed 

to silicon's role in reinforcing the mechanical strength of the root cell wall, thereby limiting the uptake 

of sodium ions. Additionally, the deposition of silicon on the root cell wall acts as a physical barrier, 

further impeding the entry of sodium into the plant (Lunevich et al., 2016). Moreover, silicon has 

been found to facilitate the excretion of sodium from the cell, decreasing sodium translocation and 

minimizing damage to plants (Jam et al., 2023). These findings suggest that silicon plays a significant 

role in mitigating the negative effects of salt stress by reducing the accumulation of sodium ions in 

plant tissues, making it a valuable tool for mitigating the detrimental impact of salt stress on plants. 

 

 

a) Roots ¿-XRF maps 

Figure 3.22-a: ¿-XRF maps of roots from tomato plants treated with SiO2 NPs, Na2SiO3, NaCl, SiO2 NPs + NaCl. 

In the first row, the black and white 20x images of roots and leaf sections are presented, followed by the silicon maps 

in the second row, and the sodium maps in the third row. 
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3.4 Zea mays L. 

Iron is a fundamental element for the growth and development of plants, as it participates in vital 

physiological, biochemical, and molecular processes. It plays a crucial role in electron transport 

within the photosynthetic system, is involved in cellular respiration processes, and serves as an 

essential component of various enzymes. (Rout & Sahoo, 2015). Nevertheless, the plant's uptake and 

utilization of iron are closely tied to various environmental factors. Iron can only be transported into 

tissues in its Fe3+ form through specific transporters, following the interaction with specific chelators 

that facilitate uptake through dedicated transporters. The bioavailability of iron is thus correlated with 

the physicochemical characteristics of the soil (e.g., redox potential, pH) or the presence of a 

microbiota capable of enhancing its bioavailability. (Morrissey & Guerinot, 2009). To address iron 

deficiency in plants, several strategies are employed. These include the application of external iron 

sources as well as efforts to increase the bioavailability of existing iron in the soil or enhance the 

plant's ability to absorb it (Shenker & Chen, 2005).  

b) Leaves ¿-XRF maps 

Figure 3.22-b: ¿-XRF maps of leaves from tomato plants treated with SiO2 NPs, Na2SiO3, NaCl, SiO2 NPs + NaCl. 

In the first row, the black and white 20x images of roots and leaf sections are presented, followed by the silicon maps 

in the second row, and the sodium maps in the third row. 
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In this study, the effect of Fe3O4 NPs on maize plants was assessed to determine the feasibility and 

safety of their use in the field of nano-fertilization for gradual iron release. Previous studies have 

suggested that certain nanoparticles, when used at appropriate concentrations, can act as effective 

nutrient sources to support crop growth (Anderson et al., 2018). However, at excessive 

concentrations, nanoparticles could induce toxicity in plant crops, leading to reduced biomass, 

damage to the photosynthetic system, and disruption of defense mechanisms (Rizwan et al., 2017). 

Moreover, they may penetrate the root epidermis cell wall and membrane, enter the xylem, and 

migrate towards the shoots, potentially accumulating or undergoing biotransformation in various 

plant tissues. During their application, it is crucial to assess not only the impact on plant yield but 

also to understand the influence on biochemical and molecular pathways to identify potential signs 

of phytotoxicity. The evaluation of uptake and biotransformation in different tissues also helps verify 

the safety of their application in agri-food supply chain, especially when applied to crops of 

agronomic interest. 

3.4.1 Morphological and physiological effects of nano-Fe in Zea mays L. 

Maize plants were exposed to treatments with Fe3O4 NPs and FeCl3, which were homogenized into 

the soil, starting from the V2 stage (two visible leaf collars). At the end of the vegetative phase (three 

months after emergence), the plants entered the flowering stage (Vt) with the appearance of the tassel 

(Figure 3.23-left). During this phase, it was observed that in the control plants, the tassel remained 

enclosed within the flag leaf, while in the plants treated with iron, it was already exposed (Figure 

3.23-right). Specifically, in plants treated with Fe3O4 NPs, unlike those treated with iron salt (FeCl3), 

anther dehiscence appeared to be already in progress, highlighting an influence of iron-based 

treatments on the transition from the vegetative phase to the reproductive phase.  

 

Figure 3.23: Maize plants three 

month after emergence (Vt 

stage) treated with Fe3O4 NPs 

500 mg/kg and FeCl3 75 mg/kg 

(left). To the right, the tassels 

after three months of treatment 

are displayed for each 

condition. 
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In this phase, parameters such as plant height, stomatal transpiration, and photosynthetic activity were 

monitored. Despite the plants exposed to iron-based treatments appearing visually taller than the 

control, statistical analysis using One-way ANOVA did not reveal significant differences on the plant 

height among the three conditions. On the other hand, the photosynthetic activity of plants treated 

with FeCl3 was significantly higher than the control. Furthermore, a significant increase in stomatal 

transpiration (reduction in resistance) was observed in maize plants treated with Fe3O4 NPs and FeCl3 

compared to the control (Figure 3.24). 

One week after flowering, the emergence of silks was observed for all treatments, and after other 10 

days, kernel development started. Two months after the appearance of silks (5 months after 

emergence), the ears were formed, and the analysis of non-invasive physiological and morphological 

parameters, followed by the sampling of roots, leaves, and seeds, was conducted (Figure 3.25). 

Figure 3.24: Means and standard deviations of plants height, photosynthetic activity and stomatal transpiration after 

three months of iron treatments. Stomatal resistance is the inverse of stomatal conductance: increased values of 

stomatal resistance indicate decreased stomatal transpiration. The letters (a and b) represent significant differences 

was obtained using One-way analysis of variance (ANOVA) followed by Tukey9s HSD (Honestly Significant 

Difference). 

