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Abstract 

Nanotechnology is a rapidly growing field having potential applications in many areas. Metal-based 

nanoparticles (NPs), in particular, are receiving increased importance due to their diffuse industrial, 

medical, consumer and military applications. However, as particle size decreases, some metal-based 

NPs are presenting increased toxicity, even though the same material is relatively inert in its bulk 

form. One of the main concerns of these NPs is their potential genotoxicity, but the molecular 

mechanisms of action are still not well understood.  

During the first part of my PhD in Biotechnology and Life Sciences, I studied the effect of a particular 

kind of NPs, Cadmium Sulfide Quantum Dots (CdS QDs), in the yeast Saccharomyces cerevisiae, 

focusing my research on the process of gametogenesis (called "sporulation" in yeast).  

The presence of CdS QDs in the sporulation medium causes an alteration of the meiotic nuclear 

divisions in combination with a strong inhibition of spore morphogenesis, resulting in the formation 

of asci containing the meiotic products, but with the absence of refractile spores. The same effect 

was not seen using other types of metal-based NPs (ZnO, CuO, CeO2) or a cadmium salt (CdSO4). To 

determine whether the morphological alterations induced by QDs were accompanied by a 

transcriptional reprogramming of the gametogenesis process, a set of specific sporulation genes 

was analyzed by Real time PCR. In accordance with the phenotypic effects observed in response to 

CdS QD exposure, we found a down-regulation of regulatory genes expressed in the early-middle 

phase of the sporulation process and their downstream transcriptional targets.  

Analysis of DNA content by Fluorescence-activated cell sorting (FACS) showed that sporulated cells 

exposed to CdS QDs presented an altered DNA content profile, in line with the phenotypic 

observations obtained by fluorescence microscopy.  

To better understand the molecular mechanisms involved in NP effect in the sporulation process, 

we have studied and analyzed the composition of the “protein corona” formed on the surface of 

CdS QDs. Proteins corona have an important role in biological activity and environmental fate of 

metal-based NPs. NPs are known to selectively adsorb proteins, to form a ‘corona’ bound tightly to 

their surface. Corona proteins which show a high affinity for the NP surface are exchanged slowly, 

and these so-called “hard” proteins form the innermost layer.  

To investigate if the formation of hard corona proteins is linked to the effects seen on 

gametogenesis, proteins were extracted from cells during sporulation and incubated with CdS QDs. 

Unbound proteins were removed and hard corona proteins were subjected to liquid 
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chromatography–mass spectrometry (LC-MS/MS) for protein identification. The most abundant 

protein found in the analysis are involved in the energetic metabolism and cell wall synthesis, the 

modulation of this proteins by the presence of CdS QDs suggests that energy metabolism is impaired 

by the ENP-induced stress, and could be a reason of the phenotypic observations. 

The second part of this work has been done in collaboration with the Connecticut Agricultural 

Experiment Station (CAES, New Haven, CT, USA). In this case, my research was focused on another 

eukaryotic system, studying the physiological and molecular effects of different types of metal-

based engineered nanomaterials (ENMs) on plant gametogenesis, with regards to the potential 

consequences on plant productivity of the crop Cucurbita pepo L. (zucchini). Literature is giving 

increased relevance to the beneficial effects that some ENMs may have on edible plants when used 

as fertilizer or pest control agents. However, the lack of knowledge to the potential environmental 

effects and health risks are still limiting the widespread commerce and application of ENMs. The 

ENMs taken into consideration in this project, together with their bulk counterparts, have potential 

application in agriculture as nanofertilizers or nanopesticides (CeO2, CuO). The study is performed 

in soil in order to bring to completion of the entire life cycle of the plants. The ENM concentrations 

used in the study are chosen to maximize the response, without hampering the complete plant 

growth and flower development. All of the treatments at the concentration tested showed no 

significant changes in the root or total plant biomass, as well as the morphological analysis of pollen 

performed by Environmental Scanning Electron Microscopy and pollen viability did not evidence any 

differences. 

Inductively coupled plasma mass spectrometry (ICP-MS) analysis of metal content in flowers 

showed that Copper can translocate to the flowers, both in the bulk or in the nano form. Cerium 

content found in zucchini flowers is considerably lower than Copper, in agreement with past results 

showing a very low ability of Cerium to reach apical parts of the plant.  

The main focus was placed on CuO NPs, performing a complete transcriptomic analysis of different 

plant organs and tissues in zucchini. Total RNA from roots, leaves and pollen of Zucchini treated with 

CuO NPS, CuO bulk and a salt form of copper was extracted and the samples were sent to IGA 

Technologies Services (Udine) for RNA-seq analysis. The preliminary results obtained from 

transcriptomic analysis in pollen showed a common response between the treatments performed, 

probably due to the physico-chemical properties of the materials. On the other hand, a side of the 

response can be considered more nano-specific and related to those mechanisms interested in 

oxidative stress prevention.
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Introduction 
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Nanotechnologies 

Nanomaterial (NM) is defined by the International Organization for Standardization (ISO) as a 

material with at least one external dimension on the nanoscale, or having an internal or surface 

structure in the nanoscale (ISO 2015). The nanoscale range is comprise between 1 and 100 

nanometers (nm). Nanoparticles (NPs) are nanomaterials with all of three external dimensions on 

the nanoscale and with similar lengths between them. Other terms are adopted when dimensions 

are too dissimilar, generally higher than a factor of three: nanoplate (only one dimension in the 

nanoscale) or nanofiber (two external nano-dimensions). Size is the main factor to classify a NM, 

however, particulate materials can include particles with dimensions above 100 nm. Because of the 

reactivity of NPs, primarily due to their high surface to volume ratio, larger clusters often result from 

aggregation of NPs, and in several cases, the size distribution of NMs comprise a wide length range 

(EFSA 2018). To furnish a common regulatory basis within the EU areas, and considering the 

scientific and technological development, in 2011 the European Commission released a 

Recommendation for a definition of a NM. As stated in that recommendation, NM can be a natural, 

incidental or manufactured material including particles as an aggregate or in an unbound state, in 

which at least 50% of the particles have one or more external dimension in the nanoscale range. In 

particular conditions of environmental or health concern, the threshold of 50% may be reduced 

between 1 and 50% (EFSA 2018). In accordance with the definition, a first classification of 

engineered nanomaterials (ENMs) and non-engineered nanomaterials can be performed due to 

their natural or manufactured source. The first group comprise all the NMs produced by geological 

(e.g. chemical and physical degradation of rock materials, volcanic eruptions, neoformation) or 

biological processes. The ENMs are man-made nano-structures, designed to meet specific 

proprieties and characteristics and are synthesized through technological process. NMs have 

specific physico-chemical properties (optical, dielectric, of density, magnetic and mechanic 

resistance) and are now used in several areas such as electronics, pharmaceuticals, environmental 

analysis and remediation, biomedicine, cosmetics, catalysis and material sciences. For these 

reasons, the global market for nanocomposites totalled $2.0 billion in 2017 and is estimated to reach 

$7.3 billion by 2022, growing at a compound annual growth rate (CAGR) of 29.5% for the period of 

2017-2022  (BCC report 2018). Several classifications for NMs are proposed based on their 

dimensions, on their origin, or most typically, by material: 
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- Carbon-based NMs: usually, these NMs include carbon, and have structures as hollow tubes, 

spheres or ellipsoids. Fullerenes (C60), carbon nanofibers, carbon nanotubes (CNTs), carbon 

black, graphene (Gr), and carbon onions are comprised in this group.  

- Inorganic-based NMs: these NMs comprise metal and metal oxide NPs and nanostructured 

materials (NSMs).  

- Organic-based NMs: NMs derived principally from organic matter, except for carbon-based 

or inorganic-based NMs. 

- Composite-based NMs: multiphase NPs and NSMs with one phase on the nanoscale 

dimension that can either associate with other NPs bound with bulk materials (e.g. hybrid 

nanofibers) (Jeevanandam et al. 2018). 

 

 

Figure 1. Relative Sizes of Nanoparticles: Hydrodynamic diameter (HD) ranges for nano-scale materials and 

naturally-occurring materials. 

 

 

Engineered nanomaterials and risk assessment 

NPs and NSMs represent a dynamic area of research and an economic field in great expansion in 

different application domains. ENMs have received increased importance in technological 

advancements due to their peculiar and tunable physicochemical characteristics such as electrical 

and thermal conductivity, melting point, light absorption and scattering, wettability, catalytic 
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activity, resulting in improved efficiency over their bulk analogues (Jeevanandam et al. 2018; Wani 

et al. 2017). Thus, the exposed population to ENMs keep growing as their application expands. On 

the other hand, because of their specific properties, their fate and mechanism of action are 

generally dissimilar from the ones of their bulk analogues. Toxicity of ENMs is based on several 

factors: 

- Particle size effect: NPs exhibit size-dependent toxicity. 

- Dose and exposure time effect: the concentration of NPs in the external medium and the 

time of exposure are directly correlated to the number of NPs that enter the cells (Buzea et 

al. 2007). 

- Aggregation and concentration-effect: increasing the NP concentration seems to improve 

aggregation. NP aggregates can be micron-scale in size, so this aggregates may not penetrate 

cells and lose their toxicity. 

- Surface area effect: generally, the toxicity of NPs increased as the particle size decreased. 

- Particle shape effect: NPs exhibit shape-dependent toxicity. 

- Functionalization: the surface properties of NPs can have extreme consequences relating to 

NPs translocation (Oberdörster et al.  2005). 

Synthesis, utilization and disposal of products including NPs are the principal causes for the release 

of nanoparticulates in the environment. At the production level, the respiratory system is the major 

exposure way for ENMs (Borm et al. 2006; Savolainen et al. 2010; Shvedova et al. 2005) for workers. 

In the respiratory system, the particles size has a bigger impact on their systemic accumulation in 

the lungs or distribution in the body (Kreyling et al. 2009). The aerosol form, in fact, is the easiest 

way for entrance of the ENM, whereby they can reach the alveolar region. Consumer exposure to 

ENM has usually been evaluated less dangerous than workers exposure due to reduced 

concentrations and shorter time of exposure. Potential routes of exposure for consumers are 

dermal (use of cosmetic products), inhalation (for example spray products), while exposure by 

ingestion could become more frequent as the use of ENMs in food and food package materials is 

expanding (Dekkers et al. 2016; Vance et al. 2015).  
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Figure 2. Routes of exposure and dispersion of ENMs in the environment (Keller et al. 2013). 

 

 

Nanotoxicology and nanomaterial regulation 

Nanotoxicology is a research field studying the interactions between NMs and biological matters at 

scales ranging from molecules, macromolecular complexes, organelles, cells, to whole organisms, 

such as animals or plants. The unique physicochemical characteristics of NMs may determine health 

benefits but could also be related to harmful consequences on cells and tissues, interfering with 

vital cell functions, resulting in toxicity. Some ENMs, such as metal-based NPs, can promote 

chromosomal fragmentation, DNA strand breaks or point mutations, or alterations in gene 

expression. The study of the genetic effects of ENMs is known as “geno-nanotoxicology.” ENM 

toxicity is an emerging subject because the mechanisms and of nanotoxicity are not entirely testable 

or predictable with common toxicology tests, but the comprehension of this bio-nano interaction is 

essential for the safe and design of NMs for their different applications. Interactions between ENMs 

and cells, through unspecific contacts or ligand receptor interactions, along with the intracellular 

mechanisms involved in the distribution of these materials inside the cell, need better 

characterization (Silva et al. 2016). The physicochemical properties of ENMs and their interactions 

with an organism can induce divergent consequences. These interactions, indeed, define the 

stability, biocompatibility and side effects of ENMs (Marmiroli et al. 2019). In this context of risk 

characterization and analyses, nanotoxicology could be an important tool for the investigation of 



12 
 

the effect of ENMs on biological organisms. In recent years, ENMs risks have been tested using both 

in vitro, in vivo and in silico techniques. Considering the widespread diffusion of ENMs, their physical 

and chemical diversity as well as the urgency to reduce the use of animals, the identification of 

testing platforms alternative to the expensive and ethically questionable testing strategies becomes 

crucial.  Amongst the key improvements in this new toxicology, vision is the widely accepted 3Rs 

principle, which aims to replace, reduce, and refine animal testing (Burden et al. 2017). The in vitro 

tests comprehend the use of single cells type cultures, co-cultures, three-dimensional models of 

tissues and cell- free assays (Stone et al. 2016), usually from humans but also other mammals. To 

limit the number of in vivo tests, not only mammalian cell lines can be utilized but also alternative 

whole model organisms. Due to their easy use as molecular tools for toxicological screening, 

simplicity but also genetic similarity with higher organisms, eukaryotic model systems widely 

employed for nanotoxicity tests are for example the yeast Saccharomyces cerevisiae and the 

nematode Caenorhabditis elegans. Model plants such as Arabidopsis  thaliana, or crop plants such 

as Cucurbita pepo and Oryza sativa are used for ecotoxicological studies (Marmiroli et al. 2015; 

Pagano et al. 2016). In the next years, in vitro assessments or the application of nonmammalian 

organisms may provide specific information and novel insights concerning the toxicity mechanisms 

of ENMs. However, although animal testing should be reduced to a minimum, in vivo studies are 

still fundamental to comprehend a set of effects connected to the whole organism, such as the 

distribution of the ENMs between different organ systems or the potential accumulation of the NPs 

in the body. Furthermore, mammalian models are crucial to determine any dosimetry limit. A 

method to deduce several NPs characteristics, like the toxicity of newly designed NPs, are in silico 

models. Computational techniques, and in particular (Quantitative) Structure-Activity Relationship 

([Q]SAR) modelling, give hazard estimations, crucial for risk assessment. The basic idea of (Q)SAR 

model  is that, when the structural properties (descriptors) are known for a group of compounds, 

but the experimental activity data are accessible just for a part of them, it is possible to create a 

mathematical model based on the available data and deduce the unknown activities for the 

remaining compounds (Dearden et al. 2017; Cherkasov et al. 2014). Moreover, omics tools, such as 

genomics, proteomics, transcriptomics, and metabolomics, can be coupled with computational 

approaches (bioinformatics) to identify pathways that can be quantitatively modelled. 
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Figure 3. Correlation among in vivo, in vitro and in silico investigations (Saquib et al. 2012) 

 

Transcriptomic profiling is useful in toxicogenomics as a discovery tool for identifying the 

biochemical mechanisms underlying compensatory responses to xenobiotics, the potential 

mechanisms of toxicity, and the biomarkers for drug safety evaluation. Microarrays are still an 

elective technology for transcriptome profiling, though emerging alternatives is the utilization of 

next-generation massively parallel sequencing (NGS) to sequence and count transcripts directly 

from samples (RNAseq or digital transcriptomics) (Wang et al. 2009). In the EU, NMs are protected 

by the same regulatory framework that establishes the utilization of all chemicals, the REACH and 

CLP regulations. This implies that risk assessment of nanoforms still have to be assessed and their 

safety needs to be ensured.  

 

 

Synthesis of engineered nanomaterials 

ENMs are prepared by a plethora of different methods that can be classified in different ways. One 

of the classifications, top-down/bottom-up, is based on the “size” of the starting material. Top-down 

methods start with bulk materials and are shattered or etched until reaching sizes in the nanorange. 
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These are mainly based on physical phenomena including attrition, milling, and laser ablation 

(Marmiroli et al. 2019). Various methods of lithography are used in the top–down approach, 

including serial and parallel techniques for patterning two-dimensional nanoscale features, but also 

scanning probe lithography, nanoimprint lithography and block co-polymer lithography (Gates et al. 

