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ABSTRACT 

Zinc oxide nanoparticles (ZnO NPs) are a type of engineered nanomaterial that is 

currently being explored for use in different aspects of agriculture. So far, research on this area is 

limited to evaluating the phenotypical responses of plants to a high concentration of the NPs which 

is realistically not feasible in the actual environment. This research aims to investigate the 

molecular-level interactions between ZnO NPs and plants, together with another significant 

component of the environment, a fungal plant pathogen.  

Prior to studying these molecular-level interactions, the uptake of ZnO NPs in planta was 

validated using a fluorescent zinc ion sensor, Zinpyr-1 and a zinc ion chelator, TPEN in confocal 

laser scanning microscopy (CLSM) and Transmission Electron Microscopy (TEM). Phenotypical 

effects were studied in soybean plants exposed to environmentally relevant concentrations of ZnO 

NPs and bioaccumulation of zinc was studied in seeds of soybean and other soy products.  

The next phase of this research focused on investigating the physiological responses of 

plants exposed to ZnO NPs. This was achieved by elucidating the complete transcriptome of the 

plants using a Next Generation sequencing (NGS) platform, RNA seq. A significant part of this 

research emphasized on exploring the effects of ZnO NPs on host-pathogen interactions. The 

model monocot plant, barley was used in this study, together with a necrotrophic pathogen, 

Pyrenophora teres f. teres (Ptt). The barley line which was used, CI5791 is resistant to the disease 

Net Form Net Blotch (NFNB), caused by Ptt. Rapid responses of plants to ZnO NPs were observed 

that subsided at the later time-points, whereas the heightened responses to the pathogen alone (P) 

and combined application (ZnO NP + P) persisted. Exposure to ZnO NPs also induced 

transcriptional reprogramming in the Ptt inoculated plant that resulted in compromised immunity 

in the otherwise resistant barley, due to the persistence of salicylic acid (SA)-related genes. In ZnO 
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NP-exposed Arabidopsis thaliana, the effects were contradictory. From the barley and Arabidopsis 

expression data, it could be concluded that both species react differently to ZnO NPs, giving a 

glimpse of the differential responses that ZnO NPs may elicit in different plant species. 
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CHAPTER 1 

1.1. Background 

1.1.1. Application of ZnO NPs in Agriculture 

Nanoparticles are increasingly being considered for addressing a myriad of problems in 

agriculture due to their desirable properties. One such property is the high surface area to volume 

ratio which increases their surface reactivity. Hence, even in low dosages, nanoparticles will be 

able to cause an effect which a traditional fertilizer in a much higher dosage will be able to . The 

most commonly used nanoparticles in agriculture are zinc oxide, silver, gold, copper oxide, 

titanium dioxide, silica, aluminum oxide, carbon nanotubes, iron and graphene .  

1.1.2. Zinc Oxide Nanoparticles 

Zinc deficiency is the most common micronutrient deficiency problem in crops . This has 

led to concerns as it has affected public health and infant mortality, causing growth, cognitive and 

immune impairment and enhanced susceptibility to diarrhea . Zinc oxide nanoparticles are 

considered to be effective in slow release of bioavailable zinc in soil due to their enhanced 

reactivity as compared to their bulk counterparts . The avenues in agriculture where the role of 

ZnO NPs is being currently explored are antimicrobial agents, pesticides, fungicides, herbicides, 

fertilizer, in soil improvement, nanobiosensors, and water purification .  

ZnO NPs are chemically synthesized by a number of methods which include vapor 

transport synthesis, chemical reaction of zinc with alcohol, chemical reaction of zinc acetate 

dehydrate and sodium hydroxide, precipitation, and hydrothermal method . However, chemical 

synthesis has the potential disadvantage of the presence of toxic chemicals adsorbed on the surface 

of the particles . Alternatively, different methods of green synthesis are being explored. Green 

synthesis involves plant-based materials for production of ZnO NPs. Some of the methods use 
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flower extract of Nyctanthes arbor-tristis , stem bark of Albizia lebbeck , peels of Aloe vera , leaf 

extract of Andrographis paniculate , green tea , and Passiflora caerulea .  

1.1.3. Routes of ZnO NP Uptake in Plants 

With emerging reports on phytotoxicity, it becomes crucial to understand the uptake pattern 

of NPs in plants. With that arises the fundamental challenge of visualizing and mapping nanoscale 

particles in plants. Researchers have used electron microscopy, confocal microscopy, ICP, and a 

combination of synchrotron micro X-ray fluorescence (µXRF), X-ray absorption spectroscopy 

(XAS), and micro X-ray absorption near edge structure (µXANES). In velvet mesquite (Prosopis 

juliflora-velutina) seedlings exposed to ZnO NPs, zinc was traced in the vascular system of roots 

and leaves using µXRF, and XANES spectra revealed that zinc was present in tissues resembling 

Zn(NO3)2 but not as ZnO NPs . This also provided a clue that NPs can undergo biotransformation 

inside plants. In grains of soybean exposed to 500 mg/kg of ZnO NPs, a combination of XAS and 

µXANES data revealed the no ZnO NPs, but zinc citrate like species were present . XANES 

spectra revealed similar results in roots of soybean exposed to 4000 mg/L of ZnO NPs, where no 

NPs but species like zinc nitrate or zinc acetate were found . Using XANES, zinc phosphate was 

detected in the shoots of wheat (Triticum aestivum) grown in 500 mg/kg of zinc from ZnO NPs . 

Another study on maize exposed to ZnO NPs reported that zinc phosphate was detected in roots 

while hopeite or zinc phytate-like species was detected in shoots . The findings clearly indicate 

that ZnO NPs undergo biotransformation inside plants.  

Using transmission electron microscopy (TEM), nano sized zinc clusters were also 

detected inside plants . However, without EDS data, it is inaccurate to assume the particles to be 

ZnO NPs. The presence of zinc peak in the EDS data also does not indicate that the electron-dense 

regions are ZnO NPs, but zinc complexed to other chelating molecules. These findings provide 
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evidence that there may be multiple modes of NP uptake by plants, and their subsequent interaction 

with plant components.  

Several mechanisms are hypothesized to be involved in nanoparticle interaction with 

plants. NPs could dissociate into ions in the media and taken up as ions by plants, or they may be 

taken up as NPs and dissociate into ions inside plants, and form complexes with organic 

compounds. Depending on the species which is taken up by plants, the mechanism of entry into 

plant cells may vary. If dissolution of ZnO NP occurs in the media, and ionic Zn2+ is taken up by 

plants, the mechanism would be similar to Zn2+ ion transport i.e. through transporters (ZIP 

proteins) present in the plasma membrane . If the ZnO NPs are taken up intact, the route may be 

through cell wall pores of root hair cells. The NPs then enter the epidermal cell through the plasma 

membrane possibly via endocytosis, then into the root cortex, and ultimately enter the vascular 

bundle (xylem) . Both symplastic and apoplastic transport is hypothesized to facilitate movement 

of NPs inside plants . Overall, NP uptake in plants is considered to follow active-transport 

mechanism that requires cellular energy and the coordination of other processes like signaling, and 

endocytosis . Extensive research is needed to understand the mechanisms of NP uptake in plants 

from the rhizosphere, their translocation inside cells, and their transport inside tissues. 

1.1.4. Effects of ZnO NPs in Plants 

1.1.4.1. Phenotypical Effects and Toxicity 

The recent surge of literature on the effects of ZnO NPs on plants have revealed varied and 

albeit contrasting results. This can be attributed to the fact that the effect of a type of NPs on plants 

depends on several factors like the plant species, exposure duration, mode of application, the type 

of plant media, concentration of the NPs in the media, particle size, shape, and other physical and 

chemical properties of the NPs. In addition, other chemical and physical properties also influence 
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NP behavior relevant to biological environment. Some of these properties are surface crystallinity, 

solubility, chemical reactivity, surface area, porosity, surface composition and structure of the NP, 

the surface energy (wettability), surface charge (zeta potential), and the presence and chemical 

nature of adsorbed species . The repertoire of research articles observing not one, but a spectrum 

of effects is therefore expected.  

It is crucial to evaluate and record the effects of ZnO NPs on plants, and the parameters of 

exposure. Extensive work has been done on the effects of ZnO NPs on the morphology and 

physiology of plants. In wheat, <100 nm sized ZnO particles of dosage 500 mg/kg in sand caused 

a reduction in root length, proliferation of roots, increased root membrane peroxidation, and 

decreased chlorophyll levels in leaves when the plants were exposed for a period of 14 days . In 

rice, ZnO NPs of size <100 nm and concentrations 100, 500, and 1000 mg/L reduced the root, 

length and number of roots when the seeds were germinated in NP suspension . Similar results 

were observed in corn, when seeds were germinated in ZnO NP suspension of concentration 1000 

mg/L, and particle size <10 nm . 1000 mg/L of ZnO NPs reduced root length of corn and cucumber 

but did not affect germination . Toxicity of ZnO NPs to cucumber was attributed to the Zn2+ ions 

dissolved from the NPs, while in corn, it was attributed to the nanoparticulate size of the ZnO NPs. 

The authors speculated that ZnO NPs entered into the root and endosperm of corn as was evident 

from TEM images, however, the seed coat prevented a large proportion of NPs to enter and cause 

acute toxicity. Zinc concentration increased with increasing concentration of ZnO NPs of size <30 

nm in maize grown in sandy loam soil for 30 days . The authors also observed the translocation of 

zinc from the roots to the shoots. In soybean, the length ,surface area and volume of the roots and 

shoots decreased when the plants were grown in soil with ZnO NPs of size <50 nm and 

concentration 50-500 mg/kg for 8-9 weeks . Also, seeds did not develop in the plants exposed to 
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the highest concentration of ZnO NPs. It was evident from this study that a high concentration of 

ZnO NPs (500 mg/kg of soil) negatively affected soybean growth. The adverse effects were 

attributed to ZnO NPs because the concentration of dissolved Zn2+ ions in the soil was found to be 

very low.  Similar high accumulation of zinc was found in different parts of soybean plants (root, 

nodule, stem, leaf and pod) grown in soil with ZnO NPs of concentrations 50, 100, and 500 mg/kg 

and size 10 nm for 48 days . With the highest dose of ZnO NPs, apparent toxicity symptoms were 

observed like low leaf and pod count, low water content in stems, pods, and roots. Soybean 

exposed to the same dose of ZnO NPs (50, 100, and 500 mg/kg and size 10 nm) for 48 days 

exhibited chlorosis on leaves, however there was no other visible signs of toxicity as they had 

similar growth, and yield, as compared to the controls, without increased leaf ROS or lipid 

peroxidation . It was also reported that ZnO NPs of concentration 100 mg/kg in soil altered the 

chemical composition of soybean pods with increased levels of zinc, manganese and copper . It is 

evident that soybean exposed to the same dose of ZnO NPs exhibited varying effects in different 

studies. This can be attributed to the different types of soil used in the experiments. Yoon et. al. 

used OECD standard soil which was composed of 69.5 percent sand, 20 percent kaolin, 10 percent 

peat moss, and 0.5 percent calcium carbonate, whereas Priester et. al. used organic farm soil. 

However, they did not provide the actual composition of the soil but the elemental composition. 

The bioavailability of ZnO NPs depend on soil properties like clay and organic matter content, 

compactness of soil particles, texture, structure, pH, and soil microbial community . Hence, the 

effects of the same dosage of NPs on the same species of plant would vary with the soil properties. 

In tomato, plant height, leaf chlorophyll content, and lycopene content in fruits was 

increased with soil and foliar application of ZnO NPs of concentrations up to 250 mg/kg . An 

increased zinc content in fruit, shoot, and leaf was also found in ZnO NP treated plants in the same 
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study. NPs were found to be accumulated in roots, shoots and leaves, as found from TEM imaging. 

However, it cannot be deduced that the dark clusters observed were ZnO NPs as EDS data was not 

provided. In rapeseed, ZnO NPs of size <50 nm and concentrations 5, 10, 25, 50, 75, 100, 125, 

250, and 500 mg/L caused a decrease in shoot and root length, and dry mass of plants in dose-

dependent manner when the seeds were geminated with NP suspension . In a separate study, 

similar results were seen on rapeseed where ZnO NPs of size <50 nm and concentration 100mg/L 

in hydroponics decreased the plant growth and biomass, and negatively affected root and leaf 

anatomy and ultrastructure . The study was conducted for two months in hydroponics and fed with 

fresh nutrient solution and NP treatment every ten days. However, such studies do not give an 

accurate description of the long-term effects of ZnO NPs with regards to environmental relevance. 

Any chemical species in non-relevant dosages will cause adverse effects on plants grown in 

hydroponics. In contrast, soil composition and particles alleviate toxic effects of chemical species 

by making them less bioavailable. Hence, long term exposure studies in soil is environmentally 

relevant. Graphene oxide (GO) was found to be more toxic to oat plants in hydroponics as 

compared to soil, as soil particles restricted the transportation of the nanomaterial, hence reducing 

the contact between GO and the roots . Although most of the existing studies are conducted based 

on short-term exposure, long-term exposure studies are currently gaining pace. In the model 

species Lemna minor, an exposure duration of 6 weeks of ZnO NPs caused severe growth 

inhibition . 

Indian mustard exposed to 200, 500, 1000, and 1500 mg/L of ZnO NPs (size <100 nm) in 

hydroponic conditions had decreased shoot and root length, and biomass . In addition, there was 

an increase in ROS (reactive oxygen species) generation and antioxidant enzyme activity. In black 

mustard, ZnO NPs of concentrations 500-1500 mg/L affected the seed germination and seedling 
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growth, accompanied by an increase in antioxidant enzyme activities . In cucumber, ZnO NPs of 

size <50 nm and a concentration of 2000 mg/L did not cause any significant changes when the 

plants were grown in sandy loam soil for 8 weeks . Root elongation and biomass was affected only 

with Zn2+ treatments. The authors believed that the NPs had no effect on the plants because they 

were immobilized in the soil, which limited their bioavailability.  

Antioxidant enzyme activity was increased in cucumber grown in soil for 4 weeks with 

ZnO NPs (size <50 nm) of concentrations 10, 50, 100, 500, and 1000 mg/L . In another study, 400 

and 800 mg/kg of ZnO NPs in soil did not alter cucumber plant growth, gas exchange, and 

chlorophyll content . In contrast, peanuts plants had increased seed vigor and germination with 

1000 mg/L of ZnO NPs in suspension, and the treated seeds when planted had early vegetative 

growth and increased leaf chlorophyll content . In a halophyte from the genus Salicornia, ZnO 

NPs at concentrations 1000 mg/L in solid culture medium resulted in the decrease of shoot length 

in addition to generation of ROS, lipid peroxidation, and decrease in antioxidant enzyme activities 

. This observed toxicity was linked to the release of Zn2+ ions into the media. In chickpea, foliar 

application of 10 mg/L of ZnO NPs reduced biomass of the seedlings . In case of barley, ZnO NPs 

of concentrations 5, 10, 20, 40, and 80 mg/kg in soil did not significantly affect seed germination, 

but affected antioxidant enzyme activities . This could be because of the seed coat which hinders 

the movement of NPs into the seeds. Green pea plants grown in ZnO NP enriched soil in 

concentrations 125, 250, and 500 mg/kg had increased root elongation, and decreased chlorophyll 

content in leaves . In a yet recent study, the authors explored the impact of foliar and soil 

application of ZnO NPs on wheat, and found that plant height, spike length, chlorophyll and 

carotenoid content increased with increasing concentration (25, 50, 75, and 100 mg/kg ZnO NPs) 

. This study reveals the beneficial impact of ZnO NPs on wheat, and the possible explanation is 
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the environmentally relevant concentrations of Zn used in the study, which is normally 100-300 

mg/kg of soil . If dissolution of ZnO NPs is taken into account, the ZnO NPs in soil would be 

available as ions for uptake by plants, and potentially serve as Zn fertilizer. The other important 

observation made in this study was that the cadmium (Cd) concentration in the plants decreased 

with increasing ZnO NP concentration. Cd (Cd2+) and Zn (Zn2+) ions being a divalent cation is 

known to be taken up by the same transporters in plants like heavy metal ATPases (HMA) . Hence, 

competitive inhibition of Cd uptake may have occurred with increasing concentration of Zn in the 

soil rhizosphere. 

1.1.4.2. Genotoxicity 

Genotoxicity of ZnO NPs on plants has not been studied as extensively as the physiological 

effects. Genotoxicity is defined as the destructive effects on a cell’s genetic material, namely DNA 

and RNA . Genotoxicity takes into consideration the physical deformities or abnormalities of 

genetic material without the functional outcomes. Allium cepa (onion) is commonly used to access 

the genotoxicity of nanomaterials . Chromosomal aberrations were recorded in A. cepa roots when 

exposed to ZnO NPs in hydroponic media at concentrations ranging from 10-100 mg/L . 

Genotoxicity in the form of DNA damage was observed in A. cepa root and Nicotiana tabacum 

root and leaf, and chromosomal aberrations in Vicia faba root . Green-synthesized (using the milky 

latex from Calotropis gigantea L. R. Br) ZnO NPs was also shown to cause DNA damage in 

Lathyrus sativus L. root in a dose dependent manner, however, Zn2+ ions causing the most 

significant DNA damage .  

It is worth noting that most of the studies conducted so far on plant-NP interactions involve 

high dosage of the NPs and assess the initial phenotypical or toxicological effects like generation 

of ROS, germination potential, and biomass indices. Genotoxicity measures the physical damage 



9 

of the genetic material without providing any insight on the functional outcome. However, in the 

context of a living system, it is very important to take into consideration the functional attributes 

of the genetic material, rather than considering it like a physical entity. It is crucial to evaluate 

plant responses to NPs in terms of gene expression, and the subsequent cascade of molecular events 

that shapes the phenotypical and behavioral outcomes. Here comes the need for sensitive 

diagnostic techniques like transcriptomics and proteomics that can provide detailed and accurate 

information about cellular events.  

1.1.4.3. Physiological Responses and Transcriptomics 

Omics-based data on plant-ZnO NP interactions is limited. A few articles have emerged 

recently that have reported the gene expression associated with the interaction of NPs with plants. 

So far, only Arabidopsis thaliana has been used in literature to study the molecular-level effects 

of NPs in plants, and microarray has been used as the standard method to determine the 

transcriptome of NP exposed plants. Using microarray analysis, 416 up and 961 downregulated 

transcripts were found in Arabidopsis thaliana roots exposed to 4 mg/L of ZnO NPs in hydroponic 

conditions for 7 days . Three species of zinc were used, viz., (1) ZnO NPs, (2) ZnO bulk particles, 

and (3) ZnSO4 (ZnSO4 dissociated quickly in hydroponics and Zn2+ ion was available easily). In 

the study, the authors found that ionic Zn2+ caused the highest response in terms of the number of 

differentially expressed genes (DEGs), followed by bulk, and ZnO NPs. However, irrespective of 

the zinc species, stress response genes like osmostic stress, and salt stress genes were upregulated, 

and genes involved in cell organization and biogenesis, DNA or RNA metabolism and structural 

molecular activity were downregulated . The authors have correlated this observation with the 

presence of Zn2+ ions in the media from all the three species of zinc. It is worth noting that in 

hydroponic media (aqueous media), the toxicity of ZnO NPs is more pronounced and comparable 
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to that of ZnSO4 due to the dissolution of Zn2+ ions. However, in soil, due to the presence of 

probable soil adsorbents, the effect of ions in plants is negligible. In the study, it is intriguing to 

observe that genes like flavin monooxygenase is upregulated in the ZnO NP treated plants, which 

are otherwise expressed in response to pathogens. DEG overlaps were observed in all the three 

treatments, suggesting that zinc-specific effects were significant. 

A similar 7-day study conducted on A. thaliana with microarray found 660 up- and 826 

down-regulated genes, 232 up- and 189 downregulated genes, and 80 up- and 74 down-regulated 

genes for ZnO NPs, fullerene soot, and TiO2 NPs respectively . In this study, it was observed that 

ZnO NPs elicited the differential regulation of most number of genes, as compared to fullerene 

soot, or TiO2 NPs. The genes upregulated on ZnO NP exposure are involved in salt, oxidative, 

water and osmotic stresses, as well as to wounding and defense against pathogens. These 

observations are similar to previous reports . In the same study, similar gene expression pattern 

was observed with fullerene soot where the genes overexpressed were of abiotic and biotic stress, 

although the magnitude of gene expression was lower than that of ZnO NPs .  

Microarray analysis of A. thaliana grown in MS media and exposed to 5mg/L silver NPs 

(Ag NPs) for 10 days revealed 286 upregulated and 81 downregulated genes . In the same study, 

stress responsive genes like cation/proton exchanger in the vacuoles, superoxide dismutase, and 

peroxidase were found to be upregulated and genes involved in response to pathogens and 

hormonal stimuli like ethylene signaling pathway genes were found to be downregulated . DEG 

overlaps were observed in Ag NP and Ag+ treatments, suggesting that some of the effects stem 

from ionic Ag+ released from the NPs.  

Exposure of A. thaliana to TiO2 NPs induced the overexpression of 1136 and 966 genes, 

and suppressed the expression of 653 and 798 genes in rosette leaves and roots respectively . The 
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authors found that some of the significantly upregulated genes with TiO2 NP exposure are involved 

in triterpenoid biosynthesis, iron transport, tryptophan catabolism, and oxidation-reduction 

reactions, while the downregulated genes encode transcription, response to ethylene stimulus, and 

response to jasmonic acid. In case of nano-ceria particles, 56 and 391 genes were upregulated, and 

74 and 363 genes were downregulated in A. thaliana rosette leaves and roots respectively . Among 

the upregulated genes, transcription, aging, regulation of hydrogen peroxide metabolism and cell 

cycle genes were the most significant, while among the downregulated genes, cell wall 

modifications and response to auxin stimulus genes were the most significant.  

Quantitative real-time PCR (qPCR) has been used to determine the expression level of the 

targeted gene, however, cannot be used to elucidate the complete transcriptome of a cell. qPCR 

was used to evaluate the gene expression of stress response genes in A. thaliana exposed to cerium 

oxide (CeO2) and indium oxide (In2O3) NPs . The authors found that one of the stress response 

genes, glutathione synthase was induced 3.8 to 4.6-fold in case of In2O3 NPs, and 2-fold in case of 

CeO2 NPs. A qPCR analysis revealed that the iron regulating genes ferritin and iron-regulated 

transporter were upregulated in A. thaliana exposed to 1000 mg/L CeO2 and 1000 mg/L In2O3 . 

Lanthanum oxide (La2O3) NPs of concentrations 50 and 205 mg/L was found to affect the 

expression of aquaporin genes like PIPs (plasma membrane intrinsic proteins), TIPs (tonoplast 

intrinsic proteins), NIPs (Nod26-like intrinsic proteins), and SIPs (small and basic intrinsic 

proteins) in the roots of maize seedling .  

In all the studies mentioned so far, stress response genes have been found to be upregulated 

after exposure to NPs. This observation is in line with other studies which have reported ROS burst 

in plants after NP exposure . However, without a time-course study, it is not possible to determine 

the dynamics of plant behavior in response to NPs. Gene expression at a single time-point suggests 
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physiological responses of the plant to a stimulus, but it does not determine the true phenotypical 

behavior over time. Therefore, it is necessary to conduct time-course experiments that can shed 

light on the overall series of events.  

1.2. Need Statement 

It is evident from current studies that NP-induced molecular responses in plants vary with 

NP type, concentration and duration of exposure. Due to limited research conducted in this area, 

it is not feasible to determine the exact molecular mechanisms and whether these responses depend 

on the plant species, or the type of growth media. In the existing reports, a common phenomenon 

observed was the overexpression of stress response genes. However, without a detailed study, only 

a fragment of the complete scenario can be determined as plant and NP interactions is one of the 

most challenging areas of fundamental research. Extensive study is required to understand the 

molecular cross-talk that occurs in plants on NP exposure, and the resulting perception of plants 

towards NPs, or vice versa. Furthermore, NP interactions with plants in the presence of other 

components of the crop ecosystem is largely unknown. Pathogens that are causal agents of a host 

of destructive diseases in crops are undesirable yet central integral component of the ecosystem. 

There has been no study till date that explores the relationship between NPs and its effects on host-

pathogen interactions. The gaps in the existing research need a holistic approach to understand the 

complex dynamics of NP interactions with plants and other components of the environment.  

1.3. Research Objectives 

The main objectives of this study are: 

a) Investigate the effects of ZnO NPs in soybean (Glycine max) plants and evaluate zinc

content in soy products obtained from NP-exposed plants
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b) Investigate the uptake of ZnO NPs in spinach (Spinacia oleraceae) using a combination of

microscopy techniques

c) Elucidate the complete transcriptome of barley (Hordeum vulgare) exposed to ZnO NPs

and ZnSO4

d) Investigate the physiological responses of barley to ZnO NPs in the presence of a

necrotrophic fungal pathogen, Pyrenophora teres f. teres

1.4. Hypotheses 

a) ZnO NPs are taken up by plants in both ionic (Zn2+) and nanoparticulate forms

b) ZnO NPs in environmentally relevant concentrations in soil do not cause apparent

phenotypical changes in plants

c) Gene expression is altered in plants exposed to ZnO NPs

d) ZnO NPs induce plant innate immunity genes that are characteristic of defense against

biotrophs, however will compromise immunity towards necrotrophs

1.5. Dissertation Organization 

There are six chapters in this dissertation. Chapter 1 is an overview of the current research, 

the need statement, and objectives of this research. Chapter 2 to Chapter 5 are presented in journal 

paper formats, which have been submitted or will be submitted for publication in peer reviewed 

journals. Each chapter includes an introduction, materials and methods, results, discussion and 

conclusion. Chapter 2 discusses the phenotypical effects of ZnO NPs on soybean plants and reports 

the changes in mineral content of seeds and other soy products, and Chapter 3 explores the form 

of zinc taken up by spinach exposed to ZnO NPs using microscopy-based techniques. Chapter 4 

presents the comparative analysis in the transcriptome of barley exposed to ZnO NPs and zinc 

sulfate (ZnSO4). Chapter 5 describes the transcriptional reprograming induced in the Net Blotch 
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resistant-barley line CI5791 by ZnO NPs in the presence of a necrotrophic fungal pathogen, 

Pyrenophora teres f. teres, the causal agent of Net Blotch disease. Chapter 6 is the conclusion and 

the possible future directions of this research. 
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CHAPTER 2 

2.1. Introduction 

Zinc is one of the essential micronutrients for both plant and human nutrition. However, 

almost half (49%) of agricultural soil does not have adequate amount of zinc and one-third of 

global population suffers from zinc micronutrient deficiencies . Zinc deficiency is a major concern 

as it has affected public health, and led to infant mortality, growth, cognitive and immune 

impairments and enhanced susceptibility to diarrhea . Zinc is a type 2 nutrient required for general 

human metabolism . Recommended daily intakes range between 3 and 16 mg Zn day-1 depending 

on age, gender, type of diet and other factors . National Institutes of Health (NIH) recommends a 

dose of 11 mg per day for men and 8 mg per day for women . In humans and higher animals, zinc 

plays roles in neurotransmitters, cells in the salivary glands, prostate, immune system and intestine 

. World Health Organization (WHO) estimates that zinc deficiency contributes to more than one-

third of all child deaths . In socio-economically challenged countries, the zinc deficiency problem 

is very acute, and ~2 billion people are vulnerable to growth retardation due to zinc deficiency . 

Dietary zinc is found in meat, poultry, sea food, milk and milk products, whole grains, 

legumes, and pumpkin among others . Animal-derived foods contain up to 189% more zinc than 

plant-based (unfortified) foods . It is important to ensure high zinc availability in plant-based food 

products. A range of strategies are proposed to alleviate zinc in human diet. A number of 

approaches have been studied to increase zinc availability in human foods . These approaches are: 

(1) supplementation, (2) food fortification, (3) food diversification, and (5) crop biofortification.

Developments in genomics and transgenics have opened up new avenues to improve zinc content 

in wheat . Traditional agronomic methods involve application of soil fertilizers .  
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Soil is the main depository of zinc for plant uptake. Most agricultural soil contains 10-300 

mg of zinc per kg of soil which translates to 10-8-10-6 M in soil solution . However, uptake of zinc 

by plants from soil is controlled by the rhizosphere biogeochemistry. Agronomic biofortification 

of zinc in edible crops typically involve broadcasting zinc fertilizers .  

The development in nanotechnology has opened possible avenues for nanomaterials to be 

used as fertilizers and fortifying agents. The greater surface to mass ratio of NPs as compared to 

their bulk counterparts renders them biologically active . However, the surge of literature on the 

effects of nanoparticles on plants have revealed contrasting results. In green pea exposed to ZnO 

NPs (25, 250, and 500 mg/kg soil) root elongation, reduced chlorophyll and catalase content in 

leaves, reduced ascorbate peroxidase activity in roots and leaves, and increased lipid peroxidation 

were observed . At 2000 mg/kg of ZnO NP in the soil, cucumber was found to have decreased 

shoot, root length, and biomass . Again, at 500 and 750 mg/kg, ZnO NPs caused 80% reduction in 

alfalfa (Sinorhizobium meliloti) root and shoot biomass . ZnO NPs did not cause a significant 

impact in plant biomass of wheat grown in sand matrix, although there were changes in root length 

(decrease) and root number (increase) as compared to the control, and bioaccumulation of Zn was 

also observed in the shoots . Soybean grown with ZnO NPs in soil (50, 100, 500 mg/kg) exhibited 

no change in growth parameters . High accumulation of Zn in different parts of soybean (root, 

nodule, stem, leaf and pod) was recorded when exposed to high concentration of ZnO NPs (500 

mg/kg) in soil . In another study, it was found that ZnO NPs at 100 mg/kg of soil caused significant 

changes in soybean micronutrient and macronutrient concentrations as compared to the control, 

notably Zn in leaves, pods, stems and roots, Cu, Mg, K in roots, Fe in leaves, and Mo in nodules . 

However, most of these studies did not demonstrate effects of ZnO NPs at environmentally 

relevant concentrations (100-300 mg/kg). Low-dose exposure studies rather than high-dose 
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exposure studies are warranted . It has been observed that NPs are taken up by roots via endocytosis 

. Further, NPs undergo rapid dissolution in aqueous media and ions are easily taken up by plants . 