Figure 3.25: Maize plants five month after emergence, treated with Fe3O4 NPs 500 mg/kg and FeCl3 75 mg/kg 

(left). To the right, the ears and silks after three months of treatment are displayed for each condition. 
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From the data collected at the end of the 5-month iron treatment, no significant differences were 

observed among the conditions for most of the parameters considered (Figure 3.26). Both the final 

yield (in terms of dry and fresh weight of shoots and roots, and plant height) and cellular respiration 

did not show significant differences in plants treated with iron compared to control plants. These 

results contrast with some studies reporting positive effects of Fe3O4 NPs on plant growth and 

development (Palmqvist et al., 2017; Servin A. et al., 2015), attributed to the peroxidase (POD) 

stimulatory activity of Fe3O4 NPs. However, it has also been demonstrated that iron-based 

nanomaterials may lead to plant growth deficits by blocking water and nutrient absorption at the root 

level (Zuverza-Mena et al., 2017). This can be attributed to the formation of aggregates that create 

plaques in the outer layer of the root inhibiting water and nutrient uptake. 

 

Figure 3.26: Means and standard deviations of plants height, roots and shoots fresh and dry weight (FW and DW) 

and cellular respiration after five months of iron treatments. The letters (a) represent significant differences was 

obtained using One-way analysis of variance (ANOVA) followed by Tukey9s HSD (Honestly Significant Difference). 
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On the other hand, both stomatal transpiration and photosynthetic activity were modulated by iron 

exposure, with the same behavior observed during the flowering stage (Figure 3.27-a and 3.27-b). 

The observed reduction in chlorophyll content seems in contrast with the findings reported in the 

literature. Several studies have demonstrated that the application of iron nanoparticles can lead to an 

increase in chlorophyll content in leaves, enhancing the photosynthetic activity of plants such as 

maize (Jalali et al., 2016), soybean (Ghafariyan et al., 2013), and basil (Souad A. Elfeky, 2013). It 

has been hypothesized that this increase might be related to the role of iron in stimulating the activity 

of enzymes involved in chlorophyll synthesis (Souad A. Elfeky, 2013). The results obtained in this 

study may potentially be induced by stress caused by the release of ferric ions, considering that the 

observed effects on plants treated with nano-Fe exhibit an intermediate behavior between the 

untreated control and plants treated with FeCl3. A similar pattern was observed in the results of MDA 

quantification (Figure 3.27-c). The presence of FeCl3 resulted in an increase in lipid peroxidation 

compared to the control, while the cellular response of plants exposed to Fe3O4 NPs was intermediate 

between the two treatments. Several studies have observed the induction of stress in plants exposed 

to nano-Fe, characterized by an increase in lipid peroxidation and the activity of antioxidant enzymes. 

One of the hypothesized reasons is that Fe3O4 NPs absorbed by the root surface disrupt the 

physiological activity of the plant causing oxidative stress (H. Wang et al., 2011), or they may form 

plaques around the roots that cause clogging and reduce their functionality. It is therefore suggested 

that the increase in antioxidant enzymes is linked to an imbalance in nutrient supply rather than direct 

effects (Zuverza-Mena et al., 2017). 

 

 

Figure 3.27: Means and standard deviations of stomatal transpiration (a), photosynthetic activity (b) and lipid 

peroxidation (c) after five months of iron treatments. The letters (a and b) represent significant differences was 

obtained using One-way analysis of variance (ANOVA) followed by Tukey9s HSD (Honestly Significant Difference). 

a) b) c) 
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3.4.2 Transcriptional analysis in Real Time q-PCR on target genes 

Understanding the impact of nano-Fe treatments on maize plants requires not only the assessment of 

morphological and physiological variations in treated plants but also the evaluation of iron-induced 

modulation of key genes in response to both iron uptake in tissues and potential oxidative stress 

induced by nanomaterials. In this study, seven genes (GSR1, MATE1, PRO1, SOD1, NAS3, FER1, 

AAS13) were selected to provide an overview of the plant's response to the treatments. It is well-

known that sweet grasses like maize employ Strategy II for the uptake of dissolved Fe3+ from the soil. 

This involves the secretion of phytosiderophores (PS) from the roots through the TOM1 transporter. 

Once in the soil, these PS chelate trivalent iron, which can then be transported into the root by yellow 

stripe 1 (YS1) (Curie & Mari, 2017; Naranjo-Arcos & Bauer, 2016).  Among the main PS produced 

by the plant for this purpose are those belonging to the mugineic acid family, with nicotianamine 

(NA) as a precursor. The synthesis of nicotianamine is catalyzed by nicotianamine synthase (NAS), 

playing a key role in the plant's response to iron availability or deficiency in the soil (Sharma et al., 

2021). In the context of plants, ferritin also serves various key functions related to iron regulation. 

When the plant absorbs iron from the soil through the roots, ferritin helps store the excess iron safely 

within cells, avoiding the risk of iron toxicity. Excess free iron can react with cellular molecules, 

producing harmful free radicals. Ferritin helps prevent these damages by protecting against excess 

reactive iron. In general, precise regulation of iron levels is essential for the proper functioning of 

plants, and ferritin plays a crucial role in ensuring that iron is available when needed without 

accumulating at harmful levels (Nguyen et al., 2022; Zhang et al., 2023).  

To inhibit cellular damage induced by free iron, another strategy adopted by plants is to chelate or 

bind it to metalloproteins. In extracellular fluids, citrate plays a key role in chelating iron for xylem 

transport. Among the elements contributing to maintaining iron homeostasis, transporters for citrate 

efflux, such as ferric reductase defective3 (FDR3) in A. thaliana, being part of the multidrug and 

toxic compound extrusion (MATE) transporters, are also crucial (Roschzttardtz et al., 2011). The 

modulation of genes encoding enzymes involved in the cellular response to oxidative stress, such as 

glutathione reductase 1 (GSR1) and superoxide dismutase 1 (SOD1), as well as in the regulation of 

proline biosynthesis, such as proline responding 1 (PRO1), could provide an indication of the 

potential cytotoxic damage caused by plant exposure to nanomaterials and the subsequent plant 

response (Naranjo-Arcos & Bauer, 2016; Yan et al., 2020). It is also important to focus on abiotic 

stress-induced signal transduction mediated by phytohormones.  
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Among these, JA plays an essential role in the plant's response to abiotic stresses, interacting with 

other hormones such as ethylene, auxin, and gibberellic acid, regulating the balance of resources 

between plant growth and defense (Wang Yun et al., 2021), as well as enhancing the maintenance of 

cellular integrity through the modulation of genes involved in oxidative stress response (Raza et al., 