2005; Mailly et al. 2009). Bottom-up strategies are based on physical and chemical processes to 

build up from atoms or molecules to crystals and NMs. These include chemical synthesis, self-

assembly, positional assembly, and lithography (Fig. 4). Chemical synthesis is mainly carried through 

sol-gel, oxidation-reduction, and biological processes. To produced zero-dimension NPs, 

dimensional synthesis uses homogenous and heterogeneous nucleation, and kinetic confinement 

(Ariga et al. 2008). 

 

 

Figure 4. Engineered NMs can be fabricated starting with bulk materials (top-down) or by chemical reactions 

(bottom-up) (Marmiroli et al. 2019). 
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Quantum dots  

The term “quantum dot” (QD) was used to describe nanocrystalline semiconducting fluorophores, 

composed by metals belonging to groups II-V or III-V of the periodic table, with a typical size of 2-20 

nm. They are double systems containing a core of semiconducting material surrounded by a shell 

formed by another material. QD fluorescence is related to the bandgap between the valence and 

the conduction electron bands, and absorption of a photon higher in energy than the spectral 

bandgap of the core semiconductor results in electron excitation to the conduction band, generating 

an electron-hole pair. Because of the physical size of the bandgap determines the photon’s emission 

wavelength, it is possible to achieve the fluorescence wavelength by the NP size (Cheki et al. 2013). 

Thanks to the to their narrow emission waveband, high photostability, intense fluorescence and 

broad UV excitation, QDs find applications for tracking of intracellular process, in vitro bioimaging 

and real time monitoring (Bailey et al. 2004). Moreover, they can be coupled with ligands and 

applied as highly sensitive probes (Oh et al. 2016). Because of their tuneable absorption spectrum 

and the high extinction coefficient, QDs have application in the production of new generation 

aerogel components of photovoltaic panels (Xing et al. 2016). They are also exploited in the 

production of batteries, high resolution led screens and precision tunable lasers (Zhai et al. 2010). 

 

Figure 5. Schematic representation of the “quantum confinement” effect on the energy level structure of a 

semiconductor material. The larger band-gap energy of smaller QDs of the same material leads to lower PL 

wavelengths (large QDs are red and small QDs are blue). Copyright 2011 American Chemical Society. 
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The Cadmium sulfide quantum dots (CdS QDs) used in this study were synthetized by IMEM-CNR 

(Istituto dei materiali per l’Elettronica e il Magnetismo, Parma, Italy). CdX (X = S, Se, Te) QDs are part 

of the group II-VI QDs. They were synthetized through a wet-chemistry approach, according to 

Villani et al. 2012, Cadmium acetate 99,99% (Cd(CH3CO2)), N,N-dimethylformamide 99% 

(HCON(CH3)2) and thiourea 99.5% (NH2CSNH2). These QDs have an average diameter of 4-5 nm, a 

density of 4,82 g cm-3 and an average weight of 2,5 10-18 g. They have the crystal structure of wurtzite 

(Villani et al. 2012). CdS QDs, as one of the most widely used quantum dots, have demonstrated 

their great performances both in vitro and in vivo imaging. Still, the toxicity of QDs, widely limits the 

applications of these NPs and is one of the most important issues that should be evaluated when 

analyzing the potentials of these materials (Fan et al. 2016). A number of publications have indicated 

contradictory results concerning the mechanisms of Cd-based QDs toxicity: several studies primarily 

explain the CdS QDs toxicity to the release of Cd+2 ions upon oxidation of particles surface (Derfus 

et al. 2004) but under other circumstances, particle characteristics like shape and size seem to be 

more relevant (Wu and Tang 2014; de Carvalho et al. 2017; Marmiroli et al. 2014, 2016). Moreover, 

the importance of exposure duration on Cd-based QDs toxicity is poorly known (Oh et al. 2016; Yan 

et al. 2019). To date, few studies have explored and compared the influence of CdS QDs and Cd ions 

on whole organisms, organs, as well as tissues and cellular structures (Wang and Tang 2018; Rocha 

et al. 2017; Majumdar et al. 2019). Marmiroli et al. (2014) compared the effects of CdS QD treatment 

on wild type (wt) and two mutant strains of Arabidopsis , atnp01 and atnp02. The mutants were 

selected because of their tolerance to CdS QDs at concentrations that significantly affect the growth 

of the wild type. It was shown that atnp01 and atnp02 had a different response between them and 

to the wt, and the tolerance response was characterized at a proteomic and transcriptomic level 

(Marmiroli et al. 2015). Paesano et al. (2016) defined the cytotoxic and genotoxic effect of CdS QDs 

on HepG2 cells to highlight the mechanisms associated in the cellular response and to determine 

potential markers of exposure. Fan et al.  (2016) explored the biological mechanism of QDs induced 

toxicity in vitro and in vivo. It was shown that QDs could induce toxicity in different human cell lines, 

where autophagy was induced by the production of ROS. Furthermore, injection of Cds QDs caused 

liver injury, nephrotoxicity, splenic injury, and hematopoietic disorders in mice.  
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Metal oxide nanoparticles  

Metal oxide NPs are one of the most extensively used ENMs for industrial applications. The large 

heterogeneity of oxide compounds available for their synthesis together with the ease of tunability 

and modification of their chemical and physical characteristics, makes them applicable for use in 

construction materials (e.g. paint, insulators, semiconductors; Lee J.et al. 2010), agriculture (e.g. 

CuO and ZnO used as biocides, Bondarenko et al. 2013), in the biomedical field (e.g. antibacterial 

iron oxide NPs, Javanbakht et al. 2016) and cosmetics (e.g. ZnO and TiO2 used in sunscreen, Lu et al. 

2015). Metal oxide NMs have a large variety of different properties, so that it might be complex to 

have a comprehensive conclusion on the material toxicity. Even for the same compound and same 

testing protocols, different results on toxicity could be obtained. In particular, the NM surface 

properties are extremely important factor affecting their toxicity and interaction with living 

organisms (Djurisic et al. 2015). The toxicity of metal oxide NPs is principally associated with the 

dissolution of the metal ion from the NP when in contact to cells or biological fluids. The entry 

through endocytosis can exert greater toxicity to the cell if compared to non-endocytosis 

internalization. The cells transport the metal oxide NPs to the lysosome and metal ions can be 

released in the cytoplasm as a consequence of to the acidic pH of the lysosome, interact with 

proteins and generate superoxide radicals (Sabella et al. 2014). The generation of reactive oxygen 

species (ROS) can lead to a plethora of consequences, depending on several factors (for example 

the metal, the organism, the localization inside the cell, the concentration and the size of the NPs).   

Zinc oxide (ZnO) NPs are one of the most used semiconductor metal oxide which exhibits several 

applications like ultra violet light (UV) blocking property, photocatalytic and antibacterial properties 

(Chang et al 2012). The cytotoxicity and genotoxicity potential of ZnO NPs has been shown both in 

vitro and in vivo (Popov et al. 2010). ZnO NPs reduced cell viability in a time-dependent and dose-

dependent way. ZnO NPs also enhance the expression of the metallothionein gene, which is 

recognized as a biomarker in metal-induced toxicity (Gao et al. 2017). 

Titanium oxide (TiO2) NPs are widely used as a thickener, a pigment, and a UV absorber in skin care 

and cosmetic products. Several studies have shown in vitro cytotoxicity and genotoxicity of TiO2 NPs 

in different cell lines, plants, and brains of mice via oral administration (Sahu et al. 2014; Smijs et al. 

2011).  

Synthetic amorphous silica has been used as a common food additive for decades. It is extensively 

utilized to processed foods and registered by the European Union as a food additive with the code 
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E551. The toxicity of amorphous SiO2 NPs on human lung submucosal cells is correlated with 

inflammation, release of ROS inducing to apoptosis, and decreased cell survival (McCarthy et al. 

2012). The decreased viability of human epithelial cell line exposed to SiO2 NPs was demonstrated 

in a time-dependent and concentration manner (Seabra et al. 2015). 

Iron oxide NPS, such as magnetite (Fe3O4) and hematite (Fe2O3), have some relevant industrial and 

biomedical applications (Haddad et al. 2012). The toxicity of iron oxide NPs can be due to the ROS 

induction of oxidative stress (Wu et al. 2014), and it is determined by the particle surface, size 

distribution and the zeta potential (Seabra et al. 2014). 

Copper oxide (CuO) NPs are a semiconductor metal with specific electrical, magnetic and optical 

properties and it has been applied for several applications, for example the production of batteries, 

high temperature superconductors, catalysis, gas sensors, field emission emitters, solar energy 

converters, etc. (Grigore et al. 2016). CuO NPs have also biological applications, such as 

antimicrobial agents for preservation of wood, antifouling paints, agricultural biocides. CuO NPs can 

interact with the negatively charged cell wall of microorganisms, get internalized and cause several 

negative effects  on DNA, membranes and other organelles (Hou et al. 2017). Lately, CuO NPs are 

evaluated as promising candidates for agrochemical fertilizer to increase plant production, due to 

its beneficial effects in plant photosynthesis (Wang et al. 2019; Adhikari et al. 2016). Cu is also an 

essential plant micronutrient, promoting growth as well as defence in response to pathogenic 

infections (Elmer et al. 2018). Cu is a cofactor for three important proteins: peroxidases, 

plastocyanins and multi Cu oxidases (Evans et al. 2007). Besides its toxicity to microorganisms, 

several studies reported toxicity of CuO NPs in different organisms. In human cell lines, CuO NPs 

induced the production of ROS and decreased cell viability (Karlsson et al. 2009), there are also 

several studies on CuO NPs toxicity exerted on neuronal cell lines and Alzheimer disease (Ryu et al. 

2008).  

Cerium oxide  (CeO2) NPs, also known as nanoceria, are extensively used as semiconductors in solar 

cells, UV blockers, polishing agents and their photocatalytic properties are exploited in chemical and 

mechanical cleaning methods (Balavi et al. 2013). The increased use of nanoceria and the 

consequent risk of exposure makes a priority to test its toxicity. Contradictory results were found 

concerning the toxicity of nanoceria and the valance state of Ce atoms in the nano preparation may 

be the cause of differential outcomes. The transition of Ce+4 to Ce+3 generates subsequent oxygen 

vacancies, producing superoxide anions which further originates hydroxyl ions that are toxic to cells; 

whereas, Ce+3 can react with hydroxyl ions and behave as an antioxidant. In this manner, the 
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oxidation state of Ce in CeO2 NPs can determine if it will exert a toxic or protective effect to the cells 

(Dunnick et al. 2015). 

 

 

Cucurbita pepo as a model organism for nanomaterial exposure in crop plants  

Cucurbita pepo L. is a plant belonging to the family of Cucurbitaceae. It is the most cultivated species 

of pumpkin and is considered a great dietary source of vitamins, minerals and fibres (Obrero et al. 

2011).  The production of C. pepo reached 27.5 million tons in 2017, with more than 2 million 

cultivated hectares (http://www.fao.org/faostat/en/#data/QC/visualize). Different varieties exhibit 

a great diversity of flowering and fruit qualities, and between them, cultivars of the zucchini group 

are one of the most worldwide value crop (Formisano et al. 2012). Despite the agronomic 

importance of the species, before 2017, few genetic and genomic resources were accessible. 

Montero-Pau et al. (2017) firstly presented a complete description of the zucchini genome: its size 

is 263 Mb, organized in 20 pseudomolecules and 34240 predicted gene models, of which 27780 are 

protein coding genes. Moreover, the C. pepo genome is most likely the result of a whole-genome 

duplication (WGD). Despite the WGD, the size of the zucchini genome is comparable to other 

sequenced cucurbits, and the number of genes is similar. This indicates that most genes were 

deleted after the WGD event. Due to its popularity and massive distribution, in recent years C. pepo 

is obtaining an increasing interest as a model organism for toxicology and nanotoxicology studies: 

Stampoulis et al. (2009) reported that Cu NPs reduced emerging root length by 77% and 64%, 

compared to untreated control and bulk Cu treatment; Musante and White (2012) showed that Cu 

and Au NP treatments in C. pepo result in a decrease in biomass and transpiration; E. Xun et al. 

(2017) presented that squash could translocate Cu into its floral organs and could potentially affect 

the pollen viability.  In the same way, Cu NPs can reach the edible part of the plant, with no harmful 

effects observed (C. Tamez et al. 2019).  Recently, the focus is mainly on the transcriptional response 

after ENMs exposure (Pagano et al. 2016; Pagano et al. 2017), however, most studies have only 

examined metal accumulation in vegetative organs of plants, in spite of the evidence that flowering 

plants usually spend more defensive responses in their reproductive organs (Brown et al. 2003).  

C. pepo is a monoecious species, with distinct male and female flowers on the same plant. Early in 

development, the plant produces male flowers in the node axis and only after several cycles of male 

flower development, the female flowers grow in the following nodes (Carvajal et al. 2013). The 

http://www.fao.org/faostat/en/#data/QC/visualize
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pollen grain in C. pepo is bicellular, with a generative cell enclosed inside the vegetative cell 

(Digonnet-Kerhoas et al. 1989). The mature pollen grain is spherical, with a diameter of 180–200 

µm, and has 12 operculate pores covered by the intine or inner wall and a resistant outer wall or 

exine. Male gametogenesis requires many specific genes for the production and release of pollen 

grains for germination. Several genes specifically expressed during male gametogenesis have been 

identified in different plants, like petunia and willow (Futamura et al. 2000; Garrido et al. 2006). In 

Arabidopsis , many pollen-specific genes have been isolated using various molecular approaches (Da 

Costa-Nunes & Grossniklaus 2003; Becker et al. 2003; Honys & Twell 2003). Excessive metal 

accumulation in aboveground tissues of plants not adapted to soils with elevated heavy metals 

might negatively affect plant reproductive success through decreasing pollen and seed viability or 

seed production (Vogel-Mikuš et al. 2007; Breygina et al. 2012). Because of poor data of metal 

translocation into flowers (Meindl and Ashman 2014; Meindl et al. 2014a, 2014b; Sánchez-Mata et 

al. 2014), it is unclear what fitness repercussion may emerge from non-hyperaccumulator plants 

that are capable of translocating heavy metals to their reproductive organs. 

 

 

S. cerevisiae as a model system for the investigation of ENMs toxicity during 

gametogenesis 

S. cerevisiae is considered as one of the most commonly used model systems, representing a 

eukaryote organism whose genome can be easily manipulated. Some of the characteristics that 

make yeast specifically appropriate for biological studies are rapid growth fast life cycle (one division 

every 90 minutes), dispersed cells, a well-known genetic system, the facility of replica plating and 

mutant isolation, and most relevant, a greatly versatile DNA transformation system. Yeast is non-

pathogenic, so can be managed with little precautions. It is also a cheap source for biological studies 

(Dos Santos et al. 2015). Unlike the majority of other microorganisms, strains of S. cerevisiae have 

both a stable haploid and diploid form, so recessive mutations are easily manifested in haploid 

strains, while complementation tests can be performed with diploid strains. S. cerevisiae has a 

haploid set of 16 chromosomes, ranging in size from 200 to 2,200 kb. The total sequence of 

chromosomal DNA, forming 12 Mb, was completely sequenced and annotated in 1996 (Goffeau et 

al. 1996). According to the Saccharomyces Genome Database (SGD; 

http://www.yeastgenome.org/), as of August 2019, the number of “verified open reading frames 
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(ORFs)” in the reference strain S288C stood at 5179. Many human genes associated to disease have 

orthologues in yeast, and the high conservation of regulatory and metabolic pathways has 

contributed to the extensive use of S. cerevisiae as a model eukaryotic system for the assessment 

of the mechanisms underlying the response to environmental pollutants as ENMs (Dos Santos et al. 

