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ABSTRACT

The dawn of nanotechnology has seen an ever increasing use of metallo-nanoparticles 

(MNPs) in various industrial sectors including agriculture. The excessive usage of these 

MNPs results in their inevitable release into the environment subsequently entering into 

plants with effects unknown. It was therefore, imperative to explore the effects o f MNPs 

on food crops and detect their threshold level o f toxicity. The present investigation was 

conducted in order to assess the influence o f Copper and Zinc oxide (50 and 100 nm) NPs 

on various morphological, physiological, biochemical and molecular parameters in Oryza 

sativa var. Jyoti grown hydroponically at a concentration range of 0-1000 mg L 1 for a 

growth period o f 30 d and to compare its behaviour with bulk metals. Nanoparticle 

characterization studies with X-ray diffraction showed that the particle size of CuO NPs, 

ZnO (50 nm) NPs and ZnO (100 nm) NPs was 50 ± 2, 35 ± 2 and 100 ± 2 nm respectively, 

the sizes obtained were in accordance to the specifications given by the supplier. 

Dissolution studies revealed that MNPs released relatively smaller amounts of metal ions 

in Hoagland’s solution at high concentrations as compared to metal ions released by bulk 

metals. The toxicity threshold of CuO NPs was found to be 100 mg L'1 and the threshold 

level for ZnO NPs (50 and 100 nm) was 50 mg L '1 in treated rice plants. Metallo-NPs 

accumulated in leaves and roots with increase in concentration, however, increase of 

MNPs in roots was many fold greater than in leaves indicating an exclusion mechanism at 

root level. Accumulation of MNPs in leaves was observed in the chloroplast resulting in 

destacking and distortion of thylakoids (wavy arrangement) leading to decreased 

photosynthesis and productivity. Photosynthetic measurements taken using the 

Fluorescence Monitoring System showed a decrease in maximum quantum efficiency of 

PSII (Fv/Fm ratio), photochemical quenching (qp) and quantum efficiency of PSII (Opsn)
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whereas Infra-Red Gas analysis revealed a decline in photosynthetic rate (PN), 

transpiration rate (E) and stomatal conductance (gs). An increase in the Chi alb ratio at 

high concentrations was also observed using high performance liquid chromatography 

technique. Increased MNP treatment also resulted in osmotic stress indicated by decreased 

number and size of stomata, increased number and size of trichomes, reduction in E, g, and 

elevated proline levels. Increase in ascorbate content, spermine content and gene 

expression of enzymatic antioxidants (SOD, APX and GR) indicated mitigation of 

metabolic ROS generation resulting in suppressed oxidative stress upon MNP treatment 

Increased gene expression of phytochelatin at the highest concentration of MNP reveals a 

plants defense mechanism to actively chelate the metal particles in leaves by 

compartmentalization of metal-PC complexes preventing MNP induced damage. The 

results showed that unlike bulk metals, MNPs did not release excess metals ions to 

generate ROS thereby resulting in negligible oxidative stress indicated by absence of 

oxidation to lipids and proteins. The mechanism of phytotoxicity observed as a result of 

MNP treatment in this study was mainly due to MNP accumulation in the chloroplast 

causing destacking and distortion of thylakoid membranes and not due to the metal ions 

released from MNP.
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CHAPTER
1

“Environmental pollution is an incurable disease. It can 
only he prevented”

Barry Commoner
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Nano-biotechnology was bora as a hybrid discipline, a combination of biotechnology and 

nano-science. It is a field of applied sciences which encompasses the construction of 

materials, devices and systems by virtue of nanoscale control and manipulation of matter. 

Although new, the history of nano-materials began in 1959, when Richard P. Feynman, a 

physicist at California Institute of Technology (Pasadena, CA, USA) predicted the dawn of 

nano-materials while saying there is plenty of room at the bottom in one of his class and 

proposed that scaling down to nano level and starting from the bottom was essential for the 

upcoming technological development (Mody et al., 2010). In 2000, the US established the 

National Nanotechnology Initiative (NNI) to study the commercial and environmental 

impact of the nanoparticles including metallo-nanoparticles and this was followed by a 

plethora of nanotechnology projects funded by NNI and others over the last 13 years 

(www.nano.gov). Nanotechnology has rapidly been expanding ever since producing a 

number of engineered nanomaterials (ENMs; Damoiseaux et al., 2011) which include 

materials such as metals/ metal oxides, quantum dots, fullerenes, carbon nanotubes, 

dendrimers etc. These ENMs can be produced to exhibit different crystallinity, aspect 

ratios, shapes, sizes, surface modifications or hybridization with other nanomaterials. Thus, 

the number of commercially produced nanomaterials which are inclusive of ENMs has 

surpassed 1000 consumer products in 2009 and could grow to 104 materials within a 

decade. Due to these applications the global investment in the production of nanoparticles 

(NPs) is set to cross $1 trillion by 2015 (Roco 2005) and nanotechnology-related products 

are expected to reach 58,000 tons by 2020 (Maynard 2006). A recent report suggested that 

the magnitude of NP exposure to soil was five orders higher than that in air and water, with 

the annual input o f NPs in soil alone predicted to be -1.01-2380 mg kg^yr'1 (Schwab et al., 

2015). Literature shows that research on NPs interaction with plant system is limited and 

the consequences of ENMs in the plants unknown. This warrants the need to understand

1
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the interactions of NPs with plants and its consequent effects. In this study, an attempt was 

made to understand the effect of metallo- nanoparticles or metal oxide nanoparticles 

(MNP) in Oryza sativa, its uptake, translocation, changes in the internal and external 

morphology and influence on photosynthesis, in-addition to enzymatic and non-enzymatic 

anti-oxidant response upon MNP treatment.

1.1. What Are Nanoparticles?

Many organizations have defined NPs based on its particle dimensions and/or 

diameter. The International Organization for Standardization (ISO) defines NPs as a 

particle spanning 1-100 nm in diameter to which Roco (2005) added that it can be a small 

entity that acts as a complete unit with respect to its transport and properties. The 

American Society o f Testing and Materials (ASTM) defines NP as an ultrafine particle of 

1-100 nm in length with 2 or 3 dimensions in the range of 1-100 nm. A similar definition 

has been given by National Institute of Occupational Safety and Health (NIOSH) stating 

NPs is a particle with diameter between 1-100 nm or a fiber spanning the range 1-100 

nm. The Scientific Committee on Consumer Products (SCCP) defines NPs as a particle 

with at least one side in the range of 1-100 nm in size while British Standards Institution 

(BSI) describes it as having all the dimensions between 1 and 100 nm in size. In this 

study, throughout the text, metallo- nanoparticles (MNP) refers to metal oxide NPs of size 

ranging between 1-100 nm and bulk metals refers to the metal salt such as CuSC>4 and 

ZnSC>4 (heavy metal; www.sciencedaily.com) which easily ionize unlike MNPs.

1.1.1. Classification o f  Nanoparticles

A  significant fraction of solid matter on the earth surface is found as colloids and NPs 

(Wiggington et al., 2007). A pictorial representation of natural and manufactured objects 

that fall in the “nano” (<100 nm) and “micro” (>100 nm) size ranges is shown in Figure

2
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1.1.1. Nanoparticles are characterized into three main sub categories, naturally occurring, 

incidental/unintentional and engineered. Naturally occurring NPs are produced as 

aerosols during volcanic eruptions, pollen fragments, forest fires, viruses and 

hydrothermal vent systems (Luther and Rickard 2005). Incidental/ unintentional NPs are 

produced through emissions from vehicles, coal combustion, power plants, welding 

generating soot and elemental carbon. Engineered nanoparticles (ENPs) are 

intentionally produced or designed at the atomic scale with very specific properties (shape 

and/or size) required for the purpose o f commercial applications. ENPs can also be bought 

from vendors or produced experimentally (https://web.stanford.edu) and are used in 

detergents, sunscreens, printer inks, paints, tires, coatings, cement etc. 

(https://web.stanford.edu). Examples o f ENPs are metals, metal oxides, quantum dots, 

bucky balls/ nanotubes, sunscreen pigments and nanocapsules (Navarro et al., 2008a). 

Nanoparticles produced from unintentional sources are mostly heterogenous or 

polydispersed particles having irregular shapes whereas ENPs are monodispersed or 

homogenous having constant shapes (Sioutas et al., 2005).