2021). For this purpose, in this study, we chose to investigate the potential modulation of the auxin 

amido synthetase13 (AAS13) gene. This gene encodes the enzyme jasmonic acid-amido synthetase 

(JAR1), which plays a key role in converting JA into its active form (7-iso-JA-Ile) that accumulates 

under stress conditions, thus initiating the JA signaling pathway (Wang Yun et al., 2021) 

In Figure 3.28, heatmaps representing the gene expression analysis obtained through Real Time 

qPCR are depicted, using actin (ACT2) as the housekeeping gene and normalized to the control. At 

the root level (Figure 3.28-a), there were not very pronounced variations in gene expression, except 

for MATE1. Indeed, MATE1 was significantly up-regulated in the roots of plants treated with FeCl3, 

to a much greater extent than in plants treated with nano-Fe. Considering the role of MATE1 in citrate 

efflux and, therefore, its involvement in xylem transport of chelated iron, it could be hypothesized 

that its up-regulation could be linked to a higher presence of available Fe3+ when used in saline form 

compared to nanometric form. To support this hypothesis, in leaves (Figure 3.28-b), both MATE1 

and PRO1 are down-regulated in plants treated with Fe3O4 NPs and up-regulated in plants treated 

with FeCl3. This suggests a potential greater internalization and accumulation of ions following salt 

treatments compared to nanomaterials.  

Figure 3.28: Modulation of roots 

(a) and leaves (b) genes of maize 

plants treated with Fe3O4 NPs 

and FeCl3. Data were obtained 

through Real Time qPCR using 

actin (ACT2) as housekeeping 

gene, and normalized to the 

control condition. 

a) Roots b) Leaves 
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Additionally, the response to abiotic stress seems to be more associated with salt than with 

nanomaterial use: the expression of the AAS13 gene, involved in triggering the JA pathway, is down-

regulated in plants treated with Fe3O4 NPs, while GSR1 and consequently the antioxidant response is 

strongly up-regulated only in plants treated with FeCl3. The results thus suggest a more pronounced 

molecular response when plants are treated with iron in ionic form compared to nanometric form, 

both in terms of factors related to iron uptake and in terms of the response to abiotic stress. It remains 

to be investigated whether this could be due to lower toxicity of iron in nanometric form or to its 

reduced uptake and/or translocation. 

3.4.3 Iron uptake: quantitative and qualitative analyses 

The results obtained, both at the physiological and molecular levels, suggest a more pronounced 

response of the plant when iron is administered in the form of salt compared to its nanometric form. 

However, it is still unclear to what extent this is related to the interaction with plant tissues and how 

much is attributed to the ability of iron to be internalized and translocated in its two forms. Given that 

maize is an agronomically significant plant, evaluating the potential accumulation of iron within the 

grain becomes crucial for assessing its applicability for fertilization purposes. In this context, tissues 

of roots, leaves, and seeds were analyzed to assess the iron content within specific tissue sections and 

the total content of the entire tissue. This was accomplished by generating ¿-XRF maps illustrating 

the iron localization in tissues and its signal intensity, followed by quantification through FA-AAS of 

the homogenized whole tissue (Figure 3.29).  

 

 

Figure 3.29-a: Iron quantification of 

roots, leaves and seed from tomato 

plants treated with Fe3O4 NPs and FeCl3 

through flame atomic absorption 

spectroscopy (FA-AAS). 
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From the results of both analyses, a higher presence of iron at the root level emerged in plants treated 

with Fe3O4 NPs compared to the other two conditions, while in leaves, the iron content was 

significantly higher in plants treated with FeCl3. In seeds, the iron content was very low for all 

conditions, and the differences were negligible. This evidence supports the hypotheses derived from 

the results of gene expression analysis. Specifically, at the root level, there was observed limited 

modulation of genes related to accumulation and oxidative stress response, coupled with the up-

regulation of MATE1 (associated with xylematic transport) in plants treated with FeCl3. In leaves, the 

modulation of genes involved in oxidative stress response and ion accumulation increased in plants 

treated with FeCl3, and a greater physiological response in terms of photosynthetic activity and 

stomatal transpiration was observed. All these variables together reinforce the hypothesis that, when 

iron is applied in the form of Fe3O4 NPs, it tends to remain in the roots, and its translocation is 

significantly reduced. This results in a diminished plant response, both at the cellular and systemic 

levels, compared to the application of iron in the form of FeCl3. Several studies have demonstrated 

that the use of nano-Fe as a soil amendment could, in some cases, lead to the formation of aggregates 

at the root level (Wang Yi et al., 2021). The attractive forces between magnetite nanoparticles could 

create iron plaques around the roots, thus explaining the absence of evidence for iron accumulation 

and translocation when applied in nanometric form. However, it is essential to consider that this study 

utilized a concentration of Fe3O4 NPs of 500 mg/kg, which is quite high and may have influenced 

these outcomes. Indeed, it has been shown that different concentrations of Fe3O4 NPs can elicit 

diverse plant responses, ranging from being practically negligible at high concentrations to being 

beneficial in terms of antioxidant response and promising for nanofertilizer use at lower doses 

(Elanchezhian et al., 2017).  

Figure 3.29-b: ¿-XRF maps of roots, leaves and seed from tomato plants treated with Fe3O4 NPs and FeCl3. The 

black and white 20x images of roots, leaves and seeds sections are presented, next to the iron distribution maps.  
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4 Conclusions and future perspectives 

In the context of ongoing climate emergencies and the diminishing arable lands, this study has 

explored alternative agro-biotechnologies, focusing on the application of biostimulants such as 

silicon-based nanomaterials and microbial consortia to alleviate salt stress in tomatoes, as well as 

iron-based nanomaterials for the gradual release of micronutrients in maize. These approaches aim to 

address the pressing need for sustainable agricultural practices capable of ensuring food security in 

despite the evolving environmental challenges. The contemporary agricultural methods are deemed 

unsustainable, necessitating the exploration of alternative systems. However, the utilization of such 

technologies is not without controversies, particularly concerning the fate of nanomaterials in the 

environment and their potential ecological impacts. The reduction in arable lands, coupled with 

unfavorable climate change projections, prompt for innovative solutions. This study contributes to 

the understanding of the efficacy and potential risks associated with the use of these technologies, 

emphasizing the need for a comprehensive evaluation of their impact on biological systems and the 

environment to achieve a balanced assessment of their benefits and risks. 