2015).  

Sporulation in yeast provides an excellent model system to study the meiotic developmental 

pathway. In response to nitrogen starvation and in the presence of a poor carbon source, yeast 

diploid cells undergo meiosis and package the four haploid nuclei produced into stress-resistant 

spores (Fig. 6). This process is tightly regulated by a precise transcriptional program and the timing 

of gene expression strongly correlates with the sporulation progression. Three main groups of genes 

are sequentially activated and can be distinguished in "early", "middle" and "late" sporulation genes.  

 

Figure 6. Nutritional dependence of mitosis and meiosis initiation of budding yeast diploid cells (Wannige et 

al. 2014). 

 

The early genes are required for premeiotic S phase and progression through meiotic prophase I. 

Their induction is controlled by the master regulator Ime1, which expression is activated by 

nutritional signals such as glucose repression and alkaline-sensing, and encodes a transcription 

factor that activates the expression of the so-called early meiotic genes (van Werven and Amon 
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2011) (Fig. 7). Another fundamental gene expressed in the early phase of gametogenesis is RIM4. 

Rim4 is a putative RNA binding protein, the absence of which results in substantially reduced 

expression of several early meiotic genes including IME2. Overexpression of RIM4 results in the 

formation of cells presenting four nuclei but the absence of refractile spores (Deng et al. 2001). 

Moreover, multi-site phosphorylation of Rim4 is critical for its regulated disassembly and 

degradation, and failure to clear Rim4 assemblies interferes with meiotic progression (Carpenter et 

al. 2018). Middle genes are expressed when cells initiate the first meiotic division. The principal 

regulator of mid-sporulation is Ndt80, which autoactivates its own expression and induces middle 

gene expression. The middle phase comprehends the principal cytological events of sporulation, 

where the meiotic divisions produce four haploid nuclei that are then packaged into newly formed 

prospore membranes. Smk1 is a meiosis-specific MAP kinase homolog that controls spore 

morphogenesis after the meiotic divisions have taken place. It was demonstrated that SMK1 is 

required for the execution of multiple steps in spore morphogenesis that demand increasing 

thresholds of SMK1 activity, a downregulation of this gene can result in the formation of ascii with 

different level of spore membrane disorganization (Wagner et al. 1999; McDonald et al. 2009). Late 

genes are involved in post-meiotic differentiation, and encode proteins required for the assembly 

of the thick coat, or spore wall, a critical step for the spore maturation. Upon activation, Ndt80 

triggers a positive autoregulatory loop that brings to the expression of genes promoting exit from 

prophase, the meiotic divisions, and spore formation. The pathway is controlled by multiple feed-

forward loops that give switch-like properties to the commitment transition. 

 

Figure 7. A schematic model illustrating the transcriptional cascade that governs meiosis in S. cerevisiae 

(Gurevich et al. 2010). 
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Similarly, in plants little is known about the biological effects of ENM exposure in yeast. In addition, 

the variety of ENMs behaviour and the different types of exposure applicable to yeast, increase the 

complexity of the potential consequences. Different studies on yeast showed high variability of 

effects among different categories of ENMs. Pasquali et al. (2017) showed that the CdS QDs 

exposure in yeast increased the level of ROS and decreased the reduced vs oxidized glutathione 

(GSH/GSSG) ratio. Moreover, Fan et al. (2016b) proposed that the exposure of CdTe QDs induced 

toxicity also inhibiting autophagy. Strtak et al. (2017) also showed that chronic exposure to CdSe 

QDs can exert a selective pressure in yeast population causing irreversible genetic changes leading 

to adaptation, founding, in particular, a mutation in the ubiquitin ligase gene bul1. Another 

mechanism suggested to induce toxicity of QDs is on a proteomic level: Ruotolo et al. (2018) found 

that CdS QD treatment in yeast induced the formation of hard corona proteins on the NP surface. 

Some of the proteins forming the hard corona were found to be implicated in crucial metabolic 

pathways, and as a consequence, the free amount of these proteins were strongly reduced, even if 

a compensatory transcriptional modulation may take place. Moreover, it is known that Cadmium 

has several harmful effects on the reproductive system and the embryo. Incorporation of Cd into 

the chromatin of the developing gamete has also been shown, and Cd accumulation in ovaries has 

been associated with failure of oocyte progression. Higher dosage exposure of Cd inhibits 

development to the blastocyst stage, and can induce degeneration and decompaction in blastocysts 

development, with apoptosis and breakdown in cell adhesion (Thompson et al. 2008). Furthermore, 

it was demonstrated that exposure to Cadmium Oxide NPs, which are a precursor used to synthesize 

also CdS QDs, can results in renal injury in pregnant mice females and their newborn offspring (Blum 

et al. 2015). 
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Aim of the project 

The aim of this work was to evaluate ENMs impact on two organisms phylogenetically distant, as C. 

pepo and S. cerevisiae, focusing on the meiotic processes and its products. Meiosis is a peculiar type 

of cell division which is fundamental for sexual reproduction in most eukaryotes. Unlike mitosis, 

regulation and molecular mechanisms of meiosis are less understood. To best mimic the potential 

conditions of exposure and environmental accumulation, the toxicity of nanomaterials were 

evaluated in conditions of chronic exposure (low concentrations and long times of exposure). 

In the first part of the project, it was used the yeast Saccharomyces cerevisiae, as a model for 

eukaryotes, to determine the toxic effect on the gametogenesis process due to CdS QDs exposure. 

Similar to gamete formation in higher organisms, meiosis (also called sporulation) in yeast is tightly 

regulated on a transcriptional level, and can be roughly divided into three major phases. 

Fluorescence microscopy firstly provided a general overview of the morphological consequences 

due to CdS QDs exposure during sporulation. To determine if the morphological alterations caused 

by QDs were connected to a transcriptional reprogramming of the process, a set of specific 

sporulation genes was analyzed by Real-time PCR. Moreover, viability and DNA content of the 

meiotic products was analyzed throughout the development, as well as the potential role of corona 

proteins formation.  

The second part of the study aims to characterize the physiological and molecular responses in 

zucchini (Cucurbita pepo L.), a plant species of relevance in food production and agro-industry, 

treated with copper oxide (CuO) and cerium oxide (Ce2O) NPs, from germination to flowering. The 

literature on beneficial effects of some engineered nanomaterials on edible plants is increasing, 

both as fertilizer and disease/pest control agents. However, there are some factors which are still 

limiting the widespread development and application of ENMs including regulatory differences, and 

the underlying potential for unknown environmental effects and health risks. Furthermore, the 

understanding of the chronic low dose ENMs effects on edible tissues is still very limited. The 

physiological analyses have been accompanied by a complete transcriptomic analysis of the 

different plant tissues and organs. The application of high-throughput transcriptomics, coupled with 

analytical and physiological data, can bridge the gap between genotypic and phenotypic evidence 

when investigating plant response to ENMs exposure. Furthermore, the study will try to develop 

new methods potentially used for risk assessment procedures in food and agriculture, in conditions 

ENMs exposure. 
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Materials and Methods
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Part I. Effects of metal-based nanomaterials in Saccharomyces cerevisiae 

Preparation and characterization of the nanoparticles 

CdS QDs were synthesized at IMEM-CNR (Parma, Italy), according to the method reported in Villani 

et al. (2012). The bulk density of the QDs was 4.82 g cm-3 and their mean diameter was 5 nm. From 

X-ray diffraction analysis, Cd represented 78% of their dry weight (Marmiroli et al. 2014). CeO2 NPs 

(<25 nm, particle size), CuO NPs (<50 nm, particle size), ZnO NPs (<100 nm, particle size) and their 

relative bulk powders (99.99% purity) were purchased from Sigma-Aldrich (Merck). Before their use,  

an aqueous suspension of these NPs was exposed for 15 min to sonication in a Transonic T460/H 

device (Elma Electronic GmbH) to reduce agglomeration of the NPs. Zeta-potentials and 

hydrodynamic diameter were obtained by dynamic light scattering (DLS) analysis at 25 °C using a 

Zetasizer Nano ZSP (Malvern Instruments Ltd).  Transmission electron microscopy (TEM) analysis was 

performed using a Talos F200S G2 (Thermo Fisher Scientific). 

 

Yeast strains and growth conditions 

All the experiments discussed in this study were performed using the diploid homotallic strain Z239-

6B-6B (genotype: α/a D lys2-1 ade2-1 ura3-3 his1 leu1-2 canR1; the symbol D indicates the presence 

of the wild-type set of genes HO, HMR and HML) of S. cerevisiae.  Vegetative growth were 

propagated in YPD (Yeast extract Peptone Dextrose) medium, containing 1% w/v yeast extract, 2% 

(w/v) peptone, 2% (w/v) dextrose. Spot assays (see below) were performed on selective SD 

(Synthetic Defined) agar plates, containing 6.7 g L-1 yeast nitrogen base, 2% glucose (w/v), 20 mg L-

1 histidine, 30 mg L-1 leucine, 30 mg L-1 adenine, 30 mg L-1 lysine, 50 mg L-1 uracil and 15 g L-1 agar.  

 

Spot assay and growth analysis in liquid media 

Z239-6B-6B strain was pre-grown in YPD medium for 24 h at 28 °C; yeast precultures were then 

diluted to an OD600 (optical density at 600 nm) of 1, and 10-fold serial dilutions were made and 

spotted onto SD agar plates supplemented (or not) with CdS QDs (5-100 mg L−1 ). After 72 h of 

incubation, the yeast growth at each cell dilution was examined.  

To evaluate the toxicity of the NPs, growth analysis in liquid media were also made. Yeast 

precultures in YPD medium were diluted to an OD600 mL-1 of 0.1 in SD medium supplemented (or 
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not) with the NPs at different concentrations (1-10 mg L-1), and incubated at 28 °C with shaking 

(160 rpm) for 24 h.  

 

Sporulation assay 

To determine the effect of NP exposure on the sporulation of S. cerevisiae, yeast cells were pre-

grown overnight in respiratory conditions using YEPA medium (1% yeast extract, 2% peptone, 2% 

potassium acetate). Cells were then collected by centrifugation, washed in PBS (Phosphate-Buffered 

Saline) buffer, and resuspended in sporulation medium (2% potassium acetate, 20 mg L-1 histidine, 

30 mg L-1 leucine, 30 mg L-1 adenine, 30 mg L-1 lysine, 50 mg L-1 uracil) to a concentration of OD600 

mL-1=2 in the presence or not of NP treatments. Yeast growth was then monitored at 28o C for 72 

hours.  

 

Fluorescence microscopy assays 

To analyze the progression of gametogenesis process, 1 x 107 cells were collected, washed, fixed in 

70% ethanol for 45 minutes. Cells were then stained with 4′,6-diamidino-2-phenylindole (DAPI) at a 

final concentration of 1 µg mL-1 and washed in water two times prior to microscopy analysis. DAPI 

is a blue-fluorescent DNA stain (emission at 470 nm) that binds AT-rich regions on dsDNAs. It is 

excited by the violet (405 nm) laser line and is commonly used as a nuclear counterstain in 

fluorescence microscopy and flow cytometry.  

For the fluorescence analysis of spore walls, cells were collected, washed in water and stained with 

Calcofluor white (CFW; excitation/emission at 365 nm and 435 nm) at a concentration of 25  µM. 

CFW is a chitin/chitosan-binding dye used to stain the yeast cell walls.  

To analyse the percentage of death cells after exposure to NPs, cells were collected and stained with 

100 mg L-1 of Propidium Iodide (PI; excitation/emission at 536/617 nm), a membrane impermeant 

dye that binds to double stranded DNA by intercalating between base pairs, PI is generally excluded 

from viable cells, but internalized by dead cells. 
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Random spore analysis 

To evaluate the viability of single spores, a random spore analysis test was performed. Spores were 

collected from asci formed in the presence of doses (1 mg L-1)  of CdS QDs that don’t strongly 

compromise the gametogenesis process. Yeast cells (50 µl) were collected after 72 h in sporulation 

medium w/wo the CdS QD treatment (see before) and washed in water. A solution containing 

lyticase (2.4 KU/ml, final concentration; Sigma-Aldrich) and 2-mercaptoethanol (143 mM, final 

concentration) was then added and samples were incubated over-night at 30 oC with gentle shaking. 

TWEEN® 80 was added at a final concentration of 0.1 % (v/v) and samples were subjected to several 

cycles of sonication (eight times for 1 minute) using a water bath sonicator (Transonic T460/H 

device) and vigorous vortexed (four times) for 1 minute followed by 1 minute incubation on ice using 

a Thermo Savant FastPrepR Cell Disrupter (Qbiogene Inc.). Lytic digestion of vegetative cells and asci 

was verified using optical microscopy analysis and the procedure was repeated until the percentage 

of single spores reached 90%. The concentration of single spores in the samples was then 

determined with a hemocytometer, and 200 spores were seeded in YPD agar plates. The growth of 

germinated spores was evaluated after 3 days of growth at 28 o C.  

 

Gene expression analysis 

Yeast cells grown in sporulation medium in the presence (or not) of CdS QDs (4 mg L-1) were 

collected at different times (3, 8 and 24 h), and total RNA was isolated using an RNeasy Mini Kit 

(Qiagen), following the manufacturer's instructions. 1 µg of each RNA sample was retrotranscripted 

using QuantiTect® Reverse Transcription Kit (Qiagen) and single stranded cDNA was quantified by 

Real-time PCR using a PowerUp SYBR™ Green Master Mix (Thermo Fisher Scientific) on a ABI PRISM 

7000 Sequence Detection System (Applied Biosystems). Relative quantification of gene expression 

was obtained using the "comparative CT method” and ACT1 as housekeeping gene. The primer 

sequences used in this work are included in Appendix. 

 

Fluorescence-activated cell sorting (FACS) analysis 

To analyse the DNA content of yeast cells exposed to CdS QDs during the sporulation process, pre-

cultures in YEPA medium were collected by centrifugation, washed in PBS buffer and resuspended 

to a concentration of 2 x 107 cells mL-1 in sporulation medium in the presence (or not) of CdS QDs 
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(4 mg L-1). Cells were collected at different times (0, 6, 24 and 48 h), sonicated to break up cell 

clumps, fixed in ice-cold ethanol (70%) and conserved at -20 oC. Samples were then washed, 

resuspended in 50 mM Tris-HCl buffer (pH 7.5) and treated with RNase A (10 µg mL-1, final 

concentration) for 2 hours at 37 oC. Cells were then resuspended in the FACS buffer (180 mM NaCl, 

100 mM Tris-HCl pH 8) and PI (2 µM) was added to samples 30 minutes before analysis. As a positive 

control for the quantification of dead cells, an aliquot of each sample was put at 95 oC for 10 minutes 

prior to the addition of PI. As a negative control, an aliquot of each sample was also analysed without 

the addiction of PI. 