Our preliminary work has confirmed that ZnO NPs undergo dissolution in Harmens nutrient media 

and are taken up as Zn2+ ions by spinach plants. Nanoparticles having a core element as 

micronutrient have possible applications in fortification of crops. The main objective of this work 

is to determine the bioaccumulation of zinc in seeds and soy-products (soymilk and soy-pulp) 

when exposed to ZnO NPs. In the current research, we have studied the bioaccumulation of Zn in 

edible parts of soybean and soy-based products from the soybean grown in environmentally 

relevant concentrations of ZnO NPs (2.27, 22.75, 227.50 mg Zn/kg of soil). Environmentally 

relevant concentration of Zn in soil ranges from 100-300 mg per kg of soil . The sufficient 

requirement of Zn for soybean is 21-80 mg/kg of soil . Three applications of treatments were given 

to the soil, once after planting (at day 0), the second at the onset of V1 (first trifoliate) stage, and 

the third at R1 (beginning of flowering). 

2.2. Materials and Methods 

2.2.1. ZnO NP Characterization 

For zeta (ζ)-potential and hydrodynamic diameter measurements, the nano-particles (500 

mg Zn L-1) were dispersed in de-ionized water using a sonicator (30 sec). The zeta (ζ)-potential 

and particle diameter distribution were recorded with a ZetaSizer (Nano-ZS 90, Malvern) without 

any pH adjustment. For particle size distribution, Transmission Electron Microscope (TEM, JEOL 

JEM-2100 LaB6 TEM, JEOL USA, Peabody MA); the TEM was operated at 200 kV.  Bright-field 

images of each sample were acquired with a Gatan Orius SC1000 CCD camera; dark-field imaging 

utilized a Gatan 805 High Angle Annular Dark Field detector with a Gatan Digiscan II controller 

unit and the TEM running in scanning transmission electron microscopy (STEM) mode. 
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2.2.2. Plant Growth 

Soybean (Glycine max) seeds (500 mg) were weighed and inoculated with legume-root 

nodule bacteria, Bradyrhizobium japonicum strain (88 g per 25 kg seed). Five seeds were planted 

per pot (30.48 cm height X 29.2 cm diameter) in soil (Sunshine Professional Gardening Mix LG 

3) and placed in the greenhouse. The average weight of soil in each pot was 2.72±0.11 kg. Growth

conditions were 14/10 h of light/dark, relative humidity of 27% and temperature of 21-24 oC. The 

experiment was designed as a completely randomized with triplicates for each treatment; the 

randomization was done using ARM software (Gylling Data Management, Inc). 

2.2.3. Treatment 

Soybean growth can be broadly classified into two stages: Vegetative stage and 

Reproductive stage. Vegetative stage comprises of VE (emergence), VC (unrolled unifoliate 

leaves), V1 (first trifoliate), V2 (second trifoliate), V4 (fourth trifoliate), and V(n) (nth trifoliate). 

The reproductive stage comprises of R1 (beginning of flowering), R2 (full flowering), R3 

(beginning of pod formation), R4 (full pod), R5 (beginning of seed), R6 (full seed), R7 (beginning 

of pod maturity), and R8 (full maturity of pod). Treatment applications were given three times in 

the life cycle of the plant: at planting (Day 0), at the onset of V1 and at R1 stages (Table 2.1). The 

treatment at planting (day 0) was started after the seeds were planted in the soil. There were three 

treatments namely ZnO NP, ZnSO4, and No Zn with three dosages for ZnO NP and ZnSO4 (X, 

10X, and 100X) (Table 2.2). On Day 0, the treatments i.e. ZnO NP/ZnSO4 (1L) were applied on 

the soil after the seeds were planted whereas control seeds were watered with regular tap water 

(1L). The same zinc treatments were also applied at V1 and R1 stage. On other days, the plants 

were watered daily with tap water (0.5 L). 
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Table 2.1 Growth Stages of Soybean Plant and Treatments Applied 

Stages of Growth in Soybean Treatments Applied 

Vegetative Stage 

Day 0 Planting Treatment 1 

VE Emergence No treatment 

VC Unrolled unifoliate leaves No treatment 

V1 First trifoliate Treatment 2 

V2 Second trifoliate No treatment 

V4 Fourth trifoliate No treatment 

V5 Fifth trifoliate Plant height measured 

V(n) nth trifoliate No treatment 

Reproductive Stage 

R1 Beginning of flowering Treatment 3 

Chlorophyll content measured 

R2 Full flowering No treatment 

R3 Beginning of pod formation No treatment 

R4 Full pod No treatment 

R5 Beginning of seed No treatment 

R6 Full seed No treatment 

R7 Beginning of pod maturity No treatment 

Chlorophyll content measured 

R8 Full maturity of pod No treatment 

Plant height measured 

Table 2.2. The dosages of zinc applied per pot for each treatment. The figures in parenthesis is 

the dosage of chemical species (ZnO NP or ZnSO4) per unit weight of soil (each pot had 

2.720.11 kg soil). The dosages of zinc species (ZnO NP or ZnSO4) applied is normalized for 

the mass of Zn. X = 2.27 mg/kg of soil 

Treatment X 10X 100X 

ZnO NP 6.2 mg/pot 

(2.27 mg/kg soil) 

62 mg/pot 

(22.75 mg/kg soil) 

620 mg/pot 

(227.50 mg/kg soil) 

ZnSO4.7H2O 

X 10X 100X 

22.1 mg/pot 

(8.12 mg/kg soil) 

221.5 mg/pot 

(81.28 mg/soil) 

2215 mg/pot 

(812.80 mg/kg soil) 

Control No Zn Applied 

2.2.4. Growth Monitoring 

Plant height (length of the plant from tip to soil surface) was measured at V5 and R8 stages 

using a ruler (Pickett P232E). Relative chlorophyll content was measured using a handheld SPAD 

meter (atLEAF Digital Chlorophyll Meter) at R1 and R7 stages. 
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2.2.5. Preparation of Soy Concentrate and Pulp (Okara) 

Soy concentrate is the emulsion of water, oil, and protein obtained from soybean seeds. 

Soy concentrate was produced from dry soybeans using a method after Poliseli-Scopel . The 

method was modified as the amount of sample (seeds) for each treatment was less, hence we used 

a mortar and pestle to grind the seeds. Soybean seeds were soaked for 15 h (3:1, water:soybean) 

at 15 oC and then were ground. The pulp was separated by filtration (dry soybean:water 

ratio=1:6.27) using quantitative grade filter paper (Whatman 541). pH of the concentrate was 

measured using a pH meter (VWR Symphony B10P) during the storage period (The mean pH was 

6.65 ± 0.5). The soymilk and the pulp (the fibrous tissue remaining on the filter paper after filtering 

the soy concentrate) was stored at 4 oC in a refrigerator and analyzed within 24 h. 

2.2.6. Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-OES) 

Analysis 

Digested samples of pods, seeds, pulp, soymilk and soil samples were analyzed for 

elemental content with ICP-OES (Spectro Genesis). Before analysis, the samples (pods, seeds, 

pulp and soil) were dried in the oven (65 oC for 48 h) and were powdered and homogenized using 

liquid nitrogen in mortar and pestle. The samples were digested in nitric acid (HNO3) of molarity 

15.8 and deionized Milipore water (1:1) in CEM Mars Xpress microwave digester with Xpress 

vessels (55 mL PFA venting) with the following method: approximately 250 mg dry sample 

material, 5 mL concentrated acid, 5 mL distilled water, overnight pre-digestion, microwaving at 

125 oC for 10 min after 20 min ramp.  

The rinse solutions, digests, and blanks were analyzed via Genesis SOP ICP-OES with 

SmartAnalyzer Vision software (v. 3.013.0752) for Zn (wavelength 213.8 nm). Quality control 

included ICALization (Intelligent Calibration Logic to normalizes the wavelength scale), standard 



29 

calibration, control calibration verification, and digestion of a certified reference plant material 

(CRM) (NCS DC 73350 poplar leaves, China National Analysis Center of Iron and Steel). The 

acid extractions were analyzed for 25 elements: Ag, Al, As, B, Ba, Be, Ca, Cd, Ce, Co, Cr, Cu, Fe, 

K, Li, Mg, Mn, Mo, Ni, P, Pb, S, Sb, Se, Si, Sn, Sr, Ti, Tl, V, and Zn. Only elements consistently 

measured above the instrument detection limits are further discussed. The percent recovery was 

80% for the CRM and 81% for total Zn recovered from NPs. Method detection limits (MDL) were 

determined by using typical sample weight, extraction volume, and the instrument detection limit, 

and these values were used to substitute those values below the MDL. 

2.2.7. Statistical Analysis 

All experiments were done in replicates (n = 3) unless otherwise specified, and the mean 

values are reported along with the standard deviations. One-way ANOVA followed by Tukey’s 

Pairwise Comparison was performed on the normally distributed data using Minitab software at α 

= 0.05.  

2.3. Results and Discussion 

2.3.1. ζ-Potential and Particle Size 

The ζ-potential of the ZnO NPs was found to be 25.9±4.7 mV and hydrodynamic diameter 

was found to be 512.5 nm in DI water. The particle size ranged from 8-173 nm, and 92.96% of the 

ZnO NPs had the smallest dimension within 100 nm (Figure 2.1). 
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(a) 

(b) 

Figure 2.1. Particle characterization of ZnO NPs. (a) TEM micrograph of bare ZnO NPs, and 

(b) particle size distribution (based on smallest dimension) 

2.3.2. Effects of ZnO NPs on the Plant Growth Metrics 

2.3.2.1. Plant Height 

The treatments were applied to the soil at three stages of soybean growth, at planting, at 

the onset of V1 stage, and at R1 stage (Table 2.2). Plant height was recorded at the end of the 

vegetative stage and at the maturity stage (end of reproductive stage). There is no significant 

difference in height between the treatments (ZnO NP, ZnSO4, and No Zn) at V5 growth stage at 

p-value<0.05 (Figure 2.2). At R8 growth stage, there was significant difference between plant

height in ZnO NP X and ZnSO4 100X treatment plants. However, since their Zn concentrations 

are not same, they are not comparable. 
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Figure 2.2. (a) Plant Height (in cm) at V5-R1 Stage (b) Plant Height (in cm) at R8 Stage. Plant 

height is recorded on the Y-axis and treatments are on the X-axis. Means that do not share a letter 

are significantly different at p<0.05. 

2.3.2.2. Chlorophyll Content 

Relative chlorophyll content was measured with the SPAD meter at two stages of plant 

growth, R1 stage and R7 stage. In both the stages, no significant difference was observed between 
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the chlorophyll content of ZnO NP and ZnSO4 of all dosages and No Zn treatment at p-value<0.05. 

Even with the highest ZnO NP treatment (100X), the plants did not show any signs of diminished 

chlorophyll content. The relative chlorophyll content decreased from R1 to R7 stage which is 

expected as the plants were nearing maturity at R7 stage (Figure 2.3). 

Figure 2.3. Relative chlorophyll content (SPAD) of soybean plants at: (a) R1-R2 stage (b) R6-

R7 stage. 
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2.3.2.3. Number of Pods 

The number of pods in each plant was measured at R8 stage. There was significant 

difference in the number of pods of plants of ZnO NP X and ZnSO4 X treatments. No significant 

difference was observed between the number of pods of ZnO NP and ZnSO4 with No Zn treatment 

at p-value<0.05. (Figure 2.4).  

Figure 2.4. Number of pods per plant at maturity (R8 stage). Means that do not share a letter are 

significantly different at p<0.05. 

2.3.2.4. Bioaccumulation of Zinc 

ICP-OES was used to determine the mineral content present in the soybean seeds, soy 

concentrate (soymilk) and pulp (okara). 
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Figure 2.5. Zn content in soybean seeds. Means that do not share a letter are significantly different 

at p<0.05. 

In the seeds, Zn accumulation increased in a dose-dependent manner, with 100X treatment 

being significantly different from X treatment in both ZnO NP and ZnSO4 (Figure 2.5).  Zn 

accumulation in ZnO NP 10X and 100X is also significantly higher than control treatment. Similar 

trend is observed in ZnSO4 10X and 100X. However, between ZnO NP and ZnSO4 there is no 

significant difference in the Zn accumulation between the same dosages. The zinc content in the 

seeds of ZnO NP 100X was found to be 31.97±2.40 mg/kg while that of the seeds of control 

treatment was 0.88±1.16 mg/kg. ZnO NPs can thus contribute towards the required dietary zinc 

levels. A logarithmic relationship was found between the dosage of ZnO NPs applied and Zn 

accumulation in the seeds (R2 0.9897). A similar relationship was found in the case of dosage of 

ZnSO4 and Zn accumulation in the seeds (R2 0.9469) (Figure 2.6).  
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Figure 2.6. Relationship of Zn dosage applied and Zn accumulation in the seeds. The x-axis is 

the concentration of soil-applied Zn in log10 of mg/kg, and the y-axis is the concentration of Zn 

accumulated in the seeds in mg/kg. 

The concentration of other essential elements (Ca, Fe, K, Mg, Mo, Mo, and P) in the seeds 

were also determined. However, there were no significant differences between the element 

concentration in the seeds of ZnO NP, ZnSO4, and control treatments (Table 1, Appendix A). This 

indicates that ZnO NPs did not significantly alter the nutritional value of soybean.  
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Figure 2.7. Zn content in soymilk (Means that do not share a letter are significantly different at 

p<0.05). 

The Zn content in soy concentrate (soymilk) in ZnO NP 100X treatment was found to be 

significantly higher than control (Figure 2.7). However, the trend was not same for ZnSO4 

treatments, as there were no significant differences between all dosages of ZnSO4 and control. 
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Figure 2.8. Zn content in pulp (Means that do not share a letter are significantly different at 

p<0.05). 

In the case of pulp, the Zn accumulation increases in a dose-dependent manner with ZnO 

NP treatments (Figure 2.8). However, in the case of ZnSO4 treatments, Zn accumulation increases 

in ZnSO4 10X treatment as compared to ZnSO4 X, however, declines in ZnSO4 100X treatment. 

There was significant difference between Zn content of pulp of ZnO NP 100X and control, and 

ZnSO4 10X and control.  

It is evident from the findings that there are no significant differences in plant growth 

parameters (height, relative chlorophyll content, and number of pods) of control plants (no Zn 

treatment) and ZnO NP/ZnSO4 treated plants. In case of the seeds, Zn accumulation increased in 

a dose-dependent manner in both ZnO NP and ZnSO4 treated plants. Zn accumulation in ZnO NP 

10X and 100X, and ZnSO4 10X and 100X was significantly higher than control seeds. However, 

there was no significant difference between Zn accumulation in seeds of ZnO NP and ZnSO4 

treatments. Although the effects and bioaccumulation of both ZnO NPs and ZnSO4 treatments are 

comparable at the same dosage, the amount of ZnSO4 used was 3.6 times higher than ZnO NPs to 
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yield the same unit amount of Zn (Table 2.2). Hence, the usage of ZnO NPs can significantly lower 

the cost of Zn required for fortification. In addition, previous research have shown that ZnSO4 has 

higher solubility than ZnO NPs, and the property of immediate dissolution after soil application 

can result in a sharp increase in soil Zn followed by a decline . However, ZnO NPs dissolve slowly 

and can release Zn over a longer period of time which is beneficial for crops. From an economic 

perspective, the market price of ZnO NPs is lower than ZnSO4 (ZnSO4.7H2O). Cost comparisons 

of agricultural grade ZnO NPs and ZnSO4 from the online database Alibaba showed that the cost 

of 80-99% pure ZnO NPs is $188 per unit metric ton, and that of 21% ZnSO4.7H2O is $300 . Our 

findings indicate that ZnO NP is not phytotoxic at environmentally relevant concentrations, and 

on the contrary, can be used as an alternative to traditional Zn fertilizers like ZnSO4.  

2.4. Conclusion 

There was accumulation of Zn in the seeds, soy concentrates and pulp from the ZnO NP 

treatments that was applied to the soil. However, addition of ZnO NPs did not significantly affect 

plant biomass and growth. Zn accumulation in ZnO NP 100X seeds is significantly different from 

that of control and correspond to dietary Zn levels. Furthermore, less amount of ZnO NPs is 

required to yield a unit of zinc as compared to ZnSO4, thereby making ZnO NPs as a cost-effective 

alternative to traditional fertilizers like ZnSO4. While Zn occurs in higher levels in meat and sea-

food, there are fewer vegetarian options that contain naturally high levels of Zn. Zn fortified 

soymilk and soy-products like tofu and processed pulp can be a very good source of Zn for 

vegetarian diets. Soybean fortified using ZnO NPs in the soil is found to alleviate Zn levels in 

soybean seeds and pulp without affecting plant growth, biomass, and other levels of other 

micronutrients, thus addressing nutrient security. 
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CHAPTER 3 

3.1.  Introduction 

Engineered Nanomaterials (ENMs) are increasingly used in agriculture. The most 

commonly used nanomaterials in agriculture are iron, zinc oxide, silver, gold, copper oxide, 

titanium dioxide, silica, aluminum oxide, carbon nanotubes, and graphene . Zinc oxide 

nanoparticles (ZnO NPs) are considered to be more effective in releasing zinc to soil due to their 

enhanced reactivity as compared to their bulk counterparts . ZnO NPs are currently being explored 

for agricultural applications such as antimicrobial agent, pesticide, fungicide, herbicide, fertilizer, 

sensor, and general soil improvement .  

Prior to commercializing ENMs for agricultural purposes, it is crucial to evaluate the 

possible toxicity, uptake, transport, and fate of ENMs in plants. While there are some studies on 

toxicity of ZnO NPs , literature on the mechanisms of ZnO NP uptake by plants is still very less. 

The knowledge of the form and temporal localization of ENMs and its transformation product in 

plants would help elucidate the mechanisms of cellular uptake of ENMs and their interactions with 

plants.  

Detection of ZnO NPs in biological matrices is challenging due to its size and uncertainty 

of (bio)transformation. Inductively coupled plasma-optical emission spectrometry/mass 

spectroscopy (ICP-OES/MS)  and Atomic Absorption Spectroscopy (AAS)  have been used to 

measure the total metal concentration in plant tissues exposed to metallic ENMs. Although these 

techniques are ideal to determine total elemental concentrations in diverse types of samples, they 

cannot provide definitive information on whether the elements are in particulate or ionic form. 

Further, they cannot determine the localization of the chemical species inside tissues. Confocal 

microscopy-based techniques are suitable to map the location of particles inside biological tissues. 
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However, without fluorescence tagging of the particles and analytical validation, they are not 

reliable. Electron microscopy in conjunction with analytical techniques like Energy dispersive 

spectroscopy (EDS) and Electron energy loss spectroscopy (EELS) is a powerful and reliable tool 

for detection and mapping of ENMs inside plants.  Transmission electron microscopy (TEM) 

coupled with EDS was used to detect ZnO NPs in soybean seeds, leaves, and roots, in maize, and 

in rice roots. The presence of ZnO NPs and their transformation products were also detected in 

plants using synchrotron-based techniques. Zinc citrate was found to be one of the transformation 

products in seeds of ZnO NP exposed-soybean plants. Zinc phytate and zinc phosphate were also 

detected in the shoots of maize and wheat plants respectively.  

The presence of the different zinc forms like Zn-phosphate and Zn-phytate raises the 

question about their mechanism of translocation in the cells. The ambiguity in the form of zinc 

taken up by ZnO NP-exposed plants poses a challenge in understanding this complex phenomenon. 

A knowledge of the form of zinc taken up by the NP-exposed plants would help elucidate the 

mechanisms of cellular uptake.  

The main objectives of this study were to determine the form of ZnO NPs (ionic or 

particulate) taken up by plants, and to understand the possible mechanisms of transport inside plant 

cells. Commercial variety of Spinacia oleraceae (spinach) was used as the experimental plant in 

this study. The form and localization of the zinc species taken up by the plants were determined 

using a combination of transmission electron microscopy (TEM) and confocal laser scanning 

microscopy (CLSM). A fluorescent zinc ion (Zn2+) sensor, Zinpyr-1 and a Zn2+ chelator, 

N,N,N′,N′-Tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) was used in CLSM to determine if 

Zn2+ ions are present in the samples. Based on the findings, we have proposed a model to explain 
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the transformation of ZnO NPs, cellular movement of zinc species, and formation and subcellular 

localization of zinc nanoclusters. 

3.2.  Experimental 

3.2.1. Materials 

Zinc oxide NPs (ZnO, Applied Nanotech Inc, USA), zinc sulfate (ZnSO4, Alfa Aeser, 

USA), Zinpyr-1 (Santa Cruz Biotech, USA), N,N,N',N'-tetrakis(2-pyridylmethyl)ethane-1,2-

diamine (TPEN, Santa Cruz Biotech, USA), Dimethyl sulfoxide (DMSO, Chem Cruz, Santa Cruz 

Biotech, USA), nitric acid (HNO3, trace metal grade, Fisher, USA), calcium chloride dihydrate 

(CaCl2.2H2O, VWR, USA), zinc phytate (C6H6O24P6Zn6, 98% pure, Bonding Chemical, USA), 

zinc phosphate (Zn3(PO4)2, 99.995% pure, Alfa Aesar, USA), ethylenediaminetetraacetic acid 

(EDTA, Sigma Aldrich, USA), spinach seeds (Burpee), and Perlite (Schultz, USA) were used as 

received unless otherwise specified. 

3.2.2. Plant Growth 

Commercial spinach seeds were germinated in perlite in darkness at room temperature 

(22±2 oC). Young seedlings at 2-leaf stage were transferred to Harmens nutrient solution (Table 

2, Appendix B) in hydroponics. ZnO NP and ZnSO4 were added to Harmens solution at a 

concentration of 500 mg Zn L-1 in the ZnO NP and ZnSO4 treatment respectively. The control 

consisted of only Harmens solution without any form of zinc. The seedlings were grown in 50 mL 

hydroponics solution in 50 mL plastic tubes (VWR), under 16/8 h light/dark cycle at room 

temperature (22±2 oC). For each treatment, plants were grown in triplicate (Figure 2, Appendix B) 

and harvested after four days. Four days of exposure was considered adequate for the detection of 

ZnO NPs and determination of the Zn form in which they are taken up by plant roots (based on 

preliminary results). Our preliminary work had shown that when applied at low concentrations, 
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ZnO NPs are not detected inside plants using electron microscopy, and hence a high concentration 

(500 mg Zn L-1) was used in this study.  

3.2.3. Incubation with Zn2+ Sensors 

Young seedlings (4 days after treatment, 4 leaf stage) were harvested and roots were 

washed with 0.2% CaCl2 to remove particles attached to the root surfaces . The roots from each 

seedling were carefully separated using a stainless-steel blade and transferred to a petri dish. 

3.2.3.1. Zinpyr-1 

A working solution of Zinpyr-1 was made in 0.9% saline from a stock solution of 1 mM in 

dimethyl sulfoxide (DMSO) and stored at −20 oC. Excised roots were triple washed with deionized 

(DI) water and 10 mM EDTA and incubated in a 20 µM solution of Zinpyr-1 in darkness at room

temperature for 3 h. The root sections were rinsed with DI water to remove excess dye. The 

samples were mounted on glass slides in 50% glycerol and imaged with CLSM.  

Zinpyr-1 (Figure 3.1a), a fluorescein-based sensor belonging to the Zinpyr-1 or ZP family, 

has high quantum yield and lower excitation and emission energies . Zinpyr-1 binds to Zn2+ in both 

or either of its two di(2-picolyl)amine (DPA) arms by chelating nitrogen of DPA and a carbonyl 

can oxygen on the xanthone ring, and is highly specific for Zn2+ over other divalent cations like 

Ca2+ or Mg2+ . The mechanism of Zn2+ binding to Zinpyr-1 follows photoinduced electron transfer 

(PET) where in the absence of the analyte, the fluorescence is quenched and upon binding of the 

analyte, the fluorescence is activated . The excitation wavelength of Zinpyr-1 is 507 nm and the 

emission wavelength is 527 nm . 

3.2.3.2. N,N,N',N'-tetrakis(2-pyridylmethyl)ethane-1,2-diamine (TPEN) 

Roots were incubated in 200 µM TPEN (Santa Cruz Biotech, USA) for 15 min , and 

thereafter incubated with Zinpyr-1 as described earlier.  
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TPEN (Figure 3.1b) is a Zn2+ chelator,  and acts via ligand-substitution reaction with its 

pyridyl and amine nitrogen ligands binding to Zn2+ .  

(a) (b) 

Figure 3.1. Chemical structures of: (a) Zinpyr-1; (b) TPEN 

3.2.4. Analytical Procedures 

3.2.4.1. Particle Characterization 

For zeta (ζ)-potential and hydrodynamic diameter measurements, the ZnO NPs were 

dispersed in DI water and Harmens nutrient solution using a sonicator for 30 seconds at a 

concentration of 500 mg Zn L-1. The pH of Harmens solution was adjusted to 6 (relevant to plant 

growth). The ζ-potential and hydrodynamic diameter were measured with a ZetaSizer (Nano-ZS 

90, Malvern). For evaluating the particle size distribution, a Transmission Electron Microscope 

(TEM) (JEOL JEM-2100 LaB6 TEM, JEOL USA, Peabody MA) operating at 200 kV was used.  

Bright-field images of each sample were acquired with a Gatan Orius SC1000 CCD camera; dark-

field imaging utilized a Gatan 805 High Angle Annular Dark Field detector with a Gatan Digiscan 

II controller unit and the TEM running in scanning transmission electron microscopy (STEM) 

mode. 
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3.2.4.2. Confocal Microscopy Imaging 

Root sections of plants were imaged with a CLSM (Zeiss LSM 700, Thornwood, NY) using 

excitation wavelength at 488 nm for Zinpyr-1 with additional channel taken with DIC, using Plan-

Apochromat 40x/1.3 oil immersion lens with emission set at 530 nm for Zinpyr-1. Leaves were 

not imaged because of chlorophyll interference. Unstained ZnO NPs (powder) were also checked 

with CLSM excited with the full spectrum and observed in 550 nm to 600 nm for any 

autofluorescence. 

3.2.4.3. Flame Atomic Absorption Spectroscopy (Flame AA) Analysis 

Dried (65 oC, 24 h) root tissues were digested in a microwave digester (CEM Mars Xpress) 

with 1:1 nitric acid (15.9 M) and DI water. Digested samples were analyzed with AAS (Perkin 

Elmer Pinnacle 900H) for Zn.  

3.2.4.4. TEM and EDS Analyses 

For TEM, the root samples were excised and cut into small (< 1 mm) pieces under water, 

then fixed in 2.5% glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.35, Tousimis Research 

Corporation, Rockville MD) for 1 h at 4 °C.  Samples were rinsed twice in sodium phosphate 

buffer and then placed in 2% osmium tetroxide in the buffer for 2 h at room temperature. Samples 

were rinsed with DI water to remove excess osmium tetroxide and dehydrated through a graded 

acetone series (0-30-50-70% acetone in water) and then further dehydrated through two changes 

of 100% acetone.  Dehydrated samples were embedded in Epon-Araldite-DDSA with DMP-30 

accelerator polymerized in a 60 °C oven for 24 hours and sectioned at 60-80 nm thickness using a 

RMC MT XL ultramicrotome (Boeckeler Instruments, Tucson AZ).  Sections were collected on 

copper grids.  Imaging and analysis were performed on a JEOL JEM-2100 LaB6 TEM (JEOL 

USA, Peabody MA) operated at 200 kV.  Bright-field images of each sample were acquired with 
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a Gatan Orius SC1000 CCD camera; dark-field imaging utilized a Gatan 805 High Angle Annular 

Dark Field detector with a Gatan Digiscan II controller unit and the TEM running in scanning 

transmission electron microscopy (STEM) mode.  To obtain X-ray information, a Thermo 

Nanotrace Energy Dispersive X-ray detector with NSS-212e acquisition engine integrated with the 

dark-field STEM system was used. The en-bloc uranyl acetate staining and post staining with lead 

citrate steps were left out for analytical clarity. TEM (JEOL JEM 2100) was used for imaging the 

ZnO NPs in the roots and was followed by EDS for elemental analysis.  Tissues were not stained 

with lead for analytical clarity. Beryllium holder was used to avoid the Cu peaks which were 

observed in the EDS spectrum when Cu holders were used. However faint Cu peaks were still 

visible from the Cu grids used. For comparative analysis, ZnO NP as well as zinc phytate 

(C6H6O24P6Zn6) and zinc phosphate [Zn3(PO4)2] powders were finely ground and collected on Cu 

grids. They were imaged and analyzed for elemental analysis using the same settings. 

3.3.  Results 

3.3.1. Particle Characterization 

The particle size ranged from 8-174 nm with 92.96% of the ZnO NPs having the smallest 

dimension within 100 nm (Figure 3.2).  The ζ-potential of the ZnO nanoparticles were found to be 

25.9±4.7 mV in DI water and −16.8±3.9 mV in Harmens nutrient solution. The ζ-potential of the 

NPs in nutrient solution is negative because in the acidic nutrient media (pH 6.2) and the anions 

present in the media might have anchored on the particle surfaces, rendering the particle a negative 

charge. The average hydrodynamic diameter of the ZnO NPs was found to be 512.5 nm in DI water 

and 3799 nm in nutrient solution. The particles formed agglomerates/aggregates at high ionic 

strength of the nutrient solution, thereby increasing the hydrodynamic diameter. With increasing 

ionic strength, the thickness of the electric double layer surrounding a particle decreases due to 
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compression of this double layer, and that decreases the zeta potential and subsequently decreases 

the repulsive interactions between the particles .  

(a) (b) 

Figure 3.2. (a) TEM micrograph of bare ZnO NPs, and (b) particle size distribution of ZnO 

NPs based on smallest dimensions. 