The results obtained on tomato plants exposed to salt stress suggest a potential beneficial action of 

PGPMs, particularly MC_B combined with AMF, in mitigating the effect of high concentrations of 

NaCl-induced salt stress. Specifically, an increase in plant biomass was observed in the absence of 

stress, indicating a role of the microbial consortium in plant yield regardless of stress induction. On 

the other hand, key parameters for assessing salt stress, such as proline content and MDA content, are 

modulated in plants inoculated with MC_B+AMF under stress conditions. Proline content is reduced 

compared to other conditions in the presence of stress, while an interesting impact is noted regarding 

MDA content. Lipid peroxidation is indeed reduced in all conditions where microbial inoculation was 

applied, restoring its level under stress conditions to that present in unstressed conditions. These 

results suggest a potential mitigation effect on damage caused by salt stress, mediated by the microbial 

consortium, but further analyses are necessary to clarify the mode of action through which this effect 

is exerted. At the physiological level, the action of SiO2 NPs appears to be less impactful compared 

to that observed with the use of the microbial consortium. However, a reduction in lipid peroxidation 

under stress conditions is still evident (although it remains higher compared to the control in 

unstressed conditions), along with an influence on cellular respiration, which shows an increase, 

suggesting a higher energy demand from the plant.  
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From a molecular perspective, a greater modulation of gene expression at the root level compared to 

the leaves is observed, supported by the idea that silicon, when used in nanometric form, has limited 

translocation capacity in the aerial part of the plant, as suggested by ¿-XRF maps. In addition to the 

down-regulation of various HSPs in the presence of nano-Si, most effects observed in the leaves are 

associated with the induction of salt stress, involving the modulation of genes related to 

photosynthetic activity, sugar metabolism, and the cellular ion accumulation response. However, 

under stress conditions, these genes maintain the same level of modulation in the presence or absence 

of nano-Si. Conversely, at the root level, ¿-XRF maps reveal an increase in silicon signal when used 

in nanometric form compared to the control, although still lower than that observed with Na2SiO3. 

The presence of silicon at the root level is also reflected at the molecular level, where the modulation 

of genes involved in the response to salt stress, such as TIFY 5A-like, various chitinase-coding genes 

(CHI17, CHI3, CHI9), genes involved in the jasmonate pathway (JAZ2 and SLJAZ3), aquaporins 

(PIP2-4), and transcription factors involved in the salt stress response (WRKY40, WRKY41, 

MYB48), is quite pronounced in the presence of NaCl but is significantly mitigated when SiO2 NPs 

are added. Furthermore, both in leaves and roots, the sodium signal in ¿-XRF maps is reduced under 

conditions of combined stress with nano-Si, suggesting its influence in modulating the internalization 

and accumulation of ions in the presence of strong osmotic imbalance, potentially playing a role in 

limiting the cytotoxic damage that ion accumulation could cause. However, these observations require 

confirmation: the modulation of key genes identified through RNA-seq must be validated through 

RT-qPCR, and a quantitative measurement of silicon and sodium content within the tissues is also 

necessary. This quantitative data will provide greater robustness to the observations drawn from ¿-

XRF maps. 

In a parallel study, the use of Fe3O4 NPs as a fertilizer on maize plants was also investigated to 

understand its mode of action, potential accumulation, and the level of potential risk associated with 

its use. From physiological and molecular results, it appears that the plant's response to treatments is 

more dependent on the potential release of Fe3+ than on the use of nano-Fe. Both stomatal 

transpiration, photosynthetic activity, and lipid peroxidation are significantly impacted by FeCl3 

treatment, while plants exposed to Fe3O4 NPs exhibit an intermediate behavior between iron salt and 

the control. This finding is reinforced by gene expression analysis results, iron content quantification 

through FA-AAS, and observation of ¿-XRF maps. The results suggest limited internalization and 

translocation of iron in nanometric form, while the plant's response appears to be primarily influenced 

by the Fe3+ ion. It remains to be clarified whether this behavior may be due to potential agglomeration 

of Fe3O4 NPs at the root level or potential biotransformation, which could inhibit its internalization. 
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In conclusion, the detailed examination of alternative agricultural technologies presented in this study 

has yielded positive outcomes. The potential mitigation of salt stress in tomatoes through the 

application of silicon-based nanomaterials and microbial consortia, as well as the use of nano-Fe in 

maize, underscore the potentialities of these biostimulants to contribute to the innovation of 

agricultural practices. While these results are promising, it is essential to acknowledge the ongoing 

debates surrounding the environmental fate of nanomaterials and their potential long-term impacts. 

The outcomes obtained in this study contribute to the knowledge supporting the adoption of 

biostimulants in agriculture, but ongoing research and a careful understanding of these technologies 

are crucial for establishing a responsible and effective framework for their widespread use, with a 

proper balance between implications and applications. In addressing climate challenges and declining 

arable lands, these solutions offer a path toward a more resilient and sustainable agricultural 

landscape. 
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7 Appendix 

Description of target genes analyzed by Real Time qPCR in Zea mays 

GSR1 (glutathione reductase 1): encode enzyme involved in ROS scavenging by converting 

oxidized glutathione back to its active form. 

https://www.maizegdb.org/gene_center/gene/57211 

SOD1 (superoxide dismutase 1): encode enzyme involved in cellular defense against oxidative 

stress, catalyzing the dismutation of superoxide radicals into oxygen and hydrogen peroxide. 

https://www.maizegdb.org/gene_center/gene/12645 

NAS3 (nicotianamine synthase 3): encodes the enzyme (NAS) that synthesizes nicotinamine (NA), 

that is the precursor of mugineic acid (phytosiderophore). 

https://www.maizegdb.org/gene_center/gene/952741 

FER1 (ferritin1): product synthesis in response to increased iron concentration. Also involved in the 

formation of ferrihydrite. 