 

Protein extraction 

Pre-cultures in YEPA medium were collected by centrifugation, washed in PBS buffer and 

resuspended at a concentration of 2 x 107 cells mL-1 in sporulation medium. Yeast cells were then 

grown for 72 h at 28o C without CdS QD treatment. Yeast cells (108 cells) were collected, washed in 

PBS buffer and then resuspended in ice-cold breaking buffer [50 mM Tris-HCl (pH 8.0), 100 mM NaCl, 

10% glycerol, with protease inhibitor cocktail] with an equal volume of acid-washed glass beads. 

Cells were broken with six rounds of vigorous vortexing for 45 seconds followed by 3 minutes 

incubation on ice using a Thermo Savant FastPrepR Cell Disrupter.  The lysate was then clarified by 

centrifugation (14000 rpm for 30 minutes at 4 °C). The protein concentration was determined using 

both the Bradford Assay (Bio-Rad) and the BCA Protein Assay Kit (Thermo Fisher Scientific), following 

the manufacturer's instructions.  

 

In vitro protein-NP binding assay  

To identify the yeast proteins adsorbed with high-affinity to the NP surface, the cell lysate (7 g L-1, 

final concentration) obtained from (untreated) sporulated cells (see before) was incubated with CdS 

QDs (0.5 g L-1, final concentration) in binding buffer [50 mM Tris HCl (pH 7.4), 100 mM NaCl, 10% 

(v/v) glycerol, 5 mM MgCl2] for 24 h with gentle agitation at 4 °C, according to Sund et al. (2011) and 

Ruotolo et al. (2018). The CdS QDs, together with their adsorbed (corona) proteins, were recovered 

by centrifugation (14000 rpm, 5 min, 4 °C), and unbound proteins were discarded by washing the 

pellet five times in salt-free buffer [20 mM Tris-HCl (pH 7.4)], followed by three times in salt-buffered 

solution [20 mM Tris-HCl (pH 7.4), 0.1 M NaCl]. After each wash, the pellets were gently vortexed 
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and centrifuged (14000 rpm, 5 min, 4 °C). Hard corona proteins were recovered from the CdS QD 

surface by a 1 h incubation in resuspension buffer [60 mM Tris-HCl (pH 6.8), 2% (w/v) SDS, 10% (v/v) 

glycerol] at room temperature, then held at 95 °C for 5 min.  

For visualization, proteins were denatured in sample buffer [62.5 mM Tris-HCl (pH 6.8), 2.5% (w/v) 

SDS, 2% (v/v) β-mercaptoethanol, 0.02% (w/v) bromophenol blue, 10% (v/v) glycerol] for 5 minutes 

at 95 °C, then separated electrophoretically through 12% (w/v) SDS polyacrylamide gels. The 

concentration of released corona proteins was quantified using the BCA Protein Assay Kit.  

 

LC-MS/MS analysis 

Hard corona proteins were denatured in 6 M urea in 25 mM ammonium bicarbonate. Disulphide 

bonds were reduced by adding 35 mM dithiothreithol (DTT) and holding for 1 h at room 

temperature; reduced cysteine residues were alkylated by iodoacetamide to a final concentration 

of 32 mM and incubating for 1 h at room temperature in darkness. Urea concentration was then 

lowered to 0.6 M by dilution with 25 mM ammonium bicarbonate, trypsin (Sigma Aldrich, Merck) 

was added in a 1:30 (w/w) ratio and the digestion was allowed to run for 18 h at 37 °C. The reactions 

were stopped by adding formic acid to a final concentration of 0.5% (w/v) and incubating with gentle 

agitation at      37 °C for 15 min; the solutions were then lyophilized with a Speedvac device (Savant). 

The dried samples were re-suspended in 0.1% (w/v) formic acid and analyzed by liquid 

chromatography-mass spectrometry (LC-MS/MS), using a Dionex Ultimate 3000 micro HPLC device 

coupled to an LTQ-Orbitrap XL mass spectrometer, equipped with a conventional electrospray 

ionization source (Thermo Fisher Scientific).  

 

Statistical analysis 

For Real-time PCR each reaction was conducted in triplicate, and included a no template control. 

Relative transcript abundances were derived using the 2-∆∆CT method. Cytofluorimetric data were 

analysed with NovoExpress software (Agilent Technologies). For corona protein identification, 

information regarding known yeast protein sequences was retrieved from the UniProt database 

(www.uniprot.org). The experiments were carried out as two biological replicates and three 

technical replicates. 
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Part II. Effects of metal-based nanomaterials in Cucurbita pepo L. 

Exposure Assay 

The seeds were pre-germinated in vermiculite for 10 days prior to transplanting to soil. The soil was 

collected from top 50 cm of the Connecticut Agricultural Experiment Station (CAES) in New Haven, 

CT. The  Individual solutions of bulk and NP in water (volume =30% water capacity of 

soil/vermiculite) were probe sonicated to maximize dispersion. The bulk, NP or salt stock dispersions 

were then slowly added to 500g soil and  were mixed manually in an attempt to achieve 

homogeneity. The amended soil was then transferred to each experimental pot.  The final 

concentration of Cu and Ce for each bulk, NP and salts replicate pot was 100 mg/kg. The zucchini 

seedlings were planted (one per pot) and grown indoor under supplemental fluorescent lighting (60 

μE/m2/sec) at approximately 22−28 °C until complete flowering (about 60 days). The plants were 

top watered as needed and amended every two weeks with Hoagland’s Solution (10%) during the 

30-d growth period. For every condition, 5 plants were planted. 

 

ICP-MS 

Flower biomass samples for elemental analyses are rinsed with tap water, MilliQ water and two 30-

sec HNO3 (0.01 M) rinsing is done to remove soil and surface-attached NPs. To determine Cu and 

Ce content in the replicate tissues, wet vegetation is oven-dried at 100 °C for 72 h and digested for 

25 min on a hot block with concentrated HNO3 at 115 °C. After 30 min, 1 mL of H2O2 is added to 

each digestion tube and the samples were digested for an additional 30 min and diluted to 50 mL 

with MilliQ water. The digests are analysed by inductively coupled plasma mass spectrometry (ICP-

MS) (Agilent 7500ce) for Cu (mass 63) and Ce (mass 140). The samples are quantified against a four-

point calibration curve (1- 100 µg L-1) that had been previously evaluated for linearity and accuracy. 

Analytical blanks, matrix blanks, and calibration verification samples are included in each sequence. 

 

Preparation of tissue for light microscopy  

Anthers, collected at different stages (ex. 1 and 3) and mature pollen fixed in 4% formaldehyde and 

2% glutaraldehyde in phosphate-buffered saline (PBS) pH 7.4, rinsed four times in PBS and 

dehydrated in a graded ethanol series. Tissue is then embedded in Embed 812 resin, and sections 
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of 1.0–1.5 µm cut with a microtome and stained with 1% toluidine blue in borax. For mature pollen 

gently scraping the anther with a micro-spatula, and immediately transferred to a 1.5-ml tube in 

fixative. Light micrographs can be taken using a light microscope with a digital camera. 

 

Pollen viability 

A simplified version of Alexander’s staining was used to test pollen viability. Free anthers were 

collected when pollen was mature but anthers were still non-dehiscent (stage 12-13), and fixed in 

Carnoy’s fixative (6 alcohol:3 chloroform: 1 acetic acid) for a minimum of 2 hours. Buds can be stored 

in fixative for 12 months at either room temperature or cold room. Mature pollen is collected and 

stained using protocols described by Peterson et al. After staining, all aborted and non-aborted 

pollen was counted using a Zeiss compound microscope at 200× magnification.  

 

Environmental Scanning Electron Microscope (ESEM) 

Pollen grains were analysed fresh with no fixation or staining; they were collected from mature 

flowers and positioned on 2 cm diameter stainless-steel sample holder (stub) covered with adhesive 

carbon tape. The scanning microscope ESEM FEG2500 FEI (FEI Europe, Eindhoven, The Netherlands), 

operating in low-vacuum (60 Pa) with LFD (Large Field Detector) allowed optimal Secondary Electron 

(SE) imaging. The cone PLA (Pressure Limiting Aperture) 500 µm improved the signal available to the 

Bruker X-ray detector, QUANTAX XFlash®6 | 30 Detector with energy resolution ≤ 126 eV FWHM at 

Mn Kα., and a highly efficient, versatile mid-size 30 mm2 SDD (Silicon Drift Detector) for nano-

analysis and high count rate spectral imaging (Bruker Nano GmbH, Berlin, Germany). SE imaging was 

performed at 10 KeV with a beam size of 2.5 µm, EDX analysis at 20 KeV acceleration voltage, final 

lens aperture of 40 µm, and beam size of 4 µm. The working distance was about 10 mm, and the 

scanning time was 60 s. The software xT microscope Control, xT microscope Server and FEI User 

Management software were used for imaging, Esprit 1.9 package was used for X-ray spectra 

acquisition and analysis was conducted during two acquisition modes: Point/Area analysis and 

Linescan. X-ray spectra deconvolution and standard-less quantification were performed using the 

P/B-ZAF (Peak/Background evaluation matrix with atomic number (Z), absorption (A), and 

secondary fluorescence (F) correction) interactive method supported by Esprit 1.9 “Quantify 

Method Editor” option (Goldstein et al., 2003). SE images and EDX spectra were collected for 
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samples treated with CuO NPs, CuO bulk, CeO2 NPs, CeO2 bulk, as well as for the untreated controls. 

The detection limit in our working conditions was of 0.01% for elements with N≥21 and 0.005% for 

N<21. 

 

RNA sequencing 

Library preparation and sequencing: 

TruSeq Stranded mRNA kit (Illumina, San Diego, CA) has been used for library preparation following 

the manufacturer’s instructions. RNA samples were quantified and quality tested by Agilent 2100 

Bioanalyzer RNA assay (Agilent Technologies, Santa Clara, CA). Final libraries were checked Agilent 

Bioanalyzer DNA assay (Agilent Technologies, Santa Clara, CA). Libraries were prepared for 

sequencing and sequenced on single-end 75 bp mode on NextSeq 500 (Illumina, San Diego, CA). 

 

RNA-Seq bioinformatics analysis:  

Base calling and demultiplexing. Processing raw data for both format conversion and de-

multiplexing by Bcl2Fastq 2.0.2 version of the Illumina pipeline. Adapters masking. Adapter 

sequences are masked with Cutadapt v1.11 from raw fastq data. Trimming. Removing lower quality 

bases and adapters by ERNE software. 

Alignments on the reference genome. Aligning reads on reference genome/transcriptome available 

at the link http://cucurbitgenomics.org/organism/14 with STAR (default parameters), a splice 

junction mapper for RNA-Seq reads. It aligns RNA-Seq reads to genomes and then analyzes the 

mapping results to identify splice junctions between exons. Execute transcripts count. Assembling 

and quantitation of full-length transcripts representing multiple spliced variants for each gene locus 

by Stringtie (default parameters). Quality control. RSeqQC package is used to perform statistics on 

“strandness” of reads, on genome coverage and read distribution 

 

Data analysis 

For Real-time PCR each reaction was conducted in triplicate, and included a no template control. 

Relative transcript abundances were derived using the 2-∆∆CT method. A one-way ANOVA with 

Tukey’s (HSD) pairwise multiple comparison test, was used for biomass and metal content analysis. 

For RNAseq data, differentially expressed genes were identified using a 2.3 threshold of FPKM (in 

log2). Student T test was applied for analysis of homogeneity of variance, statistical analysis for 
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scatter plots and box and whiskers graphs were performed with R statistical software (www.r-

project.org). Venny bioinformatics tool (http://bioinfogp.cnb.csic.es/tools/venny/) was used for the 

generation of Venn diagrams. Gene Ontology (GO) network analysis was performed by the 

Cucurbitgenomics data service (http://cucurbitgenomics.org/), the GO term enrichment analysis 

was conducted using a cut-off p-value of 0.05 for cellular components and biological processes, 0.03 

for function ontology for significant represented GO Terms. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://cucurbitgenomics.org/
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Results and Discussion 
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Nanoparticle characterization 

The NPs used in the present work were resuspended in milliQ water and sonicated prior to use (see 

“Materials and Methods” for details). Average particle size (nm) determined by TEM analysis (Fig. 

8a), Z-potentials (Fig. 8b) and hydrodynamic diameter (nm) of the NP aggregates determined by DLS 

analysis were estimated as described in “Materials and Methods”. Zeta potential (Fig. 8b) is the 

potential difference between the mobile dispersion medium and the stationary layer of the medium 

attached to the dispersed particle. Zeta potential values of ±30 mV are representative of NPs stable 

in suspension. Different parameters that characterize NPs used in the present work were indicated 

in Fig. 8c. 

 

NPs Size (nm) (manufacturer data) Zeta potential (mV) Hydrodinamic diameter (nm) 

CdS QDs <5 -22 196.5 

CeO2 NPs <40 40 246.9 

CuO NPs <25 -25 533.9 

ZnS QDs <5 12 302.9 

Figure 8. (a) Representative TEM images for CdS QDs, CuO NPs and CeO2 NPs. (b) Schematic representation 

of Z-potential, (c) Characterization of NPs used in the present work. 

a 

b 

c 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/dispersion-medium
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Part I. Effects of metal-based nanomaterials in Saccharomyces cerevisiae 

Toxicity of CdS QDs in different growth conditions 

Serial dilution spot assays were performed to evaluate the fitness of a diploid yeast strain (Z239-6B-

6B) in the presence (or not) of CdS QD treatments. Ten-fold dilutions of yeast pre-cultures were 

performed and aliquots (4 μl) of each dilution were spotted onto SD-agar plates in the presence or 

absence of CdS QDs (5-100 mg L-1; see “Materials and Methods” for details). As observed for haploid 

cells (Ruotolo et al., 2018), high concentrations of CdS QDs ( 10 mg L-1) suppress the viability of the 

diploid strain (Fig. 9).  

To better define the range of CdS QD concentrations ( 10 mg L-1) that cause a growth impairment 

in diploid cells, a growth analysis in liquid culture conditions in SD medium was conducted (Fig. 10). 

The higher concentration tested for the growth curves (10 mg L-1) causes a decrease of the yeast 

growth higher than 50% compared to the control (Fig. 10), for this reason for the next experiments 

it was not taken into consideration. 

 

 

 

Figure 9. The growth of the diploid strain was affected by the QD treatment in fermentative conditions. Serial 

dilution spot assays of diploid cells grown in the absence (CNT) or in the presence of CdS QDs (5, 10, 50, 100 

mg L-1) on standard synthetic media supplemented with glucose (2%) as carbon source (SD medium). Cell 

concentration (cells mL-1) of each dilution plated was indicated in the upper part of this figure. Cnt, untreated 

control cells. 
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Figure 10. CdS QDs strongly affect the viability of the diploid strain in liquid growth conditions conducted in 

SD medium. Growth curves were recorded for 24 h in SD medium in the presence (or not) of different 

concentrations of CdS QDs (1-10 mg L-1). Cnt, untreated control cells. 

 

Then, we have evaluated the inhibitory effects of CdS QDs on the yeast viability in the sporulation 

medium (Fig. 11). Unlike fermentative conditions, the exposure of yeast cells to CdS QDs in 

sporulation medium does not cause an appreciable inhibition of the yeast growth. In fact, it is known 

that the sporulation process produces cells (spores) more resistant to environmental stresses. 