3.3.2. Zinpyr-1 and TPEN Labeling 

Zinpyr-1 was used in this study to detect Zn2+ speciation in spinach roots exposed to ZnO 

NPs. CLSM examination showed high intensity green fluorescence (Zn ions) in the primary root 

tips (Fig. 3.3a) and the region with root hairs (the root hair zone) (Figure 3.3d) in plants exposed 

to ZnO NPs. Similar high intensity fluorescence was observed in the root sections of the plants 

exposed to ZnSO4 (Figure 3.3b and 3.3e). The control root sections (from plants grown without 

ZnO NPs or ZnSO4) labeled with Zinpyr-1 did not show significant fluorescence (Figure 3.3c and 

3.3f). Low intensity background autofluorescence of cellular organelles and vascular bundles was 

visible in the controls. The control experiment indicated that there was no root uptake of Zinpyr-1 

as the associated fluorescence was not observed. This led us to further infer that high intensity 

fluorescence in the other samples is due to Zinpyr-1 tagged to zinc ions (Zn2+) from ZnO NPs, and 

ZnSO4. The Zn2+ ions might have come from the dissociation of the zinc compounds in the plant 

tissue after plant uptake or plant might have taken up dissociated Zn2+ ions from the hydroponic 

solution. The hydroponic medium mixed with ZnO NPs and Zinpyr-1 was also imaged and bright 
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green fluorescence was observed (Figure 3, Appendix B). We believe that the zinc, which 

fluoresced in the plant cell and hydroponic medium are Zn2+ ions as ZnO NPs are found to release 

Zn2+ ions in aqueous media (Figure 1, Appendix B). Zinpyr-1 was also successfully used by 

Sinclair et al.  to study the localization of Zn2+ in the roots of mutant Arabidopsis thaliana upon 

exposure to exogenous zinc. Cellular and tissue distribution of zinc in the zinc-sensitive phenotype, 

AtHMA4-expressing Nicotiana tabacum was mapped by others using Zinpyr-1 .  

To reconfirm that fluorescence in the samples is coming only from Zn2+ ions, TPEN was 

used to chelate the free Zn2+ (not complexed with any cell component) present in the roots and the 

samples were then labelled with Zinpyr-1. No significant fluorescence was observed in any of the 

samples (Figure 3.4a-3.4f). This indicates that the fluorescence is coming from Zn2+ ions that came 

from the ZnO NPs and ZnSO4 taken up by plants in one form or the other. 
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a b c 

d e f 

Figure 3.3. Confocal laser scanning microscopic images of the spinach roots showing Zinpyr-1 fluorescence in (a) root tip exposed to 

ZnO NPs, (b) root tip exposed to ZnSO4, (c) control (root tip from plants not exposed to ZnO NPs or ZnSO4), (d) root hairs and root 

hair zone exposed to ZnO NPs, (e) root hairs and root hair zone exposed to ZnSO4, and (f) control (root hairs and root hair zone from 

plants not exposed to ZnO NPs or ZnSO4). 
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Figure 3.4. Confocal  laser scanning microscope images of the spinach roots showing Zinpyr-1 fluorescence (green) being marred 

because of Zn2+ chelation by Zn2+ chelator TPEN, (a) root tip exposed to ZnO NPs, (b) root tip exposed to ZnSO4, (c) control root tip 

from plants not exposed to ZnO NPs or  ZnSO4, (d) root hairs and root hair zone exposed to ZnO NPs, (e) root hairs and root hair zone 

exposed to ZnSO4, and (f) control root hairs and root hair zone from plants not exposed to ZnO NPs or ZnSO4
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3.3.3. Quantification of Zinc in Samples 

The presence of zinc in the root samples was verified with Flame AA spectrometric 

analysis (Table 3.1). Zinc was found in the roots of ZnO NP and ZnSO4 treated plants. Trace 

amount of zinc was also detected in the control (no zinc treatment) plants. This is possibly due to 

the endogenous zinc present in the plant tissues. It was found that the zinc concentration was the 

highest in ZnSO4 samples. One-way ANOVA and Tukey’s comparison test reveals that the zinc 

accumulation in roots exposed to ZnO NPs, ZnSO4 and no zinc are significantly different (denoted 

with different letters) (Table 3.1). 

Table 3.1. Zinc concentration in spinach roots exposed to 500 mg/L of zinc and in control (no 

zinc). The different letters (A, B, C) denote that data are significantly different (Tukey’s pairwise 

comparison) 

Treatment Zinc Concentration in the roots 

(mg/g) 

ZnO NP 34.214 ± 20.9B 

ZnSO4 72.626 ± 10.3A 

Control 0.003 ± 0.0005C 

3.3.4. TEM and EDS Analyses 

TEM images revealed clusters of Zn NPs in the vacuoles of root cells of ZnO NP exposed 

plants, but not in ZnSO4 or the control plant root cells (Figure 3.5a, b). Individual particles had a 

diameter of ~40 nm and provided evidence that in addition to the Zn2+ ions, zinc in plant cells was 

present in nano-sized particle form in plants exposed to ZnO NPs. Energy Dispersive Spectroscopy 

(EDS) was conducted on the clusters to confirm that they were zinc (Figure 3.5c). In the EDS 

spectrum, zinc peaks were visible at 1.03, 8.64, and 9.57 keV corresponding to Lα1, Kα1, and Kβ1 

lines. Phosphorus peak was visible at 2.02 keV corresponding to Kα1 line, indicating the presence 

of phosphorus in the identified NPs. In addition, Cu peaks were visible at 8.05 keV corresponding 

to Kα1. The presence of Cu can be attributed to the Cu-holders that were used to mount the sample. 
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O peak was visible at 0.53 keV corresponding to Kα1, and C peak was visible at 0.28 keV 

corresponding to Kα1.  

a 

 b 

c 

Figure 3.5. Transmission Electron micrograph of Zn NPs inside the spinach root tip of ZnO 

NP exposed plants: (a) Root tip section with ZnO NPs (encircled) inside a root cell. Nucleus 

and chromatin are visible, (b) magnified view of ZnO NPs in area circled (20 nm), and (c) EDS 

spectrum of an electron-dense spot in the TEM scan in (a). 

3.4.  Discussion 

Uptake of ZnO NPs has been reported in different plants, although there is no consensus 

on the nature of uptake. In our study, ionic zinc (Zn2+) was observed in the roots. Fluorescence 

corresponding to Zn2+ ions was observed in the cell periphery, as well as within the cytoplasm of 

root cells and in the hydroponic solution. This indicates dissolution of ZnO NPs to Zn2+ ions in the 

hydroponic media prior to uptake by plants. Interestingly, dissolution of ZnO NPs in aqueous 

environments have been documented in many instances , and we also observed a gradual 

dissolution of zinc in Harmen’s solution (Figure 1, Appendix B). Total zinc uptake by the plants 
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was determined with Flame AA spectroscopic analysis of the plant root samples, and it was found 

that the zinc concentration was the highest in ZnSO4 samples. 

Our TEM studies revealed the presence of dense dots in the cytoplasm of root tip 

cortical/undifferentiated cells of ZnO NP exposed seedlings. EDS confirmed these dense nano-

sized particles to be zinc-rich deposits. The zinc nano clusters were sequestered in a vacuole 

(Figure 3.5). It appeared that several NPs were coalesced together suggesting that the NPs could 

be compartmentalized within a subcellular vesicle and that plant possibly traffics and sequesters 

the NPs to these specific subcellular compartments. Vacuoles are known to play an important role 

in heavy metal homeostasis and detoxification by sequestration . 

The presence of phosphorus peak in the EDS spectrum suggests that phosphorus was 

present with the zinc nanoparticles. Comparing the spectra of Zn NPs in plant roots and 

commercial ZnO NP (Figure 3.6 a and d), it is evident that the NPs in the plant roots are not ZnO 

NPs, but Zn NPs in a complex with phosphorus. Comparing its spectra with that of Zn-phosphate 

and Zn-phytate (Figure 3.6 d), it is evident that there is distinct overlap of Zn, Cu, P, and O peaks 

in all the three compounds, however, peak heights of Zn, P, and O were distinctly smaller in Zn 

NPs in plants, indicating a smaller lattice structure. Normalizing the intensity of the K and L lines 

of the elements, it is observed that the C and O counts are higher in Zn NP in plants as compared 

to Zn-phosphate and Zn-phytate (Figure 3.7). This is largely due to the presence of inherent C and 

O in the plant sample. Hence, it was not possible to place the Zn NP observed in plants in either 

of the categories with EDS data alone. However, comparing the normalized net intensity of the 

elemental peaks, it can be inferred that the observed Zn NPs inside plants resembles Zn-phytate 

(Figure 3.7). Thus, the nanoparticles observed in the vacuoles are more likely to be zinc phytate-

like nano-sized particles, and not zinc oxide nanoparticles. We think that ZnO NPs were 
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dissociated into zinc ions prior to plant uptake or inside plants and subsequently sequestered in the 

vacuole forming nano-sized complexes with organic acid like phytic acid. In zinc tolerant plants 

like tufted hairgrass (Deschampsia cespitosa) and crop plants like wheat, maize, soybean, tomato, 

rapeseed, cabbage, and radish, zinc was found to be complexed with phytate (myo-inositol kis-

hexaphosphate) forming globular deposits in the vacuoles of cortical cells of root tips . Moreover, 

zinc phytate-like species was observed in ZnO NP exposed roots of maize plants, although 

subcellular localization was not reported . 

Although there is substantial evidence for the dissociation of ZnO NPs in the aqueous 

media, and subsequent zinc ion uptake by roots, endocytosis of ZnO NPs cannot be ruled out. 

Endocytosis of NPs have been reported in a number of studies in both plant  and mammalian cells 

. It is known that the transport of NPs into cells also depend on the type of the nanomaterial. Single 

walled carbon nanotubes and CuO NPs were shown to enter plant cells via endocytosis . However, 

there is no evidence of endocytosis of ZnO NPs in plant cells although it has been reported in 

mammalian cells . ZnO NPs dissolution in aqueous media  and our preliminary data (Figure 1, 

Appendix B) makes zinc ions available for uptake by plants. Hence, the possibility of endocytosis 

of ZnO NPs in plants is limited. Based on our observations, we have proposed a model for the 

uptake of zinc into root cells exposed to ZnO NPs. The model explains our observations on zinc 

internalization and sequestration of zinc NPs in vacuoles of epidermal cells. The ZnO NPs 

dissolves into Zn2+ ions in the hydroponic media and is taken up as ions via cell wall and plasma 

membrane transporters, and is sequestered into the vacuole through vacuolar transporters, where 

they complex with phosphorus forming Zn-phytate-like nanoclusters (Figure 3.8). 
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Figure 3.6. EDS Spectra of different Zn compounds (a) Zn NP in plant roots, (b) Zn phosphate, (c) Zn phytate (d) 

bare ZnO NP, and (e) overlay of Zn NP in plants, Zn phosphate, and Zn phytate spectra 
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Figure 3.6. EDS Spectra of different Zn compounds (a) Zn NP in plant roots, (b) Zn phosphate, (c) Zn phytate (d) 

bare ZnO NP, and (e) overlay of Zn NP in plants, Zn phosphate, and Zn phytate spectra (continued) 
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Figure 3.6. EDS Spectra of different Zn compounds (a) Zn NP in plant roots, (b) Zn phosphate, (c) Zn phytate (d) bare ZnO NP, 

and (e) overlay of Zn NP in plants, Zn phosphate, and Zn phytate spectra (continued)
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Figure 3.7. Comparison of EDS elemental lines of O, Zn, and P in zinc phosphate, zinc 

phytate and zinc NPs observed in spinach roots. 
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Figure 3.8. The model of ZnO NP internalization by plant root epidermal cells. Dissolution of 

ZnO NPs into ions (Zn2+) occurs in the hydroponic media, which are internalized through Zn2+ 

ion transporters present in the plasma membrane of root cells. Zinc ions are transported into 

the vacuoles through vacuolar transporters. Inside the vacuole, the free zinc ions are 

chelated to organic molecules like phytic acid forming zinc-phytate nanoparticles. Endocytosis 

may also play a role in ZnO NP internalization, where the NPs are eventually sequestered in the 

vacuoles through endocytic vesicles and may also dissociate into ions in the vacuoles. The 

model explores the possible routes of zinc species (ZnO NP and zinc ions) transport in plant root 

cells from the media and does not take into account the metabolic functions of zinc or zinc NPs 

in plants. 
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3.5.  Conclusion 

The detection of ENMs and their speciation products in plants is challenging because low-

resolution techniques cannot detect particles in the nanometer size range. Also, the form of ENM 

(ionic or nanoparticle) taken up by plants is difficult to determine using conventional techniques 

because they can only detect the total elemental concentration.  In this study, using a combination 

of a fluorescent Zn2+ sensor, Zinpyr-1 and a Zn2+ chelator, TPEN in CLSM, Zn2+ ions were found 

to be the dominating species in plant roots exposed to ZnO NPs. TEM imaging coupled with EDS 

revealed the presence of dense zinc nanoparticles sequestered in vacuoles. We think that the zinc 

nanoparticles are zinc phytate, based on the presence of phosphorus peak in the EDS spectrum of 

the zinc clusters, and our comparison with Zn-phytate spectrum. This is in agreement with existing 

reports on the biotransformation of ZnO NPs to zinc phytate-like species in plants. With the 

derivations made from our microscopy studies, we were able to hypothesize a model for the uptake 

routes of ZnO NPs and their dissociation products (Zn ions) in plant cells.  
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CHAPTER 4 

4.1.  Introduction 

Engineered Nanomaterials (ENMs) are finding use in the agricultural sector as nano-based 

fertilizers and pesticides. The use of this technology would introduce huge amounts of ENMs into 

the environment that could have positive or negative effects on agro- and natural ecosystems. Thus, 

numerous studies have been conducted over the last decade that focus on the effects ENMs on 

plants . These lines of investigation are crucial to elucidate how ENMs act as effectors that alter 

plant physiology to answer challenging questions like how plants perceive and react to these 

stimuli resulting in physiological reprograming. A powerful tool to characterize and analyze these 

responses is through measurements of transcriptome changes post ENM exposure. The limited 

transcript analysis studies conducted to date have shown that significant changes occur in plant 

transcriptomes that are predicted to alter the physiology and biological processes of the plant as a 

result of NP exposure . However, more thorough analyses are required to allow for a better 

understanding of how plants perceive ENMs and how they deal with these stimuli. Many of these 

early studies utilized microarray analysis to track plant gene expression profiles post ENM 

exposure. In Arabidopsis thaliana roots the lowest numbers of differentially regulated genes 

occurred upon exposed to ZnO NPs, when compared to bulk ZnO and ionic Zn2+ treated plants. 

However, the genes that were upregulated post interaction with the ZnO NPs were enriched for 

signal transduction and stress response genes . In another study, it was found that ZnO NPs elicited 

a larger number of genes and the differentially expressed genes were involved in abiotic and biotic 

stress responses in A. thaliana as compared to fullerene soot and nTiO2  . Quantitative real time 

PCR, which is used in all fields of biology is a reliable tool to study gene expression, although 

only one gene can be studied as a time. In canola roots and shoots exposed to ENMs, genes such 

as auxin responsive protein and protein kinase decreased with increasing concentration of ZnO 
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NPs (at 1000 mg/L), as revealed by the qPCR study . In A. thaliana exposed to ZnO NPs, zinc 

homeostasis genes like AtHMA3 and AtHMA4, macro- and microelement homoeostasis genes 

were upregulated in the shoots, and the hormone regulation genes like AtNAC1, AtASA1 were 

upregulated in roots but downregulated in the shoots .  

RNA sequencing (RNA Seq) is the most comprehensive tool to analyze global 

transcriptome profiles and also offers a precise measurements of levels of transcripts nearly as 

accurate as qPCR which can be used to look at a single gene and is much more accurate than 

microarray analysis which can look at a large set of genes but does not provide a comprehensive 

look at the entire transcriptome . In our study, RNA Seq was employed to survey the full 

transcriptome of the model monocot plant, Hordeum vulgare (barley) exposed to ZnO NPs. We 

have used ionic Zn2+ (ZnSO4) exposed barley for comparative analysis. The objective of this study 

was to investigate the gene profiles of barley in response to ZnO NPs and ZnSO4.  

4.2.  Materials and Methods 

4.2.1. ZnO NP Characterization 

For zeta (ζ)-potential and hydrodynamic diameter measurements, the ZnO NPs were 

dispersed in DI water using a sonicator for 30 seconds at a concentration of 500 mg/L of Zn. The 

zeta (ζ)-potential and particle size distribution was measured with a ZetaSizer (Nano-ZS 90, 

Malvern). For evaluating the particle size distribution, a JEOL JEM-2100 LaB6 Transmission 

Electron Microscope (TEM) was used (JEOL USA, Peabody MA) operating at 200 kV.  Bright-

field images of each sample were acquired with a Gatan Orius SC1000 CCD camera; dark-field 

imaging was acquired utilizing a Gatan 805 High Angle Annular Dark Field detector with a Gatan 

Digiscan II controller unit and the TEM running in scanning transmission electron microscopy 

(STEM) mode. 
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4.2.2. Plant Growth and Treatments 

The barley cultivar CI5791 was grown in cones containing 58.2 g of saturated potting mix 

(Pro Mix Loose Fill). Two seeds were sowed per cone and were treated as the same sample. A 

total of eight cones were allocated to each treatment. Emergence was recorded at 4 days after 

planting. ZnO NP and ZnSO4 treatment was applied at the 2-leaf stage. ZnO NPs and ZnSO4 were 

applied in the form of de-ionized water suspension with 2.5 mg (500 mg suspended in 1L of water; 

pot watered with 5 ml of suspension) of zinc per treatment. Secondary leaf tissue was collected 

from three individual plants of each treatment, and immediately frozen in liquid nitrogen and 

placed in a -80°C freezer until isolation of RNA was performed for RNAseq. Leaf samples were 

collected at 0 h pre-application of NPs and ZnSO4 (control), likewise at 6, and 48 h post-application 

(hpa). The plants were grown in a controlled growth chamber under photoperiod conditions of 12 

h light and 12 h dark at 21oC.  

4.2.3. mRNA Extraction, RNA-Seq Library Preparation and Sequencing 

Three leaf samples of equal size (~2 cm) from each replicate per treatment were combined 

in a single tube and used for total RNA extraction. The total RNA was extracted from these frozen 

leaf samples using the RNeasy mini kit (Qiagen, Chatsworth, CA) following the manufacturers 

standard protocol. RNA concentrations were measured using the Qubit® Broad Range RNA kit 

on a Qubit® 2.0 fluorometer (ThermoFisher Scientific), and RNA samples were visualized on 1% 

agarose gels stained with gel red (Biotium) to confirm the integrity of samples. RNA samples with 

four sharp ribosomal RNA (rRNA) bands; approximate molecular weights of 3.4, 1.8, 1.5, and 1.1 

kb corresponding to nuclear 28S and 18S rRNAs and 23S and 16S plastid rRNAs, respectively, 

without a high molecular weight genomic DNA contamination band were considered quality RNA. 

1µg of total RNA was used for RNA sequencing (RNA-Seq) library construction using the TruSeq 
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RNA Library Prep Kit v2 (Illumina, San Diego, CA) following the manufacture’s standard 

protocol. The final library was validated and quantified on the Agilent 2100 Bioanalyzer. The 

cDNA library from 15 different samples were pooled into one single tube and were normalized 

according to the manufacturer's protocol. The library pool was diluted to a concentration of 1.8 pm 

and sequenced on the Illumina NextSeq 500 sequencer on a single flow cell at the USDA Cereal 

Genotyping Centre, Fargo, ND, USA. A total of 3 flow cells were used. The NextSeq® 500/550 

High Output Kit v2 (150 cycles) was used for the generation of 150 bp single end sequencing 

reads. The raw sequencing reads were demultiplexed and converted into individual fastq files using 

bcl2fastq software v2.17.1.14 (Illumina, San Diego, CA). The fastq reads were quality trimmed in 

CLC Genomics Workbench v8.0.3 (CLC bio, Aarhus, Denmark) using default settings.  

4.2.4. Expression Analysis 

The analysis pipeline for mapping reads to reference genome, quality check, and for 

expression analyses was performed as previously described by Sharma Poudel 2018. In short, high 

quality trimmed sequencing reads were mapped to the barley RefSeq v1.0 (http://webblast.ipk- 

gatersleben.de/barley_ibsc/) in CLC Genomics Workbench v8.0.3 to obtain barley specific genes. 

Gene specific and transcript specific reads were obtained from the reference gene as well as from 

the gene track and mRNA tract information. This enabled reads to align to both intronic and 

intergenic regions. Reads less than 90% identical for 90% of the read length and that mapped to 

more than 10 positions were discarded. The total reads mapped for each gene model were 

normalized to obtain reads per kilobase of exon model per million mapped reads (RPKM) values 

for each sample. In all the comparisons, the false discovery rate (FDR) corrected p-values were 

calculated by the exact test using EdgeR bioconductor package in CLC genomics. Genes with 

EDGE fold change>3 and FDR corrected p-value<0.05 were considered as differentially expressed 
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genes (DEGs). All treatments were compared with 0 h control. Venn diagrams were prepared using 

VENNY to compare the DEGs between the treatments.  

4.2.5. Functional Annotation 

The high confidence genes were annotated in the publicly available IBSC RefSeq v1.0 

(http://webblast.ipk-gatersleben.de/barley_ibsc/downloads/). The annotations were supplemented 

by performing a local BlastX of the whole set of predicted barley proteins to the reannotated 

Arabidopsis Col-0 genome (Araport11) (https://www.araport.org/ data/araport11) . The top hits of 

high confidence barley genes with predicted amino acid homologies greater than 30% and 

alignment lengths greater than 50% with Arabidopsis annotated genes were used to assign 

Arabidopsis gene IDs to the barley genes.  

4.2.6. Gene Enrichment Analysis 

The GO term mapping for the best Arabidopsis gene hits for the barley DEGs were used 

for gene enrichment analysis. GO term enrichment analysis was performed in bioconductor R 

package TopGO version 2.28.0 . In the TopGO package, Fisher’s exact test was performed to 

calculate the significance of GO term enrichment. The cut-off for number of genes annotated for 

a single GO term was fixed at 5 genes with p-value less than 0.001. 

4.3. Results 

4.3.1. ζ-Potential and Particle Size 

The ζ-potential and hydrodynamic diameter of the ZnO NPs was found to be 25.9±4.7 mV 

and 512.5 nm in DI water respectively. The particle size ranged from 10-170 nm (smallest value 

is 8 nm and largest value is 173.33 nm), 92.96% of the ZnO NPs had the smallest dimension within 

100 nm (Figure 4.1).   
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(a) (b) 

Figure 4.1. TEM micrograph of bare ZnO NPs, and (b) particle size distribution of ZnO 

NPs based on smallest dimensions. 

4.3.2. RNA Seq Based Transcriptome Profiling 

Time course RNAseq analyses from leaf samples at 0, 6, and 48 hours post ZnO NP and 

ZnSO4 application (hpa) identified differentially expressed genes (DEGs) in response to the 

treatments (Table 4.1). The number of DEGs in response to ZnO NP treatment was the highest at 

6 hpa, showing 71 upregulated, and 134 downregulated genes. At 48 hpa of ZnO NP, the number 

of DEGs significantly decreased from the 6 hpa level to 2 upregulated and 14 downregulated genes. 

For the ZnSO4 treatment the temporal changes of DEG was similar to the ZnO NP treatment, 

showing 79 upregulated and 122 downregulated genes at the 6 hpa timepoint. At the 48 hpa 

timepoint similar to the ZnO NP treatment the DEGs began to return to their basal expression 

levels showing 2 upregulated and 83 downregulated genes. The gene expression levels of the 

experimental treatments were compared with the 0 h control (no application). It was evident from 

the gene expression analysis that barley seedlings of the CI5791 genotype had temporally similar 

response after ZnO NP and ZnSO4 application at the initial time-points which gradually falls back 

to basal levels at the later time-points.  
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Table 4.1. The number of DEGs in each treatment across time-points 

For the ZnO NP and ZnSO4 treatments at 6 hpa there were 55 common upregulated DEGs, 

and at 48 hpa, 1 common upregulated DEG. For downregulated DEGs there were 76 common 

genes at 6 hpa, and 13 common genes at 48 hpa, when comparing the ZnO NP and ZnSO4 

treatments (Figure 4.2a and b). Among the upregulated genes, 60% and, among the downregulated 

genes, 74% of the common genes had higher fold changes (absolute value) in ZnSO4 treatments. 

Figure 4.2. Number of up and downregulated genes at (a) 6 hpa and, (b) 48 hpa 

4.3.3. Gene Enrichment Analysis of DEGs Using Classification Superviewer and 

TopGO 

TopGO analyses of the upregulated genes revealed that the most significant GO terms 

enriched were translation, and ribosome biogenesis at 6 hpa for both ZnO NP and ZnSO4 

Upregulated 

Genes 

Downregulated 

Genes 

ZnO NP 

6h 71 134 

48h 2 14 

ZnSO4 

6h 79 122 

48h 2 83 

(a) 6 hpa (b) 48 hpa
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treatments (Figure 4.3a, b and Appendix C Tables 1a, c). For downregulated genes, at 6 hpa, the 

most significant GO terms enriched were photosynthesis, and negative regulation of 

photomorphogenesis in ZnO NP, and photosynthesis and protein-chromophore linkage in the 

ZnSO4 treatments. 48 hpa expression data for upregulated genes in ZnO NP is not discussed as the 

dataset did not yield any significantly enriched GO terms. However, GO term enrichment for 

downregulated genes at 48 hpa for ZnO NP yielded response to wounding. For ZnSO4 treatments 

at 48 hpa, the significant GO terms enriched were maturation of LSU-rRNA from tricistronic 

rRNA transcript, and regulation of rRNA processing for upregulated genes, and response to 

wounding for downregulated genes. It is evident from the enrichment analyses that ZnO NP and 

ZnSO4 elicit similar biological processes in plants for the earlier time point and differential 

responses occurred at the later time point. 

Figure 4.3. The number of significant Differentially Expressed Genes (DEGs) enriched for Gene 

Ontology (GO) terms involved in biological processes in (a) 6 hpa ZnO NP treatment, and (b) 6 

hpa ZnSO4 expression data using TopGO. 
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Figure 4.3. The number of significant Differentially Expressed Genes (DEGs) enriched for Gene 

Ontology (GO) terms involved in biological processes in (a) 6 hpa ZnO NP treatment, and (b) 6 

hpa ZnSO4 expression data using TopGO (continued) 

4.4. Discussion and Conclusion 

From the RNAseq analysis of barley line CI5791, it was evident that at the earlier time-

point after NP exposure (6 hpa), there was a rapid response to ZnO NPs which returned to basal 

levels at 48 hpa. In ZnSO4 treatments, a similar response pattern was observed at 6 hpa which 

persisted at 48 hpa. However, a close inspection of the DEG profile at 6 hpa revealed that 26.9% 

of the total DEGs were exclusive to ZnO NP, and 25.4% of the total DEGs were exclusive to 

ZnSO4 exposed barley leaves (Figure 4.2a). At 48 hpa, 2.2% of the total DEGs were exclusive to 

ZnO NP, and 81.6% of the total DEGs were exclusive to ZnSO4 exposed barley leaves (Figure 

4.2b). The common DEGs between both the treatments can be attributed to the effect of dissolved 

Zn2+ ions in the media in case of both ZnO NP and to ZnSO4. However, the presence of exclusive 

DEGs in each treatment indicates that plant perception of ZnO NPs is also unique to that of ZnSO4. 
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This unique gene expression of ZnO NP exposed plants may stem from physical attributes of the 

NPs like the size and chemical attributes like slow dissolution rate. The common genes that are 

differentially expressed may be a response to the Zn2+ ions that dissolved from the ZnSO4 and ZnO 

NPs. 

At 6 hpa, 16 genes upregulated were exclusive to ZnO NP alone (Table 2a, Appendix C). 

Out of the 16 genes, 5 genes code for ribosomal proteins. The other DEGs exclusive to the ZnO 

NP treatment include heat stress transcription factor C-1b (HORVU3Hr1G069590), nucleosome 

assembly protein (HORVU6Hr1G051930), Yellow Stripe-like 7 (HORVU6Hr1G059420), 

Adenosyl-homocysteinase (HORVU2Hr1G109370), thionin (HORVU6Hr1G000720), and, a 4-

hydroxy-tetrahydrodipicolinate reductase (HORVU1Hr1G021120) gene. Yellow Stripe-like 7 

gene (HORVU6Hr1G059420) was upregulated 3.28 folds in the ZnO NP treatment. The predicted 

protein is annotated with 6 transmembrane domains, suggesting its membrane localization. It 

shares 97% identity with a probable metal-nicotianamine transporter YSL14 in Aegilops tauschii. 

The Arabidopsis ortholog is the Yellow stripe-like (YSL) 7 (AT1G65730) gene which shares 68% 

amino acid similarity with the barley gene model HORVU6Hr1G059420. YSL proteins are 

implicated in the transport of nicotianamine (NA)-metal complexes, like Fe(II)-NA , and also play 

a role in the transport of Zn and Cu from leaves into seeds . The Arabidopsis AtYSL7 protein has 

also been found to transport Pseudomonas virulence factor Syringolin A into plant cells . It hints 

at the possibility that it is not a substrate specific transporter, indicating that it may play a role in 

ZnO NP transport. Another gene HORVU6Hr1G000720 was upregulated 24.5 folds at 6 hpa in 

ZnO NP-exposed plants. The protein shares 89% identity with Hordeum jubatum thionin. Thionin 

is a family of plant antimicrobial peptide that is effective against bacteria, fungi, and yeast . In 

Arabidopsis thaliana, Thionin 2.4 was expressed in the cell wall and contributed to suppressed 
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toxicity against Fusarium graminearum . The mechanism of resistance involved blocking of the 

F. graminearum secreted-fungal fruit body lectin (FFBL) in Arabidopsis by thionin 2.4. It is

interesting to note that F. graminearum is a hemibiotroph that exhibits a brief biotrophic phase 

prior to a necrotrophic phase . In our study, on ZnO NP exposure, the barley plants expressed a 

gene (thionin) which is known to play a role in defense against hemibiotrophic pathogens that 

exhibit an initial biotrophic lifestyle during early colonization of their plant host. On the contrary, 

with ZnSO4 exposure, a gene (thaumatin-like) was expressed that is involved in defense against a 

necrotroph.  

At 6 hpa, 24 upregulated genes were exclusive to the ZnSO4 treatment (Table 2b, 

Appendix C). Out of the 24 genes, 5 genes were predicted to encode ribosomal proteins. The 

other genes were predicted to encode proteins that included osmotin 34 (HORVU5Hr1G051970), 

kiwellin (HORVU5Hr1G067760), wound-induced proteins (HORVU3Hr1G113120 and 

HORVU3Hr1G113620), organic cation/carnitine transporter 3 (HORVU0Hr1G003480), F-box 

protein PP2-B1 (HORVU4Hr1G086110), zinc finger protein (HORVU7Hr1G042080), 

glutathione S-transferase family protein (HORVU4Hr1G081100), and indole-3-glycerol 

phosphate synthase (HORVU7Hr1G114660). 