https://www.maizegdb.org/gene_center/gene/25281 

MATE1 (multidrug and toxic compound extrusion 1): ortholog of A. thaliana FDR3 gene. Located 

in root pericycle, mediates citrate efflux into xylem to chelate and transport iron. It is part of response 

pathways to abiotic stimuli and stress. 

https://www.maizegdb.org/gene_center/gene/Zm00001eb261140 

PRO1 (proline responding 1): encodes �1-pyrroline-5-carboxylate synthetase (P5CS), involved in 

proline biosynthesis for osmoregulation in plants. 

https://www.maizegdb.org/gene_center/gene/12559 

AAS13 (auxin amido synthetase13): also known as Jasmonic acid-amido synthetase (JAR1), 

encodes for enzyme that catalyzes the biosynthesis of 7-iso-JA-Ile (represses jasmonate signaling 

pathway, activates abiotic stress response pathway). 

https://www.maizegdb.org/gene_center/gene/9042110 
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List of primers for target genes in Z. mays 

GENE NAME GENE ID REFSEQ PRIMER PRIMER SEQ. 

GSR1 Zm00001eb004790 NM_001305818.1 F CAACCTGACACCAGTTGCAC 

   
R GGGAGAACACAGCAGAAGGT 

SOD1 Zm00001eb008850 NM_001155647.1 F TCCATTCTGGGAAGGGCAGT 

   
R GCTCCTGCGTTTCCTGTTGA 

NAS3 Zm00001eb052890 XM_008666956.4 F TGTCTACACCACATGCGTGA 

   
R GCTCGGACTTCGACTTCTACC 

FER1 Zm00001eb195010 NM_001112093.2 F CAACTCTGGGTCGGTGGATT 

   
R GACCGAACTGACACATCGCA 

MATE1 Zm00001eb261140 NM_001170581.1 F TCCTTGTTGCCGTTGTCAGT 

   
R AAACATCCGGAGGCTCATGT 

PRO1 Zm00001eb347680 NM_001319696.1 F CCTTCCCTTACAATGAGGCTGT 

   
R ACCATTCTATGCTCCTGCCTG 

AAS13 Zm00001eb358430 NM_001174342.1 F CGTTTAGCAGCCGTGTCATC 

   
R TCGAGTGAGTTCGCTGCTTC 

HK_ACT2 Zm00001d012277 NM_001154731.2 F ACGCCGAGAACACTTTGAGG 

   
R AAACCCGCCTTGACCATTCC 
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Value of log2 Fold Change of common Differentially Expressed Genes (DEGs) in 

S. lycopersicum leaves for all treatments, obtained with RNA-seq analysis 

Gene_ID SiO2_NPs Na2SiO3 NaCl SiO2_NPs_NaCl 

ACO1 -1.05255 -1.50145 -1.48738 -1.655283614 

CNX61,0 -0.84227 -0.62389 -0.97765 -0.918798505 

ELIP 0.639439 0.906074 1.046083 1.327393618 

hsc70_1 -0.73131 -0.96245 -0.82007 -0.803919527 

HSP21 1.414632 3.235802 3.612434 2.619760288 

LOC100191114 -0.69192 -0.8227 -0.82535 -1.302143545 

LOC101055516 -0.85602 -1.0128 -1.43277 -0.774796768 

LOC101246665 0.652958 1.371206 1.581755 0.936388704 

LOC101253759 1.075824 0.943386 -1.66621 -1.447364172 

LOC101254946 -1.50381 0.830617 2.125847 1.332267422 

LOC101255185 -0.89253 0.967727 2.336325 1.545016894 

LOC101262853 -0.97191 -1.03674 -1.14082 -1.604162498 

LOC101268271 0.64877 1.795353 1.752498 1.793161067 

LOC101268307 -0.73784 1.40199 1.570437 1.16417925 

LOC543848 -1.1251 1.15448 1.504838 1.177776038 

loxF -0.61405 -1.12007 -0.87383 -1.308241026 

SlFBA1 0.758448 1.071412 1.623637 1.839782219 

TAS14 1.196787 1.728512 0.693358 0.958709219 

TIL 2.955646 3.330648 2.505128 2.718828373 

TIL' -2.20028 -2.11603 -2.48436 -1.806298916 

yfe37 -2.474 -1.21081 1.650148 0.980896958 
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Value of log2 Fold Change of common Differentially Expressed Genes (DEGs) in 

S. lycopersicum roots for all treatments, obtained with RNA-seq analysis 

Gene_ID SiO2_NPs Na2SiO3 NaCl SiO2_NPs_NaCl 

AOC -4.22219 -4.44101 -5.59891 -4.649312383 

aos -3.07755 -3.43924 -7.79344 -5.552631571 

DES -4.65472 -5.93421 -6.62753 -4.857984445 

ER5 -3.53779 -3.31551 -4.78325 -4.839609204 

ERF5 3.756572 3.59653 4.195141 3.868115678 

Fad7 -3.92539 -3.95874 -5.44464 -4.017318507 

ht2 -6.33303 -7.14747 -5.28789 -4.803623959 

LOC100736472 -5.06295 -4.9404 -4.98721 -4.760990198 

LOC101244366 -3.51682 -3.67409 -4.35859 -4.544900974 

LOC101244496 -3.15316 -3.57934 -4.79085 -3.408304258 

LOC101245039 -4.0181 -4.29497 -5.9034 -4.4102741 

LOC101245157 -3.09233 -3.75428 -4.466 -6.218734701 

LOC101245181 -3.42635 -3.53707 -3.73414 -3.726699615 

LOC101245814 -4.13304 -4.06501 -4.66907 -4.359162609 

LOC101246255 -3.34019 -3.68618 -20.4249 -5.539394501 

LOC101246755 -5.91561 -8.15451 -20.7068 -6.557769075 

LOC101246971 3.209938 3.358488 4.408529 4.36363059 

LOC101247100 -6.55026 -8.98825 -15.5502 -10.16910929 

LOC101247124 -4.623 -4.67636 -5.99133 -5.460907205 

LOC101247816 -4.00559 -5.60841 -20.0326 -20.03263397 

LOC101248084 -8.69256 -9.87952 -21.3502 -21.35017579 
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LOC101248306 -4.36999 -4.45347 -21.4221 -6.104996472 