Engineered NPs can be further classified into six categories consisting of fullerenes 

and carbon nanotubes (CNTs), ceramic NPs, quantum dots, polymeric NPs and 

dendrimers (Fig 1.1.2 A). Fullerenes and carbon nanotubes are similar to each other. 

Fullerenes are hollow spheres comprising of 28 > 100 atoms of crystalline forms of 

carbon while carbon nanotubes (CNTs) are tubular cylinders of carbon atoms. Both 

fullerenes and CNTs can be linked with organic or inorganic groups to form numerous 

products. Ceramic NPs are objects composed of inorganic and non-metallic materials. 

They are relatively flexible and therefore can form coatings and nanomaterials at lower 

temperatures. Quantum Dots are combinations of elements from Group II (Alkaline earth 

metals such as Be, Mg, Ca, Sr, Ba, Ra) and IV (Transition metals such as Ti, Zr, Hf, Rf)
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or Groups III (Sc, Y, Lu, Lr) and V (Transition metals such as V, Nb, Ta, Db) of the 

periodic table and have sizes ranging from 1-10 nm. They display unique optical and 

electronic properties used for a number of applications. Polymeric NPs are prepared from 

polymers such as synthetic plastics (polystyrene) and natural biopolymers (DNA and 

proteins) having NPs dispersed in the polymer matrix; for example, nano-spheres and 

nano-capsules. Nano-spheres are matrix particles whose entire mass is solid with the 

surface of the sphere adsorbed by molecules or encapsulated within the particle (Kumari 

et al., 2010). Nano-capsules are vesicular systems which entrap substances and confine 

them to a cavity consisting of a liquid core enclosed by a solid shell. Dendrimers are 

nano-sized and radially symmetric NPs that have well-defined, monodisperse and 

homogeneous structures and usually possess a symmetric core, an inner shell and an outer 

shell (Abbasi et al., 2014) and are constructed by the sequential addition of layers of 

bifurcating functional groups whose molecular surface dominates the properties of 

dendrimers.

1.1.2. Nanoparticle Synthesis

Synthesis of NPs requires a process that fulfils the following criteria. Firstly, regulators to 

control the particle (crystal) size, distribution, shape and aggregation of NPs; Secondly, an 

enhancement technique for nanoparticle purity; thirdly, stability of the physical and 

chemical properties of NPs and fourthly, greater reproducibility and production with 

reduced costs. Two approaches have been used to synthesize engineered NPs in industries, 

the top- down method and the bottom-top method (Fig 1.1.2 B). The top-down method is 

the application of an external force to a solid that leads to its disintegration into smaller 

particles and the bottom-up method that produces NPs beginning from atoms based on 

atomic alterations or molecular condensations. The techniques and methods used to 

synthesize NPs have been summarised in Fig 1.1.25.
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1.1.3. Applications o f  Nanoparticles

Nanoparticles have multidisciplinary applications due to their unique properties (Fig 

1.1.3), few of which are described below. M etals oxides nanoparticles, fullerenes and 

carbon nanotubes have a number of applications based on its function and are being used 

in the construction o f microelectronic circuits, piezoelectric devices, sensors, fuel cells, 

chemiresistors, photonics, coatings for the surfaces against corrosion and as catalysts on a 

large scale. In medicine, the property o f surface plasmon resonance of carbon nanotubes, 

quantum dots and fullerenes has been widely used in the treatment of diseases such as 

cancer and AIDS. Metallo-NPs, in particular, copper (II) oxide (CuO) /cupric oxide and 

zinc oxide (ZnO) nanoparticles are used for a variety o f applications. CuO NPs are 

semiconducting compounds with a monoclinic structure (Ren et al., 2009) and has attracted 

particular attention because it displays a range of potentially useful physical properties 

such as high temperature superconductivity, electron correlation effects and spin dynamics 

(Ren et al., 2009). As an important p-type semiconductor, CuO has found many diverse 

applications in gas sensors, catalysis, batteries, high-temperature superconductors and solar 

energy converters. In the energy-saving area, energy transferring fluids filled with nano 

CuO particles can increase fluid viscosity and boost thermal conductivity. CuO crystal 

structures possess a narrow band gap giving useful photovoltaic or photocatalytic 

properties as well as photoconductive functionalities. CuO NPs is used in electronics due 

to its toughness and ductility, electrical conductivity, increased hardness and 

semiconductor luminescence efficiency. CuO NPs are also used as anti-microbial agents 

against a number o f bacterial pathogens such as Escherichia coli and meticillin-resistant 

Staphylococcus aureus (MRSA; Ren et al., 2009). On the other hand, zinc oxide (ZnO) 

nanoparticles are used as chemical sensors, gas sensors and bio-sensors. They are also used 

in photonics, cosmetics, storage, optical, electrical devices and solar cells (Vaseem et al.,

/



I APPLICATIONS OF NANOPARTICLES
Anti-stain textiles

Heat retaining Self-cleaning textiles
textiles Electroconducting

UV blocking textiles Natural /  synthetic textiles

Wound
dressing

Bio-composites

Paint-on 
solar cells

Oye sensitised 
solar cells

Hydrogen 
storage

materials battery 
electrodes

lithium lon  
batter

polymer hybrid fibres

''^ M ed ica l textiles " Q ^g  
Technical textiles Controlled release

Dental ceramics

Bone growth 

Molecular tagging 

Biomarkers

Hydrogen production 
Fuel photocatalysts

additive /
* *****  e . . . , . . . .  - 2 . . . . . .  (r e n e w a b l e

E N E R G Y
Fuel cell catalysts

/Automotive
catalysts E nvironm ental

catalysts _________ ________
Potetant j (E N V IR O N M E N T ]

scavengers j '----------- ----------}
Waste water 

treatment

Quantum 
computers 

Quantum \

Pollution
monitoring

sansors

Z
)N M

I
lasers

High power 
m agnets

High density 
Ferro datastorage 
fluids

[ e l e c t r o n i c s ]

Cance^ therapy 

Dru&rtelivery

Im aging
1

L

Hyperthermic
treatm ent

MRI
contrast
agents

Antibacterial

[H E A L T H  C A R E ] J  .  ..
------------ r ------------ ; UV protection

*IR
contrast
agents

1 Nutraceutical
FO O D

A G R IC U LTU R E

IN D U S T R IA L

Sunscreens

Antioxidants

Fung icides
Interactive food

/  Food 
Food /  processing catalysts 

packaging w

Single electron 
transistors

High sensitive 
sensors

Chemical sensors 

G as sensors

Nanoscale patterning of 
electronic c ircu jts^ ^

Refractive index""

Industrial
Catalysts

l ' 'Function! 
nanocombosites

quaiity/safety
analysis
sensors

engineering Nano pigments
Chemical

mechanical
planarization

Reinforced
plastics

Gas-barrier
coatings

Antifouling
coatings

Nano-inks

Superplastic 
ceramics

Transparent 
conductive 

polymer films

Super
thermal-conductive

liquid

Nano-phosphors 
for display

Wear resistant 
, coatings

Self-cleaning 
building surface

UV blocking 
coatings

Antimicrobial
coatings

Fig 1.1.3. Applications o f Nanoparticles (Tsuzuki 2009)

8



2010) . ZnO NPs is an attractive material for short-wavelength optical/ electronic uses 

owing to its wide band gap 3.37 eV, large bond strength, and large exciton binding energy 

(60 m eV) at room temperature. As a wide band gap material, ZnO is used in solid state 

blue to ultraviolet (UV) optoelectronics, including laser developments. In addition, due to 

its piezoelectric property, ZnO NPs are very useful for the fabrication of devices, such as 

electromagnetic coupled sensors and actuators. ZnO NPs can act as alpha-amylase 

inhibitors for controlling Diabetes (Dhobale et al., 2008). ZnO NPs has been used for its 

antifungal (He et al., 2011) and antibacterial activity (You et al., 2011) and for the 

treatment of cancer by stimulation of apoptosis killing the cancer cells (Premanathan et al.,

2011) . Zinc oxide NPs are also used in coatings and paints due to their UV absorbing 

efficiency (Becheri et al., 2008) and limpidity to visible light (Franklin et al., 2007). 