Wound induced proteins or pathogenesis-related protein 4 (PR-4) are well-known to play 

multiple roles in plant defense signaling . Protein HORVU3Hr1G113120 shares 98% and 74% 

identities with wheat PR-4 and Arabidopsis PR-4 respectively. The gene was upregulated 200.84 

folds in ZnSO4-exposed plants at 6 hpa. PR-4c in pepper (Capsicum annuum) is a plasma 

membrane protein that is an important component of plant defense signaling and is found to confer 

resistance against the pathogens Pseudomonas syringae pv. tomato and Hyaloperonospora 

arabidopsidis . Another protein, osmotin 34 (HORVU5Hr1G051970) is a pathogenesis-related 
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thaumatin superfamily protein which was upregulated 586.7 folds at 6 hpa. The Triticum aestivum 

(wheat) ortholog is thaumatin-like protein (TLP) with 98% amino acid identity to the 

HORVU5Hr1G051970 protein model. TLPs are pathogenesis-related (PR) proteins that are 

induced by pathogen infection . In Arabidopsis, expression of a TLP, ObTLP1 enhanced tolerance 

to the necrotrophic fungal pathogens, Scleretonia sclerotiorum and Botrytis cinerea . The 

expression of PR proteins in ZnSO4 and not in ZnO NP exposed plants hints at the possibility of 

plants perceiving ZnSO4 as more toxic compared to ZnO NPs. This may be attributed to the high 

levels of Zn2+ ions from the dissolved ZnSO4, as it is known to dissolve faster than ZnO NPs . The 

resultant surge of Zn2+ ions in the soil media can possibly be the source of toxicity .  

Out of the 55 common genes to both ZnO NP-exposed and ZnSO4-exposed plants 

upregulated at 6 hpa, 22 genes code for ribosomal proteins (Table 2c, Appendix C). The other 

significant DEGs common to both tratments included the cold regulated gene 

(HORVU4Hr1G077480), salt-inducible protein (HORVU4Hr1G089560), aquaporin-like 

superfamily protein (HORVU4Hr1G085250), pumilio 7 (HORVU5Hr1G038840), mitochondrial 

glycoprotein family proteins (HORVU7Hr1G046980 and HORVU3Hr1G011460), protein kinase 

superfamily protein (HORVU2Hr1G075470), and hypersensitive-induced response protein 4 

(HORVU7Hr1G017190). Protein HORVU5Hr1G038840 was upregulated 100.28 and 76.47 folds 

at 6 hpa in ZnO NP and ZnSO4-exposed plants respectively. It shares 96% and 91% sequence 

identities with pumilio-like protein 7 in Aegilops tauschii and Triticum urartu, respectively. 

Pumilio proteins have diverse cellular functions like translation initiation, cytoplasmic de-

adenylation, translational repression through RNA localization or RNA decay, mitochondria 

motility and biogenesis, and rRNA processing and ribosome biogenesis in Arabidopsis. 

HORVU4Hr1G089560 was upregulated 124 folds at 6 hpa in both ZnO NP and ZnSO4-exposed 
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plants. It shares 84% amino acid identity with a salt-inducible protein in Leymus chinensis. The 

homolog, LcSAIN1 was found to be induced in Leymus chinensis in response to high salt stress, 

and its overexpression in Arabidopsis and rice induced tolerance against salt stress.  

The downregulated genes reflect the gene expression that declined after exposure to the 

treatments. 76 genes were downregulated common to both ZnO NP and ZnSO4 treatments at 6 hpa 

(Table 2d, Appendix C). Some of the genes downregulated that were common to both ZnO NPs 

and ZnSO4 encoded chlorophyll a/b binding proteins, although there were no visible changes in 

chlorophyll content. The chlorophyll a/b binding proteins are light harvesting proteins, and their 

downregulation indicates stress responses.  

In case of 6 hpa ZnO NP treatment, out of 134 downregulated genes, 56 were exclusive 

(Table 2e, Appendix C). Such genes include heavy metal transport/detoxification superfamily 

protein (HORVU1Hr1G036920), WRKY DNA-binding protein 33 (HORVU3Hr1G088200), 

cysteine synthase D1 (HORVU5Hr1G005980), subtilisin-like protease (HORVU4Hr1G013170), 

trehalose phosphate synthase (HORVU6Hr1G084190), and protein kinases like calcium-

dependent protein kinase 28 (HORVU6Hr1G014700), and receptor-like protein kinase 

(HORVU1Hr1G088680). In case of ZnSO4 treatments, out of 122 downregulated genes, 46 were 

exclusive (Table 2f, Appendix C). These genes include protein NRT1/ PTR FAMILY 8.5 

(HORVU2Hr1G001320), peroxisomal membrane protein 2 (HORVU1Hr1G022840), 

mitochondrial substrate carrier family protein (HORVU3Hr1G025820), glycogen synthase 

(HORVU7Hr1G025390), and NAD-dependent epimerase/dehydratase (HORVU7Hr1G083360).  

The gene expression profiles of ZnO NP and ZnSO4 treated barley indicate that plant 

responses fall back to basal levels at 48 hpa, implying that the plant responses reach equilibrium 

at 48 hpa. Although there is similar gene expression pattern in plants treated with ZnO NPs and 
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ZnSO4, there are notable differences in the gene profile. The DEGs common to both the treatments 

potentially reflect plant responses to Zn2+ ions dissociated from the ZnO NPs and ZnSO4 in soil. 

The DEGs exclusive to both the treatments can be attributed to the plants responding differently 

to the particle size and Zn2+ ion dissociation rate of ZnO NPs and ZnSO4. 
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CHAPTER 5 

5.1.  Introduction 

Engineered nanoparticles (ENPs or NPs) are increasingly being explored for use in 

agriculture. Some of the applications of NPs in agriculture are plant protection products like 

nanopesticides and nanofertilizers, nano-clay soil improvement products, water purification, 

nanosensors, and nucleic acid delivery systems. Among the metal NPs, silver, copper, and zinc 

oxide are the most widely used as nanofertilizers and nanopesticides, and among the non-metallic 

NPs, carbon and graphene are commonly used in environmental sensors . The effect of NPs on 

plant development and physiology is still largely unknown as their effects have been reported to 

vary depending on different parameters like types of growth media, plant species, NP type, 

concentration and size. In a recent review, the authors highlighted important knowledge gaps that 

need to be filled before NP use could be effectively translated to agricultural uses in the field. To 

address these knowledge gaps, the authors suggested the utilization of “omic” approaches 

including transcriptomics, proteomics and metabolomics for in-depth analyses of plant-

nanoparticle interactions. These sensitive techniques can provide accurate and comprehensive 

information on the global gene regulation changes and dynamic physiological response required 

of a sessile organism when exposed to external stimuli that can be perceived as beneficial or a 

challenge to existence. Transcriptomic assays reflect the genes that are differentially regulated in 

response to beneficial stimuli but equally important are the differentially regulated genes in 

responses to abiotic or biotic stresses.  

Before the recent advancements of next generation sequencing technologies made global 

plant transcriptome analysis possible, microarray technology was being used to elucidate the 

transcriptomic responses of the model plant species Arabidopsis thaliana exposed to NPs like ZnO 
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, TiO2  and CeO , and Ag . Quantitative real time PCR was also used to determine the expression 

pattern of important genes in Arabidopsis thaliana like MADS-box genes in response to Ag NPs , 

auxin signaling genes and Fe-SOD genes in response to CuO NPs. In the majority of the studies , 

abiotic and biotic stress-related genes were found to be upregulated in the NP exposed plants, 

however these methodologies, microarray and qPCR are limited to targeted genes and did not 

provide information on the global transcriptional reprogramming occurring in response to the 

nanoparticle perception and interactions.  

Although NPs have been reported to induce abiotic stress responses in plants, their 

interaction, crosstalk and possible synergy with other stress inducers in plants is still an under 

explored area, which would require in-depth transcriptional and physiological analysis in order to 

fill important knowledge gaps. One such synergistic interaction was partially characterized in 

canola plants. It was shown by Rossi et al., (2016) that canola treated with NaCl induced higher 

salt stress responses as compared to plants treated with both CeO2 NPs and NaCl . Although a 

limited study, it shows that NP induced responses can suppress responses to an abiotic stress that 

could be essential for the plants’ survival when growing under conditions that could include both 

abiotic or biotic stresses. 

Biotic stresses due to microbial pathogens as well as invertebrates have been one of the 

most critical factors contributing to global food security issues and historically have had 

devastating consequences for social and political stability. Plant disease and insect epidemics on 

crops have resulted in famine, mass migration of people and the downfall of political systems since 

ancient times. Biotic stress due to pathogens still accounts for about 15% loss in global food 

production, and poses a major challenge when breeding for new crop varieties as although genetic 

resistance is the most economic and environmentally sustainable form of pest resistance, the 
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complex nature of host-parasite genetic interactions can leave deploying resistant crop varieties 

beyond our reach. Fungal phytopathogens are the most destructive among the infectious disease 

causing agents in plants and account for significant crop yield losses . Based on fungal lifestyle, 

phytopathogens can be categorized as necrotrophic, biotrophic, or hemibiotrophic. Necrotrophic 

pathogens derive nutrition from dead tissues in contrast to biotrophic pathogens that feed on living 

tissues. Hemibiotrophs are somewhat intermediate to biotrophs and necrotrophs because they have 

an initial biotrophic phase during early colonization and after colonization during their biotrophic 

existence in the host they shift to a necrotrophic phase where they produce toxins of necrotrophic 

effectors that induce cell death and then acquire nutrient and complete their life cycle on the 

resulting dying or dead host cells. Plants evolved complex mechanisms to recognize and respond 

to pathogen infection, typically based on the ability of the host plant to recognize molecules 

specific to pathogens called effectors. Plant recognition of the pathogen effectors, which is 

mediated by cell surface or cytoplasmic immunity receptors, triggers signaling pathways that lead 

to an incompatible reaction, disease resistance. The lack of recognition or the plants’ inability to 

recognize a potential pathogen, either due to evasion via effector mutation or loss or a plant 

genotype lacking the appropriate immunity receptor, results in an incompatible reaction or 

susceptibility. Thus, the ability of the host plant to recognize a pathogen depends on whether the 

plant harbors the functional proteinaceous immunity receptor, typically encoding a dominant 

resistance gene (R gene) that recognizes a proteinaceous effector that is encoded by a single 

dominant pathogen avirulence gene. This plant-pathogen interaction is said to follow the “gene-

for-gene model” . Resistance and susceptibility may not be absolute but may range from complete 

resistance to increased susceptibility. Plant defense responses characteristic to the “gene-for-gene 

model” includes oxidative burst where the production of reactive oxygen species occurs, and the 
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hypersensitive response (HR) which is a form of programmed cell death. These immunity 

responses evolved in plants to protect themselves against biotrophic pathogens that require the 

maintenance of living host cells harboring their feeding structures to acquire nutrient from their 

host. On the other hand, necrotrophic pathogens counter-evolved mechanisms to trick the host into 

inducing immunity responses leading to PCD and HR as they benefit from these responses because 

they can derive nutrients from dead plant tissues similar to saprophytic fungi that live on dead or 

decomposing plant matter.  

 Necrotrophic fungal pathogens are the causal agents of a plethora of plant diseases, which 

causes significant damage to a wide variety of crops. Pyrenophora teres f. teres (Ptt) is a 

necrotrophic phytopathogen, which is the causal agent of the net form net blotch (NFNB) disease 

of barley. In barley, NFNB can cause 10-40% yield loss when sufficient inoculum is available, a 

susceptible host genotype is being grown, and the environment is conducive to disease formation 

. The disease NFNB is characterized by elongated striated necrotic lesions on the leaf that show a 

net like pattern often surrounded by chlorosis. The disease causes yield loss by reduced kernel size 

and bulk density . It has been shown that necrotrophic pathogens produce necrotrophic effectors 

(NE) that induce susceptibility, and recognition of the NEs by appropriate plant receptors leading 

to programmed cell death (PCD), enabling the necrotrophs to survive and proliferate. This specific 

host-necrotrophic pathogen interaction follows an inverse gene-for-gene model or NE-triggered 

susceptibility (NETS), which is in contrast to the gene-for-gene model where recognition of 

pathogen effectors by plant receptors leads to resistance responses.  

Salicylic acid (SA) has been shown to mediate biotrophic pathogen resistances through the 

induction of controlled programmed cell death (PCD) responses or hypersensitive responses (HR), 

which induces a foci of dead plant cells at the site of pathogen colonization. This immunity 
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response in plants evolved to deprive the biotrophic pathogens of nutrients, as they need to colonize 

living cells to extract host derived nutrient. The HR response leads to pathogen death and disease 

resistance. Thus, plants evolved an innate immunity mechanism where preformed immunity 

receptors in each plant cell triggers a localized PCD which effectively sacrifices a few cells in 

order to save the whole plant from infection. It was shown that susceptibility to the biotroph, 

Hyaloperonospora arabidopsidis was enhanced in Arabidopsis following a shift from SA-

signaling to JA/ET-signaling. In Arabidopsis F1 hybrids obtained by crossing Col-0 and Sei-0, SA 

biosynthesis was found to be enhanced, contributing to increased resistance against the biotrophic 

bacterial pathogen, Pseudomonas syringae pv. tomato (Pst) DC3000. Exogenous application of 

SA in wheat and increased SA accumulation in AtNPR1- expressing wheat enhanced basal 

resistance to the wheat hemibiotrophic pathogen F. graminearum.  

Jasmonic acid (JA) mediated responses are known to play a major role in conferring 

resistance to necrotrophic pathogens. Although the role of JA signaling in barley resistance to Ptt 

has not been established, JA responses and their effect on necrotrophic pathogen disease 

suppression have been studied extensively in other pathosystems. Jasmonate deficiency increased 

susceptibility in tomato to the necrotrophic pathogens  F. oxysporum and V. dahlia . It is also well 

established in other pathosystems that SA and JA interactions are mutually antagonistic . Thus, JA 

responses that are known to be important for necrotroph resistances in plants is in part due to the 

inhibition of SA responses leading to suppressed PCD. Necrotrophs have been found to hijack the 

SA-mediated defense signaling pathways of their hosts to induce PCD and tailor an environment 

conducive to colonization, nutrient acquisition, and lifecycle completion which promotes virulence 

and further disease development. SA-mediated signaling was also shown to enhance susceptibility 

to another necrotrophic fungal pathogen, Alternaria solani, in tomato. The necrotrophic pathogen, 
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Botrytis cinerea has been found to produce an exopolysaccharide, β-(1,3)(1,6)-d-glucan which 

suppresses JA-mediated responses eliciting SA pathway  and consequent susceptibility in tomato. 

Other phytohormones also play a role in the cross talk leading to compatible and incompatible 

interactions between plant hosts and pathogens. For example, it was also recently shown that B. 

cinerea strain B05.10 suppresses the Arabidopsis transcription factor WRKY33 leading to 

elevated levels of the phytohormone abscisic acid (ABA). The elevated ABA levels had an 

antagonistic effect on JA signaling and defense responses against the necrotroph and induced 

susceptibility (Liu et al., 2017). 

Our current understanding of how plants respond to a secondary stress inducer, either biotic 

or abiotic, after responding to the perception of NP, which also act to induce transcriptional 

reprogramming and differential hormonal signaling events is limited. However, this is a major 

grand challenge to utilizing NPs as subtle changes in these hormone signaling pathways which 

have complex cross talk could have major effects on how the plants respond to the NPs or react to 

stresses pre- or post-application in the field. So far, NPs have been studied in controlled 

environments where abiotic/biotic stresses were not applied or not taken into consideration but 

under field conditions these factors are an inherent part of the ecosystem. In the present study, we 

have explored the dynamics of plant and NP interaction, in the presence of a secondary stress 

inducer, a necrotrophic phytopathogen. We have shown that SA-related genes are highly expressed 

in barley (Hordeum vulgare) under combined stress i.e. zinc oxide engineered nanoparticles (ZnO 

NPs) and the necrotrophic pathogen, Pyrenophora teres f. teres (Ptt) which correlates with the 

reduced expression of JA-related genes, leading to compromised immunity towards the necrotroph 

in the most resistant cultivar of barley, CI5791. Next Generation Sequencing (NGS) was used for 

RNA seq analysis to access temporal changes in the transcriptome of the stress-induced plants. 
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Barley responses to ZnO NPs were compared to the model monocot, Arabidopsis responses, and 

it was shown that within the model dicot and model monocot systems opposite outputs were 

observed in response to the same NPs with regards to JA and SA signaling. This further reiterates 

the importance of understanding these interactions and outcomes using diverse species of NPs and 

plants, as well as under different environmental conditions and when interacting with diverse biotic 

and abiotic stresses. Thus, the objective of this research was to investigate the effects of ZnO NPs 

on barley and Ptt interactions. 

5.2.  Materials and Methods 

5.2.1. ZnO NP Characterization 

For zeta (ζ)-potential and hydrodynamic diameter measurements, the ZnO NPs were 

dispersed in DI water using a sonicator for 30 seconds at a concentration of 500 mg L-1 of Zn. The 

zeta (ζ)-potential and particle size distribution was measured with a ZetaSizer (Nano-ZS 90, 

Malvern). For evaluating the particle size distribution, a JEOL JEM-2100 LaB6 Transmission 

Electron Microscope (TEM) was used (JEOL USA, Peabody MA) operating at 200 kV.  Bright-

field images of each sample were acquired with a Gatan Orius SC1000 CCD camera; dark-field 

imaging was acquired utilizing a Gatan 805 High Angle Annular Dark Field detector with a Gatan 

Digiscan II controller unit and the TEM running in scanning transmission electron microscopy 

(STEM) mode.   

5.2.2. Plant Growth and Treatments 

Barley cultivar CI5791 was grown in cones containing 58.2 g of saturated potting mix (Pro 

Mix Loose Fill). Two seeds were sowed per cone and were treated as the same sample. A total of 

eight cones were allocated to each treatment. Emergence was recorded at 4 days after planting. 

ZnO NP treatment was applied at the 2-leaf stage. ZnO NPs were applied in the form of de-ionized 
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water suspension with 2.5 mg (500 mg suspended in 1L of water; pot watered with 5 ml of 

suspension) of zinc per treatment. For the double interaction (NP+P), ZnO NPs were applied as 

described 3h before pathogen inoculation (Figure 5.1). Secondary leaf tissue was collected from 

three individual plants of each treatment, and immediately frozen in liquid nitrogen and placed in 

a -80° C freezer until isolation of RNA was performed for RNA seq. Leaf samples were collected 

at 0 h pre-application of NPs, 3, 6, 24, and 48 h post NP application (hpa), and 3, 21, and 45 h post 

pathogen inoculation (hpi). The plants were grown in a controlled growth chamber under 

photoperiod conditions of 12 h light and 12 h dark at 210C.  

Arabidopsis was grown in similar cones containing 58.2 g of saturated potting mix (Pro 

Mix Loose Fill), and in a controlled growth chamber under photoperiod conditions of 12 h light 

and 12 h dark at 20 oC. Five seeds were sowed per cone and upon germination (14 days), the 

numbers were scaled to two plants per cone. After rosette leaves were fully developed (~30 days 

from planting), treatments were applied. The treatments consisted of ZnO NPs and no zinc control. 

ZnO NPs were applied in the form of de-ionized water suspension with 2.5 mg (500 mg suspended 

in 1L of water; pot watered with 5 ml of suspension) of zinc per treatment, and the control plants 

were treated with de-ionized water. Rosette leaves were collected from three individual plants of 

each treatment and immediately frozen in liquid nitrogen and placed in a -80 oC freezer until 

isolation of RNA was performed for RNA seq. Leaf samples were collected at 0 h pre-application 

of NPs, 3, 6, 24, and 48 h post NP application (hpa).  
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Figure 5.1. Time-course progression of treatments when leaf samples were collected for 

RNA seq. 

5.2.3. Pathogen Inoculation 

Only barley was used for pathogen inoculation. The Pyrenophora teres f. teres (Ptt) isolate 

ND89-19 was used to inoculate the resistant barley line CI5791. Inoculations were carried out after 

the secondary leaves of the barley seedlings were fully expanded (~14 days post planting). 

Inoculum preparation was performed as previously described in Friesen et al., (2006). In short P. 

teres f. teres isolate ND89-19 conidia spores were harvested from 10 days-old cultures by 

irrigation with water, and filtering through cheesecloth. The inoculum concentration was adjusted 

to 7500 conidia per ml-1 and two drops of Tween 20 (polyoxyethylene sorbitan monolaurate) were 

added per 100 ml of the inoculum. The plants were inoculated with a spray inoculator until leaves 

were saturated with droplets but before runoff. Post inoculation, the plants were placed in 100% 

relative humidity in the dark at 210 C for 24 h following the previously established protocol. 

Thereafter, the plants were kept in a controlled growth chamber as described previously. Disease 

evaluations were carried out on day 7 post inoculation, and the 1–10 scale described by Tekauz 

ZnO NP 

ZnO NP + 

Pathogen 

Pathogen 
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(1985) was used to score disease reactions . An average of 7 plants were scored for each treatment 

for disease.  

5.2.4. mRNA Extraction, RNA Seq Library Preparation and Sequencing of Barley 

CI5791 Leaves 

Three leaf samples of equal size (~2 cm) from each replicate per treatment were combined 

in a single tube and used for total RNA extraction. The total RNA was extracted from these frozen 

leaf samples using the RNeasy mini kit (Qiagen, Chatsworth, CA) following the manufacturers 

standard protocol. RNA concentrations were measured using the Qubit® Broad Range RNA kit on 

a Qubit® 2.0 fluorometer (ThermoFisher Scientific), and RNA samples were visualized on 1% 

agarose gels stained with gel red (Biotium) to confirm the integrity of samples. RNA samples with 

four sharp ribosomal RNA (rRNA) bands; approximate molecular weights of 3.4, 1.8, 1.5, and 1.1 

kb corresponding to nuclear 28S and 18S rRNAs and 23S and 16S plastid rRNAs, respectively, 

without a high molecular weight genomic DNA contamination band were considered quality RNA.  

1µg of total RNA was used for RNA sequencing (RNAseq) library construction using the TruSeq 

RNA Library Prep Kit v2 (Illumina, San Diego, CA) following the manufacture’s standard 

protocol. The final library was validated and quantified on the Agilent 2100 Bioanalyzer. The 

cDNA libraries from 12 different samples were pooled into one single tube and were normalized 

according to the manufacturer's protocol. Each of the library pools were diluted to a concentration 

of 1.8 pm and sequenced on the Illumina NextSeq 500 sequencer on a single flow cell at the USDA 

Cereal Genotyping Centre, Fargo, ND, USA. A total of 3 flow cells were used. The NextSeq® 

500/550 High Output Kit v2 (150 cycles) was used for the generation of 150 bp single end 

sequencing reads. The raw sequencing reads were demultiplexed and converted into individual 

fastq files using bcl2fastq software v2.17.1.14 (Illumina, San Diego, CA). The fastq reads were 
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quality trimmed in CLC Genomics Workbench v8.0.3 (CLC bio, Aarhus, Denmark) using default 

settings.  

5.2.5. mRNA Extraction, RNA Seq Library Preparation and Sequencing of 

Arabidopsis Leaves 

Three leaf samples of equal size (~0.5 cm) from each replicate per treatment were 

combined in a single tube and used for total RNA extraction. The total RNA extraction and quality 

check was done similar to that of barley. 1µg of total RNA was used for RNA Seq library 

construction using the NEB #E7490 (New England Biolabs, Ipswich MA) for mRNA extraction, 

NEB #E7771S (New England Biolabs, Ipswich MA) for first strand synthesis, NEB #E6111S 

(New England Biolabs, Ipswich MA) for second strand synthesis, and NEB #E6270S (New 

England Biolabs, Ipswich MA) for DNA library prep, following the manufacture’s standard 

protocol. The final library was validated and quantified on the Agilent 2100 Bioanalyzer. The 

cDNA libraries from 12 different samples were pooled into one single tube and were normalized 

according to the manufacturer's protocol. Each of the library pools were diluted to a concentration 

of 100 pm and loaded on the Ion Chef for chip prep. A single chip, Ion 540 Chip (Ion Torrent, Life 

Technologies, Carlsbad, CA) was used for sequencing on the Ion S5 System (Ion Torrent, Life 

Technologies, Carlsbad, CA). The fastq reads obtained were quality trimmed in CLC Genomics 

Workbench v8.0.3 (CLC bio, Aarhus, Denmark) using default settings.  

5.2.6. Expression Analysis 

The analysis pipeline for mapping reads to reference genome, quality check, and for 

expression analyses was performed as previously described by Sharma Poudel 2018. The high-

quality trimmed sequencing reads were mapped to the barley RefSeq v1.0 (http://webblast.ipk- 

gatersleben.de/barley_ibsc/) in CLC Genomics Workbench v8.0.3 to obtain barley specific genes. 

about:blank
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Gene specific and transcript specific reads were obtained from the reference gene as well as from 

the gene track and mRNA tract information. This enabled reads to align to both intronic and 

intergenic regions. Reads less than 90% identical for 90% of the read length and that mapped to 

more than 10 positions were discarded. The total reads mapped for each gene model were 

normalized to obtain reads per kilobase of exon model per million mapped reads (RPKM) values 

for each sample. In all the comparisons, the false discovery rate (FDR) corrected p-values were 

calculated by the exact test using the EdgeR bioconductor package in CLC genomics. Analyses 

were based on a threshold of 0.05 for FDR-corrected p-value and fold change of 3. All treatments 

were compared with 0 h control (no NP application or Ptt inoculation).  

Venn diagrams were prepared using VENNY to compare the DEGs between the 

treatments. Heat maps were generated using Heatmapper.   

5.2.7. Functional Annotation 

The high confidence genes were annotated in the publicly available IBSC RefSeq v1.0 

(http://webblast.ipk-gatersleben.de/barley_ibsc/downloads/). The annotations were supplemented 

by performing a local BlastX of the whole set of predicted barley proteins to the reannotated 

Arabidopsis Col-0 genome (Araport11) (https://www.araport.org/ data/araport11) (Madden et al., 

2013). The top hits of high confidence barley genes with predicted amino acid homologies greater 

than 30% and alignment lengths greater than 50% with Arabidopsis annotated genes were used to 

assign Arabidopsis gene IDs to the barley genes.  

5.2.8. Gene Enrichment Analysis 

The GO term mapping for the best Arabidopsis gene hits for the barley DEGs were used 

for gene enrichment analysis. GO term enrichment analysis was performed in bioconductor R 

package TopGO version 2.28.0 , and in the web-based Classification Superviewer . In the TopGO 
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package, Fisher’s exact test was performed to calculate the significance of GO term enrichment. 

The cut-off for number of genes annotated for a single GO term was fixed at 5 genes with p-value 

less than 0.001. In both the enrichment tools, the analyses were done to identify the significantly 

enriched GO terms specific to subontology categories like molecular function (MF), biological 

processes (BP) and cellular component (CC). 

In both TopGO and Classification Superviewer, all DEGs across the treatments were 

subdivided into two groups, upregulated and downregulated genes, and enrichment analysis was 

conducted on each set separately. 

5.2.9. Quantitative PCR Analysis 

The RNA samples used for RNA Seq were further analyzed for HvPR1, HvPR4, and 

HvCytP450 expression using qPCR. Complementary DNA (cDNA) was prepared from the total 

RNA using GoScriptTM Reverse Transcription System (Promega) following the manufacturer’s 

protocol which is as follows: ~500 ng of total RNA was mixed with oligo(dT)15 primer (0.5 µg) 

and incubate at 70 oC for 5 minutes. The RNA sample was then mixed with 15 µl of reverse 

transcription reaction mix (GoScriptTM Reaction Buffer (5X), MgCl2 (1.5 mM), PCR Nucleotide 

Mix (0.5 mM each dNTP), Recombinant RNasin Ribonuclease Inhibitor (20 units), and Reverse 

Transcriptase) and incubated at 25 oC for 5 min followed by 42 oC for 60 min and inactivated at 

70 oC for 15 minutes. The 20 µl cDNA synthesis reactions were diluted with 30 µl H2O, giving a 

total of 10 ng/µl. A 20 µl qPCR reaction was prepared by mixing 4 µl (~40 ng DNA) of diluted 

cDNA, 10 µl SsoAdvanced Universal SYBR Green Supermix (Bio-Rad), and 1 µl of each forward 

and reverse primer (10 µM). The qPCR was conducted in a CFX96 Real-time system thermalcycler 

(Bio-Rad) with cycling parameters of 95 °C for 30 sec followed by 40 cycles of 95 °C for 15 

seconds and 62 °C for 30 seconds; 65 °C for 30 sec; and 60 cycles of temperature increasing from 
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60 °C to 95 °C with fluorescence readings acquired at 0.5 °C increments per cycle. Three technical 

replications were used for each biological replicate. The barley HvSnor14 gene was used as the 

reference to normalize HvPR1, HvPR4, and HvCytP450 gene expression. Efficiency of qPCR for 

HvPR1, HvPR4, HvCytP450, and HvSnor14 primers were calculated by generating a standard 

curve by running qPCR on a 10-fold serial dilution starting from 200 pg of PCR amplified template 

of HvPR1, HvPR4, HvCytP450, and HvSnor14. Differential expression was calculated by using 

the ∆∆CT method, followed by one-way ANOVA and Tukey’s comparison test to determine the 

statistical significance. For PR1, primers were designed across its only exon: 

HvPR1-qpcr-F1 (5’- ATGCAGACGCCCAAGCTAGCCATCT-3’) and HvPR1-qpcr-R1 

(5’-CTCTGGTTGGCGTAGTTCTGGGCGA- 3’) that specifically amplifies a 191 bp region in 

cDNA and gDNA. For PR2, primers were designed across its only exon: HvPR4-qpcr-F2 (5’- 

AACAACGTCCGGGCGACGTAC-3’) and HvPR4-qpcr-R2 (5’- 

GAACGCCGTCCAGCCGTACTT-3’) that specifically amplifies a 144 bp region in cDNA and 

gDNA. For CytP450, primers were designed across two exons: HvCytP450-qpcr-F1 (5’- 

GCACTCTGGAACAAGCACCCATGAG-3’) and HvCytP450-qpcr-R1 (5’- 

CATGGCCAGGAATTCCAGAGTCGAC- 3’) that amplifies a 232 bp region in cDNA, and a 

366 bp region in gDNA.  