LOC101248628 -7.68423 -7.24678 -20.5211 -8.380140487 

LOC101248631 -3.79758 -3.99429 -21.5854 -4.376553335 

LOC101248653 -4.08627 -4.02059 -5.49377 -5.069558841 

LOC101248655 -3.77326 -4.30121 -6.61065 -7.562703522 

LOC101248770 -3.8146 -4.29551 -3.76448 -3.385423668 

LOC101248856 -4.21763 -3.79034 -6.84187 -5.495266427 

LOC101248953 -3.06873 -3.26687 -20.2241 -3.876941513 

LOC101250382 -3.31503 -3.5642 -5.01005 -3.494617546 

LOC101251084 -6.05876 -6.87383 -4.9036 -4.762045135 

LOC101251208 -3.07685 -3.77657 -5.45005 -3.976865176 

LOC101252146 -3.47995 -3.18823 -4.16974 -3.31819583 

LOC101252232 4.51192 4.643574 4.759608 4.775758821 

LOC101252571 -4.09147 -7.17957 -21.2451 -5.193122046 

LOC101252574 -4.41821 -5.37965 -5.95439 -6.089639568 

LOC101252609 -3.58362 -3.00478 -21.5225 -5.405317138 

LOC101252898 4.037486 3.941003 5.051598 4.980695044 

LOC101253225 4.367526 4.354979 5.072024 5.310462251 

LOC101253387 -4.26559 -3.85206 -20.5251 -8.274826461 

LOC101253648 3.907257 4.223132 4.308368 4.900645256 

LOC101253836 4.124858 3.891552 3.702594 3.859420002 

LOC101253883 -5.05693 -6.60686 -8.66253 -8.088402857 

LOC101254783 3.311302 3.08755 3.900692 4.434969442 

LOC101255971 -3.18057 -3.25413 -4.3445 -5.744530957 
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LOC101256077 -4.04567 -4.4627 -4.58218 -3.198863233 

LOC101256185 -4.97536 -5.55387 -5.35581 -4.930719126 

LOC101256762 -4.19152 -3.29756 -7.90984 -4.150137809 

LOC101257192 3.805085 3.154261 3.126527 3.624335301 

LOC101257443 -4.20236 -4.13986 -5.46178 -7.933826361 

LOC101257731 -3.93325 -3.02772 -4.56222 -5.138518642 

LOC101257981 -4.11017 -4.63405 -20.0043 -4.566835614 

LOC101258429 4.360166 4.907681 6.504739 5.675551773 

LOC101258434 3.82498 3.891 4.373541 4.043900081 

LOC101258933 3.822907 4.048011 4.134844 4.420961381 

LOC101259198 3.242967 3.469003 4.54342 3.736426367 

LOC101260345 -4.19544 -5.2627 -6.60841 -6.206439173 

LOC101260391 -3.22144 -3.54184 -5.02135 -5.781135912 

LOC101260455 -5.68575 -8.3112 -19.9638 -5.971694535 

LOC101260710 -3.68076 -5.12307 -20.4012 -6.008757608 

LOC101260960 -4.069 -4.40793 -5.79396 -4.6091007 

LOC101262486 3.66665 3.307528 3.712442 5.747043369 

LOC101262853 -3.03561 -3.3568 -4.1711 -3.980928901 

LOC101263697 -9.07292 -21.6961 -21.6961 -21.69612924 

LOC101263899 -9.25592 -8.43387 -20.7233 -10.09571849 

LOC101264708 3.060003 3.040327 3.259962 3.399866401 

LOC101264862 -3.26038 -3.41614 -4.3772 -3.675976478 

LOC101265262 -3.2427 -3.57119 -4.10863 -4.590233134 

LOC101265618 -3.48096 -3.35514 -4.11126 -3.375087113 
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LOC101266402 -3.83964 -3.89948 -3.82423 -3.969597287 

LOC101266443 -3.23442 -3.71602 -5.75702 -3.791971311 

LOC101266542 -4.98294 -5.17759 -20.9756 -8.073571484 

LOC101266736 -3.23157 -3.7083 -4.51446 -5.127311442 

LOC101267111 -4.16558 -3.85888 -5.06843 -8.037261645 

LOC101267231 -3.0179 -3.31215 -3.778 -3.109275937 

LOC101267253 -3.59541 -3.6633 -3.40289 -3.086823004 

LOC101267367 -4.61895 -4.47166 -5.24049 -4.741714807 

LOC101267393 -3.95575 -4.41621 -6.1096 -5.36182949 

LOC101267599 -3.18485 -3.00748 -20.4798 -4.709122055 

LOC104645999 -3.89803 -3.83322 -4.42087 -5.867697838 

LOC104647284 -3.25007 -3.32458 -5.81346 -6.123121521 

LOC112940299 4.093119 4.225338 4.738208 4.831558231 

LOC543607 -3.3372 -3.71674 -6.32425 -4.107965433 

NR -3.41085 -3.27624 -5.4898 -5.295179833 

opr2 -3.58308 -4.91895 -5.47241 -5.372479875 

PIP1-5 3.20753 3.032937 3.15948 3.745226326 

PLDb2 -3.42984 -3.3119 -5.37695 -3.909490577 

PPO -3.68392 -3.54651 -6.46894 -4.852183925 

SlDMR6-1 -3.07267 -3.39147 -4.35674 -4.367029376 

SlERFD2 -3.93453 -3.91446 -4.44077 -3.004351807 

SlVPE3 3.366143 3.398788 3.188155 3.585994956 

VAHOX1 3.021178 3.216854 3.766823 4.663133429 

VIF 3.91624 4.113189 4.799626 4.419675095 
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Wiv-1 -4.16138 -4.92068 -5.85417 -8.782036063 

XSP10 3.756011 4.317089 4.544373 4.974582467 

 

Genes that, in at least one of the four conditions (SiO2 NPs, Na2SiO3, NaCl, SiO2 

NPs + NaCl), fall within functional annotations with high frequency in leaves 

Ensembl_ID ENTREZ_ID Gene_ID Gene_info 

Solyc07g049530.3 544052 ACO1 
1-aminocyclopropane-1-carboxylate 

oxidase 1(ACO1) 