 

Figure 11. CdS QDs affect the growth in sporulation medium. See “Materials and Methods” for details in 

growth conditions for sporulation assay.  
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To evaluate if the treatment with CdS QDs did not reduce the viability of the cells under sporulation 

conditions, yeast cells were stained with the Propidium Iodide (PI; Fig. 12), a dye that allows the 

discrimination of living (PI-) and dead (PI+) cells. The percentage of living cells in the control 

(untreated cells) throughout the gametogenesis process, obtained by fluorescence microscopy 

observations, is about 96% of total cells (Fig. 12). The treatment with CdS QDs at 5 mg L-1 slightly 

reduced the percentage of viable cells (about 90%), suggesting that CdS QDs are not toxic within 

this concentration range in starvation condition (Fig. 12). 

 

 

 

Figure 12. CdS QD treatment does not increase the number of dead cells in sporulation conditions. Yeast 

diploid strain Z239-6B-6B stained with the fluorescent intercalating dye Propidium Iodide (PI), to identify 

dead cells in untreated and treated (5 mg L-1 CdS QDs) samples. 

 

 

Fluorescence microscopy assays 

To test the effects of CdS QD exposure in meiotic cell cycle progression and spore formation, yeast 

diploid cells were treated with different concentrations of CdS QDs (1-5 mg L-1) in sporulation 

medium and analyzed with optical microscopy.  After 72h treatment in the presence (or not) of CdS 

QDs, S. cerevisiae cells were stained with DAPI and Calcofluor white to identify, respectively, the 

nuclei and the spore walls of the yeast cells using fluorescence microscopy. This analysis revealed 

that low concentrations of CdS QDs (1 mg L-1) do not alter the sporulation process, in fact the asci 
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formed appeared apparently indistinguishable from those found in wild-type tetrads in untreated 

cells, with a predominance of asci containing four refractile spores (Fig. 13). Conversely, higher 

concentrations of CdS QDs (3 and 5 mg L-1) cause an alteration of the meiotic nuclear divisions in 

combination with a strong inhibition of spore morphogenesis, resulting in the formation of asci 

containing the meiotic products, but with the absence of refractile spores (Fig. 13). 

 

Figure 13. CdS QDs affect the sporulation process. Yeast strain Z239-6B-6B was grown in sporulation 

conditions (see “Materials and Methods” for details) in the presence (or not) of different CdS QD 

concentrations for 72 h; cells was stained with DAPI and Calcofluor White (CW), and analyzed using 

fluorescence microscopy. Note the predominance of asci containing four refractile spores formed in the 

control (untreated) cells and in the cells treated with low concentration of CdS QDs (1 mg L-1). Higher 

concentrations of CdS QDs cause the formation of asci containing three or four meiotic products (white 

arrows; multinucleated cells) and the absence of refractile spores (red arrows). 
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The graph in Figure 14 resumed the phenotypes observed in fluorescence microscopy images. They 

were grouped into four different categories: cells which had correctly completed the gametogenesis 

process, presenting asci with four spores and their relatives haploid nuclei; cells presenting the 

meiotic products but the absence of spores (multinucleated cells); cells containing just two nuclei, 

cells which did not switch in the meiotic process (multinucleated cells); cells that presents one 

nucleus. 

 

Figure 14. CdS QD treatment strongly affects the spore morphogenesis. Morphological observations were 

made with microscope fluorescence analysis (At least 100 cells were counted for each condition). Higher 

concentrations of CdS QDs (3-5 mg L-1) cause the formation of multinucleated cells. 

 

The same exposure assay was also carried out using other NPs (CeO2 NPs, CuO NPs, ZnS QDs), 

characterized by different sizes, shapes and zeta potentials, in order to elucidate if the 

morphological and nuclear alterations of the gametogenesis process observed with the CdS QD 

treatment were a general effect (or not) of NPs. Different concentrations of these NPs were tested, 

but no phenotypical differences were observed (Fig. 15). Finally, we have also evaluated the effect 

of cadmium salt (CdSO4), using equivalent concentrations of metal ions applied in the QDs form (Cd 

represented 78% of the dry weight of each CdS QD (Marmiroli et al., 2014)]. 
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Figure 15. Effects in sporulation process induced by other NPs and cadmium ions. Yeast strain Z239-6B-6B 

was grown in sporulation conditions in the presence of CeO2 NPs, ZnS QDs, CuO NPS and CdSO4; cells were 

stained with DAPI and photographed using fluorescence microscopy. None of the tested NPs alters the 

process of gametogenesis. In figure are reported images obtained by the exposure of yeast cells in 
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sporulation medium with higher concetration tested: 20 mg L-1 for CeO2 NPs, 100 mg L-1 for CuO NPs, 100 mg 

L-1 for ZnS QDs. Very high concentrations of CeO2  NPs did not morphologically affect the gametogenesis 

process, but these NPs form aggregates that accumulates on the surface of sporulated cells. Cadmium ions 

strongly affect the sporulation process with the absence of asci with refractile spore, but the presence of 

mononucleated cells after 72 h of treatment. 

None of the NPs used interfere with the meiotic process, as the newly formed asci appear 

indistinguishable from those found in wild-type tetrads (Fig. 15). In contrast, CdSO4 exposure 

strongly affects the meiotic process, but in a different manner: in this case gametogenesis is 

inhibited, as the vast majority of the cells presented one nucleus, and the absence of budded cells 

implies a strong toxicity induced by this heavy metal. These results suggest that the morphological 

abnormalities observed during sporulation after the exposure of yeast cells with CdS QDs are 

specific for this NP. 

 

 

Random spore analysis and spore germination 

To examine the integrity and viability of single spores formed as a consequence of the meiotic 

process in the presence of doses (1 mg L-1)  of CdS QDs that not strongly compromise the 

gametogenesis process (Fig. 13), a random spore analysis test was performed. Untreated asci and 

treated with these doses of CdS QDs were collected after 72 h in sporulation medium, and spores 

were recovered using enzymatic and mechanical methods (see “ Materials and Methods” for 

details). Given not all cells undergo meiosis, the analyzed samples may contain vegetative cells 

(mononucleated cells) in addition to asci. To eliminate the vegetative cells and at the same time to 

release spores from asci, the sporulation mixture was treated with lyticase, a hydrolytic enzyme that 

selectively degrade the cell wall of vegetative cells and asci, without affecting the viability of spores, 

in a buffer containing a detergent (Tween 80) and a reducing agent (2-mercaptoethanol). The 

concentration of single spores in the samples was then determined with a hemocytometer, and 200 

spores were seeded in YPD agar plates to evaluate their competence to form colonies. The growth 

of germinated spores was evaluated after 3 days of growth at 28 oC (Fig. 16).  
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Figure 16. Germination of spores was affected by low doses of CdS QDs (1 mg L-1). 200 spores were seeded 

in YPD agar plates to evaluate their competence to form colonies. The growth of germinated spores was 

evaluated after 3 days of growth at 28 °C. 

  

The rate of germination of single spores was higher in the control in comparison to treated cells (61 

and 30 colonies respectively). These results indicate that even if at low concentrations of CdS QDs 

S. cerevisiae correctly completed the gametogenesis process, with no evident morphological 

differences observed by fluorescence microscopy, the single spores formed were anyhow affected 

by the NPs exposure. Unfortunately, it was not possible to perform this analysis with cells exposed 

to higher concentrations of QDs, simply because in these cases the spore formation process was 

strongly affected. Moreover, it is interesting to note that more prolonged mechanical steps were 

necessary for the process of isolation of single spores from control (untreated) cells if compared to 

the CdS QD-treated cells, suggesting a defect in the composition of the spore wall in CdS QD-treated 

cells. The spore wall has in fact at least two different fundamental aspects if compared to the 

vegetative cell wall: it includes more elements, and it is formed de novo. The external chitosan and 

dityrosine layers not only protect the internal spore but they also form bridges that connect the 

spores of the tetrad together. These links help the spores to stay associated even when the external 

ascus is removed (Coluccio et al., 2004). 
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Gene expression analysis 

To determine whether the morphological alterations induced by QDs were related to a 

transcriptional reprogramming of the gametogenesis process, a set of specific sporulation genes, 

chosen by their function and the phase in which they are expressed, was analysed by Real time PCR 

(Fig. 17).  

 

Figure 17. CdS QDs affect the expression of sporulation-specific genes after induction of sporulation. Cells 

were grown in sporulation media at different times (3, 8 and 24 h), total RNA was extracted from each 

condition and retrotranscribed. Results are represented as Log2(fold change). FC, fold change. 

 

Yeast cells were treated for different times (3, 8 and 24 h) in sporulation medium with or without 

CdS QDs (4 mg L-1), total RNA was extracted from these samples and cDNAs were synthesized (see 

“Materials and Methods” for details). Real-time PCR analysis was performed on cDNA prepared 

from treated and untreated samples, using ACT1 as housekeeping gene. 

Gene expression analysis showed a general down-regulation of sporulation regulatory genes (IME2, 

NDT80 and SMK1; Fig. 17) expressed in the early-middle phase of the sporulation process and 

encoding for their downstream transcriptional targets (SPO20 and SPS100; Fig. 17). Meiosis is a 

specialized form of nuclear division that involves a single round of DNA replication followed by two 

rounds of chromosome segregation and IME2 encoding a meiosis-specific cyclin-dependent kinase 
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(CDK)-like kinase regulates multiple steps in meiotic development. It is known that IME2 expression 

blocks DNA replication between the meiotic nuclear divisions, primarily by preventing the core 

enzyme of the replicative helicase to be loaded onto origins of replication (Phizicky et al. 2018; Hua 

et al. 2013). A downregulation of IME2, and as a consequence of his downstream transcriptional 

targets, may explain the alterations observed microscopically in the nuclear division processes. Ime2  

is a positive regulator of “middle sporulation genes”, as NDT80, encoding a meiosis-specific 

transcription factor, that induces the transcription of other middle sporulation genes, including 

SMK1, encoding a MAP kinase required for proper spore morphogenesis. It was shown that Smk1 is 

required for the execution of multiple steps in spore morphogenesis that demand increasing 

thresholds of its activity. A downregulation of SMK1 can result in the formation of ascii with different 

level of spore membrane disorganization (Wagner et al. 1999; McDonald et al. 2009), phenotypically 

similar to multinucleated cells, without refractile spores, formed after CdS QD treatment. Therefore, 

it is possible that the treatment with CdS QDs may interfere with the action of Ime2 or with Ime2-

dependent regulation of Ndt80, causing a blockage of the spore morphogenesis process. 

 

 

DNA content 

To directly assess the effect of CdS QDs exposure on cell cycle distribution, flow cytometric DNA 

content analysis was performed on cultures undergoing meiosis (Fig. 18). Wild-type yeast cells 

display a characteristic pattern in which after the meiotic induction all cells firstly present a 2C DNA 

content (where C is the DNA content of a haploid genome), then most of them undergo DNA 

duplication and are recognizable by the tetraploid DNA content peak (4C), while only a small portion 

of cells remain in an intermediate phase. In contrast, cells exposed to CdS QDs exhibit a significant 

increase in the proportion of cells in the intermediate premeiotic S phase of DNA duplication 

between 2C and 4C. The increase in the premeiotic S-phase fraction suggests that NP exposure cause 

a block of treated cells in this step of the development, in which DNA is duplicated but the spore 

maturation has not yet occurred, and is in line with the downregulation of middle sporulation genes 

involved in this process previously described (Fig. 17). 

As observed with fluorescence microscopy (Fig. 12), FACS analysis showed that CdS QDs does not 

affect the viability of sporulated cells. As already seen, the percentage of dead cells after exposure 

to CdS QDs (5 mg L-1) was about 11% (Fig. 19).  
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Figure 18. DNA content distribution of untreated cells and cells exposed to CdS QDs (5 mg L-1) for different 

times in sporulation medium.  

 

 



48 
 

 

 

Figure 19. CdS QDs not affect the viability of sporulated cells. Cells were plotted based on forward scatter 

signals (FSCH) and Propidium Iodide intensity (PI), and the population of dead cells was gated using as a 

positive control  an aliquote of cells previously killed, both for untreated and treated cells. 

 

 

Identification of hard corona proteins 

To better understand the potential molecular mechanism involved in CdS QD inhibition of the 

sporulation process, we have studied and analysed the composition of the “protein corona” formed 

on the surface of CdS QDs (Table 1). Proteins corona have an important role in biological activity 

and environmental fate of metal-based NPs. NPs are known to selectively adsorb proteins, to form 

a ‘corona’ bound tightly to their surface. Corona proteins which show a high affinity for the NP 

surface are exchanged slowly, and these so-called “hard” proteins form the innermost layer.  



49 
 

NPs can induce unfolding and a reduced activity of the identified proteins, but CdS QD binding to 

hard corona proteins could also mediate non-specific interactions with other cellular components. 

Misfolded corona proteins can aggregate with itself or other proteins causing cytotoxicity (Ruotolo 

et al. 2018). 

 

 

Table 1. Hard corona proteins identified on the surface of CdS QD. Coverage (%): the ratio between the 

number of residues in all found peptides and the total number of amino acids in the entire protein sequence. 

Score: the probability (P) that the observed match between the experimental data and the database 

sequence was not a random event. 

Corona protein 
Description  

(UniProt Accession N.) 
Score Coverage (%) Biological process 

Cdc19 Pyruvate kinase (P00549) 192,37 73% Energy metabolism 

Idp2 
Isocitrate dehydrogenase 

(P41939) 
174,19 67% Metabolic process 

Tdh3 

Glyceraldehyde-3- 

phosphate dehydrogenase 

(P00359) 

149,31 62% Energy metabolism 

Tdh2 

Glyceraldehyde-3- 

phosphate dehydrogenase 

(P00358) 

137,40 45% Energy metabolism 

Atp1 
ATP synthase subunit alpha 

(P07251) 
132,45 42% Energy metabolism 

Tdh1 

Glyceraldehyde-3- 

phosphate dehydrogenase 

(P00360) 

119,27 33% Energy metabolism 

EF-1α 
Elongation factor 1-alpha 

(P02994) 
93,01 9% 

Translation 

process 

Leu2 
3-isopropylmalate dehydrogenase 

(P04173) 
81,46 33% Biosynthetic process 

Atp2 ATP synthase subunit beta (P00830) 77,28 9% Energy metabolism 

Pdb1 

Pyruvate dehydrogenase E1 component 

subunit beta 

(P32473) 

73,89 11% Energy metabolism 

Psa1 
Mannose-1-phosphate guanyltransferase 

(P41940) 
63,16 12% 

Cell wall biosynthetic 

process 

Lat1 

Dihydrolipoyllysine-residue 

acetyltransferase component of pyruvate 

dehydrogenase complex (P12695) 

59,57 13% Energy metabolism 
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Notably, some proteins that bind with high affinity to the surface of CdS QDs (Cdc19, Tdh3, Tdh2, 

Tef1) were already identified in a previous work performed with the same organism and the same 

NPs but in fermentative conditions (Ruotolo et al. 2018): Cdc19, catalyses the conversion of 

phosphoenolpyruvate to pyruvate, which is the input for aerobic (TCA cycle) respiration in 

sporulation. The three isoforms of  Glyceraldehyde-3-phosphate dehydrogenase [(GAPDH), Tdh1, 

Tdh2 and Tdh3], are glycolytic enzymes which catalyses the conversion of glyceraldehyde-3-

phosphate to 1,3 bis-phosphoglycerate, but also display non-glycolytic activity in certain subcellular 

locations (Sirover 2005). EF-1α is involved in polypeptide chain elongation (Sandbaken et al. 1988), 

and is also thought to target damaged proteins to the proteasome (Spahn et al. 2004). It was shown 

that some of these proteins (in particular Cdc19 and Tdh3, the only yeast GAPDH isoform of which 

the structure is available) present a ring-shaped structure characterized by a ring cavity of 5-7 nm 

diameter that could enfold ENPs and give them high stability in aqueous media (Ruotolo et al. 2018). 