Ceramic nanoparticles are used in mining, aerospace, refinery, chemical and food 

industries, packaging science, electronics and transmission industry. Quantum dots are 

used in medicine, for imaging, high-speed and high-resolution screening, drug vectors, 

diagnostic tools and solar batteries. They are also used in the production of insulators, 

metals, semiconductors and magnetic materials. Polymeric nanoparticles are used in drug 

targeting, gene therapy and delivery o f proteins, peptides and genes via administration 

through the oral route. Dendrimers are used in detecting agents (dye), affinity ligands, 

radio ligands, imaging agents, targeting components, pharmaceutically active compounds 

(dmg and gene delivery) and solubilizing agents. In agriculture, dendrimers such as 

nanocapsules have been used for delivery o f pesticides, fertilizers, growth hormones, 

vaccines and other agrichemicals more efficiently. Nanosensors are used for monitoring 

soil conditions, crop growth and detection of plant/animal pathogens and nanochips for 

identity preservation and tracking.
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1.2. Metallo-Nanoparticles

The term metallo-nanoparticle is used to describe nano-sized metal oxides with dimensions 

within the nano-meter scale which is the focus of this study. Metal elements are known to 

be capable of forming a wide range of oxide compounds such as copper, copper oxide; 

zinc, zinc oxide; iron, iron oxide; magnesium, magnesium oxide; silver, silver oxide; 

cerium, cerium dioxide; titanium and titanium dioxide etc. Metal NPs have diverse 

physical and chemical properties when compared to their bulk counterparts e.g., lower 

melting points, higher specific surface area per unit mass, possessing abundant reactive 

sites, catalytic properties, specific optical properties, magnetizations, mechanical strengths 

as well as mobility (Maynard et al., 2006; Weisner et al., 2006; Horikoshi and Serpone 

2013). Particle mobility in turn depends on gravitational forces, buoyancy and Brownian 

motion (Christian et al., 2008). Metal nanoparticles also possess optical properties arising 

due to its ability to confine its electrons not observed with bulk metals (Horikoshi and 

Serpone 2013). This property has been used to produce quantum effects, quantum 

confinement in semiconductor particles and super-para magnetism in magnetic materials as 

well as surface plasmon resonance in certain metal particles (Hewakuruppu et al., 2013). 

For instance, Au and Ag express various colours by changing the size, shape and rate of 

condensation, therefore, is highly recommended in paints. Engineered metal nanoparticles 

may possibly react with other metals based on either its surface chemical components and/ 

or depending upon factors such as environmentally induced changes, deliberate and 

accidental coating (Baer et al., 2010). Also, Solubility is reported to be enhanced when 

particle size decreases below 100 nm exhibiting greater surface reactivity (Auffan et al., 

2009).

Metal and metal oxide nanoparticles are thermodynamically unstable as it can 

undergo chemical dissolution by change in factors such as temperature and pressure
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(Tourinho et al., 2012). The release o f ions from nanoparticles termed dissolution occurs 

when the ion detaches from the particle and drifts into the solution. It has been shown that 

the mobility, bioavailability and toxicity o f nanoparticles are influenced in aquatic (Kim et 

al., 1999; Long et al., 2004; Witters et al., 1998) and soil (Kahru et al., 2005) environments 

by a range of varying physicochemical parameters such as pH, temperature, soil type, 

dissolved organic matter, humic acids, suspended solids etc. However, information based 

on the release o f ions from MNP and its effects is scarce. Few reports have shown that 

MNPs are able to release only a small amount of ions in the medium insufficient to cause 

any negative effect (Lee et al., 2008; Lee et al., 2013; Lin and Xing 2008) whereas other 

studies have suggested that MNP released ions that possibly could generate ROS causing 

oxidative damage (Lalau et al., 2015; Navarro et al., 2008b; Perreault et al., 2010). Much 

debate still exists regarding the dissolution of metallo- nanoparticles and the cause of 

toxicity (whether due to MNP or ions) in plants. Thus in the present study, the extent of 

MNP dissolution and its subsequent effect in rice was investigated.

1.3. Nanoparticles in the Environment

Metallo-nanoparticles (MNPs) can enter the environment either through air, water or soil. 

In the atmosphere, NPs can enter through combustion of vehicles which are primary 

sources of NPs (Navarro et al., 2008a). Metallo-NP entry into the atmosphere may result in 

its deposition in soil and water bodies (e.g. waste incineration). Admission of metallo-NPs 

in soil could also occur through soil and water remediation processes (Barnes et al., 2010; 

Mueller and Nowack 2008) and through agricultural amendments (e.g., as fertilizers; 

Mueller and Nowack 2008; Johnson et al., 2011). Another source of input of metal NPs to 

the soil is due to treated wastewater effluent and sewage sludge (Gottschalk and Nowack 

2011). For instance, washing of textiles results in the release o f Ag NPs (Geranio et al., 

2009) while usage of paints release TiCLNPs (Kaegi et al., 2008). These NPs are retained
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in the sludge phase during wastewater treatment entering into the soil (Johnson et al., 

2011). Once released into the ecosystem these metallo-NPs then experience abiotic 

interactions in different environments leading to its physical and chemical alterations such 

as change of size and surface charge (Navarro et al., 2008a). The behavior of metallo- NPs 

in the atmosphere depends on chemical reactions such as temperature, relative humidity 

and atmospheric turbulence (Biswas and Wu 2005). In water and soil environments, NP 

behavior is governed by size and surface area, agglomeration/aggregation, dissolution rate 

and dispersability (Stone et al., 2010). Transportation of metallo-NPs in water and soil 

occurs due to the influence of both environmental conditions (entrapment of NPs in porous 

soils and changes in flow rate) and the physicochemical characteristics (Brownian motion, 

gravity, ionic strength and charged surface) of the particles (Tourinho et al., 2012). Besides 

the above factors, metallo-NPs are also dependent on surface properties of acidity 

constants and zero point of charge (Giammer et al., 2007). For example, TiC>2 NPs are 

positively charged at pH < 6  and negatively charged at pH >7 (Guzman et al., 2006; Ridley 

et al., 2006). Despite our knowledge of potential environmental release pathways 

(Gottschalk et al., 2009; Johnson et al., 2011) also shown in Fig 1.3, little is known about 

the extent of NPs reaching the environment.

1.4. Internalization and Uptake of Metallo-Nanoparticles in Plants

Organisms such as algae and plants are expected to interact strongly with their immediate 

environment being affected as a result of their direct exposure to NPs (Navarro et al., 

2008a). There are several publications reporting the uptake and accumulation of metallo- 

NPs in plant leaf and root tissue. For instance, uptake of ZnO NPs (8  nm) in Glycine max 

(Lopez-Moreno et al., 2010), carbon coated magnetic NPs in Cucurbita pepo (Gonzalez- 

Melendi et al., 2008), Pd uptake in Hordeum vulgare (Battke et al., 2008) and copper 

uptake in Phaseolus radiates and Triticum aestivum (Lee et al., 2008) have been reported,
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however, the exact mechanism of NP uptake, particularly transport of metallo-NPs of a 

specified size in plants is yet to be investigated. Rico et al. (2011) in a review article 

explained various probable modes of uptake o f nanoparticles/nanotube and natural organic 

matter in plant cells (Fig 1.4). Metallo-NPs can travel passively by simple diffusion, 

facilitated diffusion, and osmosis into the plant system (Rico et al., 2011) or into the cell, 

causing internal and external structural modifications which not only depends upon the 

surface characteristics, particle size, temperature, pH and ionic strength (Maynard et al., 

2006; Wiesner et al., 2006) but also on lipid and protein interface such as electrostatic, 

hydrophobic interactions and hydrogen bonding (Ojamae et al., 2006). Nanoparticles of 

smaller sizes can easily pass through the plant cell membranes which passively allow the 

passage of small molecules; whereas larger NPs are proposed to trigger an unknown 

cellular mechanism resulting in formation o f new pores which might be larger than usual 

increasing uptake of larger NPs (Navarro et al., 2008a). Other probable modes of NP 

uptake in plant cells are through carrier protein, aquaporin and ion channels, all o f which 

are pore-forming integral membrane proteins that facilitate the movement of different 

molecules across a biological membrane (Rico et al., 2011). Fluid phase endocytosis (via 

clathrin-coated vesicles), plasmodesmata transport and entry facilitated via natural organic 

matter have also been proposed (Rico et al., 2011). Internalization of metallo-NPs into 

plants may also occur based on cell wall composition, symbiotic microorganism 

interactions, and absence of cuticle in submerged plants (Schwab et al., 2015). 