Solyc01g105030.3 101256629 CAB-10A 
Chlorophyll a-b binding protein CP24 
10A, chloroplastic(CAB-10A) 

Solyc12g011450.2 101243766 CAB13 
chlorophyll a-b binding protein 13, 

chloroplastic(CAB13) 

Solyc05g056070.3 544310 CAB6A 
chlorophyll a/b binding protein 

precursor(CAB6A) 

Solyc06g068440.3 100125904 CCR1 cinnamoyl-CoA reductase(CCR1) 

Solyc07g042250.3 543643 Cpn21 chaperonin 21 precursor(Cpn21) 

Solyc01g008110.3 100736446 CYP51 sterol C14-demetylase(CYP51) 

Solyc09g082690.3 101257109 ELIP early light inducible protein(ELIP) 

Solyc11g020330.1 544205 er-sHSP small heat shock protein(er-sHSP) 

Solyc06g051400.3 544203 Fad7 omega-3 fatty acid desaturase(Fad7) 
Solyc02g081550.3 778337 ftsH6 FtsH protease(ftsH6) 

Solyc06g076020.3 100736433 hsc70 heat shock protein cognate 70(Hsc70.1) 

Solyc12g015880.2 543902 Hsp90-1 molecular chaperone Hsp90-1(Hsp90-1) 

Solyc02g036350.3 100125909 LOC100125909 
1-aminocyclopropane-1-carboxylate 

oxidase(ACO6) 

Solyc04g015750.3 101244176 LOC101244176 
magnesium-chelatase subunit ChlH, 

chloroplastic(LOC101244176) 

Solyc12g044280.2 101244751 LOC101244751 
photosystem I reaction center subunit VI, 

chloroplastic-like(LOC101244751) 

Solyc02g069490.3 101244831 LOC101244831 sterol side chain reductase 2(SSR2) 

Solyc02g069460.3 101245121 LOC101245121 
photosystem I reaction center subunit III, 

chloroplastic(LOC101245121) 

Solyc05g007780.3 101245163 LOC101245163 
photosynthetic NDH subunit of lumenal 

location 2, chloroplastic(LOC101245163) 

Solyc09g064500.3 101245880 LOC101245880 
photosystem II reaction center Psb28 

protein(LOC101245880) 

Solyc01g088610.3 101246758 LOC101246758 
10 kDa chaperonin 1, 

chloroplastic(LOC101246758) 

Solyc07g019460.3 101247036 LOC101247036 
NADPH--cytochrome P450 

reductase(LOC101247036) 

Solyc04g057980.3 101247812 LOC101247812 
NAD(P)H-quinone oxidoreductase 

subunit M, chloroplastic(ORR) 

Solyc09g014520.3 101249002 LOC101249002 
chlorophyll a-b binding protein CP29.1, 
chloroplastic(LOC101249002) 

Solyc09g075020.3 101249208 LOC101249208 
ABC transporter C family member 

9(ABCC9) 

Solyc12g013810.2 101249435 LOC101249435 thioredoxin 1(LOC101249435) 

Solyc11g065740.2 101249788 LOC101249788 
chaperonin-like RbcX protein 2, 

chloroplastic(LOC101249788) 

Solyc09g011080.3 101250725 LOC101250725 

ribulose bisphosphate 

carboxylase/oxygenase activase 1, 

chloroplastic(LOC101250725) 
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Solyc05g056050.3 101253380 LOC101253380 
chlorophyll a-b binding protein 6A, 

chloroplastic(LOC101253380) 

Solyc03g115230.3 101254583 LOC101254583 
chaperone protein 

ClpB1(LOC101254583) 

Solyc12g056830.1 101254882 LOC101254882 
ATP synthase delta chain, 

chloroplastic(LOC101254882) 

Solyc01g102960.3 101254946 LOC101254946 
22.7 kDa class IV heat shock protein-

like(LOC101254946) 

Solyc07g043460.3 101255011 LOC101255011 
GLYCOALKALOID METABOLISM 

6(GAME6) 

Solyc03g117630.1 101255185 LOC101255185 
heat shock 70 kDa protein 

5(LOC101255185) 

Solyc04g071990.3 101255788 LOC101255788 protein GIGANTEA(LOC101255788) 

Solyc06g071920.3 101255800 LOC101255800 

glyceraldehyde-3-phosphate 

dehydrogenase, 

cytosolic(LOC101255800) 

Solyc06g074090.3 101256596 LOC101256596 7-dehydrocholesterol reductase(DWF5-2) 

Solyc06g084045.1 101257676 LOC101257676 
photosystem II reaction center W protein, 

chloroplastic(LOC101257676) 
Solyc06g005750.3 101258266 LOC101258266 4-methylsterol oxidase(SMO4) 

Solyc12g056650.2 101258346 LOC101258346 
protein GIGANTEA-

like(LOC101258346) 

Solyc09g007270.3 101258987 LOC101258987 
L-ascorbate peroxidase 2, 

cytosolic(LOC101258987) 

Solyc12g006460.2 101261488 LOC101261488 
GLYCOALKALOID METABOLISM 

4(GAME4) 

Solyc04g048900.3 101262304 LOC101262304 calreticulin-3-like(LOC101262304) 

Solyc07g066150.1 101263732 LOC101263732 
photosystem I reaction center subunit V, 

chloroplastic(LOC101263732) 

Solyc04g082630.3 101264004 LOC101264004 
glyceraldehyde-3-phosphate 
dehydrogenase B, 

chloroplastic(LOC101264004) 

Solyc02g086180.3 101264777 LOC101264777 delta(7)-sterol-C5(6)-desaturase(C5-SD) 

Solyc06g082940.3 101265249 LOC101265249 
photosystem I reaction center subunit XI, 

chloroplastic(LOC101265249) 

Solyc04g081570.3 101265819 LOC101265819 endoplasmin homolog(LOC101265819) 

Solyc11g069790.2 101266598 LOC101266598 
ruBisCO large subunit-binding protein 

subunit alpha(LOC101266598) 