5.2.10. Protein-Protein Interaction Network (PPIN) 

For PPIN, the up and downregulated genes having fold change greater than 10 were used 

in the analysis. We set this threshold because most of the important genes that we were interested 

in like the ones coding for cell surface receptor proteins had a higher fold change than 10. We 

solved the Steiner tree problem on these proteins of interest using the Kou approximation 

algorithm and we present the results here. A Steiner Tree problem  was used as the model to 
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identify a collection of interactions of maximum reliability such that all the proteins of interest 

(based on up- and down-regulated genes) are connected.  Due to the large-scale nature of the 

obtained network, the Kou approximation algorithm  was used to find a heuristic solution in 

reasonable time. The underlying network is generated based on the STRING-DB database  for 

Arabidopsis thaliana, while visualization is done using NetworkX .   

5.3. Results 

5.3.1. ζ-Potential and Particle Size 

The ζ-potential and hydrodynamic diameter of the ZnO NPs was found to be 25.9±4.7 mV 

and 512.5 nm in DI water respectively. The particle size ranged from 10-170 nm (smallest value 

is 8 nm and largest value is 173.33 nm), 92.96% of the ZnO NPs had the smallest dimension within 

100 nm (Figure 5.2).   

(a) (b) 

Figure 5.2. (a) TEM micrograph of bare ZnO NPs, and (b) particle size distribution of ZnO 

NPs based on smallest dimensions. 

5.3.2. Differentially Expressed Genes (DEGs) 

5.3.2.1. Barley 

Time course RNAseq analyses from leaf samples at 0, 6, 24 and 48 hours post ZnO NP 

application (hpa) or 3, 21, 45 h post pathogen inoculation (hpi) identified differentially expressed 

genes (DEGs) in response to the treatments showing rapid responses to ZnO NPs alone at 6 hpa 
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that quickly returned to basal levels at 24 hpa. However, treatments with the pathogen alone and 

pathogen + ZnO NP showed DEG profiles that persisted up to 48 hpi (Table 5.1), the latest time 

point analyzed in the experiments. The number of DEGs in the combined application/inoculation 

(pathogen + ZnO NP) was the highest across all time-points compared to the pathogen and ZnO 

NPs alone. The number of DEGs in response to ZnO NPs was the highest at 3 hpa with 225 

significantly upregulated and 461 downregulated genes. At 6 hpa, the number of upregulated genes 

decreased to 71 and downregulated genes decreased to 134. At 24 hpa, the number of up and 

downregulated genes were 1 and 49 respectivelycand at 48 hpa, the number of DEGs upregulated 

were 2 and 14 downregulated. For the pathogen inoculated treatments, at 3 hpi, the number of 

DEGs were 1020 upregulated and 954 for downregulated. As the infection process progressed the 

number of DEGs increased then began to decrease over time. At 21 hpi, the numbers of DEGs 

were 1302 upregulated and 1021 for downregulated genes and at 45 hpi, 814 were upregulated and 

487 were downregulated. In case of the combined application treatments,of NP and Pathogen 

inoculation the largest response in terms of DEGs was observed at 3 hpi (6 hpa of NP) with 1359 

upregulated and 1033 downregulated genes. The number of genes upregulatd slightly increased 

over time and downregulated genes began to decrease. At 21 hpi (24 h hpa of NP), the number of 

DEGs were 1534 upregulated and 983 for downregulated. The number DEGs then began to 

decrease over time as at 45 hpi (48 hpa of NP) there were 1100 upregulated and 594 

downregulated. Thus, overall it was observed that the amplitude of barley responses in terms of 

the number of DEGs was the lowest with the ZnO NPs alone followed by pathogen alone with the 

combined application of nanoparticles followed by pathogen inoculation showing the strongest 

responses across all time points examined (Figure 5.1).  
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Table 5.1. The number of DEGs in barley in each treatment across time points 

Upregulated Downregulated 

Time-points NP P NP+P NP P NP+P 

3 hpa 225 461 

6 hpa/ 3 hpi 71 1020 1359 134 954 1033 

24 hpa/ 21 hpi 1 1302 1534 73 1281 1292 

48 hpa/ 45 hpi 2 814 1100 14 487 594 

Comparative analysis of the DEG profiles across the time courses with the NP, pathogen 

and NP+pathogen treatments allowed for the identification of common and unique DEGs to each 

treatment. The NP treatment alone at 6, 24, and 48 hpa were compared with the 3, 21, and 48 hpi 

time points, respectively, with the pathogen alone and NP+pathogen, to compare treatments such 

that the timing of the plant interaction with NP or pathogen alone aligned directly with each 

treatment across the dual interaction analysis with NP+pathogen. 

The upregulated genes at the first time-point of the dual NP+pathogen treatment (6 hpa/3 

hpi) identified 4 unique barley genes that were common to both the NP and combined application, 

951 that were common to the pathogen alone and combined application, and 15 that were common 

for all the treatments (Figure 5.3a). There were 52 genes Upregulated genes that were exclusive 

for NP, 54 genes for pathogen, and 389 that were exclusively upregulated at this time point during 

the combined NP + pathogen treatment. For the second time-point (24 hpa/21 hpi), 1208 

upregulated genes were common for the pathogen and combined NP + pathogen treatments. There 

was 1 DEG that was exclusive for NP alone, 94 for pathogen alone, and 326 for the combined 

application (Figure 5.3b). At the third time-point (48 hpa/45 hpi), 749 upregulated genes were 

common to the pathogen and combined application, and 2 genes were common for all the 

treatments. There were 63 upregulated DEGs exclusive for pathogen inoculation, and 349 for the 

combined application (Figure 5.3c).  
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For downregulated genes at the first time-point (6 hpa/3 hpi), there were 810 unique barley 

DEGs that were common for pathogen and combined applications, 1 common for NP and pathogen 

alone, 1 common for NP and combined application, and 57 that were in common for all the 

treatments. There were 75 genes exclusive for NP alone, 86 genes exclusive for pathogen alone, 

and 165 that were exclusive for the combined application (Figure 5.4a). At the second time-point 

(24 hpa/21 hpi), there were 879 down regulated genes common for pathogen and combined 

application, 1 between NP and pathogen, and 15 that were common for all treatments. There were 

33 genes exclusively downregulated for NP alone, 126 for pathogen alone, and 89 for the combined 

application (Figure 5.4b). At the third time-point (48 hpa/45 hpi), 438 downregulated genes were 

common for the pathogen and combined application, 1 gene was common for all the treatments 

and there were 13 genes exclusive to the NP alone, 48 for pathogen alone, and 155 for the 

combined application (Figure 5.4c). 

(a) (b) (c) 

Figure 5.3. Venn diagrams showing the upregulated differentially expressed genes (DEGs) that 

are unique to and common between the treatments. Comparisons of the DEGs of nanoparticle (NP; 

blue), pathogen (P; yellow), and NP+P (green) at (a) the 1st time point, (b) the 2nd time point, and 

(c) the 3rd time point.
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(a) (b) (c) 

Figure 5.4. Venn diagrams showing the downregulated differentially expressed genes (DEGs) that 
are unique to and common between the treatments. nanoparticle (NP; blue), pathogen (P; yellow), 

and NP+P (green) at (a) the 1st time point, (b) the 2nd time point, and (c) the 3rd time point. 

Across all treatments, the number of DEGs that were exclusive for the combined 

application of NP+pathogen were higher than those exclusive for NP or pathogen alone. This 

means that the responses of combined application plants were not entirely due to pathogen or NP 

alone but that a unique subset of genes that were affected by the combined NP and pathogen 

interaction gave an amplified response as compared to the individual treatments alone. 

To estimate ZnO NP induced fold changes of the DEGs, comparisons were made between 

pathogen inoculated and combined application datasets at each time-point. It was evident from the 

volcano plots (Figure 5.5) that there is an increase in the number of DEGs having fold change 

higher in the combined application from 3 to 45 hpi. In the volcano plot, each dot represents a 

single transcript. The scale of the X-axis which is depictive of the fold change, is seen to be 

increasing from 3.5 at 3 hpi to 7.5 at 45 hpi, indicating that at the later time-point (45 hpi), there 

are increasing number of gene transcripts having higher fold changes. 
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Figure 5.5. Volcano plot of the transcriptome of pathogen inoculated and combined application 

treated barley at (a) 3 hpi, (b) 21 hpi, and (c) 45 hpi. The scale on the X-axis is the log2 EDGE FC, 

and Y-axis is the –log10 test p-value

(a) 3 hpi
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Figure 5.5. Volcano plot of the transcriptome of pathogen inoculated and combined application 

treated barley at (a) 3 hpi, (b) 21 hpi, and (c) 45 hpi. The scale on the X-axis is the log2 EDGE FC, 

and Y-axis is the –log10 test p-value (continued) 

(b) 21 hpi



109 

Figure 5.5. Volcano plot of the transcriptome of pathogen inoculated and combined application 

treated barley at (a) 3 hpi, (b) 21 hpi, and (c) 45 hpi. The scale on the X-axis is the log2 EDGE FC, 

and Y-axis is the –log10 test p-value (continued) 

5.3.2.2. Arabidopsis 

Time course RNA seq analyses from leaf samples of Arabidopsis at 0, 3, 6, 24 and 48 hours 

post ZnO NP application (hpa) identified transcriptional regulation responses similar to barley in 

the context of the timing of the responses. There were rapid transcriptional reprogramming 

responses that occurred post NP application that persisted till 6 hpa, after which the majority of 

genes showing differential regulation returned back toward basal levels at 24 hpa similar to what 

was observed in barley seedlings not exposed to the NP which was represented by the 0 hpa 

timepoint (Table 5.2). The number of DEGs was the highest at 6 hpa with 304 upregulated and 

209 downregulated genes. At 24 hpa, the number of upregulated genes decreased to 4 and 

(c) 45 hpi
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downregulated genes decreased to 58. At 48 hpa, the number of DEGs were 22 for upregulated 

and 110 for downregulated genes. 

Table 5.2. The number of DEGs in each treatment across time points in Arabidopsis 

Time-points Upregulated Downregulated 

3 hpa 127 198 

6 hpa/ 3 hpi 304 209 

24 hpa/ 21 hpi 4 58 

48 hpa/ 45 hpi 22 110 

Although the timing of the responses to the ZnO NP was similar in the model monocot 

species barley and dicot model species Arabidopsis, a comparison of orthologous DEGs revealed 

different gene profiles between the two model species (Figure 5.6). For upregulated genes, using 

barley and Arabidopsis orthologous gene annotations, only 3, and 1 gene were common at the 3, 

and 6 hpa time points, respectively. For downregulated genes, 16, 9, 3, and 2 genes were common 

at the 3, 6, 24, and 48 hpa timepoints, respectively. This implies that although barley and 

Arabidopsis share similar temporal responses to ZnO NP, the two model plants for the monocot 

and dicot lineages of plant evolution show different transcriptomic responses in terms of the genes 

that respond to the same class of NP.  

(a) (b) 

Figure 5.6. Time-course comparisons of Arabidopsis DEGs and barley DEG orthologs. 
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(c) (d) 

(e) (f) 

(g) (h) 

Figure 5.6. Time-course comparisons of Arabidopsis DEGs and barley DEG 

orthologs (continued). 

5.3.3. Gene Enrichment Analysis of DEGs 

5.3.3.1. Barley 

Gene enrichment using gene ontology (GO) terms was conducted in TopGO. For ZnO NP, 

the barley 3 hpa expression data showed that the most significant GO terms (p-value < 1e-10) 
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enriched for upregulated genes were translation and response to cadmium ions, and photosynthesis 

and protein-chromophore linkage for downregulated genes (Figure 1a and Table 1a, Appendix D). 

At 6 hpa, translation and ribosome biogenesis were the most significant upregulated genes, and for 

downregulated genes, photosynthesis and negative regulation of photomorphogenesis were the 

most significant (Figures 1a-b and Tables 1a-d, Appendix D). 

In the pathogen inoculated samples, across all time-points, protein phosphorylation and 

response to wounding were the most significant terms for upregulated genes, and for 

downregulated genes, photosynthesis, and protein-chromophore linkage were the most significant 

(Figures 1c-e and Tables 1e-g, Appendix D). 

In the combined application treatments, across all time-points, protein phosphorylation, 

and response to wounding were the most significant for upregulated genes. For downregulated 

genes, photosynthesis, and protein-chromophore linkage were the most significant (Figures 1f-h 

and Tables 1h-j, Appendix D). 

It is evident that the ZnO NPs do not elicit responses typical of stress, although 

photosynthesis genes were downregulated. However, in response to the pathogen and combined 

application, the upregulated genes were characteristic of stress responses.  

5.3.3.2. Arabidopsis 

Using TopGO, gene enrichment analysis on the Arabidopsis expression data at 3 and 6 hpa, 

the most significant terms enriched were for response to wounding and response to jasmonic acid 

for upregulated genes, and photosynthesis and protein-chromophore linkage were the most 

significant for downregulated genes (Figures 2a-d and Tables 2a-d, Appendix D). 
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5.3.4. Phenotypic Analysis of CI5791 

Pathogen inoculated and combined application (NP + pathogen) plants were evaluated for 

disease reaction. The average disease reaction scores were calculated from six trials and 9-12 

leaves per treatment per trial. The average disease reaction scores for combined application plants 

ranged from 1.93 to 4.08 with an overall mean of 2.71, and for untreated pathogen inoculated 

plants, the score ranged from 1.63 to 2.55 with an overall mean of 1.92 (Figure 5.7). A rating of 1 

shows a highly resistant reaction (incompatibility), whereas a rating of 10 shows a highly 

susceptible reaction (compatibility). The rating for combined application plants indicated a higher 

proportion of plants that were moderately susceptible, whereas for plants inoculated with the 

pathogen alone the disease ratings ranged from resistant to moderately resistant. From the disease 

scores observed for the combined application plants it was clear that the highly resistant barley 

line CI5791 developed higher levels of susceptibility to P. teres f. teres isolate ND89-19 after 

exposure to the ZnO NP. The increased susceptibility of the combined application plants can be 

attributed to the overexpression of SA-related genes that are known to antagonize the expression 

of JA-related genes, which are important in necrotrophic defense responses for which CI5791 is 

highly resistant to almost all P. teres f. teres isolates collected from around the world. Interestingly, 

it was also observed for the combined application treatments, that genes related to oxidation-

reduction processes had higher fold change upregulation than in the pathogen alone treatments. 

The oxidation-reduction processes result in reactive oxygen species (ROS) that is a precursor and 

signaling molecule that leads to programmed cell death. In the context of necrotrophic pathogen 

resistance, it is well established that resistance relies on suppressing ROS and subsequent PCD 

through the suppression of SA-mediated responses via upregulation of the JA-mediated responses. 

Thus, the downregulation of oxidation-reduction processes in the CI5791 resistance mechanism is 
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expected to result in the compatible interaction and the NP induced upregulation of oxidation-

reduction processes would result in higher levels of susceptibility, which was observed in the dual 

interaction phenotyping analysis. 

Figure 5.7. 7-day disease profile in (a) pathogen inoculated leaves, and (b) NP+pathogen 

inoculated leaves. 

5.3.5. Expression of Salicylic and Jasmonic Acid-Related Genes 

5.3.5.1. Barley 

To identify differentially regulated SA and JA-response genes, enrichment analysis using 

GO terms was performed in TopGO and the Classification Superviewer. The expression data for 

the treatments across all the time point were separated into upregulated and downregulated genes, 

and gene enrichment analysis was conducted on each set separately.  Using TopGO, with DEGs 

from the ZnO NP treated barley seedlings, gene enrichment analysis revealed 2 JA-related genes 

that were downregulated at 24 hpa, and 1 JA-related gene downregulated at 48 hpa. No SA or JA-

related genes were found to be significantly upregulated in the ZnO NP treatment. In the combined 

NP application and pathogen-inoculated seedlings, 19 SA-related genes were upregulated at 45 

hpi (Figure 5.8). It was evident from the enrichment analysis that at the latest time-point i.e. 48 
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hpa/45 hpi, there was persistent expression, upregulation, of SA-related processes, whereas JA-

related processes did not appear to be significantly enriched. For the ZnO NP treated barley 

seedlings, there was a downregulation of SA-related genes (Figure 5.8). 

Figure 5.8. Number of DEGs in NP, and combined application (NP+P) expression data that are 

significantly enriched for salicylic (SA) and jasmonic acid (JA) - related processes as revealed by 

TopGO. 

With the Classification Superviewer, the time course analysis across all treatments revealed 

that the numbers of upregulated SA-related genes were higher in the combined application than 

NP or pathogen inoculated treatments alone (Figure 5.9). For the ZnO NP treatments, 5 SA-related 

process genes were upregulated at 3 hpa. For the pathogen inoculated barley seedlings the numbers 

of upregulated SA-related process genes were 41, 43, and 38 at 3, 21, and 45 hpi, respectively. For 

the combined NP application followed by pathogen inoculation, the numbers of upregulated SA-

related process genes were 53, 52, and 43 for 3, 21, and 45 hpi, respectively. When specifically 

analyzing JA-related genes upregulated in response to NP application only 4 genes were 

upregulated at 3 hpa. For the pathogen inoculation alone treatment across the time course analyzed, 

25, 32, and 23 genes were upregulated at 3, 21, and 45 hpi that fell into the JA-related processes, 
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respectively. For the combined application, the numbers of JA-related process genes upregulated 

were 35, 35, and 28 at 3, 21, and 45 hpi, respectively. For the ZnO NP treatments the numbers of 

SA-related process downregulated genes were 12, 2, 5, and 3 genes at 3, 6, 24, and 48 hpa, 

respectively. For the pathogen inoculation alone the numbers of SA-related process downregulated 

genes were 18, 23, and 10 genes at 3, 21, and 45 hpi, respectively. For the combined NP application 

followed by pathogen inoculation, the numbers of SA-related process genes downregulated were 

20, 22, and 12 genes at 3, 21, and 48 hpa/45 hpi, respectively. For the NP treatment alone 10, 1, 6, 

and 3 JA-related process genes were downregulated at 3, 6, 24, and 48 hpa, respectively. For the 

pathogen treatment alone 15, 18, and 11 SA-related process genes were downregulated at 3, 21, 

and 45 hpi respectively. For the combined application 14, 17 and 11 SA-related process genes 

were downregulated at 3, 21, and 45 hpi, respectively. All the Classification Superviewer data with 

regards to SA- and JA-related processes are shown in Fig 5.9.  
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Figure 5.9. Number of DEGs in the nanoparticle (NP), Pathogen (P), and combined application 

(NP+P) treatments that were significantly enriched for salicylic (SA) and jasmonic acid (JA)-

related processes as revealed by Classification Superviewer analysis. 

It is evident from both TopGO and Classification Superviewer gene enrichment analysis 

that there was expression amplification of SA-related processes genes in the combined application 

plants as indicated by higher number of upregulated genes related to SA-processes. 

Comparisons between the SA and JA-related DEGs across ZnO NP, pathogen and 

combined application treatments identified the common and unique DEGs. For the upregulated 

SA genes, 1 gene was common between NP and combined application, whereas 58 were common 

between pathogen and combined application (Figure 5.10a). For upregulated JA genes, 34 were 

common to pathogen and combined application, and 2 common to all the treatments (Figure 5.10c). 

It is interesting to note that 11 SA-genes, and 8 JA-genes were uniquely expressed in the combined 
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application plants. This provides evidence that there are unique molecular activities in combined 

application that did not occur in either NP or pathogen treatment alone. The outcome of these 

differentially expressed plant hormone related genes known to be involved in stress responses and 

disease resistance are hypothesized to have contributed to the observed higher levels of disease 

when phenotyping the barley seedling that were exposed to NPs then inoculated with the 

necrotrophic pathogen. Overall, it was observed that the amplified induction of SA activity in the 

combined application seedlings may have subsequently induced upregulation of oxidation-

reduction processes and PR gene activity that resulted in higher levels of programmed cell death 

and susceptibility to the necrotrophic pathogen. 
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5.3.5.2. Arabidopsis 

Enrichment analysis in Arabidopsis with TopGO revealed contrasting results compared to 

barley regarding SA and JA-related genes. In ZnO NP treatment, a higher number of upregulated 

genes were found to be enriched for JA-related processes at 3 and 6 hpa, whereas downregulated 

genes at 48 hpa were enriched for SA (Figure 5.12). This is in contrast to barley where SA-related 

genes were upregulated at 48 hpa, and JA-related genes were downregulated at 24, and 48 hpa. 

(a) (b) 

(c) (d) 

Figure 5.10. Common and unique SA- and JA-related genes in ZnO NP, pathogen, and 

ZnO NP+pathogen treatments in barley. 
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Similar results were observed when enrichment was done with Classification Superviewer 

software (Figure 5.11) where upregulated genes were significantly enriched for JA-related 

processes at 3, and 6 hpa. Thus, it is evident that the model dicot Arabidopsis responded differently 

to ZnO NPs as compared to the model monocot barley.  

Figure 5.11. Number of DEGs in NP treatment expression data in Arabidopsis that 

are significantly enriched for salicylic (SA) and jasmonic acid (JA) - related processes as 

revealed by TopGO 
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Figure 5.12. Number of DEGs in NP treatment expression data in Arabidopsis that 

are significantly enriched for salicylic (SA) and jasmonic acid (JA) - related processes as 

revealed by Classification Superviewer analysis. 

5.3.6. Identification of Putative SA-Related Genes Using Protein-Protein Interaction 

Network (PPIN) 

A protein-protein interaction network (PPIN) is a graph theoretic construct where proteins 

are represented by nodes, and their interactions by edges. Often, every interaction is assigned a 

weight that signals its reliability; the higher the weight of an edge, the more reliable the interaction 

that it describes. Due to the increasing availability of proteomic data in curated databases  and the 

advances in complex network analysis, PPINs and their topological structures have been used to 

identify genes involved in complex biological signaling networks . PPIN analysis was conducted 

using the Arabidopsis ortholog of the corresponding annotated barley genes. For recent surveys 

trying to summarize the use and analysis of PPINs, see, among others, the works of Rasti & 

Vogiatzis , Bhowmick and Seah , and Li et al.  
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In this work, PPIN analysis was conducted using the Arabidopsis ortholog of the 

corresponding annotated barley genes. A Steiner Tree problem  was used as the model to identify 

a collection of interactions of maximum reliability such that all the proteins of interest (based on 

up- and down-regulated genes) are connected. Due to the large-scale nature of the obtained 

network, the Kou approximation algorithm  was used to find a heuristic solution in reasonable 

time. The underlying network is generated based on the STRING-DB database  for Arabidopsis 

thaliana, while all visualizations and graph processing operations are done using NetworkX . 
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Figure 5.13. The PPIN model showing the relationship between the cell surface receptor 

proteins, and the downstream genes in the signaling cascade like SA-inducible PR1 and PR4, 

that play probable roles in increased necrosis. Necrosis characteristics include Hypersensitive 

Responses (HR), oxidative bursts, and Programmed Cell Death (PCD) which are induced by 

ROS (Reactive Oxygen Species) production. ROS burst is thought to trigger SA signaling 

or vice versa . Cytochrome P450 family genes participate in ROS production . In combined 

application (NP+Ptt) treatments, PR1, PR4 and Cyt P450 genes were highly upregulated. 

The goal of the PPIN analysis was to begin characterizing the underlying mechanism of 

increased necrosis and disease observed in the plants treated with both ZnO NP and the 

necrotrophic pathogen P. teres f. teres, as compared to the resistant barley line CI5791 seedlings 

only inoculated with the pathogen. The increased necrosis has been hypothesized to be partly 

induced by SA-mediated expression of oxidation-reduction process and PR genes. These genes 

include pathogenesis related protein 1 (PR1) (HORVU7Hr1G033530), and pathogenesis related 

protein 4 (PR4) (HORVU3Hr1G113120). These genes are speculated to contribute to HR-

mediated programmed cell death observed in the barley leaves infected with both ZnO NPs and 
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Ptt. PR1, PR5 and PR8 were induced by SA in Malus hupehensis. SA-marker gene, PR1 was found 

to be induced in Arabidopsis treated with folic acid, and locally enhanced susceptibility to the 

necrotroph Alternaria brassicicola. PR1b1 in tomato was also found to be induced by low 

temperature, and is linked to the accumulation of SA. A PR4 protein identified in pepper 

(Capsicum annuum), CaPR4c is shown to play a role in H2O2 accumulation and HR cell death 

upon pathogen infection in pepper. CaPR4b is also shown to positively regulate defense signaling 

mediated by SA production, and activating HR cell death. Interestingly, PR4 can be considered 

marker for both SA and JA, as it is shown to be induced by both SA and JA in wheat, indicating 

that it is involved in both SA- and JA-dependent defense response pathways. These data also point 

to the interaction or upregulation of the PR genes and the subsequent upregulation of oxidation-

reduction processes that lead to H2O2 accumulation and enhanced PCD. 

Using PPIN, these PR proteins are identified to be downstream genes in a network of 

signaling cascades that originate in probable recognition of Ptt-effectors and ZnO NPs by cell-

surface receptors (Figure 5.13). Some of these cell-surface proteins upregulated in the ZnO NP+Ptt 

application plants that possibly lead to downstream expression of PR genes are Wall associated 

kinases (WAKs), Somatic embryogenesis receptor-like kinase 1 (SERK1), Concanavalin A-like 

lectin protein kinase family protein, Late embryogenesis abundant (LEA) hydroxyproline-rich 

glycoprotein family, and S-locus lectin protein kinase family protein. SERKs are known to be 

RLKs which function as co-receptors of diverse cell-surface receptors involved in MAMP and 

DAMP recognition. Recent findings suggest that SERKs also play a role in abiotic stress tolerance 

as HvSERK1 was upregulated in the roots of barley seedlings under salt stress. The role of SERKs 

in hypersensitive responses is evidenced by the accumulation of salicylic acid (SA), and 
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overexpression of cell-death inducing genes like BONs, BIRs, and SOBIR in BAK1/SERK3-

overexpressing transgenic Arabidopsis.  

5.3.7. Verification of PR1, PR4, and Cytochrome P450 Gene Expression Using 

Quantitative Real-Time PCR 

From RNA-seq, the expression of HvPR1 (HORVU7Hr1G033530) was induced in 

combined application plants with fold change of 55.4 at 3 hpi, 1354.3 at 21 hpi, and 2919.5 at 45 

hpi. In pathogen-inoculated plants, the fold change expression was 14.7 at 3 hpi, 1650.5 at 21 hpi, 

and 1417.3 at 45 hpi. The expression of HvPR4 (HORVU3Hr1G113120) was induced in combined 

application plants with fold change of 31.9 at 3 hpi, 631.6 at 21 hpi, and 1196.6 at 45 hpi. In 

pathogen-inoculated plants, the fold change expression was 13.5 at 3 hpi, 800.4 at 21 hpi, and 

683.2 at 45 hpi. The expression of HvCYP450 (HORVU2Hr1G004550) was induced in combined 

application plants with fold change of 159.0 at 3 hpi, 345.6 at 21 hpi, and 466.3 at 45 hpi. In 

pathogen-inoculated plants, the fold change expression was 90.02 at 3 hpi, 286.53 at 21 hpi, and 

227.02 at 45 hpi.  

The qPCR experiment conducted on the same plants showed that HvPR1 is upregulated 

5349.97 folds at 3 hpi, 48394.13 folds at 21 hpi and 50335.02 folds at 45 hpi in Ptt-inoculated 

plants. The expression of HvPR1 in combined application plants were 3127.30 folds at 3 hpi, 

42344.95 folds at 21 hpi, and 379169.65 folds at 45 hpi. The expression of HvPR4 in Ptt-inoculated 

plants was 759.21 folds at 3 hpi, 9563.50 folds at 21 hpi, and 10792.80 folds at 45 hpi. In the 

combined application plants, HvPR4 was upregulated 355.66 folds at 3 hpi, 6920.03 folds at 21 

hpi, and 19660.96 folds at 45 hpi. PR1 and PR4 gene expression at the final time-point i.e. 45 hpi 

in combined application plants was significantly higher than that of Ptt-inoculated plants (p-

value<0.05). In the case of HvCYP450, the gene expression was 801.27 folds at 3 hpi, 2215.20 



126 

folds at 21 hpi, and 1404.00 folds at 45 hpi in Ptt-inoculated plants. In the combined application 

plants, HvCYP450 was upregulated 463.73 folds at 3 hpi, 2497.20 folds at 21 hpi, and 3065.28 

folds at 45 hpi. The gene expression at the final time-point i.e. 45 hpi in combined application 

plants was significantly higher than that of Ptt-inoculated plants (p-value<0.05). Thus, the qPCR 

analysis confirmed that the expression of HvPR1, HvPR4 and HvCYP450 are higher in the 

combined application plants at 45 hpi than in pathogen-inoculated plants, suggesting that the 

combined application amplifies the signaling that putatively results in enhanced PCD responses 

that the necrotrophs hijack to colonize the resulting dying and dead tissue facilitating further 

disease development.  