Additionally, NP entry could occur via mucilage (exopolysaccharide) and exudates which 

contain secondary metabolites such as phenols, terpenoids, phytoalexins, phenyl 

propanoids excreted by the root caps into the rhizosphere (Schwab et al., 2015).
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1.5. Localization and Storage of Metallo-Nanoparticles in Plants

There are few concerns arising from the observation that MNPs are accumulated in plants. 

Current available literatures showed vaguely that MNPs are found in the plant cell, 

however, there are no specific studies on how the nanoparticles get stored in these tissues. 

Figure 1.5 shows the uptake, translocation and biotransformation pathway of various 

nanoparticles in a plant system. Cu NPs were reported to be found in the cytoplasm and 

cell wall of Phaseolus radiatus (mung bean) and in the roots o f Triticum aestivum upon NP 

treatment by Lee et al. (2008). It was also reported that CuO (<50 nm) and ZnO (<100 nm) 

NPs were detected in the shoots of wheat (Triticum aestivum) in the form of Cu (I)-sulfur 

complexes and as Zn-phosphate (Dimkpa et al., 2012). Other studies showed that single 

walled carbon nanotubes (SWCNTs) were found in vacuoles as well as in cytoplasmic 

strands of N. tobacum plant cell suspensions (Liu et al., 2009). Micro X-ray fluorescence 

studies revealed the presence of Ti (Ti0 2  NPs) in the roots of cucumber that were 

consequently transported to the leaf trichomes (Servin et al., 2012). Parsons et al. (2010) 

studied the biotransformation of Ni (OH)2 NPs by mesquite plants (Prosopis sp.) using X- 

ray absorption spectroscopy. They reported localization of NP in plant tissue based on the 

oxidation state o f Ni. For instance, uncoated Ni NPs were observed in roots and shoots, 

whereas leaves showed the presence of a Ni (II)-organic acid type complex. In alfalfa, Ag 

NPs could accumulate in the stems (Gardea-Torresdey et al., 2003) while Platinum (Pt) 

was uniformly distributed in the epidermal, cortical and vascular tissue within the roots of 

Medicago sativa and Brassica juncea assessed using proton induced X- ray emission 

(PIXE) spectroscopy (Bali et al., 2010). Accumulation of C70 NPs in edible rice plants has 

been reported to be transmitted to the second generation (Lin et al., 2009). This could 

possibly produce plants adaptive to NPs which may be more responsive accumulating large 

amounts of the respective NPs (Rico et al., 2011). Furthermore, studies have shown uptake
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of NPs in algae and tobacco and its bioaccumulation to the next trophic level i.e. humans 

(Navarro et al., 2008a; Judy et al., 2 0 1 1 ).

1.6. Effect of Metallo-Nanoparticles in Plants

Studies on the toxicity of metallo-nanoparticles in crop plants are limited and only few 

reports on Fe3C>4, C e02, S i02 and T i0 2 NPs are available. Furthermore, reports beyond 

germination and growth are currently lacking. Reduced seed germination in alfalfa, 

soybean, tomato and cucumber was observed with nano ceria at 4000 mg L_1 concentration 

(Lopez-Moreno et al., 2010). On the other hand, iron oxide NPs have been found to 

increase soybean pod and leaf dry weight (Sheykhbaglou et al., 2010) and are also 

observed to facilitate iron and photosynthate transfer to the leaves of peanut (Liu et al., 

2005). Similarly, T i0 2 NPs was beneficial to plant growth showing an increase in the 

Hill’s reaction, increased acceleration o f electron transport and oxygen evolution in 

chloroplasts of Spinacia oleracea (Hong et al., 2005) leading to elevated Rubisco 

carboxylase activity, 2.67 times the control (Gao et al., 2006). An increase in the protein 

expression of Rubisco by 40% as compared to its control in spinach was also reported by 

Xuming et al. (2008).

1.6.1. C opper O xide N an opartic le  (C uO  M N P s)

Copper is indispensable for plant growth. It is involved in several physiological processes 

in plants as it can exist in multiple oxidation states (Cu2+, Cu+) in vivo (Yruela 2005). Cu 

acts as a structural component in regulatory proteins and participates in photosynthetic 

electron transport, mitochondrial respiration, cell wall metabolism, oxidative stress 

responses and hormone signalling (Marschner 1995; Raven et al., 1999). At cellular level, 

Cu plays a significant role in signalling of transcription, protein trafficking machinery, 

oxidative phosphorylation and iron mobilization. At concentrations beyond the threshold,
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Cu can be toxic to the organism. Consumption of Cu beyond 1—2 mg L"1 in drinking water 

could result in toxicity symptoms in humans (OJEC 1998; EPA 2003). Likewise, 

freshwater organisms experience acute toxic effects at concentrations as low as 10 pg L' 1 

(EPA 2007). The redox properties of Cu can also contribute to its toxicity, as a free ion it 

can catalyse production of damaging radicals (Manceau et al., 2008). Accumulation o f Cu 

in plants is reported to occur in the chloroplast as it is a part of plastocyanin involved in the 

photosynthetic electron transport chain (ETC). The functional association of Cu in ETC 

inside PSII was described by Barr and Crane (1973). The mechanism of Cu toxicity on 

ETC in vitro was studied by Ouzounidou et al. (1997) and it was found that PSII site was 

more sensitive than PSI. Copper in excess, is known to reduce biomass and cause chlorotic 

symptoms in plants. Copper is also known to interfere with photosynthesis and respiration 

(Marschner 1995; Prasad and Strzalta 1999) by modifying pigment and protein 

composition of photosynthetic membranes (Maksymiec et al., 1994). Copper can also pass 

through membranes disturbing calcium flow, result in enhanced H2O2 synthesis affecting 

NADPH oxidase activity and triggering a chain of antioxidative mechanisms. Besides, 

antioxidants, metal chelators also play an important role in detoxification of metals and 

include metallothioneins (MTs) and phytochelatins (PCs) which are reported during Cu 

stress by Yruela (2005).

The environmental concentration of CuO NPs is unavailable, however, bulk or 

ionic form of copper (Cu), is present at an optimum level of 10 pg g' 1 dry weight in plant 

tissue (Yruela 2005). The critical free Cu concentration in nutrient media ranges from 10' 

14 to 10"16 M and that of soil ranges from 10' 6 to 10'9 M (Yruela 2005). Unlike bulk metals, 

NPs show different properties based on size and surface characteristics. Copper oxide NPs 

are reported to decrease growth and biomass in Cucurbita pepo (zucchini) plants 

(Stampoulis et al., 2009; Musante and White 2012) and in rice by Lidon and Henriques
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(1998). Decrease in photosynthesis as a result of CuO NP treatment was reported to be due 

to reduction in chlorophyll content of Landoltiapunctata (Shi et al., 2011) and also due to 

inhibition of photosystem II quantum yields in Lemna gibba (Perreault et al., 2010), in 

Chlamydomonas reinhardtii (Perreault et al., 2012) and in Elodea densa (Nekrasova et al., 

2011). Haverkamp and Marshall (2009) has experimentally shown the limit of metal NP 

accumulation with different metals and proposed that uptake was controlled by the total 

reducing capacity o f the plant for the reduction potential of the metal species. Uptake o f Cu 

in plants is reported in by various researchers (Lin and Xing 2008; Lidon and Henriques 

1998; Lee et al., 2008), however, Cu uptake in the roots was seen to a greater extent than in 

the aerial parts signifying an exclusion mechanism for toxicity tolerance against heavy 

metal stress (Wang et al., 2004).

1.6.2. Z in c  O xide N an opartic les (Z nO  M N P s)

The crucial role o f Zinc (Zn) in plants was first shown in maize, later in barley and dwarf 

sunflower (Sommer and Lipman 1926). Zinc is an indispensable element for plant growth 

and plays an important role in numerous biological processes, mainly due to its 

fundamental role in stabilizing the structural domains of proteins (Tapiero and Tew 2003). 