Solyc09g063130.3 101266666 LOC101266666 
photosystem I reaction center subunit IV 

B, chloroplastic(LOC101266666) 

Solyc04g009030.3 101266713 LOC101266713 

glyceraldehyde-3-phosphate 

dehydrogenase A, 
chloroplastic(LOC101266713) 

Solyc03g006870.3 101267287 LOC101267287 
phosphoglucomutase, 

chloroplastic(LOC101267287) 

Solyc04g014480.3 101268271 LOC101268271 
15.7 kDa heat shock protein, 

peroxisomal(LOC101268271) 

Solyc08g013670.3 101268297 LOC101268297 
photosystem I reaction center 

subunit(LOC101268297) 

Solyc03g034220.3 543974 LOC543974 
ribulose bisphosphate carboxylase small 

chain 2A, chloroplastic(LOC543974) 

Solyc07g043420.3 544002 LOC544002 
2-oxoglutarate-dependent dioxygenase 

2(gad2) 

Solyc08g062450.1 544282 LOC544282 
class II small heat shock protein Le-

HSP17.6(LOC544282) 

Solyc04g082010.1 544053 PETE plastocyanin, chloroplastic(PETE) 

Solyc07g054210.3 543647 POR2 protochlorophyllide reductase(POR2) 

Solyc02g065400.3 544299 PSBO 
oxygen-evolving enhancer protein 1, 

chloroplastic(PSBO) 

Solyc02g079950.3 543931 PsbQ 
photosystem II oxygen-evolving complex 

protein 3(PsbQ) 

Solyc07g066310.3 778297 PSBR PSII polypeptide(PSBR) 
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Solyc06g060340.3 101260830 psbS photosystem II subunit S(psbS) 

Solyc02g063150.3 543973 rbcS1 
ribulose bisphosphate carboxylase small 

chain 1, chloroplastic(rbcS1) 

Solyc02g085950.3 101268337 Rbcs-3B 
ribulose bisphosphate carboxylase small 

chain 3B, chloroplastic-like(RBCS4) 

Solyc12g010320.2 100736439 TIL temperature-induced lipocalin(TIL) 

Solyc01g073640.3 543760 yfe37 yfe37 protein(yfe37) 

 

Genes that, in at least one of the four conditions (SiO2 NPs, Na2SiO3, NaCl, SiO2 

NPs + NaCl), fall within functional annotations with high frequency in roots 

Ensembl_ID ENTREZ_ID Gene_ID Gene_info 

Solyc02g085730.3 544306 AOC allene oxide cyclase(AOC) 

Solyc04g079730.1 606711 aos allene oxide synthase(aos) 

Solyc02g082930.3 544147 CHI17 chitinase(CHI17) 

Solyc02g082920.3 544149 CHI3 chitinase(CHI3) 

Solyc10g055810.2 544148 CHI9 chitinase(CHI9) 

Solyc01g109140.3 543675 DES divinyl ether synthase(DES) 

Solyc06g051400.3 544203 Fad7 omega-3 fatty acid desaturase(Fad7) 

Solyc01g079200.3 100134888 GA2ox3 gibberellin 2-oxidase(GA2ox3) 

Solyc12g009220.2 100134911 LOC100134911 jasmonate ZIM-domain protein 2(JAZ2) 

Solyc06g011350.3 100529106 LOC100529106 aquaporin PIP2-4(PIP2-4) 

Solyc03g116890.3 101246812 LOC101246812 probable WRKY transcription factor 40(LOC101246812) 

Solyc08g007830.1 101248897 LOC101248897 
dehydration-responsive element-binding protein 1F-

like(LOC101248897) 

Solyc04g071770.3 101251084 LOC101251084 ethylene-responsive transcription factor ERF84(ERF84) 

Solyc10g017510.3 101252232 LOC101252232 cytochrome P450 71BE8(CYP71BE8) 

Solyc08g036620.3 101252609 LOC101252609 protein TIFY 5A-like(LOC101252609) 

Solyc02g080410.3 101256444 LOC101256444 15.4 kDa class V heat shock protein(LOC101256444) 

Solyc02g093600.3 101256536 LOC101256536 class I heat shock protein(LOC101256536) 

Solyc03g114940.3 101258933 LOC101258933 cytochrome P450 78A5-like(LOC101258933) 

Solyc11g073120.2 101262486 LOC101262486 transcription factor MYB48(LOC101262486) 

Solyc08g078340.3 101262741 LOC101262741 transcription factor KUA1(LOC101262741) 

Solyc01g079260.3 101263542 LOC101263542 WRKY transcription factor 23(LOC101263542) 

Solyc04g051360.3 101263697 LOC101263697 ethylene response factor D.1(ERF-D1) 

Solyc04g012050.3 101263899 LOC101263899 ethylene response factor D.5(ERF-D5) 

Solyc12g056220.2 101264708 LOC101264708 aquaporin PIP1-3(PIP1-3) 

Solyc02g089630.3 101268445 LOC101268445 proline dehydrogenase 2, mitochondrial(LOC101268445) 

Solyc08g007820.1 104648613 LOC104648613 
dehydration-responsive element-binding protein 1E-

like(LOC104648613) 

Solyc02g069310.3 543940 NML1 NIM1-like protein 1(NML1) 

Solyc09g075440.3 544279 NR ethylene receptor NR(NR) 

Solyc01g103390.3 543762 opr2 12-oxophytodienoate reductase 2(opr2) 

Solyc02g089620.3 778202 PDH proline dehydrogenase(PDH) 

Solyc08g081190.3 544086 PIP1-5 aquaporin PIP1-5(PIP1-5) 

Solyc03g080190.3 100736526 SlDMR6-1 protein DMR6-like oxygenase(DMR6-1) 

Solyc03g120475.1 101055566 SlTIP2-2 tonoplast intrinsic protein 2.2(TIP2-2) 

Solyc03g122190.3 100301927 SRG1 jasmonate-ZIM domain protein 3(SLJAZ3) 

Solyc03g117980.3 543603 Wfi1 whitefly-induced gp91-phox(Wfi1) 

Solyc09g015770.3 101259967 WRKY81 WRKY transcription factor 41(WRKY41) 

 