5.4. Discussion 

5.4.1. ZnO NPs Cause a Shift in the Magnitude of Responses in Pathogen Inoculated 

Plants 

The application of ZnO NPs prior to pathogen inoculation caused an apparent shift in the 

magnitude of the response in terms of the number of DEGs and the fold change of the DEGs.  The 

combined treatment had an additive effect that would be hard to predict, where both the effectors, 

the ZnO NP and the necrotrophic pathogen P. teres f. teres caused a higher magnitude of 

differential gene regulation, transcriptomic responses, than either treatment alone. Similar shifts 

in gene expression were observed in Arabidopsis subjected to heat, drought, and virus stress where 

the simultaneous exposure of these abiotic and biotic stresses increased the number of DEGs 

significantly as compared to exposure to a single stress alone . ZnO NPs, in addition to eliciting 

differential regulation of genes unique to the combined ZnO NP+Ptt treatment also triggered 

higher fold expression changes of genes that were also expressed in plants exposed to the pathogen 

alone. At the timepoints 3, 21 and 45 hpi, 76.5%, 58.4% and 85.4% of the total genes common to 
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pathogen and combined application treatments had a higher magnitude of fold change (absolute 

value) in the combined application, respectively An example is the gene wound induced protein 

(HORVU3Hr1G113120), which shares 74.2% identity with Arabidopsis PR4 (AT3G04720) gene 

was induced in both pathogen and combined application plants, with fold changes 13.5, 800.4, and 

683.2 at 3, 21, and 45 hpi respectively in pathogen exposed plants. However, its fold change 

expression was 31.9, 631.6, and 1196.6 at 3, 21, and 45 hpi respectively in combined application 

plants. This indicates that although ZnO NPs do not trigger significant upregulation of this 

pathogen responsive gene alone, it amplifies its expression above levels detected by pathogen 

induction alone. Thus, implicating ZnO NP-plant interactions as having an effect on the 

transcriptional reprogramming mechanisms, which could impact the downstream responses that 

are required of a plant for biotic defense responses. PR4 has been implicated in responses to 

pathogen infection, salt, wounding, and hormone stresses in ginseng . In pepper, PR4b is involved 

in HR responses like plant cell death . Other PR genes like cysteine venom protein (HvPR1 or 

HORVU7Hr1G033530), sharing 54.8% identity with AtPR1 had 55.4, 1354.3, and 2919.5 fold 

upregulation at 3, 21, and 45 hpi respectively in combined application and 14.7, 1650.5, and 1417.3 

fold upregulation at 3, 21, and 45 hpi respectively in pathogen inoculated plants, also indicating 

an amplification of expression in the ZnO NP+Ptt plants.  

The crosstalk between abiotic and biotic stress responses in plants is a complex 

phenomenon. Stress conditions are known to effect plant-pathogen interactions by changing plant 

physiology. In Arabidopsis, drought conditions prior to herbivory altered the transcriptomic 

responses to a lower magnitude in terms of the number of DEGs, and induced the downregulation 

of defense responsive genes. 
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5.4.2. ZnO NPs Elicit Similar Temporal Pattern of Responses Across Time-Points in 

Barley CI5791 and Arabidopsis Col-0 but Their DEG Profiles Differ 

Time-course comparisons of the DEG profiles in barley and Arabidopsis exposed to ZnO 

NPs reveal a similar temporal pattern of differential gene expression where there is a rapid 

response at the initial time-points i.e. 3 and 6 hpa but expression patterns return back to basal levels 

relatively quickly at the later time-points analyzed. However, there was only 0.9% and 2.7% 

overlap of upregulated and downregulated genes respectively at 3 hpa suggesting differential 

recognition and subsequent responses in the monocot and dicot model species. One of the genes 

upregulated in both barley and Arabidopsis at 3 hpa is NRT1/ PTR FAMILY 3.1, which is induced 

by Erysiphe necator in susceptible Vitis vinifera grapevine and encodes a nitrate/nitrite transporter 

suggesting some limited overlap of responses.  

The minor overlap of DEGs in both species suggests that plant perception of NPs differs 

between monocots and dicots. Soybean was found to be more tolerant to heavy metal stress than 

maize, and exhibited stronger defense responses  suggesting similar differential responses in these 

monocot and dicot systems as well. However, common defense mechanisms have been observed 

in monocots and dicots against pathogens, and abiotic stresses. For example, subfamilies of 

Ethylene Responsive Factor (ERF) superfamilies of transcription factors are associated with 

abiotic stress and biotic stress responses in both monocots and dicots . The role of MLO/MLO2 

protein and the syntaxin ROR2/PEN1 in defense responses against fungal pathogens have also 

been found to be conserved in both barley and Arabidopsis. These data suggest that it is not the 

divergence of these mechanisms but probably that they respond differentially due to divergent 

evolution in the receptors and responses to specific stimuli determining how or what they perceive 
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as the threat or advantage that the NP pose that results in the very different responses observed 

between the model species. 

5.4.3. Salicylic Acid (SA)-Mediated Processes Dominate Over Jasmonic Acid (JA)-

Mediated Processes in ZnO NP and Combined Application Treatments in 

Barley Line CI5791 

GO term enrichment analysis identified the number of SA and JA-related DEGs in the 

treatments. Classification Superviewer yielded far more GO terms that were enriched for SA and 

JA-related processes as compared to TopGO. The application of ZnO NPs prior to pathogen 

inoculation in barley induced the expression of several SA-related genes as compared to ZnO NP 

or pathogen alone. Although TopGO and Classification Superviewer yielded slightly different 

results in terms of the number of significant DEGs enriched for SA and JA, the outcome was 

consistent where SA-related genes were higher than JA-related genes.  

A close inspection of the Venn diagrams (Figure 5.10) identified common and unique 

genes to the treatments. It is interesting to note that 11 upregulated genes related to SA responses 

were unique to the combined application. An interesting gene involved in transcriptional regulation 

of SA defense response activation which was unique to combined application treatment was the 

barley homolog of the ATWRKY46 gene designated HvWRKY46. It had been previously shown 

that AtWRKY46 plays a role in abiotic stress responses, particularly in enhancing drought and 

osmotic stress tolerance, and in SA biosynthesis upon pathogen attack. Another SA-related gene 

unique to the combined application was the Wall Associated Kinase 2 (WAK2) gene, which spans 

both abiotic and biotic stress signaling processes. WAKs are pectin-binding plasma membrane 

receptors . The rice OsWAK1 gene expression was significantly induced by infection by the rice 

blast fungus, Magnaporthe oryzae, mechanical wounding, SA and methyl jasmonate (MeJA), 
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indicating that it is involved in plant defense. Recently, OsWAK11 was implicated in mediating 

tolerance to copper toxicity in rice, as OsWAK11-silenced plants resulted in hypersensitivity to 

excess Cu, suggesting multiple roles of WAKs. It has been shown that the WAK genes play an 

important role in sensing the integrity of the plasma membrane cell wall continuum in plants. Thus, 

these cell surface receptors can sense a disruption of this continuum weather it is induced by 

shrinkage of cell membranes due to water shortage and drought conditions or cell wall degradation 

induced by pathogen cell wall degrading enzymes. In either case the WAK membrane receptors 

signal the plant of the biotic or abiotic stress conditions.  

Several other genes were upregulated in both pathogen and combined application plants, 

but their expression was induced several folds higher in the combined application of ZnO NP+Ptt 

implicating the role of ZnO NPs in the amplification of defense responses when applied before the 

plant encounters the pathogen. The HvWRKY70 gene (Arabidopsis homolog AT3G56400) 

expression was amplified when the barley plants were previously exposed to ZnO NPs, which was 

also expressed in pathogen exposed plants at much lower levels. HvWRKY70 was upregulated in 

combined application plants 40.7 folds at 21 hpi, and 95 folds at 45 hpi, whereas in pathogen 

exposed plants, the fold change at 45 hpi was much lower at 42.7 folds. Interestingly, WRKY70 

overexpression in Arabidopsis was found to correlate with enhanced susceptibility to the fungal 

necrotroph Alternaria brassicicola . The authors indicated that WRKY70 was required for SA-

induced suppression of JA-mediated defense responses against A. brassicicola that led to the 

susceptibility. Thus, it could be hypothesized that the upregulation of the HvWRKY70 gene could 

play a role in enhancing susceptibility to the necrotrophic pathogen Ptt in barley. The HvWRKY70 

orthalog in rice, OsWRKY45 was also shown to be a marker of SA-mediated responses . Another 

WRKY transcription factor, AtWRKY30 was also shown to be a SA-dependent transcription 
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factor and was induced under pathogen attack and oxidative stress . In our dataset, WRKY30 was 

induced 6.3 folds and 5.4 folds at 3 and 45 hpi respectively in combined application plants and 

was only induced 4.6 folds at 3 hpi in the pathogen inoculated plants.  

In ZnO NP-exposed Arabidopsis, a higher number of JA-related genes were upregulated 

as compared to SA-related genes. This observation is contradictory to barley responses, as well as 

other existing reports. SA was found to be stimulated, and jasmonic acid was suppressed in leaves 

and roots of Arabidopsis exposed to ZnO NPs. Thus, further experiments using Arabidopsis 

necrotrophic and biotrophic pathogens need to be conducted to determine how the model dicot 

defense mechanisms will respond to subsequent pathogens after exposure to the ZnO NPs.  

5.4.4. Application of ZnO NPs Prior to Pathogen Inoculation Promotes 

Susceptibility to Pyrenophora teres f. teres in the Resistant Barley CI5791 and 

is Linked to the Induction of SA-Related Genes and Oxidation-Reduction 

Genes 

Barley line CI5791 has effective and broad resistance to diverse isolates of Pyrenophora 

teres f. teres, the causal agent of NFNB and the resistance locus was mapped to the centromeric 

region of the barley 6H chromosome. The application of ZnO NPs prior to pathogen exposure 

resulted in increased PCD-induced necrotic lesions and enhanced disease on the leaves of CI5791 

as compared to the plants inoculated with the pathogen alone. This compromised resistance against 

NFNB in the ZnO NP exposed plants is most likely a result of the upregulation of SA-related genes 

and oxidation-reduction processes in the combined application, and subsequent SA-mediated 

induction of HR responses and PCD after pathogen encounter. The mutual antagonism between 

the plant hormones, SA and JA played a key role in the downregulation of JA-related genes that 

otherwise participates in JA-mediated defense against necrotrophic pathogens (Figure 5.14). The 
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upregulation of SA-related genes in the combined application plants can be attributed to the 

presence of ZnO NPs in the soil as SA is found to alleviate symptoms of abiotic stress in plants. 

The role of SA in the alleviation of abiotic stress has been well documented as the exogenous 

application of SA improved Cu tolerance in Phaseolus vulgaris L. SA pretreatment also alleviated 

the symptoms of Cd-induced toxicity in flax .  

Similar observations to those observed in this ZnO NP+Ptt interaction have been recorded 

in the case of plants exposed to combined stresses like abiotic stress and plant pathogens. In 

tomato, mild and moderate salt stress enhanced susceptibility to powdery mildew and was linked 

to the high expression of ethylene biosynthesis genes in the combined stressed plants. Arabidopsis 

subjected to combined drought and heat conditions had enhanced susceptibility to turnip mosaic 

virus, and the molecular mechanisms underlying susceptibility was linked to differential 

expression of a TIR-NBS-LRR genes, altered hexose signaling due to heat stress, and 

downregulation of PR-genes in the combined stressed plants. 

In barley, wheat, and Zea mays, drought conditions enhanced susceptibility to the fungal 

phytopathogens Ramularia collocygni, Ervsiphe araininis f. sp. hordei, Puccinia recondite, and 

Ustilago maydis. On the contrary, drought promoted resistance in barley against Blumeria 

graminis, the causal agent of powdery mildew . In tomato, and potato, drought enhanced resistance 

to Oidium neolycopersici, and Botrytis cinerea, respectively. Cucumis sativus L (cucumber) 

cultivars, Sardes and Beith alpha were affected on exposure to salt stress and the pathogen, 

Pseudoperospora cubensis Berk. and Curt. Rostov.  

Although a higher number of SA-related genes were upregulated in the combined 

application plants, the involvement of JA in the defense responses cannot be undermined. There 

was substantial upregulation of JA-inducible genes in the combined application. This indicates 
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that the presence of ZnO NP and pathogen together triggered a concerted defense response 

involving both SA and JA-mediated signaling, however SA-related signaling may have played a 

dominant role.  

The increased necrosis in the combined application plants can be attributed to the induction 

of oxidation-reduction genes that causes oxidative bursts, H2O2 accumulation, and subsequent 

PCD responses. The induction of the oxidation-reduction genes is thought to be linked to the 

escalation of ZnO NP induced SA-mediated processes or due to unknown processes mediating 

from ZnO NP application. Some of the genes involved in oxidation-reduction processes are 

Cytochrome P450 family genes, Peroxidase superfamily genes, and Flavin-binding 

monooxygenase family genes. It was observed from the RNA Seq dataset that at 3 hpi, 21 hpi, and 

45 hpi, 87.27%, 73.59%, and 85% of the oxidation-reduction genes had a higher fold change in 

the combined application treatments than the pathogen-inoculated treatments. Hence, the increased 

necrosis observed in the combined application plants can be attributed to the higher expression of 

oxidation-reduction genes in the combined application plants. qPCR analysis verified the 

expression of an important gene involved in oxidation-reduction processes, Cytochrome P450 

gene. HvCYP450 (HORVU2Hr1G004550) had significantly higher expression at 45 hpi in 

combined application plants as compared to pathogen-inoculated plants. 

5.5. Conclusion 

The interaction of NPs with plants and other biotic components of the ecosystem is largely 

unknown at the molecular level. In this pioneering study, we have explored the dynamics of NP-

plant interaction together with a biotic stress inducer, a necrotrophic phytopathogen. Barley line 

CI5791 which is resistant to the causal agent of NFNB, Pyrenophora teres f. teres, when exposed 

to ZnO NPs and subsequently to the pathogen, displayed enhanced susceptibility to the disease as 
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compared to the pathogen exposed plants alone. This compromised resistance was traced to the 

ZnO NP mediated upregulation of SA-related genes in the combined application plants, which 

antagonized JA-related gene expression. Upregulation of SA-related genes were also observed in 

ZnO NP exposed barley. In this study, we have proposed a model that explains the observed 

disease symptoms of barley CI5791 upon combined ZnO NP and pathogen exposure (Figure 5.14). 

The cell surface receptor proteins which are putatively involved in perception of both ZnO NP and 

pathogen leads to the signaling of the downstream genes in the network, which induce SA-

mediated defense responses. Such SA-responsive genes include the PR genes, PR1 and PR4 that 

mediate defense responses leading to increased necrosis and subsequently may upregulate the 

oxidation-reduction genes and processes which lead to enhanced PCD and disease caused by the 

necrotrophic pathogen. These genes are speculated to function in defense responses spanning NP 

perception and biotic stress, and cross link JA and SA-mediated pathways. Genes that are not 

related to SA and JA-mediated signaling are also differentially regulated several folds in the 

combined application compared to the pathogen, and some are exclusively expressed in the 

combined application, indicating that they are induced by ZnO NPs in the presence of the 

pathogen. This suggests that the observed susceptibility to the pathogen in the combined 

application is not the absolute function of enhanced SA-mediated processes but may also be due 

to unknown processes mediated by unique gene expression and genes that were also upregulated 

by the ZnO NPs or had amplified upregulation by the ZnO NP and pathogen interaction. 

The effects in ZnO NP exposed Arabidopsis was contradictory. JA-related gene expression 

was dominant in Arabidopsis. Although the responses were subtle, it provided a glimpse of the 

physiological reprogramming that occurred due to NP exposure in both the species. From the 

barley and Arabidopsis expression data, it could be concluded that both species react differently 



135 

to ZnO NPs, giving a glimpse of the differential responses that ZnO NPs may elicit in different 

plant species. Extensive and intricate research is required to understand the plethora of plant 

responses to NPs and their effect on host-pathogen interactions. 
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Figure 5.14. A model showing the hypothetical mechanism for induced susceptibility in Net 

Blotch-resistant barley line CI5791 upon exposure to ZnO NPs. (a) The proposed model when 

only necrotrophic effectors are present. Putative receptor kinases present in the cell membrane 

recognizes the effectors, leading to gene expression that elicits defense responses in the plant. 

Jasmonic acid-mediated signaling plays a key role in the defense responses that prevents the 

pathogen to proliferate. (b) The proposed model when ZnO NPs are present together with the 

necrotrophic pathogen. SA-related genes are induced in plants in response to the presence of ZnO 

NPs that antagonizes JA. The necrotrophic pathogens employ the SA-mediated signaling pathway 

to promote disease in the plants by eliciting PCD-induced necrosis in the leaves of the combined 

application plants (ZnO NP + Pathogen).  
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CHAPTER 6 

6.1. Conclusion 

In this research, the interactions of ZnO NPs with plants were studied. The phenotypical 

effects of ZnO NPs and the bioaccumulation of zinc was studied in soybean plants (Glycine max). 

ZnSO4 was used as the ion control. Three different dosages (0, 5, 50, and 500 mg of zinc kg-1 soil) 

of ZnO NP and ZnSO4 were applied as treatments in the soil. No significant difference in plant 

growth parameters were found in all the treatments, indicating that ZnO NPs do not negatively 

affect the plants. ICP-OES analysis revealed bioaccumulation of zinc in the seeds, and other 

soybean products like soy concentrate and pulp of the ZnO NP exposed-plants. Zinc concentrations 

in the seeds increased with increasing dosage of ZnO NPs in the soil. There was no significant 

difference between the three forms of zinc in terms of bioaccumulation in seeds.  

The second phase of this study was to understand the uptake of ZnO NPs and their 

speciation in plants. The detection of engineered nanomaterial (ENM) in plants is crucial for 

understanding the outcomes of plant-ENM interactions that occur both extracellularly (at the cell 

periphery) and intracellularly. Because different types of ENMs have different properties, each 

requires an individual approach for its detection in plants. In this study, the form of zinc oxide 

nanoparticles (ZnO NPs) was studied in spinach (Spinacia oleracea) roots using confocal laser 

scanning microscopy (CLSM) and transmission electron microscopy (TEM).  It was found that 

ZnO NPs are taken up both as Zn2+ ions and in nanoparticle form by spinach roots grown in 

hydroponics. Ionic Zn2+ was detected using fluorescent Zn2+ sensor, Zinpyr-1 in CLSM, and 

validated with a Zn2+ chelator TPEN (N,N,N',N'-tetrakis(2-pyridylmethyl)ethane-1,2-diamine). 

Nano-sized zinc particles in the roots were detected using TEM with EDS. The particles were 

found to be localized inside the vacuoles and are hypothesized to be like zinc phytate.  
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The third part of the research focused on the physiological responses of plants to ZnO NPs 

in the environment. The model monocot, barley (Hordeum vulgare) was used as the experimental 

plant, and ZnO NPs were applied in the soil in environmentally relevant concentrations (~43 mg 

kg-1). The transcriptome of barley following ZnO NP exposure was elucidated using a Next 

Generation sequencing (NGS) platform, RNA seq. In this study, ZnSO4 was used as the Zn2+ ion 

control. A time-analysis course analysis revealed the differentially expressed genes (DEGs) in 

response to ZnO NPs and ZnSO4. Comparisons between both the treatments revealed nearly 

identical DEG profiles at 6 hpa, however responses ebbed to basal levels at 48 hpa in ZnO NPs 

treatments.  From GO term enrichment, stress response genes were found to be induced in ZnSO4 

treatments rather than ZnO NP treatments. However, genes for photosynthesis and other cellular 

processes like signal transduction, and electron transport were downregulated in both ZnO NP, 

and ZnSO4 treatments at an early time-point (6 hpa). It was concluded that ZnO NPs do not elicit 

responses in plants typical of stress at environmentally relevant concentrations.  

The final section of this dissertation investigated the effects of ZnO NPs on plants and on 

host-pathogen interactions, simulating actual environmental conditions. The study consisted of 

three treatments, ZnO NP application, inoculation with the necrotrophic pathogen, Pyrenophora 

teres f. teres (Ptt), and a combined application where both ZnO NPs and the pathogen were 

applied. The study was conducted with the barley line CI5791, which is resistant to the disease 

Net Form Net Blotch caused by Ptt. Time-course transcriptomic analyses identified DEGs in 

response to the treatments showing rapid responses to ZnO NPs (6 hpa) that quickly returned to 

basal levels (24 hpa). However, treatment with the pathogen alone and pathogen + ZnO NP, 

showed DEG profiles that persisted to 48 hpi. The number of DEGs in the combined application 

was the highest across all time-points compared to the pathogen and ZnO NPs alone. 7-day disease 
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evaluations for pathogen and combined application plants revealed a higher disease reaction score 

for the combined application plants, indicating susceptibility to NFNB in the otherwise resistant 

barley line CI5791. This compromised resistance to the necrotrophic pathogen was traced to 

salicylic acid (SA) signaling pathways that persisted at 48 hpi in the combined application plants. 

The antagonistic interactions between salicylic acid and jasmonic acid (JA) modulated the 

downregulation of JA-related genes at 48 hpi, leading to the suppression of JA-mediated 

necrotrophic pathogen resistance responses, thereby resulting in compromised immunity. 

In conclusion, this research investigated plant uptake of ZnO NPs, and provided insight on 

the physiological responses of plants exposed to ZnO NPs, and their effects on host-pathogen 

interactions. 

6.2. Future Directions 

The research sheds light on the molecular-level effects of ZnO NPs on plants. The focus of 

this pioneering research was to determine the molecular events that led to compromised immunity 

in the plants when exposed to ZnO NPs + pathogen. The findings of this research are based on 

gene enrichment analysis. The future goal is to functionally validate the described gene model 

using virus induced gene silencing (VIGS). Comparable studies using a second pathosystems like 

the necrotrophic pathogen Botrytis cinerea and its host plant Arabidopsis thaliana can also be 

conducted that would provide a second level of verification of the current findings.  

In this research, RNA seq analyses yielded the complete transcriptome of the plants that 

could be used to study other cellular pathways and molecular cross-talk in response to NP 

exposure. Studies using a similar approach can be conducted on other NPs and plants, that would 

provide valuable information on plant behaviors towards NPs. Such research will help us to 



150 

understand plant-NP interactions in a more holistic way, that is relevant in actual environmental 

conditions. 
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APPENDIX A 



 

 

 

 

1
5
2
 

Table A1. Mineral content (in mg/kg) in the seeds of soybean plant exposed to different treatments as determined by ICP-OES 

Treatment Ca Fe K Mg Mn Mo P Si 

ZnO NP X 
81.87±145.

9 

12.97±12.

9 

1272.58±1190.

0 

37.925±71.4 8.95±9.5 4.63±5.2 408.24±269.

5 

3.65±3.8 

ZnO NP 

10X 

293.00±204

.8 

9.66±9.3 1261.17±1040.

6 

54.53±75.7 7.26±14.3 13.40±8.2 465.92±235.

5 

12.49±23.

3 

ZnO NP 

100X 

228.34±267

.2 

14.15±5.9 1429.26±314.1 149.06±82.0 1.50±1.7 7.52±6.5 285.97±203.

5 

9.07±4.0 

ZnSO4 X 
300.30±269

.4 

8.41±9.5 1081.97±1297.

2 

62.72±69.9 11.89±15.

6 

18.20±15.

3 

314.15±485.

5 

2.92±5.2 

ZnSO4 10X 
287.14±274

.2 

10.40±10.

1 

1190.82±1394.

1 

109.17±132.

6 

3.91±2.7 12.25±8.9 755.40±661.

8 

2.52±2.8 

ZnSO4 

100X 

112.26±193

.8 

5.77±9.0 1798.25±1499.

9 

23.49±42.5 4.04±5.1 6.64±6.5 241.54±259.

1 

4.23±5.4 

Control 
139.37±278

.1 

10.67±16.

9 

3249.49±5247.

4 

293.03±581.

6 

2.05±1.5 11.39±13.

4 

632.77±724.

0 

4.22±6.4 

 

Table A2. Zinc content (mg/kg) in the soil of different treatments as determined by ICP-OES 

Treatment Zn content 

(mg/kg) 

ZnO NP X 34.85±3.0 

ZnO NP 10X 72.82±71.7 

 ZnO NP 

100X 

276.47±344.7 

ZnSO4 X 42.29±14.7 

ZnSO4 10X 131.96±83.5 

ZnSO4 100X 321.70±384.3 

Control 29.51±2.1 
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APPENDIX B 

 

 

Figure B1. Dissolution of ZnO NP in DI water (40.69 mg of ZnO NPs L-1 added initially to water). 

The time reflects the day on which samples were collected. The experiment was conducted in 

triplicate. 

 

 

 

Figure B2. Schematic of the experimental design used for Zn2+ sensor Zinpyr-1 study 
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Figure B3. ZnO NP in hydroponic media (Harmen solution) stained with Zn2+ sensor Zinpyr-1 in 

a glass slide covered by a cover-slip. The fluorescence (green color) observed is due to the 

dissolution of the ZnO NPs to Zn2+ ions in the aqueous media. 

Media 
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Table B1. A list of detection techniques for ENMs (other than ZnO NPs) in plant matrix  

 

 

NP 

 

 

Plant 

Method of detection 

 

 

Light Microscopy 

 

Ele

ctr

on 

Mic

ros

cop

y 

Other Techniques 

(Spectroscopy-

based, 

Synchrotron-

based, Others) 

 

 

Obser

vation 

CeO2 Zea mays (Corn)    µ-XRF Indire

ct 

CeO2 Glycine max (Soybean)    μXRF, μXANES Indire

ct 

CeO2 Cucumis sativus (Cucumber)    μXRF, ICP-OES, 

ICP-MS 

Indire

ct 

CuO Fagopyrum esculentum 

(Buckwheat)  

 TE

M 

 Direct 

CeO2 Zea mays (Corn)  FITC, Confocal 

Microscopy 

 μXRF, μXANES Direct 

TiO2 Nicotiana tabacum (Tobacco)    AFM  

 

 

 

TiO2 

Phaseolus vulgaris 

(Bean), Triticum aestivum 

(Wheat), Elodea canadensis 

Mich. X (Canadian waterweed), 

Rumex crispus L. (Curly dock)  

   

         ICP-OES 

 

Indire

ct 

Si Arabidopsis thaliana   TE

M 

 Direct 

Fe Cucurbita pepo (Pumpkin)  Differential contrast 

interference (DIC), 

bright field, dark field, 

autofluorescence 

TE

M 

Magnetic field Direct 
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Table B1. A list of detection techniques for ENMs (other than ZnO NPs) in plant matrix (Continued) 

 

 

NP 

 

 

Plant 

Method of detection (Continued) 

 

 

Light Microscopy 

 

Ele

ctr

on 

Mic

ros

cop

y 

Other Techniques 

(Spectroscopy-

based, 

Synchrotron-

based, Others) 

 

 

Obser

vation 

Carbon-

coated 

Fe 

Cucurbita pepo (Pumpkin)  Phase contrast, bright 

field, dark field 

microscopy 

TE

M 

 Direct 

Fe3O4 Cucurbita pepo (Pumpkin)    Vibrating Sample 

Magnetometer 

Indire

ct 

Anatase-

TiO2 

Arabidopsis thaliana  Bright field, 

fluorescence 

microscopy 

  Direct 

TiO2 Triticum (Wheat), Brassica 

napus (rapeseed)  

  µ-XRF   

Indirect 

Fe Arabidopsis thaliana   TE

M 

 Direct 

Ag, 

Ag2S 

Alfalfa (Medicago sativa)  TE

M 

XRF Direct 

Ag Phaseolus radiates (Mung 

bean), Sorghum 

Bicolor (Millet)  

 TE

M 

 Direct 

O-

SWCNT 

BY-2 Nicotiana tabacum 

(Tobacco) suspension cells  

FITC tagging, confocal 

microscopy 

  Direct 

Fulleren

e C70 

Oryza sativa (Rice)  Bright field microscopy TE

M 

 Direct 
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Table B1. A list of detection techniques for ENMs (other than ZnO NPs) in plant matrix (Continued) 

 

 

NP 

 

 

Plant 

Method of detection (Continued) 

  

 

Light Microscopy 

 

Ele

ctr

on 

Mic

ros

cop

y 

Other Techniques 

(Spectroscopy-

based, 

Synchrotron-

based, Others) 

 

 

Obser

vation 

MWCN

T 

Basella alba (Red Spinach)   TE

M, 

SE

M 

 Direct 

MWCN

T 

Nicotiana tabacum (Tobacco)   TE

M 

Raman 

Spectroscopy 

Direct 
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Table B2. Harmens hydroponic media composition 

Element Desired Concentration 

L-1 

KNO3 0.015 mmol 

NH4H2PO4 0.005 mmol 

MgSO4.7H2O 0.0025 mmol 

KCl 0.05 µmol 

H3BO3 0.025 µmol 

MnSO4.5H2O 0.002 µmol 

CuSO4.5H2O 0.0001 µmol 

(NH4)6Mo7O24.4H2O 0.0005 µmol 

Fe(Na)EDTA 0.02 µmol 

Ca(NO3)2 0.01 mmol 

Experimental treatments 

A. ZnSO4.7H2O 

B. ZnO NPs 

 

7.87 mmol 

7.62 mmol 
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APPENDIX C 

Table C1. GO terms enriched in biological processes in (a) 6 hpa ZnO NP treatment, and (b) 48 

hpa ZnO NP, (c) 6 hpa ZnSO4, and (d) 48 hpa ZnSO4 expression data using TopGO. 

(a) 6 hpa ZnO NP 

 GO.ID Term p-value 

Upregulated GO:0006412 translation 2.10E-14 

GO:0042254 ribosome biogenesis 4.70E-09 

GO:0000028 ribosomal small subunit assembly 0.00029 

GO:0006334 nucleosome assembly 0.00194 

GO:0051290 protein heterotetramerization 0.00233 

GO:0070544 histone H3-K36 demethylation 0.00233 

GO:1901671 positive regulation of superoxide 

dismut... 

0.00233 

GO:0042752 regulation of circadian rhythm 0.00039 

GO:0000447 endonucleolytic cleavage in ITS1 to 

sepa... 

0.00465 

GO:0000461 endonucleolytic cleavage to generate 

mat... 

0.00465 

Downregulated GO:0010100 negative regulation of 

photomorphogenesis 

1.20E-05 

GO:0009768 photosynthesis, light harvesting in phot... 9.30E-05 

GO:0015995 chlorophyll biosynthetic process 9.80E-05 

GO:0009611 response to wounding 0.0002 

GO:0010017 red or far-red light signaling pathway 2.30E-05 

GO:0007623 circadian rhythm 2.00E-05 

GO:0009769 photosynthesis, light harvesting in phot... 0.00065 

GO:0018298 protein-chromophore linkage 0.00066 

GO:0009723 response to ethylene 0.00022 

GO:0009266 response to temperature stimulus 0.00039 
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Table C1. GO terms enriched in biological processes in (a) 6 hpa ZnO NP treatment, and (b) 48 

hpa ZnO NP, (c) 6 hpa ZnSO4, and (d) 48 hpa ZnSO4 expression data using TopGO (continued) 

(b) 48 hpa ZnO NP 

 GO.ID Term p-value 

Downregulated GO:0009611 response to wounding 8.80E-05 

GO:0080167 response to karrikin 0.0013 

GO:0050691 regulation of defense response to virus ... 0.0034 

GO:0032544 plastid translation 0.005 

GO:0045727 positive regulation of translation 0.0059 

GO:1903507 negative regulation of nucleic acid-

temp... 