Moreover, yeast mutant strains carrying deletions in genes encoding Tdh2 and Tdh3 showed 

tolerant phenotypes also in the presence of high concentrations of CdS QDs, suggesting that the 

formation of the protein corona may be crucial in the in vivo response to QDs in yeast.  

Other corona proteins identified are involved in respiratory metabolism (Table 1). Exposure to CdS 

QDs has been shown to increase the synthesis of reactive oxygen species (ROS), disrupt 

mitochondrial membrane potential and affect mitochondrial morphology in yeast (Pasquali et al. 

2017). The binding of these proteins on the surface of CdS QDs suggests that the energy metabolism 

could be impaired by the NP-induced stress and this observation could partly explain our phenotypic 

observations; in fact, the respiratory metabolism is crucial for gametogenesis progression.  

Finally, Psa1  (Table 1), a protein required for normal cell wall structure and involved in cell cycle 

progression through cell-size checkpoint was also found.  Spores collected from a yeast diploid strain 

presenting one copy of Psa1 disrupted showed decreased viability when placed on YPD plates 

(Hashimoto et al. 1997). A similar outcome was obtained with the analysis of the spore germination 

performed in this work, suggesting that the interaction of CdS QDs with this protein can contribute 

to spore morphogenesis defects.  
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Part II. Effects of metal-based nanomaterials in Cucurbita pepo L. 

Physiological, morphological analysis and metal content 

Plants after complete flowering were harvested and fresh mass of roots and shoots was measured. 

None of the different treatments of CuO, CuO NPs, CeO2, CeO2 NPs at the concentration tested had 

an effect on zucchini biomass (fresh weight) as compared to untreated control (Fig. 20). These 

findings agree somewhat with previous works, where several reports show that exposure to CeO2 

NPs did not impact physiological parameters in agricultural crops (Pagano et al. 2016; Ma et al. 

2015). Moreover, Tamez et al. 2019 saw no significant changes in the root and leaf biomass of 

zucchini, treated with similar concentrations of CuO NPs, when compared to control. These results 

are anyway considerably different from similar studies conducted under hydroponic conditions. 

When yellow squash was grown in Hoagland medium, exposed with up to 500 mg kg-1 

concentrations of CuO NPs or its micron-sized counterpart (bulk), plant biomasses decreased  by 

99% and 74% respectively (Musante and White 2012), whereas in Pagano et al. (2016) CuO NPs had 

no effect on zucchini total biomass as compared to untreated controls, even at higher 

concentrations tested, whereas in tomato, plant biomass significantly decreased, indicating a 

differential response dependent on plant type. Other studies in model organism Arabidopsis  

thaliana in hydroponic conditions also show a strong reduction in root length after exposure to CuO 

NPs (Tang et al. 2016). The varying results suggest that effects caused by  nano copper compounds 

are influenced by growth medium, plant species, and exposure time. The time of treatment in this 

work in fact was particularly long if compared to similar experiments. 

 

 

Figure 20. Fresh tissue mass of root (left) and shoot (right) of zucchini exposed to CuO NPs, CuO bulk, CeO2 

NPs, CeO2 bulk at 100 mg kg-1. Values displayed as mean ± SE of 8 replicates per treatment.  
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Pollen grain morphology was analysed by Environmental Scanning Electron Microscopy (ESEM) from 

transverse sections of developing mature anthers. No differences were observed between 

treatments (Fig. 21): the pollen grain is large (150-200 µm in diameter) if compared to other plants, 

spherical, with radial symmetry, polyantoporate with circular anulate pores. On the surface it 

presents macro-spikes (echinate), often covered in pollenkitt. During its development, the grain 

increases greatly in volume and does not dehydrate until anthesis.  

 

 

Figure 21. ESEM micrographs of fresh pollen grains from C. pepo 

 

In addition to morphology, knowledge of the viability of pollen is crucial for the study of the 

development of male gametophyte and to the preservation of reproductive fitness of plant species. 

To determine if pollen development was affected in the different treatment tested, pollen viability 
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was examined using Alexander’s stain. Again, no differences were found among treatments, with 

pollen viability always around 100% (Fig. 22).  

 

 

Figure 22. Viability by histochemical test of pollen. Non-aborted pollen grains are stained magenta-red. Any 

abortive pollens would be stained blue-green. 

 

Previous studies had demonstrated that copper is one of the most toxic metals on seed and pollen 

germination, pollen viability and tube growth: Sharafi (2014) showed that high concentrations of 

copper lead to almost complete abolition of pollen germination and pollen tube length in Almond 

cultivars. The same results were seen in other plants, such as Pisum sativum (Sabrine et al. 2010). 

Furthermore, copper is one of the most toxic elements on pollen germination in tobacco plant 

(Breygina et al. 2012). However, dissimilar effects of heavy metal applications have been reported 

in fruit trees, in which copper weakly affected pollen germination and tube growth. These 

controversial observations may be due to distinct toleration of different plants to heavy metal 

stress. Very few works have been done to evaluate the potential effects on pollen caused by 

nanoformulation of copper: Kumbhakar et al. (2016) showed that both copper and cadmium 

sulphide NPs reduced pollen fertility in black cumin, which signifies potential hindrance exerted by 

these  NMs either during pollen formation or in developmental maturation process or both. 
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Similarly, in Coriandrum sativum L., CdS NPs and CuO NPs are potentially effective to induce 

physiological alterations and cytological aberrations in meiotic cells, and as a consequence 

decreased viability of pollen grains (Pramanik et al. 2018). The aberration types and frequency 

induced in meiotic cells of C. sativum by NPs treatments are lesser than that reported before in 

Nigella sativa L.. Those variations reflect differential genotype sensitivity as well as NPs effectivity 

in a biological system. Copper has a primary role in many physiological pathways in plants, including 

respiration, photosynthesis, protein metabolism and carbohydrate distribution, so it is possible that 

only at higher concentrations it exerts his toxic effects. Some plants have a great tolerance to 

increased concentrations of copper and this element can accumulate to extremely high amounts in 

their tissues. The Cu and Ce content in zucchini flowers is shown in figure 23. Previous studies 

(Pagano et al. 2016, 2017), already performed ICP-MS metal content analysis on different plant 

tissues (roots, stems, leaves) and highlighted that zucchini effectively translocated Cu from roots to 

both stems and leaves, while Ce does not accumulate in leaf tissues. Flower content of copper was 

significantly increased by the NPs and bulk treatment (13816 mg kg-1 and 11260 mg kg-1, 

respectively). The data shows that the Cu is able to reach the flowers, both in the bulk or in the nano 

form when compared to untreated plants. On the contrary, the relative movement from the soil to 

the flowers of Ce was minimal. These Ce data are in accordance with previous findings, showing a 

low translocation of this metal from roots to leaves. The nanocrystal structure and the lower 

dissolution rate of CeO2 NPs could be a reason for the decreased level of translocation to the leaves 

(Ma et al. 2015). 

  

 

Figure 23. ICP-MS data related to Cu (mg/kg) and Ce (µg/kg) content from treatment with 0 or 100 mg L−1 NP 

or bulk CuO (left) or CeO2 (right) in flowers. Within a tissue and element, bars with different letters are 

significantly different (One-way ANOVA followed by a Tukey Multiple Comparison test) 
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RNA Sequencing 

In consideration of the active translocation of Cu into flowers and previous studies indicating Cu as 

a strong inhibitor of pollen development and viability, the main focus was placed on the plant 

response to Cu exposure, performing a complete transcriptomic analysis of the different plant 

organs and tissues in zucchini. Total RNA from roots, leaves and pollen of plants treated with CuO 

NPS, CuO bulk and relative copper salt (CuSO4) was extracted and the samples were sent to IGA 

Technologies Services (Udine, Italy) for RNA sequencing analysis. Recently, a high-quality draft of C. 

pepo genome with a sequences length of about 263 million base pairs (Mbp) was made accessible 

on Cucurbitgenomics database (http://cucurbitgenomics.org/) as well as a few C. pepo 

transcriptomes have been examined (Blanca et al. 2011; Wyatt et al. 2015; Xanthopoulou et al. 

2016; Montero-Pau et al. 2017). Still, little is known about the genetic diversity of this important 

crop and even less has been done to analyze its proteome. 

This first overview of RNA-seq data revealed the number of genes expressed in each sample (Fig. 

24). Statistical analysis of RNA-seq showed data homogeneity between treatments in the different 

tissues, with similar averages and dispersions (Fig. 25 and 26). A log2 fold change ≥2.3 was used as 

the threshold value to highlight the significance of the differential expression. Comparison between 

CuO NPs, CuO bulk and CuSO4 treatments showed that in roots genes with differential expression 

were 4420, 6540, 4747 respectively. In the leaves, CuO NPs treatment showed less variability in 

differential expression if compared to other treatments: 3122 genes were up- or down-regulated 

while in CuO bulk and CuSO4 9924 and 9103, respectively. The number of differentially expressed 

genes in pollen was less than half compared to other tissues (almost 6000). This greater diversity of 

genes expression, is probably due to the more diverse cell types present in roots and leaves than in 

pollen, but can be also related to the differential effect of the Cu forms taken into account in the 

different tissues analysed. 

In the scatter plots are represented the ratio between the log2 transformed dataset profile of 

treated samples, compared with the untreated. Most values on the scatterplots fall along the y=x 

line, supporting consistency of data, on the other hand, CuO bulk and CuSO4 treatment performed 

a more disperse response in comparison to CuO NPs, this is particularly true for the leaves. 
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Roots 

Leaves 

Pollen 

 

Figure 24. Statistics of expressed genes in different tissues exposed to 100 mg kg-1 of CuO NPs, CuO bulk and 

CuSO4. (Left) Number of detected expressed genes for each sample compared to untreated plants (light blue: 

different genes expressed, dark blue: common genes expressed). (Right) Number of up- and down-regulated 

DEGs (differentially expressed genes) compared to untreated plants.  
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Figure 25. Statistics of expressed genes in roots and leaves exposed to 100 mg kg of CuO NPs, CuO bulk and 

CuSO4. (Left) Box plots and t tests, (Right) Scatter plots. 



58 
 

 

Figure 26. Statistics of expressed genes in pollen exposed to 100 mg kg of CuO NPs, CuO bulk and CuSO4. 

(Left) Box plots and t tests, (Right) Scatter plots. 
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Roots 

 

 

 

Figure 27. Venn diagrams of DEGs upregulated (a) and downregulated (b) in roots: CuO NPs treatment (blue), 

CuO bulk (yellow), CuSO4 (green). (c) GO enrichment in the category of biological process of DEGs down-

regulated in CuO NPs treatment. 
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Figure 28. (Top) GO enrichment in the category of cellular component of DEGs down-regulated in CuO NPs 

treatment. (Down) Highly represented pathways. 

 

In figures 27 and 28 are represented the Venn diagrams of DEGs upregulated and downregulated in 

roots and the gene ontology enrichment related to the downregulated genes found with CuO NPs 

treatment (GO for other treatments are reported in Appendix). For none of the conditions in roots 

were found GO enrichment particularly representative at the threshold used (p-value higher than 

1e-05), it is also worth noting that C. pepo genome was first described only in 2017, and as a 

consequence GO annotations often lacks in details. The common response between all conditions 

was relatively low, especially if compared to other tissues (Fig. 28 and 31), only 11% and 35% of total 

genes up- and down- expressed in CuO NPs treated plants were in common with other conditions 

respectively. Metabolic processes and ribosome translation were the most highly represented 

groups in biological processes (Fig. 26). Biological processes involved in mitochondrial activity were 

also found. In contrast to NPs and bulk, in the Cu salt data also a nuclear component is represented, 

and this is probably due to the specific Copper ion genotoxic activity (Dutta et al. 2018). 
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Leaves 

 

    

 

Figure 29. Venn diagrams of DEGs upregulated (a) and downregulated (b) in leaves: CuO NPs treatment 

(blue), CuO bulk (yellow), CuSO4 (green). (c) GO enrichment in the category of biological process of DEGs 

overexpressed in CuO NPs treatment. 
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Pathway name P-value 

Calvin-Benson-Bassham cycle 2.72e-08 

gluconeogenesis I 1.46e-07 

 

Figure 30. GO enrichment in the category of cellular component of DEGs overexpressed in CuO NPs treatment 

and highly represented pathways. 

 

In leaves, the percentage of genes commonly up- or down-regulated increased compared to roots: 

22% and 60% respectively (Fig. 28a). This increased in common response is probably due to the 

higher dissolution of Cu ions from the nano and bulk forms. CuO NPs reduction and sulfidation has 

been observed within plant cells. The transformed products were detected as Cu2O, Cu2S and Cu-

acetate. This processes significantly influence NP bioavailability and toxicity in plants (Dai et al. 2019; 

Servin et al. 2017). Genes involved in metabolic and energetic processes are still the most enriched, 

while in the case of cellular component, GO terms related to chloroplast are well represented, 

together with genes implicated in response to abiotic stimuli (Fig. 29 and 33). Previous studies in A. 

thaliana highlighted the primary role of chloroplast as a potential target of ENMs exposure (Ruotolo 

et al. 2018). CuO NPs strongly up-regulate ZAT12, a transcription factor implicated in abiotic stress 

response, that play a key role in ROS signalling pathway. Moreover, ZAT12 is co-expressed with 
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ORF31, a chloroplastic electron carrier involved in photosynthesis that has been identified as a 

potential biomarker of ENM exposure (Pagano et al. 2016). Wang et al. (2016) showed that CuO NPs 

arrested the electron transport from quinone A (QA) to quinone B (QB), and from plastoquinone 

(PQ) to cytochrome, but did not interact with the electron transport from Fe−S to Ferredoxin (Fig. 

31). This blockage of electron transport could bring to excessive ROS accumulation and oxidative 

stress, causing oxidative damage of biological molecules and disruption of cellular metabolism. 

 

Figure 31. Schematic diagram of ROS generation sites in chloroplast electron transport chain after CuO NPs 

exposure (Wang et al. 2016). 
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Figure 32. (Top) GO enrichment in the category of biological process of DEGs up-regulated in CuO NPs 

treatment in leaves (Down). GO enrichment in the category of cellular component of DEGs down-regulated 

in CuO NPs treatment. 
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Pollen 

 

 

 

Figure 33. Venn diagrams of DEGs upregulated (a) and downregulated (b) in pollen: CuO NPs treatment 

(blue), CuO bulk (yellow), CuSO4 (green). (c) GO enrichment in the category of biological process of DEGs 

underexpressed in CuO NPs treatment. 
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Figure 34. GO enrichment in the category of cellular component of DEGs down-regulated in CuO NPs 

treatment in pollen. 

 

In pollen, the percentage of genes commonly up- or down-regulated in all treatments is once again 

increased if compared to leaves: 46% and 57% respectively (Fig. 33). This data enforced the idea 

that as CuO NPs translocated into apical parts of the plant, the percentage of copper ions dissociated 

increased, and as a consequence the unspecific response between the different formulations of 

copper. Nevertheless, CuO NPs still has a great percentage of DEGs, unlike the bulk or the ion form. 