Zinc is the second most abundant transition metal in organisms after iron (Fe), and the lone 

metal characterized in all six enzyme classes (Enzyme Commission number, EC 1-6; 

oxidoreductases, transferases, hydrolases, lyases, isomerases, ligases). Zn plays a role as a 

cofactor for enzymes such as peroxidases (Vallee and Auld 1990; Aravind and Prasad 

2003), anhydrases (Aravind and Prasad 2004a; 2005a), dehydrogenases and oxidases. 

Also, Zn is reported to be beneficial for the photosynthetic machinery of the plant system 

(Aravind and Prasad 2004b) as it can increase the biosynthesis of photosynthetic pigments 

i.e. chlorophyll and carotenoids and is responsible for accurate protein folding (e.g. alcohol 

dehydrogenases, protein kinases). Zinc also plays an important role in PSII repair
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processes, structural integrity of Rubisco, modulation of carbonic anhydrase activity, 

maintaining HCC>3~ substrate level for PEP carboxylase as well as in stomatal opening 

(Tsonev and Li don 2012). Zinc finger domain containing proteins is the largest class of 

Zn-binding proteins in organisms which can control transcription directly through effects 

on DNA/RNA binding, and also through regulation of chromatin structure, site-specific 

modifications, RNA metabolism and protein-protein interactions (Englbrecht et al., 2004). 

Peroxidases that possess Zn as cofactor have numerous physiological roles in plant cells 

(physiological processes such as respiration, photosynthesis and transpiration) participating 

in many reactions including lignification, cell elongation and growth reductions (Mocquot 

et al., 1996; Aravind and Prasad, 2005b). Zinc at high concentrations could become toxic 

to plants exhibiting symptoms of growth inhibition (Barcelo and Poschenrieder 1990), 

changes in the leaf morphology, chlorosis, necrosis and impairment of photosynthesis 

(Cherif et al., 2010; Hermle et al., 2007).

Based on manufacturer information (using the market study) collected through 

surveys and interviews, Keller et al. (2013) estimated that the annual global production of 

zinc oxide nanoparticles (ZnO NPs) in 2010 was more than 30,000 metric tons which 

included ZnO emissions during manufacturing (32-680 tons/year) and emissions into the 

atmosphere (90-578 tons/year), water bodies (170-2985 tons/year), soils (3100-9283 

tons/year) and landfills (21,153-28171 tons/year). However, the manufacturing rate of NPs 

is estimated to near 58,000 tons by 2020 (Maynard et al., 2006). The actual concentration 

of ZnO NPs in soil has not been reported, however, bulk Zn is shown to be present in 

typical uncontaminated soils and in agricultural crops in the concentration range of 10-300 

mg kg ' 1 and 15-200 mg kg' 1 dry mass (DM) respectively (Nagajyoti et al., 2010).

Concern regarding the effect of NPs in living organisms is growing in both the 

scientific and public communities. Literature on the effects of ZnO NPs in plants is limited,
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mostly covering areas like germination and growth. Studies have shown that ZnO NPs did 

not affect seed germination in soybean at 4000 mg 17X but significantly reduced com 

germination even at a concentration of 500 mg L-1 ZnO NPs (Lin and Xing 2008; Lopez- 

Moreno et al., 2010). ZnO NPs also negatively affected seed germination, root elongation 

and biomass in Cucurbita pepo (zucchini; Stampoulis et al., 2009), in rice by 

Boonyanitipong et al. (2011) and in radish, lettuce, com, ryegrass and cucumber by Lin 

and Xing (2007). Zinc oxide nanoparticles were also reported to inhibited root growth of 

Allium cepa (Ghodake et al. 2011) and root meristem growth in Allium sativum L. causing 

mitosis and mitotic aberrations in a concentration dependent manner (Shaymurat et al.

2012). At concentrations above 400 mg L '1 of ZnO (< 50 nm) NPs, a negative effect on 

germination rate, leaf number and root length was observed in Arabidopsis thaliana (Lee et 

al., 2010). The decrease in photosynthetic activity of cyanobacteria, Anabaena flos-aquae 

(Brayner et al., 2010) and reduction o f enzyme activities such as catalase (CAT) and 

peroxidase (Du et al. 2011) was also reported to decrease with ZnO NPs.

Besides the reduction in germination, leaf and root length, plant height and 

biomass, other factors such as variation in number and size of trichomes and stomatal 

pores on the leaf surface are indicators o f stress. Trichomes are hair-like appendages that 

develop from cells of the aerial epidermis produced by most plant species (Werker 2000). 

They can range from unicellular to multi-cellular and can be straight, spiral, hooked, 

branched or unbranched (Werker 2000). Some trichomes have glands that release 

secondary metabolites such as terpenes and alkaloids which are poisonous, repellent or trap 

insects or other organisms. The number o f trichomes produced and trichome density vary 

genetically within species. For instance, leaf trichomes may increase due to abiotic stress 

such as metal, drought, solar UV-radiation and low temperature. Increased leaf trichomes 

can be generated by the plant only during leaf formation in response to stress and after
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subsequent damage (Dalin et al., 2008). A reduction in trichomes may be observed when 

the stress levels decrease as trichomes are costly to produce requiring higher amounts of 

substrates for its construction. Leaf trichomes help to decrease the light interception and 

reduce loss of photosynthesis (Gutschick 1999). They also help in keeping water off the 

leaf surface and the stomata, helping in maintaining the leaf gas exchange as well as 

protect the plant against damage from herbivores. Increase in trichomes during heavy 

metal accumulation in plants has been reported (Emamverdian et al., 2015; Hall 2002).

Stomatal pores are present in most plant leaves at densities of several hundred per 

square millimeter. Stomata are required to control the exchange of CO2 and water vapour, 

which is fundamentally associated to transpirational cooling. Stomata can be described by 

the aerial density or the fraction of epidermal cells that respond to three major 

physiological state variables such as photosynthetic metabolites, hormones or regulators 

such as abscisic acid (ABA). It is notable that the upper and lower (adaxial and abaxial) 

leaf surfaces can differ in stomatal density and in physiological responsiveness (Wang et 

al., 2008). The three major adaptive functions of stomata are optimization of the 

interchange of photosynthetic CO2 gain against the transpiration rate, controlling the risk 

of dehydration, particularly balancing the leaf water potential and regulating the 

temperature by transpirational cooling. Although, trichomes and stomata are considered as 

stress indicators, research on its variation upon MNP stress has not been studied. In the 

present study, these variations were observed and reported.

With an ever increasing commercial demand for MNPs in the present market, there 

exists a high risk of MNP exposure to organisms with unknown consequences. Only a few 

studies have been carried out till date to understand the interaction of metallo-NPs with 

plants. Therefore, in this study an attempt was made to investigate the effect of CuO and 

ZnO NPs on plant growth and productivity and also to estimate the threshold level of MNP
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toxicity in rice plants as an attempt to facilitate quantitative ecological risk assessment with 

respect to agricultural food crops.

1.7. Photosynthesis

The conversion of light energy into chemical energy using carbon dioxide and water to 

produce carbohydrates is a process termed as photosynthesis in plants and is represented as 

6 CO2 + 6  H2O + Sunlight —» C6H12O6 + 6 O2+ chemical energy 

The process o f photosynthesis occurs in two steps. In the first step, light-dependent 

reactions capture the energy of light and use it to make the energy-storage molecules 

ATP and NADPH.

2 H20  + 2 NADP+ + 3 ADP + 3 Pi + l i g h t 2 NADPH + 2 H+ + 3 ATP + 0 2

During the second step, the light-independent reactions use these products to capture and 

reduce carbon dioxide synthesizing carbohydrates.