0.0042 

GO:0018119 peptidyl-cysteine S-nitrosylation 0.0067 

GO:0042742 defense response to bacterium 0.0102 

GO:2000022 regulation of jasmonic acid mediated 

sig... 

0.0104 

GO:0002237 response to molecule of bacterial origin 0.0109 

 

(c) 6 hpa ZnSO4 

 GO.ID Term p-value 

Upregulated GO:0006412 translation 4.80E-13 

GO:0042254 ribosome biogenesis 3.90E-10 

GO:0000028 ribosomal small subunit assembly 0.00031 

GO:0070544 histone H3-K36 demethylation 0.0024 

GO:1990592 protein K69-linked ufmylation 0.0024 

GO:0042752 regulation of circadian rhythm 0.00043 

GO:0000447 endonucleolytic cleavage in ITS1 to sepa... 0.0048 

GO:0000461 endonucleolytic cleavage to generate mat... 0.0048 

GO:0006407 rRNA export from nucleus 0.0048 

GO:0010265 SCF complex assembly 0.0048 

Downregulated GO:0009768 photosynthesis, light harvesting in 

photosystem 

1.40E-10 

GO:0018298 protein-chromophore linkage 9.40E-09 

GO:0071483 cellular response to blue light 8.80E-05 

GO:0071472 cellular response to salt stress 0.0002 

GO:0009723 response to ethylene 0.0048 

GO:0009769 photosynthesis, light harvesting in 

photosystem 

0.00053 

GO:0010100 negative regulation of photomorphogenesis 0.00077 

GO:0009409 response to cold 7.10E-05 

GO:0010218 response to far red light 0.00126 
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Table C1. GO terms enriched in biological processes in (a) 6 hpa ZnO NP treatment, and (b) 48 

hpa ZnO NP, (c) 6 hpa ZnSO4, and (d) 48 hpa ZnSO4 expression data using TopGO (continued) 

(d) 48 hpa ZnSO4 

48 h ZnSO4 GO.ID Term p-value 

Upregulated GO:0000463 maturation of LSU-rRNA from tricistronic... 0.00023 

GO:2000232 regulation of rRNA processing 0.00023 

GO:1900864 mitochondrial RNA modification 0.0029 

GO:0009414 response to water deprivation 0.02661 

GO:0009409 response to cold 0.02992 

GO:0009651 response to salt stress 0.04355 

GO:0000470 maturation of LSU-rRNA 0.00084 

GO:0000959 mitochondrial RNA metabolic process 0.00381 

GO:0001101 response to acid chemical 0.09312 

GO:0006139 nucleobase-containing compound metabolic... 0.02431 

Downregulated GO:0009611 response to wounding 8.50E-06 

GO:0080167 response to karrikin 0.00019 

GO:0009768 photosynthesis, light harvesting in phot... 0.00118 

GO:0009715 chalcone biosynthetic process 0.00221 

GO:0019373 epoxygenase P450 pathway 0.00221 

GO:0018298 protein-chromophore linkage 0.00429 

GO:0019305 dTDP-rhamnose biosynthetic process 0.00442 

GO:0015709 thiosulfate transport 0.00662 

GO:0071422 succinate transmembrane transport 0.00662 

GO:0006696 ergosterol biosynthetic process 0.00882 

 

  



 

 

181 

 

Table C2. Common and exclusive DEGs (a) 6 hpa ZnO NP Upregulated Exclusive Genes, (b) 6 

hpa ZnSO4 Upregulated Exclusive Genes, (c) 6 hpa ZnO NP and ZnSO4 Upregulated Common 

Genes, (d) 6 hpa ZnO NP and ZnSO4 Downregulated Common Genes, (e) 6 hpa ZnO NPs 

Downregulated Exclusive Genes, and (f) 6 hpa ZnSO4 Downregulated Exclusive Genes 

(a) 6 hpa ZnO NPs Upregulated Exclusive Genes 

16 elements included 

exclusively in "6 hpa ZnO NP 

up": 

Annotation Fold Change 

HORVU6Hr1G000720 Thionin 2.2 24.5438 

HORVU3Hr1G069590 Heat stress transcription factor C-1b 8.3844 

HORVU6Hr1G072650 50S ribosomal protein L7Ae 7.9092 

HORVU2Hr1G109370 Adenosylhomocysteinase 5.5763 

HORVU1Hr1G021120 4-hydroxy-tetrahydrodipicolinate reductase 5.0074 

HORVU5Hr1G097940 undescribed protein 4.8896 

HORVU4Hr1G014910 Ankyrin repeat protein SKIP35 4.4890 

HORVU3Hr1G084310 60S ribosomal protein L1-A 4.2564 

HORVU1Hr1G093980 unknown function 4.1944 

HORVU6Hr1G051930 nucleosome assembly protein 1;2 4.0058 

HORVU7Hr1G067060 60S ribosomal protein L13-1 3.7053 

HORVU7Hr1G110660 60S ribosomal protein L30 3.6290 

HORVU7Hr1G033900 10 kDa chaperonin 3.5912 

HORVU6Hr1G041750 60S ribosomal protein L6 3.5690 

HORVU6Hr1G059420 YELLOW STRIPE like 7 3.2849 

HORVU5Hr1G075500 60S ribosomal protein L32-1 3.0757 
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Table C2. Common and exclusive DEGs (a) 6 hpa ZnO NP Upregulated Exclusive Genes, (b) 6 

hpa ZnSO4 Upregulated Exclusive Genes, (c) 6 hpa ZnO NP and ZnSO4 Upregulated Common 

Genes, (d) 6 hpa ZnO NP and ZnSO4 Downregulated Common Genes, (e) 6 hpa ZnO NPs 

Downregulated Exclusive Genes, and (f) 6 hpa ZnSO4 Downregulated Exclusive Genes 

(continued) 

(b) 6 hpa ZnSO4 Upregulated Exclusive Genes 

24 elements included 

exclusively in "6 hpa ZnSO4 

up": 

Annotation Fold Change 

HORVU5Hr1G051970 osmotin 34 586.7111 

HORVU5Hr1G067760 Kiwellin 374.7201 

HORVU5Hr1G005230 N/A 270.2074 

HORVU3Hr1G113120 Wound-induced protein 200.8414 

HORVU1Hr1G012000 undescribed protein 100.5369 

HORVU3Hr1G113620 Wound-induced protein 96.6482 

HORVU1Hr1G065150 undescribed protein 56.7405 

HORVU0Hr1G000760 undescribed protein 34.3333 

HORVU1Hr1G065660 undescribed protein 24.2476 

HORVU7Hr1G114660 Indole-3-glycerol phosphate synthase 19.1301 

HORVU0Hr1G003480 Organic cation/carnitine transporter 3 10.3073 

HORVU4Hr1G086110 F-box protein PP2-B1 7.3182 

HORVU7Hr1G042080 Zinc finger protein CONSTANS-LIKE 16 4.3565 

HORVU2Hr1G075460 undescribed protein 4.3056 

HORVU7Hr1G057640 50S ribosomal protein L23 3.8974 

HORVU4Hr1G081100 Glutathione S-transferase family protein 3.8494 

HORVU5Hr1G109910 30S ribosomal protein S5 3.5836 

HORVU5Hr1G104380 evolutionarily conserved C-terminal region 

3 3.5393 

HORVU5Hr1G021140 Mitochondrial import inner membrane 

translocase subunit Tim9 3.5141 

HORVU4Hr1G014130 40S ribosomal protein S27 3.4072 

HORVU4Hr1G023570 30S ribosomal protein S9 3.3563 

HORVU3Hr1G111740 Ubiquitin-fold modifier 1 3.3078 

HORVU4Hr1G046530 undescribed protein 3.2931 

HORVU2Hr1G019160 60S ribosomal protein L22-2 3.0881 
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Table C2. Common and exclusive DEGs (a) 6 hpa ZnO NP Upregulated Exclusive Genes, (b) 6 

hpa ZnSO4 Upregulated Exclusive Genes, (c) 6 hpa ZnO NP and ZnSO4 Upregulated Common 

Genes, (d) 6 hpa ZnO NP and ZnSO4 Downregulated Common Genes, (e) 6 hpa ZnO NPs 

Downregulated Exclusive Genes, and (f) 6 hpa ZnSO4 Downregulated Exclusive Genes 

(continued) 

(c) 6 hpa ZnO NP and ZnSO4 Upregulated Common Genes 

55 common elements 

in "6 hpa ZnO NP up" 

and "6 hpa ZnSO4 up": 

Annotation Fold 

Change in 

6 hpa ZnO 

NP 

Fold 

Change in 6 

hpa ZnSO4 

HORVU3Hr1G114970 

Two-component response regulator 

ARR1 128.5331 152.6109 

HORVU4Hr1G089560 

Chromosome 3B, genomic scaffold, 

cultivar Chinese Spring 124.4096 124.6629 

HORVU6Hr1G064000 undescribed protein 24.35693 25.74906 

HORVU4Hr1G085250 Aquaporin-like superfamily protein 13.74826 13.75149 

HORVU2Hr1G113180 N/A 8.92573 38.69721 

HORVU7Hr1G046980 

Mitochondrial glycoprotein family 

protein 7.942737 10.44052 

HORVU1Hr1G073460 

Tetratricopeptide repeat (TPR)-like 

superfamily protein 5.38723 7.663767 

HORVU3Hr1G011460 

Mitochondrial glycoprotein family 

protein 5.34543 5.932529 

HORVU2Hr1G028510 Ribosomal protein S4 5.286618 6.524318 

HORVU1Hr1G072060 30S ribosomal protein S8 5.283058 5.780174 

HORVU2Hr1G127090 tubulin folding cofactor B 5.226579 5.320255 

HORVU7Hr1G054380 

glutamate-1-semialdehyde-2,1-

aminomutase 4.81252 5.381587 

HORVU5Hr1G106550 histone H1-3 4.46992 5.982512 

HORVU3Hr1G001140 Ribosomal protein L6 family 4.403558 4.637297 

HORVU5Hr1G045620 30S ribosomal protein S9 4.038597 4.791403 

HORVU4Hr1G064020 50S ribosomal protein L7Ae 4.01018 4.286949 

HORVU7Hr1G050170 60S ribosomal protein L31 3.932598 4.232041 

HORVU2Hr1G053290 40S ribosomal protein S12 3.878453 3.880759 

HORVU5Hr1G076700 60S ribosomal protein L7a 3.726825 3.751224 

HORVU6Hr1G090070 60S ribosomal protein L37-2 3.674378 3.860978 

HORVU4Hr1G074270 40S ribosomal protein S27 3.657053 3.83592 

HORVU4Hr1G052610 NIFU-like protein 2 3.569676 3.789591 

HORVU2Hr1G043220 60S ribosomal protein L38 3.536442 4.002387 

HORVU7Hr1G002060 Ribosomal protein L6 family 3.500836 3.96498 

HORVU2Hr1G075470 Protein kinase superfamily protein 3.403196 3.520264 

HORVU4Hr1G075710 60S ribosomal protein L4-1 3.383402 3.751546 
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Table C2. Common and exclusive DEGs (a) 6 hpa ZnO NP Upregulated Exclusive Genes, (b) 6 

hpa ZnSO4 Upregulated Exclusive Genes, (c) 6 hpa ZnO NP and ZnSO4 Upregulated Common 

Genes, (d) 6 hpa ZnO NP and ZnSO4 Downregulated Common Genes, (e) 6 hpa ZnO NPs 

Downregulated Exclusive Genes, and (f) 6 hpa ZnSO4 Downregulated Exclusive Genes 

(continued) 

(c) 6 hpa ZnO NP and ZnSO4 Upregulated Common Genes 

55 common elements 

in "6 hpa ZnO NP up" 

and "6 hpa ZnSO4 up": 

Annotation Fold 

Change in 

6 hpa ZnO 

NP 

Fold 

Change in 6 

hpa ZnSO4 

HORVU7Hr1G052960 60S ribosomal protein L32-1 3.369184 3.478859 

HORVU7Hr1G069460 

HSP20-like chaperones superfamily 

protein isoform 1 3.345963 3.659661 

HORVU4Hr1G077240 40s ribosomal protein SA 3.260914 3.869959 

HORVU7Hr1G014140 40S ribosomal protein S20 3.249566 3.405812 

HORVU2Hr1G102610 60S ribosomal protein L12 3.126354 3.173446 

HORVU5Hr1G119700 prohibitin 1 3.059127 3.794261 

HORVU7Hr1G017190 

Hypersensitive-induced response protein 

4 3.043186 3.144584 

HORVU2Hr1G104580 At5g37260-like protein 118.7541 80.37911 

HORVU5Hr1G038840 pumilio 7 100.2857 76.47004 

HORVU7Hr1G050460 undescribed protein 95.06121 76.91564 

HORVU4Hr1G077480 

Cold regulated gene 27, putative isoform 

2 45.39086 38.9258 

HORVU5Hr1G073330 Lysine-specific demethylase 8 45.13739 40.20142 

HORVU7Hr1G044250 undescribed protein 39.33851 37.69312 

HORVU6Hr1G057630 

Two-component response regulator-like 

PRR1 26.76508 24.79318 

HORVU0Hr1G021850 Protein of unknown function (DUF581) 17.11619 17.07578 

HORVU6Hr1G071950 

Zinc finger protein CONSTANS-LIKE 

10 17.00185 15.33294 

HORVU0Hr1G018830 Cell division protein FtsZ 11.54671 10.14083 

HORVU2Hr1G020690 Nucleolar protein 58 11.13607 10.90223 

HORVU6Hr1G065240 undescribed protein 8.886774 8.653398 

HORVU3Hr1G063700 

Chromosome 3B, genomic scaffold, 

cultivar Chinese Spring 8.767938 7.080809 

HORVU3Hr1G093400 RNA-binding protein 1 7.55641 7.203371 

HORVU7Hr1G115780 30S ribosomal protein S5 6.877291 6.574795 

HORVU3Hr1G055870 Neutral ceramidase 5.908216 5.534095 

HORVU5Hr1G105870 60S ribosomal protein L4-1 4.561585 4.503041 

HORVU1Hr1G079370 60S ribosomal protein L28-1 3.95187 3.862714 

HORVU1Hr1G072270 60S ribosomal protein L36-2 3.481822 3.400313 
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HORVU2Hr1G089070 60S ribosomal protein L14-1 3.441095 3.304486 

HORVU4Hr1G012770 

mitochondrial import receptor subunit 

TOM5 homolog 3.328753 3.241333 

HORVU2Hr1G104940 unknown function 3.030617 3.023442 

 

Table C2. Common and exclusive DEGs (a) 6 hpa ZnO NP Upregulated Exclusive Genes, (b) 6 

hpa ZnSO4 Upregulated Exclusive Genes, (c) 6 hpa ZnO NP and ZnSO4 Upregulated Common 

Genes, (d) 6 hpa ZnO NP and ZnSO4 Downregulated Common Genes, (e) 6 hpa ZnO NPs 

Downregulated Exclusive Genes, and (f) 6 hpa ZnSO4 Downregulated Exclusive Genes 

(continued) 

(d) 6 hpa ZnO NP and ZnSO4 Downregulated Common Genes 

76 common elements in 

"6 hpa ZnO NP down" 

and "6 hpa ZnSO4 

down": 

Annotation Fold 

Change in 

6 hpa ZnO 

NP 

Fold 

Change 

in 6 hpa 

ZnSO4 

HORVU6Hr1G025110 Elongation factor 4 -3.02391 -3.65907 

HORVU4Hr1G028910 beta glucosidase 42 -3.35932 -4.09581 

HORVU3Hr1G087850 

Internal alternative NAD(P)H-ubiquinone 

oxidoreductase A1, mitochondrial -3.60745 -4.04972 

HORVU3Hr1G065960 Farnesyl pyrophosphate synthase -3.88019 -5.06252 

HORVU3Hr1G089390 Protein of unknown function (DUF1685) -4.36349 -4.68578 

HORVU6Hr1G033290 MLO-like protein 1 -4.42798 -9.25418 

HORVU3Hr1G042680 dentin sialophosphoprotein-related. -4.44373 -5.45674 

HORVU2Hr1G077640 undescribed protein -4.55082 -6.76 

HORVU6Hr1G050440 senescence-associated family protein -4.80449 -5.91427 

HORVU5Hr1G081620 

Two-component response regulator-like 

PRR95 -5.35168 -6.9043 

HORVU4Hr1G087610 Transcription factor bHLH35 -5.35877 -8.87085 

HORVU2Hr1G023560 Magnesium-chelatase subunit H -6.05897 -7.33019 

HORVU1Hr1G018720 

unknown protein; BEST Arabidopsis 

thaliana protein match is: unknown protein 

. -6.2289 -7.05083 

HORVU2Hr1G078840 Mitochondrial uncoupling protein 3 -6.37066 -9.66671 

HORVU1Hr1G070190 

Nodulin-like / Major Facilitator 

Superfamily protein -6.56708 -7.64275 

HORVU2Hr1G077650 ferric reduction oxidase 7 -6.76023 -9.21114 

HORVU6Hr1G073180 methyltransferase type 11 -6.85867 -7.09935 

HORVU7Hr1G120660 PHYTOENE SYNTHASE -6.9888 -8.66541 

HORVU3Hr1G069290 Chaperone protein DnaJ -7.5389 -9.04355 

HORVU1Hr1G088870 

Chlorophyll a-b binding protein, 

chloroplastic -8.20865 -13.9817 
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Table C2. Common and exclusive DEGs (a) 6 hpa ZnO NP Upregulated Exclusive Genes, (b) 6 

hpa ZnSO4 Upregulated Exclusive Genes, (c) 6 hpa ZnO NP and ZnSO4 Upregulated Common 

Genes, (d) 6 hpa ZnO NP and ZnSO4 Downregulated Common Genes, (e) 6 hpa ZnO NPs 

Downregulated Exclusive Genes, and (f) 6 hpa ZnSO4 Downregulated Exclusive Genes 

(continued) 

(d) 6 hpa ZnO NP and ZnSO4 Downregulated Common Genes (continued) 

76 common elements in 

"6 hpa ZnO NP down" 

and "6 hpa ZnSO4 

down": 

Annotation Fold 

Change in 

6 hpa ZnO 

NP 

Fold 

Change 

in 6 hpa 

ZnSO4 

HORVU1Hr1G093180 RNA polymerase sigma-B factor -8.34533 -15.6956 

HORVU2Hr1G106410 Glycogen synthase 1 -8.36047 -34.9218 

HORVU2Hr1G040780 

Chlorophyll a-b binding protein 13, 

chloroplastic -8.92441 -9.57575 

HORVU6Hr1G066000 

myb-like transcription factor family 

protein -9.12164 -10.1779 

HORVU2Hr1G062910 unknown function -9.12527 -23.5385 

HORVU3Hr1G006270 

Chromosome 3B, genomic scaffold, 

cultivar Chinese Spring -10.2741 -21.8718 

HORVU2Hr1G123750 glutathione peroxidase 6 -10.4168 -13.9522 

HORVU2Hr1G085000 B-box zinc finger family protein -10.7947 -27.1238 

HORVU5Hr1G087250 

Chlorophyll a-b binding protein 2, 

chloroplastic -10.9932 -11.5213 

HORVU6Hr1G030910 B-box type zinc finger family protein -11.4396 -13.0957 

HORVU5Hr1G081190 B-box zinc finger family protein -12.5653 -14.4255 

HORVU4Hr1G040290 unknown function -14.3712 -17.2062 

HORVU1Hr1G057860 N/A -14.3893 -16.2961 

HORVU3Hr1G040870 unknown function -14.4439 -16.0691 

HORVU1Hr1G089180 

Chlorophyll a-b binding protein, 

chloroplastic -15.911 -26.0211 

HORVU4Hr1G075730 unknown function -16.8116 -20.2193 

HORVU4Hr1G073090 

Protochlorophyllide reductase A, 

chloroplastic -21.0847 -42.79 

HORVU2Hr1G119050 

Protochlorophyllide reductase A, 

chloroplastic -23.8397 -34.6164 

HORVU7Hr1G070900 undescribed protein -25.7262 -34.8113 

HORVU5Hr1G086670 

Flavin-binding monooxygenase family 

protein -27.0941 -31.586 

HORVU2Hr1G119080 undescribed protein -27.1188 -30.2598 

HORVU2Hr1G119090 

Protochlorophyllide reductase A, 

chloroplastic -27.286 -36.8352 
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Table C2. Common and exclusive DEGs (a) 6 hpa ZnO NP Upregulated Exclusive Genes, (b) 6 

hpa ZnSO4 Upregulated Exclusive Genes, (c) 6 hpa ZnO NP and ZnSO4 Upregulated Common 

Genes, (d) 6 hpa ZnO NP and ZnSO4 Downregulated Common Genes, (e) 6 hpa ZnO NPs 

Downregulated Exclusive Genes, and (f) 6 hpa ZnSO4 Downregulated Exclusive Genes 

(continued) 

(d) 6 hpa ZnO NP and ZnSO4 Downregulated Common Genes (continued) 

76 common elements in 

"6 hpa ZnO NP down" 

and "6 hpa ZnSO4 

down": 

Annotation Fold 

Change in 

6 hpa ZnO 

NP 

Fold 

Change 

in 6 hpa 

ZnSO4 

HORVU5Hr1G109260 

Chlorophyll a-b binding protein, 

chloroplastic -28.3994 -31.5064 

HORVU6Hr1G091650 

Chlorophyll a-b binding protein, 

chloroplastic -29.7545 -50.2561 

HORVU7Hr1G040370 

Chlorophyll a-b binding protein, 

chloroplastic -30.0545 -60.0369 

HORVU1Hr1G078380 

Chlorophyll a-b binding protein, 

chloroplastic -30.3985 -53.307 

HORVU1Hr1G088900 

Chlorophyll a-b binding protein, 

chloroplastic -35.8982 -53.538 

HORVU5Hr1G109250 

Chlorophyll a-b binding protein, 

chloroplastic -46.2751 -61.1892 

HORVU7Hr1G070870 circadian clock associated 1 -51.2525 -68.0335 

HORVU0Hr1G016540 Ethylene-responsive transcription factor 4 -51.8682 -69.8952 

HORVU6Hr1G016850 

Chlorophyll a-b binding protein, 

chloroplastic -73.2567 -89.6972 

HORVU6Hr1G016940 

Chlorophyll a-b binding protein, 

chloroplastic -75.4525 -177.262 

HORVU7Hr1G040380 

Chlorophyll a-b binding protein, 

chloroplastic -78.4138 -166.714 

HORVU6Hr1G016890 

Chlorophyll a-b binding protein, 

chloroplastic -90.7612 -172.156 

HORVU6Hr1G016880 

Chlorophyll a-b binding protein, 

chloroplastic -94.7919 -210.598 

HORVU1Hr1G088920 

Chlorophyll a-b binding protein, 

chloroplastic -99.3718 -177.317 

HORVU7Hr1G095810 mitogen-activated protein kinase 16 -3.42466 -3.14552 

HORVU4Hr1G010410 

4-hydroxy-3-methylbut-2-enyl diphosphate 

reductase -4.0677 -3.57515 

HORVU2Hr1G023450 Carboxypeptidase Y homolog A -4.30449 -3.97978 

HORVU3Hr1G089370 Protein of unknown function (DUF1685) -4.64267 -4.46598 

HORVU7Hr1G037180 

Ethylene-responsive transcription factor 

1A -5.38586 -5.10204 
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Table C2. Common and exclusive DEGs (a) 6 hpa ZnO NP Upregulated Exclusive Genes, (b) 6 

hpa ZnSO4 Upregulated Exclusive Genes, (c) 6 hpa ZnO NP and ZnSO4 Upregulated Common 

Genes, (d) 6 hpa ZnO NP and ZnSO4 Downregulated Common Genes, (e) 6 hpa ZnO NPs 

Downregulated Exclusive Genes, and (f) 6 hpa ZnSO4 Downregulated Exclusive Genes 

(continued) 

(d) 6 hpa ZnO NP and ZnSO4 Downregulated Common Genes (continued) 

76 common elements in 

"6 hpa ZnO NP down" 

and "6 hpa ZnSO4 

down": 

Annotation Fold 

Change in 

6 hpa ZnO 

NP 

Fold 

Change 

in 6 hpa 

ZnSO4 

HORVU4Hr1G014270 Protein of unknown function (DUF1685) -5.54346 -4.89618 

HORVU7Hr1G098660 Fe/S biogenesis protein NfuA -5.84627 -5.30958 

HORVU4Hr1G025010 undescribed protein -6.08631 -4.47484 

HORVU1Hr1G072890 unknown function -6.6405 -4.05459 

HORVU7Hr1G116890 Chaperone protein DnaJ 1 -6.68537 -5.75591 

HORVU2Hr1G029900 Protein kinase superfamily protein -7.09181 -5.30733 

HORVU0Hr1G016780 Cytochrome P450 superfamily protein -7.13655 -5.1112 

HORVU1Hr1G086930 

Chromosome 3B, genomic scaffold, 

cultivar Chinese Spring -7.30878 -6.31925 

HORVU0Hr1G031850 

myb-like transcription factor family 

protein -8.68017 -8.22914 

HORVU3Hr1G089380 Protein of unknown function (DUF1685) -8.81608 -6.64184 

HORVU1Hr1G088880 

Chlorophyll a-b binding protein, 

chloroplastic -13.5147 -11.1179 

HORVU5Hr1G014170 

Basic-leucine zipper (bZIP) transcription 

factor family protein -15.6461 -12.7134 

HORVU5Hr1G036150 undescribed protein -19.0669 -12.8724 

HORVU3Hr1G114250 unknown function -19.9246 -9.04397 

HORVU7Hr1G121210 At5g37260-like protein -22.2182 -18.0583 
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Table C2. Common and exclusive DEGs (a) 6 hpa ZnO NP Upregulated Exclusive Genes, (b) 6 

hpa ZnSO4 Upregulated Exclusive Genes, (c) 6 hpa ZnO NP and ZnSO4 Upregulated Common 

Genes, (d) 6 hpa ZnO NP and ZnSO4 Downregulated Common Genes, (e) 6 hpa ZnO NPs 

Downregulated Exclusive Genes, and (f) 6 hpa ZnSO4 Downregulated Exclusive Genes 

(continued) 

(e) 6 hpa ZnO NPs Downregulated Exclusive Genes 

58 elements included 

exclusively in "6 hpa 

ZnO NP down": 

Annotation Fold 

Change 

HORVU5Hr1G005980 cysteine synthase D1 -3.0750 

HORVU2Hr1G066430 Retrotransposon protein, putative, unclassified -3.0765 

HORVU6Hr1G014480 adenylate kinase family protein -3.2563 

HORVU4Hr1G071360 Cytochrome b561 and DOMON domain-containing 

protein 

-3.2909 

HORVU4Hr1G057550 pseudo-response regulator 7 -3.3053 

HORVU4Hr1G013170 Subtilisin-like protease -3.3387 

HORVU1Hr1G036920 Heavy metal transport/detoxification superfamily 

protein 

-3.5397 

HORVU2Hr1G039070 calcium-dependent protein kinase 19 -3.6027 

HORVU6Hr1G084190 trehalose phosphate synthase -3.6041 

HORVU5Hr1G093310 basic helix-loop-helix (bHLH) DNA-binding 

superfamily protein 

-3.6105 

HORVU7Hr1G024670 GDSL esterase/lipase -3.6106 

HORVU6Hr1G071190 Eukaryotic aspartyl protease family protein -3.6212 

HORVU6Hr1G014700 calcium-dependent protein kinase 28 -3.7427 

HORVU3Hr1G013840 Metallothioneine type2 -3.9034 

HORVU0Hr1G005210 Protein of unknown function, DUF584 -4.0676 

HORVU2Hr1G098110 nudix hydrolase homolog 8 -4.0916 

HORVU7Hr1G085350 F-box/kelch-repeat protein -4.1414 

HORVU3Hr1G025430 undescribed protein -4.2157 

HORVU2Hr1G013400 pseudo-response regulator 7 -4.2390 

HORVU5Hr1G111590 NAC domain protein, -4.3854 

HORVU5Hr1G070290 Peroxidase superfamily protein -4.4614 

HORVU4Hr1G017390 Eukaryotic aspartyl protease family protein -4.5945 

HORVU3Hr1G034980 alpha/beta-Hydrolases superfamily protein -4.6555 

HORVU4Hr1G006100 Haloacid dehalogenase-like hydrolase (HAD) 

superfamily protein 

-4.7451 

HORVU3Hr1G064640 AP2/B3 transcription factor family protein -4.8234 

HORVU1Hr1G060880 undescribed protein -4.8366 

HORVU3Hr1G042650 Reverse transcriptase -5.0305 

HORVU3Hr1G088200 WRKY DNA-binding protein 33 -5.1608 
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Table C2. Common and exclusive DEGs (a) 6 hpa ZnO NP Upregulated Exclusive Genes, (b) 6 

hpa ZnSO4 Upregulated Exclusive Genes, (c) 6 hpa ZnO NP and ZnSO4 Upregulated Common 

Genes, (d) 6 hpa ZnO NP and ZnSO4 Downregulated Common Genes, (e) 6 hpa ZnO NPs 

Downregulated Exclusive Genes, and (f) 6 hpa ZnSO4 Downregulated Exclusive Genes 

(continued) 

(e) 6 hpa ZnO NPs Downregulated Exclusive Genes (continued) 

58 elements included 

exclusively in "6 hpa 

ZnO NP down": 