This result suggests that even if a part of CuO NPs dissociates, releasing copper ions and giving rise 

of the unspecific response, part of CuO NPs remains stable, exerting a nanospecific response. Pollen 

has a significantly lower amount of expressed genes compared with other vegetative tissue, and it’s 

known that some genes are pollen-specific and others are expressed only in sporophytic tissues 

(Honys and Twell 2003; Becker et al. 2003). The most marked difference compared to leaves was 

the low expression levels in pollen of genes implicated in energy metabolism (especially 

photosynthesis), this finding is not surprising, as pollen is not photosynthetically active. The other 

striking difference is the higher expression level of genes with proposed functions in ion transport, 
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cell-wall metabolism, and cytoskeletal dynamics in comparison with vegetative tissues. Previous 

studies showed the implication of polarized internal gradients and/or external fluxes of protons, 

potassium, and chloride in pollen tube growth (Hepler et al. 2001). Anyway, channels and 

transporters involved in ion fluxes across the plasma membrane in pollen tubes are still largely 

unknown. Starch biosynthesis during the final phases of pollen maturation is fundamental not only 

because starch is a reserve source of energy for pollen germination but it also acts as a checkpoint 

of pollen maturity. Frequently, pollen maturation seems to be prematurely aborted if starch levels 

remain lower than a threshold point where pollen inviability is associated with starch deficiency 

(Wen and Chase 1999). A key aspect of tip growth of pollen tubes is the constant deposition of new 

cell wall and plasma membrane at the tube apex. Vesicles delivering this material are mediated by 

the actin cytoskeleton (Da Costa-Nunes and Grossniklaus 2003).  
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Conclusions 
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Nanotechnology is a rapidly growing field having potential applications in many areas. Engineered 

NPs have been widely used in several fields from medical to electronics and possess unique 

chemico-physical properties as compared to their bulk counterparts. The increasing interest for 

these advanced materials has led to great excitement about their potential benefits, but little is 

known about the biological effects of NP exposure on the environment and human health. Although 

studies on NP toxicity already exist, few of them report in vivo data. In this work, two different 

organisms, S. cerevisiae and C. pepo L. were exposed to diverse metal-based NPs, to assess the 

effects on the production of gametes.  

Sporulation in yeast provides an excellent model system to study the meiotic developmental 

pathway. This process is tightly regulated by a precise transcriptional program and the timing of 

gene expression strongly correlates with the sporulation progression. Moreover, although 

sporulation in yeast has specific peculiarities, such as the formation of stress-resistant spores, some 

key aspects of the process have been conserved from yeast to higher organisms.  

The presence in the sporulation medium of a particular kind of metal-based NPs, cadmium sulfide 

quantum dots, caused an alteration of the meiotic nuclear divisions in combination with a strong 

inhibition of spore morphogenesis, resulting in the formation of asci containing the meiotic 

products, but with the absence of refractile spores (multinucleated cells). These morphological 

anomalies seem to be peculiar for this specific NPs, as the same effect was not seen using other 

types of metal-based NPs characterized by different particle dimensions and Zeta potentials (ZnO, 

CuO, CeO2) or a cadmium salt (CdSO4) that, conversely, blocks the gametogenesis process forming 

mononucleated cells. To determine if the morphological alterations induced by QDs were followed 

by a transcriptional reprogramming of the gametogenesis process, a set of specific sporulation 

genes was analyzed by Real time PCR. Accordingly with the phenotypic effects observed in response 

to CdS QD exposure, a down-regulation of regulatory genes expressed in the early-middle phase of 

the sporulation process and their downstream transcriptional targets was found. Among these 

genes, IME2 is involved in nuclear replication and in the regulation of sporulation progression, and 

SMK1, that is regulated by the transcription factor Ndt80 (one of the most downregulated genes 

upon CdS QD treatment) is involved in the proper spore morphogenesis. Smk1 is required for the 

execution of multiple steps in spore morphogenesis that demand increasing thresholds of its 

activity. Analysis of DNA content by Fluorescence-activated cell sorting (FACS) showed that 

sporulated cells exposed to CdS QDs presented an altered DNA content profile, in line with the 

phenotypic observations obtained by fluorescence microscopy. Moreover, the viability analysis of 
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singles spores reveals a lower germination rate of spores derived from treated cells, even at very 

low concentrations. Finally, investigation of the hard corona protein composition showed that the 

most abundant proteins found in the analysis are involved in the energetic metabolism and cell wall 

synthesis, and the modulation of this proteins by the presence of CdS QDs suggests that energy 

metabolism could be impaired by the NP-induced stress. 

 

In flowering plants, the pollen grains are the products of the meiotic division. They are formed in 

the male reproductive organs of the flower, the anthers. The first mitotic division of the meiotic 

products (unicellular pollen) gives rise to two cells, the generative cell and the vegetative cell. The 

pollen grain in C. pepo is bicellular, with a generative cell enclosed inside the vegetative cell. 

Literature is giving increased relevance to the beneficial effects that some ENMs may have on edible 

plants, when used as fertilizer or pest control agents. However, the lack of knowledge to the 

potential environmental effects and health risks are still limiting the widespread commerce and 

application of ENMs. Furthermore, because of the poor data of metals translocation into flowers, it 

is unclear what fitness repercussion may emerge crop plants that are capable of translocating heavy 

metals to their reproductive organs. The ENMs taken into consideration in this project, together 

with their bulk counterparts, have potential application in agriculture as nanofertilizers or 

nanopesticides (CeO2, CuO).  

RNAseq analysis performed in different tissues on zucchini allows a transcriptional assessment of 

plant response to diverse forms of Cu. A comparison between genes differentially expressed in 

different parts of the plant revealed that the number of common genes between treatments 

increased during metal translocation from roots to shoots: in roots the common response was 

relatively low, only 11% and 35% of total genes up- and down- expressed in CuO NPs treated plants 

were in common with other conditions respectively. This percentage increased in the apical part of 

the plant, reaching a percentage of 46% and 57% in pollen. This enrichment in the non-specific 

response with increasing translocation, is probably due to the dissolution of copper ions from the 

bulk and the nano form, which is initially modest (Rotini et al. 2017). On the other hand, CuO NPs 

preserved also a nano-specific response, due to the coexistence of nano and ionic forms derived 

from NPs dissolution, suggesting that both NPs and dissolved ions will contribute to the 

transcriptomic response during plants exposure.  

Analysing the enriched GO terms, the modulated genes related to oxidative stress, mitochondria 

and electron transport chain were found particularly enriched in all tissues analysed. It was 
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previously observed that internalized CuO NPs were mainly located on mitochondria of plant cells. 

CuO NPs could inhibit complexes I and III on mitochondrial electron transport chain, resulting in the 

over-production of ROS and oxidative stress-induced membrane damage (Wang et al. 2016; Dai et 

al. 2018). The transformation of CuO NPs firstly occurred on plant cell walls but also intracellularly, 

and mitochondria were the main locations for CuO NPs transformation, suggesting that 

mitochondria could play an important role in the toxicity of CuO NPs to plant cells (Dai et al. 2019). 

In leaves, GO terms related to chloroplast are highly represented. Alterations in photosynthetic 

activity have been commonly reported as an indicator of plant physiological response to ENMs 

exposure, and oxidative stress sensing and signalling pathways within chloroplasts are well-known. 

For example, Wang et al. (2016) demonstrated direct evidence of ENMs impacts on the two 

photosystems and on the thylakoid electron transport chain, and future works will be focused on 

the characterization of genes involved in mitochondrion and chloroplasts response to NPs. Lately, 

CuO NPs are tested as potential candidates for agrochemical fertilizer and pesticides to increase 

plant production, due to its beneficial effects in plant growth as well as defence. For instance, Elmer 

et al. (2018) showed that watermelon plants infested with Fusarium oxysporum f. sp. Niveum 

sprayed with CuO NPs suspension suppressed disease and increased biomass, while plants treated 

in field produced more fruit compared to control. Anyway, contradictory results are present in 

literature, because of the many variables involved: experimental conditions, time and way of 

exposure, the plant species used, and especially the concentration tested. In this work, no 

physiological changes have been observed on plant biomass and pollen morphology and vitality at 

the concentration tested. Cu has a fundamental role in many pathways in plants, including 

photosynthesis, respiration, and carbohydrate distribution, protein metabolism and is already 

present within cells at a certain level; but at high concentrations could negatively affect the plants. 

RNAseq data showed that at equivalent concentration tested, the number of differentially 

expressed genes in plant exposed to CuO NPs was lower when compared to other treatments, 

suggesting a lower impact of the nano form on gametes, designating this formulation as potentially 

employable for nanofertilization purposes. 
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Appendix 

Descriptions of genes analyzed by Real time PCR in S. cerevisiae (retrieved from SGD) 

IME1: master regulator of meiosis that activates transcription of early meiotic genes through 

interaction with Ume6; Ime1 was degraded by the 26S proteasome following phosphorylation by 

Ime2 

 

IME2: serine/threonine protein kinase involved in activation of meiosis that associates with Ime1 

and mediates its stability; Ime2 activates Ndt80; IME2 expression is positively regulated by Ime1 

 

RIM4: RNA-binding protein required for the expression of early and middle sporulation genes 

 

NDT80: meiosis-specific transcription factor required for exit from pachytene and for full meiotic 

recombination; Ndt80 activates middle sporulation genes  

 

SMK1: middle sporulation-specific mitogen-activated protein kinase (MAPK) required for 

production of the outer spore wall layers 

 

SPO1: meiosis-specific prospore protein required for meiotic spindle pole body duplication and 

separation; Spo1 was required to produce bending force necessary for proper prospore membrane 

assembly during sporulation 

 

DIT1: sporulation-specific enzyme required for spore wall maturation involved in the production of 

a soluble LL-dityrosine-containing precursor of the spore wall; DIT1 transcripts accumulate at the 

time of prospore enclosure 
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DIT2: sporulation-specific N-formyltyrosine oxidase involved in the production of N,N-bisformyl 

dityrosine, that is required for spore wall maturation, homologous to cytochrome P-450s 

 

SPO20: meiosis-specific subunit of the t-SNARE complex required for prospore membrane 

formation during sporulation; Spo20 is similar to (but not functionally redundant) with Sec9p and  

binds to phosphatidic acid 

 

SPS100: protein required for spore wall maturation; expressed during the late stage of sporulation; 

Sps100 may be a component of the spore wall 
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List of primers for genes analyzed in S. cerevisiae 

gene SGD ID fw rev 

IME1 SGD:S000003854 CGTTGAAAAATCACCACCGCCA CTGAAGGAGTAAGCCGCAGCA 

IME2 SGD:S000003642 ACGGCCTACGTTTCCACAAGAT CCACGCACCCGAATGCCCAA 

NDT80 SGD:S000001166 GCCATCAATGGCGCAGCCGT CGAGATGGAGGCCCCAGAGT 

SMK1 SGD:S000006258 TGACCAGCTCGCCCTATGACG CCGAGAGCTGCACGGACGAAT 

SPO1 SGD:S000004957 TGGATTATCAGGCGGAAGTTGG TCCTCTTCAAGGTCCCACTCTT 

RIM4 SGD:S000001016 GGCAAAACATTTACAGGGCCAG GCTTTCCTGCTGGGATCCGC 

DIT1 SGD:S000002811 GGTCGATGATGACGTCGTGAG AGCCAATGGCGTCAACACCAG 

DIT2 SGD:S000002810 CGTGCAAGTTGGGGGCGGAA GCCCCAAGTTTTGGGATCGTG 

SPO20 SGD:S000004619 TCACCCAAACTGTCGGTTCGATGA GTAGCAAGGCCATCCCTTTCG 

SPS100 SGD:S000001181 ACGCGGAAGGTAGAGGCACTT CCTGTGGGCGTTTTGTCTGGT 
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Gene Ontology enrichment – Roots 

 

CuO NPs up-regulated - Cellular Component 

GO term GO class Cluster frequency 

GO:0071944 cell periphery 7.20% 

GO:0005829 cytosol 4.80% 

GO:0005911 cell-cell junction 2.40% 

GO:0009506 plasmodesma 2.40% 

GO:0030054 cell junction 2.40% 

GO:0055044 symplast 2.40% 

 

CuO NPs up-regulated - Biological Processes 

GO term Go class Cluster frequency 

GO:0050896 response to stimulus 14.30% 

GO:0019752 carboxylic acid metabolic process 10.30% 

GO:0009755 hormone-mediated signaling pathway 2.10% 

 

CuO bulk up-regulted - Biological processes 

GO term GO class Cluster frequency 

GO:0043436 oxoacid metabolic process 9.70% 

GO:0006082 organic acid metabolic process 9.70% 

GO:0019752 carboxylic acid metabolic process 9.40% 

GO:0046417 chorismate metabolic process 0.30% 

 

CuSO4 up-regulated - Cellular component 

GO term GO class Cluster frequency 

GO:0000785 chromatin 1.50% 

GO:0000786 nucleosome 1.20% 

GO:0044815 DNA packaging complex 1.20% 

GO:0032993 protein-DNA complex 1.20% 

 

CuSO4 up-regulated - Biological processes 

GO term GO class Cluster frequency 

GO:0055114 oxidation-reduction process 10.00% 
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CuO bulk down-regulated - Biological processes 

GO term GO class Cluster frequency 

GO:0019538 protein metabolic process 20.10% 

GO:0009058 biosynthetic process 16.80% 

GO:1901564 organonitrogen compound metabolic process 15.80% 

GO:0050896 response to stimulus 13.40% 

GO:0006793 phosphorus metabolic process 13.40% 

GO:0006810 transport 11.70% 

GO:0010467 gene expression 8.80% 

GO:0022613 ribonucleoprotein complex biogenesis 5.90% 

GO:0019637 organophosphate metabolic process 5.60% 

GO:0007154 cell communication 5.40% 

GO:0055086 nucleobase-containing small molecule metabolic process 4.80% 

GO:0006812 cation transport 3.80% 

GO:0019693 ribose phosphate metabolic process 3.70% 

GO:1901657 glycosyl compound metabolic process 3.50% 

GO:0006091 generation of precursor metabolites and energy 3.30% 

GO:0046034 ATP metabolic process 2.90% 

GO:0015672 monovalent inorganic cation transport 2.30% 

GO:0006818 hydrogen transport 1.90% 

GO:0006970 response to osmotic stress 1.60% 

GO:0006119 oxidative phosphorylation 1.20% 

GO:0009853 photorespiration 0.70% 

 

 

CuO bulk down-regulated - Cellular component 

GO term GO class Cluster frequency 

GO:0043226 organelle 27.50% 

GO:0005737 cytoplasm 25.40% 

GO:0032991 macromolecular complex 19.40% 

GO:0044446 intracellular organelle part 12.10% 

GO:1990904 ribonucleoprotein complex 8.10% 

GO:0005840 ribosome 7.30% 

GO:0005886 plasma membrane 4.90% 

GO:1902494 catalytic complex 4.80% 

GO:0005739 mitochondrion 4.00% 

GO:0031967 organelle envelope 3.40% 

GO:0098796 membrane protein complex 2.80% 

GO:0005773 vacuole 2.50% 

GO:0005774 vacuolar membrane 1.80% 

GO:0098798 mitochondrial protein complex 1.30% 

GO:1903293 phosphatase complex 1.20% 

GO:0015935 small ribosomal subunit 1.00% 

GO:0070469 respiratory chain 0.90% 

GO:0033176 proton-transporting V-type ATPase complex 0.60% 

GO:0030964 NADH dehydrogenase complex 0.60% 
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CuSO4 down-regulated - Biological processes 