In plants, photosynthesis occurs in the chloroplasts which are 5 to 10 pm long 

organelles bounded by a chloroplast envelope containing integral and peripheral membrane 

protein complexes that absorb light energy forming the photosystems (Fig 1.7.1 A). The 

chloroplasts have three distinct internal compartments, the inter-membrane space between 

the two membranes of the chloroplast envelope, the stroma, which lies inside the envelope 

but outside the thylakoid membrane and the thylakoid lumen. The thylakoid membrane 

forms the third internal membrane system comprising of a network of flattened discs called 

thylakoids, which are normally organized in stacks called grana (Fig 1.7.1 A). Thylakoid 

membranes contain pigments such as chlorophylls (chlorophyll a and b) and carotenoids 

that help in light harvesting during photosynthesis. Carotenoids are further divided into 

pure hydrocarbon carotenes (p-carotene) and the oxygen containing xanthophyll’s 

(neoxanthin, antheraxanthin, violaxanthin, zeaxanthin, and lutein). Carotenoids (Car) are 

lipid soluble antioxidant that absorbs light and pass it to the Chi molecule. Besides its light
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harvesting function, carotenoids (Car) such as (3-carotene, zeaxanthin and tocopherols play 

an important photo-protective role in all photosynthetic organisms, either by scavenging 

reactive oxygen species (ROS) or by dissipating excessive energy in the form of heat. Cars 

are also involved in the stabilization o f light harvesting complex (LHC) of photosystem I 

(PSI) as well as in the ultrastructural organization of the thylakoid membranes. The 

physical separation of PSI and PSII in the thylakoid membranes prevents the spill over of 

excitation energy providing fine regulated light for photosynthesis (Horton 1999). 

Thylakoid membrane stacking is an important factor in regulation of photosynthesis, and 

depends on van der Waals attractive forces, lateral segregation o f protein complexes within 

the membranes, cation-mediated electrostatic interaction between membranes and steric 

hindrance (Dekker and Boekema 2005). The shape of grana is also important in thylakoid 

stacking and depends on the percentage and type of lipids as well as the connection 

between the protein complexes and the lipids (Dekker and Boekema 2005).

Heavy metals at concentrations above optimum levels are reported to reduce 

photosynthesis. Copper is reported to reduce the chlorophyll content altering chloroplast 

structure and thylakoid membrane composition disturbing stacking of grana and stroma 

lamellae (Yruela 2005) whereas zinc is reported to decrease growth by affecting the 

photochemical reactions, biosynthesis of chlorophyll pigments, carbonic anhydrase activity 

and disturbing the cell membrane integrity (Tsonev and Lidon 2012) negatively affecting 

photosynthesis.

The four major complexes of thylakoids are Photosystem II (Peso), Cytochrome b6- 

Cytochrome f  complex, Photosystem I (P700) and ATP synthase (Fig 1.7.1 B). Photosystem 

I and II absorb light at wavelengths of 700 nm (far-red) and 680 nm (red) respectively and 

are spatially divide in the ratio 1: 1.5 in the thylakoid membrane (Fig 1.7.1 B). The PSII 

reaction centres are located mostly in the grana lamellae while the PSI reaction centres and
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ATP synthase enzyme are found in the stroma lamellae (Fig 1.7.1 Q . PSII photosystem is 

an integral membrane protein whose core consists of a pseudo-symmetric heterodimer of 

two homologous proteins D1 and D2. The polypeptide D1 consist of redox-active tyrosine, 

YZ, and QB plastoquinone and polypeptide D2 consist of pheophytin and QA (Fig 1.7.1 

C). D1 protein o f PSII is reported to be the most vulnerable PS for damage by light- 

induced radicals and active oxygen species (Anderson 1986). Structurally, PS II comprises 

o f >25 polypeptides and is fenced by Chi a and b binding proteins as light harvesting 

complexes that capture light for the complex.

The final stage of NADPH formation from NADP+ in the light reactions is 

catalyzed by PSI. PS I comprises of 11-13 polypeptides depending on the plant species. 

The enzymatic heart o f the complex has 3 subunits known as PsaA, PsaB liganded with the 

prosthetic groups, P700, A0, A], and Fx and Fa and Fb iron-sulfur clusters are found in 

PsaC. Chi a molecules lies at the center of the structure which absorbs light maximally at 

700 nm (P700). Upon excitation-either by direct absorption of a photon or exciton transfer- 

P700* transfers an electron through the complex catalyzing the reduction of NADP+ via 

ferredoxin: NADP+ reductase.

The cytochrome b6f complex is evenly distributed between the stroma and the 

granum lamellae. The Cytochrome b6-Cytochrome f  complex (cyt b^-f) consists of four 

different integral polypeptides, cyt b6 (cyt b563), cyt f  iron sulphur protein (a 2Fe-2S 

protein) and component IV. The main function of this complex is to pass electrons from 

PSII (LHCII) to PSI (LHCI) by oxidizing PQH2 and reducing plastocyanin (a copper 

containing protein), also by transporting H+ from stroma into the thylakoid lumen. The 

electrons are then transferred from PSI down the electron transport chain to reduce 

2NADP+ to 2NADPH. During this process a proton -gradient is generated across the 

thylakoid membrane that drives the synthesis of ATP. The ATP synthase complex in

27



thylakoids is a group of polypeptides that convert ADP and inorganic phosphate to ATP 

and water. It couples ATP formation to transport electrons and H+ across the thylakoid 

membrane. It is located along with PSI, only in the stroma thylakoids and non-appressed 

regions of grana thylakoids.

The light-dependent reaction has two forms: cyclic and non-cyclic 

photophosphorylation (1.7.2 A). ATP and NADPH generated from the light reaction in the 

thylakoid membrane flow to the stroma to drive the enzyme-catalysed reduction of 

atmospheric CO2 to carbohydrates called the Calvin-Benson cycle (1.7.2 B). The two 

major products of photosynthetic fixation of carbon dioxide are starch and sucrose, the 

former is a reserve polysaccharide that accumulates transiently in the chloroplasts and the 

latter is a disaccharide that is exported from leaves to developing and storage organs of the 

plant. The Calvin-Benson cycle (elucidated in 1950 by M. Calvin, A. Benson) has three 

phases carboxylation of the CO2 acceptor molecule, first step involves generation of two 

molecules of 3-phosphoglycerate, second step is the reduction of 3-phosphoglycerate and 

the third step is the regeneration of ribulose 1, 5-bisphosphate (CO2 acceptor).

Photosynthetic efficiency and chlorophyll a/b ratio is considered to be a convenient 

abiotic stress parameter, however, variable results were obtained with MNPs. Reports have 

shown that MNPs alter the photosynthetic efficiency and quantum yield upon plant-NP 

interaction (Rico et al., 2015). For instance, Copper oxide NPs decreased the 

photochemical quenching and increased the non- photochemical quenching in Lemna 

gibba inhibiting plant growth (Perreault et al., 2010). Reduction in chlorophyll content and 

increased chlorophyll a/b ratio was observed in rice with CeCb MNPs (Rico et al., 2013), 

whereas, decreased Chi content and chlorophyll a/b ratio was observed in sunflower 

seedlings upon exposure to Fe304  and CoFe20 4  MNPs (Ursache-Oprisan et al., 2011). 

Metallo-NPs like superparamagnetic iron oxide nanoparticles (SPIONs) were reported to
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cause no changes in the Chi content upon treatment in soyabean (Ghafariyan et al., 2013). 

Metallo-nanoparticles are also reported to be beneficial to plant growth. For instance, 

titanium nano anastase (TiC^ NPs) are involved in activating Rubisco (complex of Rubisco 

and Rubisco activase) improving the photosynthetic activity in spinach (Spinacia oleracea) 

plants (Gao et al., 2006). Increase in the light absorption of Chi a, fluorescence quantum 

yield in PSII, electron transfer and oxygen evolution rate upon Ti02 NPs has been reported 

(Mingyu et al., 2007; Yang et al., 2007a). Si02 NPs also improved the photosynthetic rate 

o f Cucurbita pepo L. by improving the carbonic anhydrase activity and biosynthesis of 

pigments (Siddiqui et al., 2014). In chloroplast, single walled carbon nano tubes 

(SWCNTs) were found to improve the photosynthetic activity and electron transport rates 

3-fold higher than in controls (Giraldo et al., 2014). Also, nano mesoporous silica 

compound (SBA) when bound to PSII was found to induce stable photosynthetic oxygen- 

evolving reactions (Noji et al., 2011)

1.8. Mechanism of Metal Stress

During the normal cellular metabolism, plants utilize oxygen and reduce it to water and 

reactive oxygen species (ROS) to produce energy required for its developmental processes 

(Mittler et al., 2002). Under metal stress conditions, the balance of by-products o f normal 

cell metabolism between production and elimination gets disturbed leading to the 

additional ROS generation in plants occurring as free radicles such as superoxide radical 

(O2" ), hydroxyl radical (‘OH), perhydroxyl radical (HO2*), or as non-radical forms such as 

singlet oxygen (102) and hydrogen peroxide (H202) (Fig 1.8.1 A). In plants, ROS is 

produced in chloroplasts, mitochondria, apoplast, peroxisomes, endoplasmic reticulum, 

plasma membranes and cell wall (Fig 1.8.1 A; Mittler et al., 2002; Asada 2006). 