Annotation Fold 

Change 

HORVU1Hr1G020410 1-aminocyclopropane-1-carboxylate oxidase -5.2076 

HORVU6Hr1G058820 phenylalanine ammonia-lyase 2 -5.3261 

HORVU1Hr1G071910 Plant protein 1589 of unknown function -5.6315 

HORVU1Hr1G047570 undescribed protein -5.9020 

HORVU1Hr1G047390 SAUR-like auxin-responsive protein family -6.0589 

HORVU3Hr1G084830 Nematode resistance protein-like HSPRO2 -6.2051 

HORVU3Hr1G059220 WRKY family transcription factor -6.2720 

HORVU7Hr1G057330 Chaperone protein DnaJ -7.3305 

HORVU5Hr1G080830 undescribed protein -7.3452 

HORVU6Hr1G077610 RING/U-box superfamily protein -7.6037 

HORVU6Hr1G077770 EXORDIUM like 2 -7.6148 

HORVU2Hr1G117500 undescribed protein -7.8296 

HORVU2Hr1G035550 undescribed protein -7.8401 

HORVU7Hr1G086340 undescribed protein -8.2669 

HORVU7Hr1G086250 undescribed protein -8.5511 

HORVU7Hr1G040030 unknown function -8.6258 

HORVU1Hr1G048700 F-box protein PP2-A13 -8.7351 

HORVU5Hr1G010950 Glutaredoxin family protein -8.8271 

HORVU5Hr1G083200 unknown function -9.1105 

HORVU7Hr1G086260 undescribed protein -9.1134 

HORVU7Hr1G101740 Calcium-binding EF-hand family protein -9.3418 

HORVU3Hr1G108550 undescribed protein -9.7621 

HORVU7Hr1G027270 MATE efflux family protein -10.0863 

HORVU1Hr1G088680 Receptor-like protein kinase -11.6737 

HORVU2Hr1G103930 NAC domain containing protein 1 -13.1652 

HORVU6Hr1G016860 undescribed protein -14.3335 

HORVU2Hr1G090730 GRAM domain-containing protein / ABA-responsive 

protein-related 

-18.7766 

HORVU2Hr1G066100 basic helix-loop-helix (bHLH) DNA-binding 

superfamily protein 

-19.5659 

HORVU3Hr1G085860 Regulator of chromosome condensation (RCC1) family 

protein 

-26.5704 
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Table C2. Common and exclusive DEGs (a) 6 hpa ZnO NP Upregulated Exclusive Genes, (b) 6 

hpa ZnSO4 Upregulated Exclusive Genes, (c) 6 hpa ZnO NP and ZnSO4 Upregulated Common 

Genes, (d) 6 hpa ZnO NP and ZnSO4 Downregulated Common Genes, (e) 6 hpa ZnO NPs 

Downregulated Exclusive Genes, and (f) 6 hpa ZnSO4 Downregulated Exclusive Genes 

(continued) 

(f) 6 hpa ZnSO4 Downregulated Exclusive Genes 

46 elements included 

exclusively in "6 hpa 

ZnSO4 down": 

Annotation Fold 

Change 

HORVU4Hr1G013310 unknown protein -3.0948 

HORVU4Hr1G070720 Auxilin-related protein 2 -3.3341 

HORVU5Hr1G098980 HAD-superfamily hydrolase, subfamily IG, 5'-

nucleotidase 

-3.6872 

HORVU4Hr1G000510 haloacid dehalogenase-like hydrolase family protein -3.7259 

HORVU7Hr1G025390 Glycogen synthase -3.7280 

HORVU5Hr1G054000 Chlorophyll a-b binding protein C, chloroplastic -3.8012 

HORVU5Hr1G118120 unknown function -3.8307 

HORVU5Hr1G089230 Fatty acyl-CoA reductase 1 -3.8922 

HORVU4Hr1G076180 unknown function -3.9000 

HORVU7Hr1G037600 sodium/calcium exchanger family protein / calcium-

binding EF hand family protein 

-4.2763 

HORVU5Hr1G073950 dihydroflavonol 4-reductase-like1 -4.2920 

HORVU0Hr1G016860 DNA-binding protein SMUBP-2 -4.4030 

HORVU3Hr1G025820 Mitochondrial substrate carrier family protein -4.8006 

HORVU2Hr1G071860 NAD(P)-binding Rossmann-fold superfamily protein -4.9793 

HORVU6Hr1G025730 Quinone oxidoreductase-like protein 2 homolog -5.2239 

HORVU2Hr1G013870 fatty acid desaturase 8 -5.3091 

HORVU5Hr1G070230 Dicarboxylate transporter 2.1, chloroplastic -5.5289 

HORVU2Hr1G094190 Nuclear transport factor 2 (NTF2) family protein -5.6800 

HORVU3Hr1G001940 undescribed protein -5.7972 

HORVU7Hr1G083360 NAD-dependent epimerase/dehydratase -5.8901 

HORVU0Hr1G012860 Alcohol dehydrogenase -6.0990 

HORVU2Hr1G021700 4-alpha-glucanotransferase -6.1930 

HORVU2Hr1G075110 PLC-like phosphodiesterases superfamily protein -6.2089 

HORVU3Hr1G094820 thylakoid rhodanese-like -6.3854 

HORVU5Hr1G044410 Hydroxymethylglutaryl-CoA lyase -6.4067 

HORVU7Hr1G046320 Chlorophyll a-b binding protein 1B-21, chloroplastic -6.6622 

HORVU3Hr1G089650 Rhodanese/Cell cycle control phosphatase superfamily 

protein 

-7.0604 

HORVU1Hr1G071180 Chaperone protein DnaJ -7.7796 

HORVU3Hr1G090760 Alpha/beta hydrolase domain-containing protein 11 -7.9779 
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Table C2. Common and exclusive DEGs (a) 6 hpa ZnO NP Upregulated Exclusive Genes, (b) 6 

hpa ZnSO4 Upregulated Exclusive Genes, (c) 6 hpa ZnO NP and ZnSO4 Upregulated Common 

Genes, (d) 6 hpa ZnO NP and ZnSO4 Downregulated Common Genes, (e) 6 hpa ZnO NPs 

Downregulated Exclusive Genes, and (f) 6 hpa ZnSO4 Downregulated Exclusive Genes 

(continued) 

(f) 6 hpa ZnSO4 Downregulated Exclusive Genes (continued) 

46 elements included 

exclusively in "6 hpa 

ZnSO4 down": 

Annotation Fold 

Change 

HORVU5Hr1G124160 Chlorophyll a-b binding protein 2, chloroplastic -8.3891 

HORVU2Hr1G001320 Protein NRT1/ PTR FAMILY 8.5 -9.2522 

HORVU7Hr1G046050 Carboxyl-terminal-processing protease -9.4317 

HORVU7Hr1G076030 Beta-carotene isomerase D27, chloroplastic -10.0639 

HORVU6Hr1G073100 Protein CURVATURE THYLAKOID 1A, chloroplastic -10.0797 

HORVU2Hr1G079920 Chlorophyll a-b binding protein, chloroplastic -10.2592 

HORVU1Hr1G022840 Peroxisomal membrane protein 2 -10.5313 

HORVU2Hr1G023540 Magnesium-chelatase subunit ChlH, chloroplastic -11.7408 

HORVU4Hr1G065560 Erythronate-4-phosphate dehydrogenase family protein -12.0121 

HORVU1Hr1G093660 ribonuclease 3 -13.1664 

HORVU3Hr1G086190 Photosystem II reaction center Psb28 protein -14.3926 

HORVU0Hr1G039090 Harpin binding protein 1, putative, expressed -15.7917 

HORVU1Hr1G093780 Ribonuclease T2 family protein -16.2294 

HORVU5Hr1G004700 terpene synthase 21 -20.3926 

HORVU7Hr1G090410 polyamine oxidase 1 -26.1139 

HORVU1Hr1G093570 Ribonuclease T2 family protein -49.9977 

HORVU4Hr1G039870 unknown protein; BEST Arabidopsis thaliana protein 

match is: unknown protein 

-52.8506 
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APPENDIX D 

 

 

 

Figure D1. Bar charts showing gene enrichment for biological process using TopGO in (a) 3 hpa 

ZnO NP, (b) 6 hpa ZnO NP, (c) 3 hpi Pathogen, (d) 21 hpi Pathogen, (e) 45 hpi Pathogen, (f) 3 hpi 

NP+Pathogen, (g) 21 hpi NP+Pathogen, and (h) 45 hpi NP+Pathogen 
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Figure D1. Bar charts showing gene enrichment for biological process using TopGO in (a) 3 hpa 

ZnO NP, (b) 6 hpa ZnO NP, (c) 3 hpi Pathogen, (d) 21 hpi Pathogen, (e) 45 hpi Pathogen, (f) 3 hpi 

NP+Pathogen, (g) 21 hpi NP+Pathogen, and (h) 45 hpi NP+Pathogen (continued) 
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Figure D1. Bar charts showing gene enrichment for biological process using TopGO in (a) 3 hpa 

ZnO NP, (b) 6 hpa ZnO NP, (c) 3 hpi Pathogen, (d) 21 hpi Pathogen, (e) 45 hpi Pathogen, (f) 3 hpi 

NP+Pathogen, (g) 21 hpi NP+Pathogen, and (h) 45 hpi NP+Pathogen (continued) 
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Figure D1. Bar charts showing gene enrichment for biological process using TopGO in (a) 3 hpa 

ZnO NP, (b) 6 hpa ZnO NP, (c) 3 hpi Pathogen, (d) 21 hpi Pathogen, (e) 45 hpi Pathogen, (f) 3 hpi 

NP+Pathogen, (g) 21 hpi NP+Pathogen, and (h) 45 hpi NP+Pathogen (continued) 
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Figure D2. Bar charts showing gene enrichment for biological process using TopGO in 

Arabidopsis at (a) 3 hpa, (b) 6 hpa, (c) 24 hpa, and (d) 48 hpa 
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Figure D2. Bar charts showing gene enrichment for biological process using TopGO in 

Arabidopsis at (a) 3 hpa, (b) 6 hpa, (c) 24 hpa, and (d) 48 hpa (continued) 
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Table D1. Gene enrichment for biological process in TopGO in barley exposed to ZnO NP at (a) 

3 hpa, (b) 6 hpa, (c) 24 hpa, and (d) 48 hpa, pathogen at (e) 3 hpi, (f) 21 hpi, and (g) 45 hpi, and 

combined application (ZnO NP+ pathogen) at (h) 3 hpi, (i) 21 hpi, and (j) 45 hpi 

 

(a) 3 hpa ZnO NP 

 GO.ID Term p-value 

Upregulated GO:0006412 translation 1.60E-12 

GO:0046686 response to cadmium ion 4.10E-14 

GO:0042254 ribosome biogenesis 1.80E-09 

GO:0006457 protein folding 1.90E-13 

GO:0061077 chaperone-mediated protein folding 1.60E-06 

GO:0051131 chaperone-mediated protein complex 

assem... 

3.30E-06 

GO:0009408 response to heat 1.70E-08 

GO:0009409 response to cold 1.30E-07 

GO:0009651 response to salt stress 1.40E-05 

GO:0042128 nitrate assimilation 0.00023 

Downregulated GO:0009768 photosynthesis, light harvesting in phot... 4.70E-19 

GO:0018298 protein-chromophore linkage 1.60E-14 

GO:0055114 oxidation-reduction process 1.10E-08 

GO:0009769 photosynthesis, light harvesting in phot... 1.10E-07 

GO:0015979 photosynthesis 3.50E-28 

GO:0009611 response to wounding 3.50E-07 

GO:0007568 aging 4.00E-05 

GO:0010114 response to red light 5.30E-05 

GO:0009773 photosynthetic electron transport in pho... 5.50E-05 

GO:0080167 response to karrikin 6.90E-05 
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Table D1. Gene enrichment for biological process in TopGO in barley exposed to ZnO NP at (a) 

3 hpa, (b) 6 hpa, (c) 24 hpa, and (d) 48 hpa, pathogen at (e) 3 hpi, (f) 21 hpi, and (g) 45 hpi, and 

combined application (ZnO NP+ pathogen) at (h) 3 hpi, (i) 21 hpi, and (j) 45 hpi (continued) 

(b) 6 hpa ZnO NP 

 GO.ID Term p-value 

Upregulated GO:0006412 translation 2.10E-14 

GO:0042254 ribosome biogenesis 4.70E-09 

GO:0000028 ribosomal small subunit assembly 0.00029 

GO:0006334 nucleosome assembly 0.00194 

GO:0051290 protein heterotetramerization 0.00233 

GO:0070544 histone H3-K36 demethylation 0.00233 

GO:1901671 positive regulation of superoxide 

dismut... 

0.00233 

GO:0042752 regulation of circadian rhythm 0.00039 

GO:0000447 endonucleolytic cleavage in ITS1 to 

sepa... 

0.00465 

GO:0000461 endonucleolytic cleavage to generate 

mat... 

0.00465 

Downregulated GO:0010100 negative regulation of 

photomorphogenesi... 

1.20E-05 

GO:0009768 photosynthesis, light harvesting in phot... 9.30E-05 

GO:0015995 chlorophyll biosynthetic process 9.80E-05 

GO:0009611 response to wounding 0.0002 

GO:0010017 red or far-red light signaling pathway 2.30E-05 

GO:0007623 circadian rhythm 2.00E-05 

GO:0009769 photosynthesis, light harvesting in phot... 0.00065 

GO:0018298 protein-chromophore linkage 0.00066 

GO:0009723 response to ethylene 0.00022 

GO:0009266 response to temperature stimulus 0.00039 
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Table D1. Gene enrichment for biological process in TopGO in barley exposed to ZnO NP at (a) 

3 hpa, (b) 6 hpa, (c) 24 hpa, and (d) 48 hpa, pathogen at (e) 3 hpi, (f) 21 hpi, and (g) 45 hpi, and 

combined application (ZnO NP+ pathogen) at (h) 3 hpi, (i) 21 hpi, and (j) 45 hpi (continued) 

 

(c) 24 hpa ZnO NP 

 GO.ID Term p-value 

Downregulated GO:0009611 response to wounding 1.10E-06 

GO:0080167 response to karrikin 4.80E-05 

GO:0032544 plastid translation 0.00016 

GO:0045727 positive regulation of translation 0.00021 

GO:1903507 negative regulation of nucleic acid-

temp... 

0.00597 

GO:0018119 peptidyl-cysteine S-nitrosylation 0.00028 

GO:0019253 reductive pentose-phosphate cycle 0.0004 

GO:0009768 photosynthesis, light harvesting in phot... 0.00059 

GO:2000022 regulation of jasmonic acid mediated 

sig... 

0.0007 

GO:0046323 glucose import 0.00101 

 

(d) 48 hpa ZnO NP 

 GO.ID Term p-value 

Downregulated GO:0009611 response to wounding 8.80E-05 

GO:0080167 response to karrikin 0.0013 

GO:0050691 regulation of defense response to virus ... 0.0034 

GO:0032544 plastid translation 0.005 

GO:0045727 positive regulation of translation 0.0059 

GO:1903507 negative regulation of nucleic acid-

temp... 

0.0042 

GO:0018119 peptidyl-cysteine S-nitrosylation 0.0067 

GO:0042742 defense response to bacterium 0.0102 

GO:2000022 regulation of jasmonic acid mediated 

sig... 

0.0104 

GO:0002237 response to molecule of bacterial origin 0.0109 
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Table D1. Gene enrichment for biological process in TopGO in barley exposed to ZnO NP at (a) 

3 hpa, (b) 6 hpa, (c) 24 hpa, and (d) 48 hpa, pathogen at (e) 3 hpi, (f) 21 hpi, and (g) 45 hpi, and 

combined application (ZnO NP+ pathogen) at (h) 3 hpi, (i) 21 hpi, and (j) 45 hpi (continued) 

 

(e) 3 hpi P 

 GO.ID Term p-value 

Upregulated GO:0006468 protein phosphorylation 3.70E-14 

GO:0009611 response to wounding 3.80E-14 

GO:0010200 response to chitin 5.20E-10 

GO:0055114 oxidation-reduction process 7.10E-10 

GO:0000162 tryptophan biosynthetic process 6.20E-08 

GO:0080167 response to karrikin 6.80E-08 

GO:0006526 arginine biosynthetic process 1.50E-08 

GO:0042742 defense response to bacterium 7.30E-10 

GO:0009651 response to salt stress 7.60E-09 

GO:0007166 cell surface receptor signaling pathway 1.10E-09 

Downregulated GO:0055114 oxidation-reduction process < 1e-30 

GO:0015979 photosynthesis < 1e-30 

GO:0009768 photosynthesis, light harvesting in 

phot... 

1.20E-16 

GO:0018298 protein-chromophore linkage 3.00E-14 

GO:0009773 photosynthetic electron transport in 

pho... 

2.20E-12 

GO:0009767 photosynthetic electron transport chain 8.70E-17 

GO:0009409 response to cold 6.40E-11 

GO:0009414 response to water deprivation 7.80E-09 

GO:0009637 response to blue light 1.20E-12 

GO:0010207 photosystem II assembly 6.50E-09 
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Table D1. Gene enrichment for biological process in TopGO in barley exposed to ZnO NP at (a) 

3 hpa, (b) 6 hpa, (c) 24 hpa, and (d) 48 hpa, pathogen at (e) 3 hpi, (f) 21 hpi, and (g) 45 hpi, and 

combined application (ZnO NP+ pathogen) at (h) 3 hpi, (i) 21 hpi, and (j) 45 hpi (continued) 

(f) 21 hpi P 

 GO.ID Term p-value 

Upregulated GO:0055114 oxidation-reduction process 1.20E-26 

GO:0009611 response to wounding 2.30E-17 

GO:0009651 response to salt stress 1.30E-10 

GO:0006468 protein phosphorylation 2.40E-09 

GO:0006526 arginine biosynthetic process 2.20E-09 

GO:0080167 response to karrikin 9.10E-08 

GO:0006552 leucine catabolic process 2.90E-07 

GO:0009423 chorismate biosynthetic process 3.20E-07 

GO:0000162 tryptophan biosynthetic process 4.10E-07 

GO:0006979 response to oxidative stress 4.50E-08 

Downregulated GO:0009768 photosynthesis, light harvesting in 

phot... 

5.90E-18 

GO:0015979 photosynthesis < 1e-30 

GO:0055114 oxidation-reduction process 6.20E-25 

GO:0018298 protein-chromophore linkage 4.30E-15 

GO:0009773 photosynthetic electron transport in 

pho... 

7.20E-14 

GO:0009409 response to cold 5.30E-13 

GO:0032544 plastid translation 4.30E-12 

GO:0009658 chloroplast organization 1.40E-13 

GO:0009644 response to high light intensity 2.80E-10 

GO:0009735 response to cytokinin 3.30E-09 
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Table D1. Gene enrichment for biological process in TopGO in barley exposed to ZnO NP at (a) 

3 hpa, (b) 6 hpa, (c) 24 hpa, and (d) 48 hpa, pathogen at (e) 3 hpi, (f) 21 hpi, and (g) 45 hpi, and 

combined application (ZnO NP+ pathogen) at (h) 3 hpi, (i) 21 hpi, and (j) 45 hpi (continued) 

(g) 45 hpi P 

 GO.ID Term p-value 

Upregulated GO:0009611 response to wounding 5.60E-12 

GO:0055114 oxidation-reduction process 4.90E-10 

GO:0042742 defense response to bacterium 8.10E-11 

GO:0042026 protein refolding 6.50E-09 

GO:0008152 metabolic process 1.40E-19 

GO:0000162 tryptophan biosynthetic process 8.60E-09 

GO:0006468 protein phosphorylation 2.00E-10 

GO:0006458 'de novo' protein folding 2.10E-07 

GO:0010200 response to chitin 2.00E-08 

GO:0007231 osmosensory signaling pathway 9.30E-07 

Downregulated GO:0009768 photosynthesis, light harvesting in phot... 8.40E-15 

GO:0018298 protein-chromophore linkage 3.60E-11 

GO:0009737 response to abscisic acid 0.00055 

GO:0009769 photosynthesis, light harvesting in phot... 9.60E-06 

GO:0009644 response to high light intensity 2.90E-05 

GO:0055114 oxidation-reduction process 6.20E-06 

GO:0015995 chlorophyll biosynthetic process 3.80E-05 

GO:0009651 response to salt stress 7.60E-06 

GO:0009414 response to water deprivation 6.70E-06 

GO:0010583 response to cyclopentenone 0.00014 
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Table D1. Gene enrichment for biological process in TopGO in barley exposed to ZnO NP at (a) 

3 hpa, (b) 6 hpa, (c) 24 hpa, and (d) 48 hpa, pathogen at (e) 3 hpi, (f) 21 hpi, and (g) 45 hpi, and 

combined application (ZnO NP+ pathogen) at (h) 3 hpi, (i) 21 hpi, and (j) 45 hpi (continued) 

(h) 3 hpi NP+P 

 GO.ID Term p-value 

Upregulated GO:0006468 protein phosphorylation 6.10E-18 

GO:0009611 response to wounding 2.20E-12 

GO:0055114 oxidation-reduction process 1.30E-13 

GO:0010200 response to chitin 3.50E-10 

GO:0042742 defense response to bacterium 1.40E-11 

GO:0006979 response to oxidative stress 1.50E-09 

GO:0009423 chorismate biosynthetic process 3.80E-07 

GO:0000162 tryptophan biosynthetic process 5.30E-07 

GO:0009073 aromatic amino acid family biosynthetic ... 3.10E-14 

GO:0080167 response to karrikin 7.10E-07 

Downregulated GO:0055114 oxidation-reduction process 2.60E-25 

GO:0009768 photosynthesis, light harvesting in phot... 7.60E-18 

GO:0015979 photosynthesis < 1e-30 

GO:0018298 protein-chromophore linkage 2.60E-16 

GO:0009773 photosynthetic electron transport in pho... 2.30E-10 

GO:0015995 chlorophyll biosynthetic process 2.00E-14 

GO:0009767 photosynthetic electron transport chain 7.10E-15 

GO:0009409 response to cold 5.40E-11 

GO:0010196 nonphotochemical quenching 7.70E-09 

GO:0010207 photosystem II assembly 1.30E-08 
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Table D1. Gene enrichment for biological process in TopGO in barley exposed to ZnO NP at (a) 

3 hpa, (b) 6 hpa, (c) 24 hpa, and (d) 48 hpa, pathogen at (e) 3 hpi, (f) 21 hpi, and (g) 45 hpi, and 

combined application (ZnO NP+ pathogen) at (h) 3 hpi, (i) 21 hpi, and (j) 45 hpi (continued) 

(i) 21 hpi NP+P 

 GO.ID Term p-value 

Upregulated GO:0055114 oxidation-reduction process 3.30E-24 

GO:0009611 response to wounding 6.00E-17 

GO:0006468 protein phosphorylation 6.80E-14 

GO:0042742 defense response to bacterium 2.40E-12 

GO:0009651 response to salt stress 2.50E-10 

GO:0006526 arginine biosynthetic process 6.30E-09 

GO:0080167 response to karrikin 1.50E-07 

GO:0006979 response to oxidative stress 1.20E-08 

GO:0006552 leucine catabolic process 5.60E-07 

GO:0010200 response to chitin 6.30E-08 

Downregulated GO:0015979 photosynthesis < 1e-30 

GO:0009768 photosynthesis, light harvesting in phot... 2.60E-18 

GO:0018298 protein-chromophore linkage 1.80E-15 

GO:0055114 oxidation-reduction process 6.50E-23 

GO:0009773 photosynthetic electron transport in pho... 4.00E-14 

GO:0032544 plastid translation 2.00E-10 

GO:0009409 response to cold 2.50E-11 

GO:0009644 response to high light intensity 1.20E-10 

GO:0009735 response to cytokinin 4.40E-09 

GO:0010258 NADH dehydrogenase complex 

(plastoquinon... 

1.90E-08 
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Table D1. Gene enrichment for biological process in TopGO in barley exposed to ZnO NP at (a) 

3 hpa, (b) 6 hpa, (c) 24 hpa, and (d) 48 hpa, pathogen at (e) 3 hpi, (f) 21 hpi, and (g) 45 hpi, and 

combined application (ZnO NP+ pathogen) at (h) 3 hpi, (i) 21 hpi, and (j) 45 hpi (continued) 

(j) 45 hpi NP+P 

 GO.ID Term p-value 

Upregulated GO:0009611 response to wounding 3.40E-13 

GO:0055114 oxidation-reduction process 1.40E-12 

GO:0042742 defense response to bacterium 3.90E-12 

GO:0006468 protein phosphorylation 3.60E-10 

GO:0010200 response to chitin 6.60E-10 

GO:0000162 tryptophan biosynthetic process 6.90E-08 

GO:0008152 metabolic process 3.30E-19 

GO:0009751 response to salicylic acid 8.20E-06 

GO:0046686 response to cadmium ion 9.80E-06 

GO:0080167 response to karrikin 1.20E-05 

Downregulated GO:0009768 photosynthesis, light harvesting in phot... 1.90E-17 

GO:0018298 protein-chromophore linkage 6.00E-13 

GO:0009737 response to abscisic acid 1.10E-06 

GO:0009644 response to high light intensity 2.50E-08 

GO:0009645 response to low light intensity stimulus 1.10E-06 

GO:0009409 response to cold 3.00E-07 

GO:0055114 oxidation-reduction process 2.30E-06 

GO:0015995 chlorophyll biosynthetic process 1.70E-06 

GO:0009809 lignin biosynthetic process 5.90E-08 

GO:0009769 photosynthesis, light harvesting in phot... 2.10E-05 
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Table D2. Gene enrichment for biological process in TopGO in Arabidopsis at (a) 3 hpa, (b) 6 

hpa, (c) 24 hpa, and (d) 48 hpa 

(a) 3 hpa ZnO NP 

 GO Term p-value 

Upregulated GO:0009611 response to wounding 3.80E-21 

GO:0009753 response to jasmonic acid 1.30E-20 

GO:0009414 response to water deprivation 1.90E-13 

GO:0009737 response to abscisic acid 3.30E-08 

GO:0080167 response to karrikin 8.60E-08 

GO:0009695 jasmonic acid biosynthetic process 1.00E-07 

GO:0009751 response to salicylic acid 4.10E-07 

GO:0009651 response to salt stress 2.00E-07 

GO:0050832 defense response to fungus 6.40E-07 

GO:0009409 response to cold 8.40E-06 

Downregulated GO:0009768 photosynthesis, light harvesting in phot... 3.60E-23 

GO:0018298 protein-chromophore linkage 1.40E-18 

GO:0009769 photosynthesis, light harvesting in phot... 6.20E-14 

GO:0009409 response to cold 2.70E-15 

GO:0010200 response to chitin 1.60E-09 

GO:0009644 response to high light intensity 3.70E-09 

GO:0009645 response to low light intensity stimulus 3.80E-11 

GO:0010114 response to red light 1.10E-09 

GO:0010218 response to far red light 7.30E-09 

GO:0043043 peptide biosynthetic process 0.47 
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Table D2. Gene enrichment for biological process in TopGO in Arabidopsis at (a) 3 hpa, (b) 6 

hpa, (c) 24 hpa, and (d) 48 hpa (continued) 

(b) 6 hpa ZnO NP 

 GO Term p-value 

Upregulated GO:0009753 response to jasmonic acid 2.40E-19 

GO:0009611 response to wounding 1.60E-14 

GO:0080167 response to karrikin 8.00E-11 

GO:0009751 response to salicylic acid 6.90E-08 

GO:2000022 regulation of jasmonic acid mediated sig... 1.90E-07 

GO:1903507 negative regulation of nucleic acid-temp... 0.038 

GO:0045454 cell redox homeostasis 2.20E-06 

GO:0009733 response to auxin 2.70E-06 

GO:0009414 response to water deprivation 3.70E-08 

GO:0010411 xyloglucan metabolic process 2.90E-05 

Downregulated GO:0009768 photosynthesis, light harvesting in phot... 3.90E-25 

GO:0018298 protein-chromophore linkage 3.20E-18 

GO:0010114 response to red light 1.00E-13 

GO:0009631 cold acclimation 1.60E-12 

GO:0009769 photosynthesis, light harvesting in phot... 2.40E-11 

GO:0009645 response to low light intensity stimulus 5.80E-11 

GO:0009409 response to cold 5.80E-20 

GO:0010218 response to far red light 4.70E-10 

GO:0009644 response to high light intensity 1.10E-07 

GO:0009828 plant-type cell wall loosening 1.90E-07 
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Table D2. Gene enrichment for biological process in TopGO in Arabidopsis at (a) 3 hpa, (b) 6 

hpa, (c) 24 hpa, and (d) 48 hpa (continued) 

(c) 24 hpa ZnO NP 

 GO Term p-value 

Upregulated GO:0009737 response to abscisic acid 4.30E-05 

GO:0006869 lipid transport 0.00026 

GO:0009414 response to water deprivation 0.00105 

GO:0050832 defense response to fungus 0.00249 

GO:0009682 induced systemic resistance 0.00503 

GO:0009631 cold acclimation 0.00746 

GO:0009740 gibberellic acid mediated signaling path... 0.01261 

GO:0009409 response to cold 0.00133 

GO:0009651 response to salt stress 0.0852 

GO:0001101 response to acid chemical 5.20E-06 

Downregulated GO:0010200 response to chitin 5.70E-19 

GO:0009611 response to wounding 1.20E-08 

GO:0001944 vasculature development 2.20E-07 

GO:0009612 response to mechanical stimulus 7.40E-06 

GO:0006979 response to oxidative stress 3.90E-06 

GO:0009409 response to cold 5.90E-09 

GO:0009414 response to water deprivation 7.50E-05 

GO:0009631 cold acclimation 0.00013 

GO:0051865 protein autoubiquitination 0.00031 

GO:0009873 ethylene-activated signaling pathway 0.00057 
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Table D2. Gene enrichment for biological process in TopGO in Arabidopsis at (a) 3 hpa, (b) 6 

hpa, (c) 24 hpa, and (d) 48 hpa (continued) 

(d) 48 hpa ZnO NP 

 GO Term p-value 

Upregulated GO:0040008 regulation of growth 3.80E-05 

GO:0009734 auxin-activated signaling pathway 0.00034 

GO:0009740 gibberellic acid mediated signaling path... 0.00164 

GO:0071585 detoxification of cadmium ion 0.00434 

GO:0009733 response to auxin 1.00E-05 

GO:0010100 negative regulation of photomorphogenesi... 0.00867 

GO:0006032 chitin catabolic process 0.00939 

GO:0009750 response to fructose 0.01154 

GO:0031540 regulation of anthocyanin biosynthetic p... 0.01226 

GO:0018107 peptidyl-threonine phosphorylation 0.01369 

Downregulated GO:0010200 response to chitin 4.70E-18 

GO:0001944 vasculature development 7.30E-12 

GO:0009873 ethylene-activated signaling pathway 2.20E-10 

GO:0009611 response to wounding 1.00E-09 

GO:0043043 peptide biosynthetic process 0.32 

GO:0009414 response to water deprivation 1.30E-09 

GO:0050832 defense response to fungus 3.80E-10 

GO:0009751 response to salicylic acid 3.00E-12 

GO:0009816 defense response to bacterium, incompati... 1.90E-06 

GO:0006952 defense response 4.70E-23 
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