GO term GO class Cluster frequency 

GO:0071704 organic substance metabolic process 38.00% 

GO:0006807 nitrogen compound metabolic process 26.00% 

GO:0009058 biosynthetic process 22.20% 

GO:0019538 protein metabolic process 20.20% 

GO:0006139 nucleobase-containing compound metabolic process 12.10% 

GO:0006412 translation 9.80% 

GO:1901135 carbohydrate derivative metabolic process 7.30% 

GO:0019637 organophosphate metabolic process 7.10% 

GO:0009056 catabolic process 6.60% 

GO:0019693 ribose phosphate metabolic process 5.30% 

GO:0006811 ion transport 5.10% 

GO:0006091 generation of precursor metabolites and energy 4.90% 

GO:0046034 ATP metabolic process 4.30% 

GO:0008104 protein localization 4.30% 

GO:0015672 monovalent inorganic cation transport 3.10% 

GO:0006733 oxidoreduction coenzyme metabolic process 2.90% 

GO:0005996 monosaccharide metabolic process 2.80% 

GO:0010608 posttranscriptional regulation of gene expression 2.70% 

GO:0015980 energy derivation by oxidation of organic compounds 2.40% 

GO:0098655 cation transmembrane transport 2.20% 

GO:0046939 nucleotide phosphorylation 2.10% 

GO:0006006 glucose metabolic process 2.10% 

GO:0006119 oxidative phosphorylation 2.00% 

GO:0006457 protein folding 2.00% 

GO:0006094 gluconeogenesis 1.80% 

GO:0022900 electron transport chain 1.40% 

GO:0051169 nuclear transport 1.40% 

GO:0042775 mitochondrial ATP synthesis coupled electron transport 1.10% 

GO:0006164 purine nucleotide biosynthetic process 1.10% 

GO:0006413 translational initiation 0.70% 
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CuSO4 down-regulated – Cellular component 

GO term GO class Cluster frequency 

GO:0043226 organelle 35.30% 

GO:0005737 cytoplasm 33.60% 

GO:0032991 macromolecular complex 24.60% 

GO:0043231 intracellular membrane-bounded organelle 23.70% 

GO:1990904 ribonucleoprotein complex 13.70% 

GO:0005840 ribosome 12.60% 

GO:0043234 protein complex 9.60% 

GO:0005739 mitochondrion 6.70% 

GO:0098796 membrane protein complex 3.90% 

GO:0043233 organelle lumen 3.70% 

GO:0005740 mitochondrial envelope 3.20% 

GO:0005783 endoplasmic reticulum 3.10% 

GO:0005773 vacuole 2.90% 

GO:0031981 nuclear lumen 2.80% 

GO:0044391 ribosomal subunit 2.40% 

GO:0005774 vacuolar membrane 2.20% 

GO:0098798 mitochondrial protein complex 1.80% 

GO:1990204 oxidoreductase complex 1.50% 

GO:0015935 small ribosomal subunit 1.40% 

GO:0015934 large ribosomal subunit 1.00% 

GO:0030964 NADH dehydrogenase complex 0.90% 

GO:0045259 proton-transporting ATP synthase complex 0.70% 

GO:0005852 eukaryotic translation initiation factor 3 complex 0.60% 

GO:0070993 translation preinitiation complex 0.60% 

GO:0070069 cytochrome complex 0.60% 

GO:0022627 cytosolic small ribosomal subunit 0.50% 

GO:0033179 proton-transporting V-type ATPase, V0 domain 0.40% 
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Gene Ontology enrichment – Leaves 

 

CuO bulk up-regulated - Biological processes 

GO term GO class Cluster frequency 

GO:0071704 organic substance metabolic process 42.50% 

GO:0019538 protein metabolic process 20.70% 

GO:0006139 nucleobase-containing compound met. process 12.90% 

GO:0005975 carbohydrate metabolic process 8.40% 

GO:0022613 ribonucleoprotein complex biogenesis 7.70% 

GO:0006412 translation 7.20% 

GO:0006520 cellular amino acid metabolic process 6.70% 

GO:0006996 organelle organization 6.40% 

GO:0006629 lipid metabolic process 5.90% 

GO:0009056 catabolic process 5.90% 

GO:0009117 nucleotide metabolic process 5.50% 

GO:0032787 monocarboxylic acid metabolic process 4.90% 

GO:0006508 proteolysis 4.40% 

GO:0009628 response to abiotic stimulus 4.20% 

GO:0006790 sulfur compound metabolic process 3.60% 

GO:0006733 oxidoreduction coenzyme metabolic process 3.30% 

GO:0006396 RNA processing 3.20% 

GO:0006090 pyruvate metabolic process 2.90% 

GO:0015979 photosynthesis 2.80% 

GO:0005982 starch metabolic process 2.60% 

GO:0019682 glyceraldehyde-3-phosphate metabolic process 2.20% 

GO:0071555 cell wall organization 2.10% 

GO:0000271 polysaccharide biosynthetic process 2.00% 

GO:0006006 glucose metabolic process 1.80% 

GO:0006457 protein folding 1.80% 

GO:0042440 pigment metabolic process 1.60% 

GO:0006970 response to osmotic stress 1.40% 

GO:0007010 cytoskeleton organization 1.40% 

GO:0010628 positive regulation of gene expression 1.20% 

GO:0009668 plastid membrane organization 1.10% 

GO:0009651 response to salt stress 1.10% 

GO:0030243 cellulose metabolic process 0.80% 

GO:0019750 chloroplast localization 0.60% 

GO:0072598 protein localization to chloroplast 0.50% 

GO:0016129 phytosteroid biosynthetic process 0.40% 
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CuO bulk up-regulated - Biological processes 

GO term GO class Cluster frequency 

GO:0043227 membrane-bounded organelle 27.10% 

GO:0016020 membrane 20.40% 

GO:0009507 chloroplast 12.50% 

GO:0043228 non-membrane-bounded organelle 11.80% 

GO:1990904 ribonucleoprotein complex 8.80% 

GO:0005840 ribosome 8.10% 

GO:0012505 endomembrane system 5.50% 

GO:0009532 plastid stroma 5.00% 

GO:0005829 cytosol 4.90% 

GO:0005886 plasma membrane 4.90% 

GO:0009570 chloroplast stroma 4.80% 

GO:0009579 thylakoid 4.50% 

GO:0009526 plastid envelope 3.80% 

GO:0005739 mitochondrion 3.80% 

GO:0005794 Golgi apparatus 3.10% 

GO:0034357 photosynthetic membrane 2.80% 

GO:0005618 cell wall 2.20% 

GO:0005773 vacuole 2.20% 

GO:0030054 cell junction 2.00% 

GO:0031982 vesicle 1.70% 

GO:0044391 ribosomal subunit 1.50% 

GO:0048046 apoplast 1.50% 

GO:0009521 photosystem 1.20% 

GO:0015935 small ribosomal subunit 0.90% 

GO:0015934 large ribosomal subunit 0.70% 

GO:0016469 proton-transporting two-sector ATPase complex 0.60% 

GO:0000786 nucleosome 0.60% 
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CuSO4 up-regulated - Biological processes 

GO term GO class Cluster frequency 

GO:1901576 organic substance biosynthetic process 20.20% 

GO:0019538 protein metabolic process 17.40% 

GO:0006793 phosphorus metabolic process 14.00% 

GO:0006139 nucleobase-containing compound met. process 12.50% 

GO:0019752 carboxylic acid metabolic process 11.70% 

GO:0010467 gene expression 8.90% 

GO:0005975 carbohydrate metabolic process 8.30% 

GO:0006629 lipid metabolic process 6.90% 

GO:0006996 organelle organization 6.40% 

GO:0022613 ribonucleoprotein complex biogenesis 5.40% 

GO:0032787 monocarboxylic acid metabolic process 5.40% 

GO:0009117 nucleotide metabolic process 5.00% 

GO:0009628 response to abiotic stimulus 4.60% 

GO:0006412 translation 4.50% 

GO:0006790 sulfur compound metabolic process 3.90% 

GO:0015979 photosynthesis 3.80% 

GO:0090407 organophosphate biosynthetic process 3.80% 

GO:0006396 RNA processing 3.70% 

GO:0006733 oxidoreduction coenzyme metabolic process 3.30% 

GO:0006090 pyruvate metabolic process 3.00% 

GO:0005982 starch metabolic process 3.00% 

GO:0019682 glyceraldehyde-3-phosphate metabolic process 2.80% 

GO:0042440 pigment metabolic process 2.30% 

GO:0051156 glucose 6-phosphate metabolic process 2.00% 

GO:0006457 protein folding 2.00% 

GO:0009668 plastid membrane organization 1.50% 

GO:0019252 starch biosynthetic process 1.10% 

GO:0019750 chloroplast localization 0.90% 

GO:0042793 transcription from plastid promoter 0.70% 

GO:0031163 metallo-sulfur cluster assembly 0.70% 

GO:0072598 protein localization to chloroplast 0.60% 

GO:0046471 phosphatidylglycerol metabolic process 0.50% 
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CuSO4 up-regulated – Cellular component 

GO term GO class Cluster frequency 

GO:0043226 organelle 32.10% 

GO:0005737 cytoplasm 30.30% 

GO:0016020 membrane 18.90% 

GO:0032991 macromolecular complex 15.70% 

GO:0009507 chloroplast 15.20% 

GO:0009532 plastid stroma 6.20% 

GO:0009579 thylakoid 5.70% 

GO:1990904 ribonucleoprotein complex 5.60% 

GO:0005840 ribosome 4.80% 

GO:0009941 chloroplast envelope 4.60% 

GO:0034357 photosynthetic membrane 3.90% 

GO:0098796 membrane protein complex 2.80% 

GO:0009523 photosystem II 1.20% 

GO:0009522 photosystem I 0.90% 

GO:0044391 ribosomal subunit 0.90% 

GO:0009295 nucleoid 0.50% 

 

CuO bulk down-regulated - Cellular component 

GO term GO class Cluster frequency 

GO:0008287 protein serine/threonine phosphatase complex 1.10% 

GO:1903293 phosphatase complex 1.10% 

GO:0005777 peroxisome 1.00% 

GO:0042579 microbody 1.00% 

 

CuO bulk down-regulated - Biological processes 

GO term GO class Cluster frequency 

GO:0050896 response to stimulus 12.80% 

GO:0051179 localization 12.20% 

GO:0051234 establishment of localization 12.00% 

GO:0006810 transport 11.80% 

GO:0036211 protein modification process 10.90% 

GO:0009628 response to abiotic stimulus 4.20% 

GO:0016311 dephosphorylation 2.30% 

GO:0001101 response to acid chemical 2.30% 

GO:0006470 protein dephosphorylation 2.10% 

GO:0007034 vacuolar transport 0.90% 
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CuSO4 down-regulated - Biological processes 

GO term GO class Cluster frequency 

GO:0051179 localization 12.90% 

GO:0051234 establishment of localization 12.70% 

GO:0006810 transport 12.50% 

GO:0050896 response to stimulus 12.40% 

GO:0055085 transmembrane transport 5.00% 

GO:0006811 ion transport 4.70% 

GO:0023052 signaling 4.70% 

 

CuSO4 down-regulated - Cellular component 

GO term GO class Cluster frequency 

GO:0005623 cell 35.80% 

GO:0044464 cell part 35.20% 

GO:0005622 intracellular 32.60% 

GO:0005737 cytoplasm 20.30% 

GO:0005777 peroxisome 1.00% 

GO:0042579 microbody 1.00% 
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Gene Ontology enrichment – Pollen 

 

CuO bulk up-regulated - Biological processes 

GO term GO class Cluster frequency 

GO:0005975 carbohydrate metabolic process 12.40% 

GO:0016310 phosphorylation 11.30% 

GO:0019637 organophosphate metabolic process 9.20% 

GO:0006811 ion transport 6.20% 

GO:0046034 ATP metabolic process 6.10% 

GO:0051186 cofactor metabolic process 5.70% 

GO:0005982 starch metabolic process 4.50% 

GO:0005984 disaccharide metabolic process 4.20% 

GO:0005985 sucrose metabolic process 4.10% 

GO:0046496 nicotinamide nucleotide metabolic process 3.50% 

GO:0045333 cellular respiration 3.20% 

GO:0015992 proton transport 3.20% 

GO:0006094 gluconeogenesis 3.00% 

GO:0098660 inorganic ion transmembrane transport 2.80% 

GO:0006119 oxidative phosphorylation 2.20% 

GO:1902600 hydrogen ion transmembrane transport 2.20% 

GO:0006099 tricarboxylic acid cycle 2.10% 

GO:0006012 galactose metabolic process 1.60% 

GO:0015977 carbon fixation 1.10% 

 

CuO bulk up-regulated - Cellular component 

GO term GO class 
Cluster 
frequency 

GO:0005737 cytoplasm 24.40% 

GO:0016020 membrane 20.40% 

GO:0005739 mitochondrion 5.30% 

GO:0031090 organelle membrane 5.00% 

GO:0005773 vacuole 3.30% 

GO:0005740 mitochondrial envelope 2.80% 

GO:0005743 mitochondrial inner membrane 2.10% 

GO:0048046 apoplast 2.10% 

GO:0016469 proton-transporting two-sector ATPase complex 1.70% 

GO:0070469 respiratory chain 1.50% 

GO:0098800 inner mitochondrial membrane protein complex 1.40% 

GO:0033178 proton-transporting two-sector ATPase complex, catalytic domain 0.90% 

GO:0005753 mitochondrial proton-transporting ATP synthase complex 0.80% 
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CuOSO4 up-regulated – Biological processes 

GO term GO class Cluster frequency 

GO:1901564 organonitrogen compound metabolic process 15.40% 

GO:0043436 oxoacid metabolic process 12.00% 

GO:0006082 organic acid metabolic process 12.00% 

GO:0019752 carboxylic acid metabolic process 11.60% 

GO:0005975 carbohydrate metabolic process 10.80% 

GO:0009056 catabolic process 7.90% 

GO:0009259 ribonucleotide metabolic process 4.70% 

GO:0046034 ATP metabolic process 4.40% 

GO:0015980 energy derivation by oxidation of organic compounds 2.90% 

GO:0006006 glucose metabolic process 2.70% 

GO:0045333 cellular respiration 2.40% 

GO:0006099 tricarboxylic acid cycle 1.70% 

GO:0006101 citrate metabolic process 1.70% 

GO:0009060 aerobic respiration 1.70% 

GO:0072350 tricarboxylic acid metabolic process 1.70% 

 

CuSO4 up-regulated - Cellular component 

GO term GO class Cluster frequency 

GO:0005737 cytoplasm 23.50% 

GO:0031090 organelle membrane 5.20% 

GO:0005739 mitochondrion 4.70% 

GO:0098588 bounding membrane of organelle 3.50% 

GO:0005773 vacuole 3.10% 

GO:0005740 mitochondrial envelope 2.50% 

GO:0005774 vacuolar membrane 2.50% 

GO:0031966 mitochondrial membrane 2.30% 

GO:0005743 mitochondrial inner membrane 1.70% 

GO:0016469 proton-transporting two-sector ATPase complex 1.30% 

 

 

 

 

 

 

 