Chloroplasts containing chlorophyll are the primary sites for singlet oxygen production 

during the electron transport chain (ETC) and can affect membranes and lipids located near
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the site of its production placing PSII in jeopardy (Zolla and Rinalducci 2002). Limited 

CO2 fixation results in decreased carbon dioxide fixation and NADP+ formation by the 

Calvin's cycle leading to ROS generation via Mehler’s reaction (Makino et al., 2002). 

Mehlers reaction is the photo-reduction o f O2 at PSI to produce O2 ', which are detoxified 

to H20 2 and 0 2 by superoxide dismutase. Other ROS like *OH or H 0 2* are formed via the 

Haber-Weiss reaction where O2— donates an electron to Fe3+, reducing ferric ion to ferrous 

(Fig 1.8.1 B; Kehrer 2000). This reduced form of iron (Fe2+) than transfers electrons to 

H2O2 leading to the formation of *OH, a cycle known as Fenton reaction (Fig 1.8.1 B). The 

H2O2 molecules produced in this process are than rapidly detoxified to water by the 

ascorbate peroxidase pathway. During normal metabolic processes, the ROS generated can 

act as secondary messengers in the developmental and signal transduction pathways, 

however, during stress conditions ROS produced in excess can cause damage to lipids, 

proteins and DNA through the production of peroxides and free radicals (Kehrer 2000).

1.8.1. L ip id  P erox ida tion

Lipid peroxidation (LPO) refers to the oxidative degradation o f lipids in cell membranes as 

a result o f abiotic stress (Fig 1.8.2 A). The free radicals produced in this process can cause 

damage to proteins, DNA and pigments (Gill and Tuteja 2010). The process of LPO 

involves three steps: Initiation, propagation and termination (Fig 1.8.2 A). Initiation step 

involves the removal of a hydrogen atom by a hydroxyl radical (OH ) from an unsaturated 

fatty acyl chain of a polyunsaturated fatty acid (PUFA) generating a fatty acid radical (R ). 

This R ' than binds to an oxygen molecule in the aerobic environment forming the fatty 

acid peroxyl radical (ROO ). Once initiated, the RO O 'radical further propagates the 

peroxidation chain reaction by attacking the nearby polyunsaturated fatty acid (PUFA) side 

chains. The resulting lipid hydroperoxide than decomposes into aldehydes 

(malondialdehyde), lipid alkoxyl radicals, alkanes, lipid peroxides and alcohols (Fig 1.8.2
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A; Gill and Tuteja, 2010). Malondialdehyde (MDA) is one of the decomposition products 

o f lipid peroxidation and is used as an indicator of oxidative stress (Karuppanapandian et 

al., 2011). Redox active transition metals such as Cu2+ and Fe2+ can generate the highly 

reactive OH' via the metal-catalyzed Haber-Weiss or Fenton reaction which is able to 

initiate radical chain reactions responsible for irreversible chemical modification o f many 

cellular components in plants (Mittler et al., 2004). In excess, heavy metals such as copper 

(Cu) and zinc (Zn) produce ROS resulting in oxidative stress. Copper and zinc in plants 

can cause LPO and membrane permeability changing the composition of thylakoid 

membranes, thereby disrupting the photosynthetic electron transport and the oxygen 

evolving complex by generating free radicals resulting in reduced photosynthesis (Yruela 

2005; Glinska et al., 2016). The mechanism of ROS generation leading to oxidative 

damage upon MNP exposure is still unclear. Studies with MNPs are questionable on

whether oxidative damage in plants is due to NPs or NP-released ions (Rico et al., 2015).
\

Reports have shown that both CuO and ZnO NPs by itself increased lipid peroxidation in 

plants due to limited dissolution in the media (Ghodake et al., 2011; Lee et al., 2013a; Shi 

et al., 2011). On the contrary, few researchers believe that MNPs release ions that undergo 

redox potential causing oxidative damage, however, no experimental proof on the MNP 

induced ROS generation has been shown till date. Higher lipid peroxidation due to ROS 

generation via Fenton reaction in leaves of Elodea densa exposed to CuO NPs was 

observed by Nekrasova et al. (2011) and in Allium cepa treated with ZnO NPs was 

observed by Kumari et al. (2011). Other MNPs are also reported to generate ROS such as 

AI2O3 NPs in tobacco BY-2 suspension cultures (Poborilova et al., 2013), carbon 

nanotubes in red spinach (Amaranthus tricolor L; Begum and Fugetsu 2012), AgNPs in 

green algae (Oukarroum et al., 2012) and NiO NPs in tomato root cells was observed 

(Faisal et al., 2013).
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1.8.2. P rote in  O xidation

The covalent modification of protein induced by either ROS or by-products of oxidative 

stress (LPO) is termed protein oxidation (PO) (Fig 1.8.2 A; Gill and Tuteja 2010). Protein 

carbonylation assay is widely used as a marker of PO. Protein carbonylation occurs due to 

direct oxidation of amino acid side chains (eg. arginine, proline, threonine, lysine, 

trptophan and histidine) by ROS producing free carbonyl groups. These carbonyl groups 

have increased susceptibility towards proteolytic attack (Moller et al., 2007). It has been 

found that carbonylation of protein in tissues occurs due to heavy metals, cold and drought 

stress (Gill and Tuteja 2010), however, the mechanism behind the protein-NP interaction is 

not well characterized (Rahming and Fazal 2014). It is believed that nanoparticles upon, 

entry into the biological system are instantly coated by proteins leading to the formation of 

a protein corona that may lead to modification of protein conformation disturbing the 

normal protein function by aggregation, misfolding, and deactivation (Lynch et al., 2006). 

The effect of MNPs on protein carbonylation in plants is still in its infancy, however, MNP 

induced PO has been studied in animals. Metal and metallo-NPs such as Cu, CuO, Mn20 3 , 

and Fe was reported to cause protein oxidation of bovine serum albumin (BSA) via the 

enzyme-linked immunosorbent assay (ELISA; Sun et ah, 2013). Also, increase in protein 

oxidation, lipid peroxidation and ROS scavenging enzymes was observed upon exposure to 

CuO NPs in the fish Chinook salmon {Oncorhynchus tshawytscha) CHSE-214 cells 

(Srikanth et ah, 2015). Increased protein oxidation upon heavy metal cadmium stress was 

also reported in peroxisomes of pea plants (Romero-Puertas et ah, 2002).

1.8.3. D N A  D a m a g e

The most reactive ROS that can cause damage to DNA purine and pyrimidine bases 

as well as the deoxyribose backbone is OH'. Damage to DNA occurs via base deletion, 

cross-links, base modifications (alkylation and oxidation), strand breaks and pyrimidine
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dimers resulting in reduced protein synthesis, cell membrane destruction and damage to 

photosynthetic proteins. Researchers have shown that metallo-NPs cause DNA damage in 

plants; however, the mechanism of damage is yet to be elucidated. CuO NPs have been 

reported to cause oxidative DNA damage in terrestrial plants such as radish, annual 

ryegrass, and perennial ryegrass (Atha et al., 2012) whereas AgNPs were reported to show 

cytotoxic and genotoxic impacts in root tips of onion (Kumari et al., 2009). In contrast to 

the above reports, it was observed that CuO NPs did not cause any cytotoxic effect to 

A549 and HeLa S3 cells after 24 h incubation but caused insignificant generation of 

micronuclei and DNA fragments (Semisch et al., 2014). Similarly, Ti02 NPs caused 

chromosomal aberrations and DNA damage in Allium cepa (Pakrashi et al., 2014) and 

disturbed the molecular expression profiles of microRNAs in tobacco (Nicotiana tabacum; 

Frazier et al., 2014). Quantum dots also caused damage to DNA suppressing the 

proliferation o f WTK1 cells upon treatment with 25- 400 mg L '1 in aqueous medium 

(Hoshino et al., 2004). In the present work, the mechanism of DNA damage was not 

studied.

1.9 . R O S  Scaven g in g  A n tiox id an t D efen ce M echan ism

The excess ROS generated in plant cell organelles such as chloroplasts, mitochondria and 

peroxisomes during abiotic stress are effectively scavenged by enzymatic and non- 

enzymatic antioxidants that serves in the detoxification of ROS and protect cells from 

oxidative damage (Hasegawa et al., 2000; Srivalli et al., 2003).

1.9.1. E n zym a tic  an ti-ox idan t system s

Enzymatic antioxidants are key indicators of oxidative stress and include superoxide 

dismutase (SOD), ascorbate peroxidase (APX), Catalase (CAT), glutathione reductase 

(GR), Glutathione Peroxidase (GPX), mono-dehydroascorbate (MDHAR) and
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dehydroascorbate reductase (DHAR) enzymes that detoxify ROS and lipid peroxidation 

products generated as a result of metal stress. Superoxide dismutase (SOD) is an active 

intracellular, metallo-enzymatic antioxidant which is ubiquitous and provides the first line 

o f defense against the toxic effects of elevated levels of ROS. The SODs remove O2 by 

catalyzing its dismutation into H2O2 via the metal catalyzed Haber-Weiss-type reaction 

and Mehler’s reaction (Fig 1.9). SODs are classified into three known types based on the 

cofactors, the copper/zinc (Cu/Zn-SOD), the iron (Fe-SOD) and the manganese (Mn-SOD) 

which are localized in different cellular compartments (Mittler 2002). The enhanced SOD 

• activity reveals a protective mechanism adapted towards oxidative stress tolerance due to 

metal stress. Catalase (CAT) is an enzyme (tetrameric heme-containing) that converts 

H2O2 produced by SOD into H2O and O2 (Fig 1.9; Garg and Manchanda 2009). A single 

molecule of CAT can convert ~6 million molecules of H2O2 into H2O and O2 per minute, 

thus having the highest turnover rates compared to all other enzymes. The hydrogen 

peroxide (H2O2) produced by SOD is detoxified into H2O and mono-dehydroascorbate 

(MDHA) within the chloroplast and cytosol of plant cells by the enzyme ascorbate 

peroxidase (APX; Fig 1.9). Besides its H2O2 detoxification role, APX (two cytosolic forms 

and a membrane-bound form) controls the quantum efficiency and modulates the electron 

transport in union with the ascorbate-glutathione (AsA-GSH) cycle. In chloroplasts, SOD 

and APX enzymes exist in both soluble and thylakoid-bound forms eliminating O2 ” 

generated during metabolic processes (Asada 2006). Glutathione reductase (GR) is a flavo- 

protein oxidoreductase that is found in both prokaryotes and eukaryotes (Romero-Puertas 

et al., 2006) predominantly localized in chloroplasts, but also in mitochondria and cytosol 

(Creissen et al., 1994). It plays an essential role in defense system against ROS by 

sustaining the reduced status of Glutathione (GSH) through the ASH-GSH cycle. GR and
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GSH play a crucial role in determining the tolerance of a plant under various stresses (Rao 

and Reddy 2008).

Few reports have shown that metallo-NPs increase expression levels of SOD, APX 

and CAT causing oxidative stress. Increase in the expression of SOD-3 in Caenorhabditis 

elegans exposed to AgNPs was observed by Rho et al. (2009). Recently, increase in 

enzymatic antioxidant activity upon metallo-NP stress has been reported. For instance, 

increase in SOD and CAT enzyme activities as well as LPO upon exposure to magnetite 

(Fe3 0 4 ) NPs compared to its bulk metal on perennial ryegrass (Lolium perenne L.) and 

pumpkin (Cucurbita mixta) plants under hydroponic conditions was reported by Wang et 

al. (2011). Similarly, increase in the SOD and CAT activities at 100 mg L'1 of CuO and 

ZnO NPs in Cucumis sativus was reported by Kim et al. (2012a). In another study, Ti02 

NPs showed no effect in total antioxidant capacity (TAC) and SOD activity o f Brassica 

campestris (oilseed rape), Lactuca sativa L. (lettuce), and Phaseolus vulgaris var. humilis 

(kidney bean) at concentrations of 100- 5000 mg L'1 (Song et al., 2013a). Also, tomato 

(Lycopersicon esculentum) plants upon treatment with nano-Ti02 (5000 mg Kg’1) and 

silver NPs resulted in higher SOD activity (Song et al., 2013b).

1.9.2. N o n  -E n zym a tic  A n ti-O x id a n t S ystem s

The non-enzymatic antioxidants in plants include ascorbic acid (AA), carotenoids (CARs), 

glutathione (GSH), tocopherols (TOCs) and phenolic compounds. Ascorbic acid (ASA) is 

one of the most important antioxidant which is present in most plant organelles especially 

chloroplast (Smirnoff 2000). ASA has the ability to donate electrons in varied enzymatic 

and non-enzymatic reactions making it the main ROS- detoxifying compound in the 

aqueous phase. ASA can directly scavenge O2"", OH‘, and ’0 2, and can reduce H2O2 to 

H2O via the APX reaction (Fig 1.9; Noctor and Foyer 1998). hi chloroplasts, heat 

dissipation is carried out by ASA that acts as a cofactor of violaxanthin de-epoxidase, thus,
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in addition to regulating other plant metabolic processes, increased endogenous ASA levels 

in plants are necessary to lessen oxidative stress (Smirnoff 2000). In the oxidation reaction 

of ASA, mono-dehydroascorbate is formed which dissociates into ASA and 

dehydroascorbate (DHA). ASA also regulates the pH-mediated modulation of PSII activity 

and the down-regulation of zeaxanthin production preventing photo-oxidation, in addition 

to its role as an antioxidant (Gill and Tuteja 2010). Reduced form of Glutathione (GSH; 

glu-cys-gly) present in the plant cell (Jimenez 1998) plays a major role in the antioxidative 

defense system by restoring ASA via the ASA-GSH cycle.

Proline (Pro) plays a crucial role for cellular metabolism both as a component of 

proteins and as free amino acid and acts as an osmoprotectant, a protein stabilizer, a metal 

chelator, an inhibitor of LPO, OH radical and an *02 scavenger (Ashraf and Foolad 2007; 

Bohnert et al., 1995; Sleator and Hill 2002). Pro is reported to be an effective scavenger of 

OH* and ROS formed under metal, salt and water stress conditions in all plants, including 

algae (Alia and Saradhi 1991). In plants, proline is synthesized mainly from glutamate, 

which is reduced to glutamate-semialdehyde (GSA) by the pyrroline-5-carboxylate 

synthetase (P5CS) enzyme, and spontaneously converted to pyrroline-5-carboxylate (P5C) 

(Savoure et al., 1995). P5C reductase (P5CR) further reduces the P5C intermediate to 

proline (Verbruggen et al., 1996). Proline catabolism occurs in mitochondria via the 

sequential action of proline dehydrogenase or proline oxidase (PDH or POX) producing 

P5C from proline, and P5C dehydrogenase (P5CDH), which converts P5C to glutamate. 

As an alternative pathway, proline can be synthesized from ornithine, which is 

transaminated first by ornithine-delta-aminotransferase (OAT) producing GSA and P5C, 

which is then converted to proline (Kishor et al., 1995). Proline content is found to 

accumulate during MNP and heavy metal stress (Da Costa and Sharma 2016; Gunjan et al., 

2014; Zarafshar et al., 2015). For instance, zucchini plants upon exposure to Cu NPs
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Fig 1.9. The antioxidant system. AsA, ascorbate; DHA, dehydroascorbate; SOD, 

superoxide dismutase; CAT, catalase; APX, ascorbate peroxidase; MDHA, 
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showed modulation of ascorbate-glutathione cycle, membrane damage and proline 

accumulation in rice (Shaw and Hossain 2013) and exposure to heavy metal Ni resulted in 

accumulation of proline and stimulation of GST activity in pea plants (Gajewska and 

Sklodowska 2005).

1.9.3. O th er C ellu lar M echan ism s f o r  M e ta l D etoxification

Higher plants contain two main cysteine rich, metal binding peptides, the metallothioneins 

(MTs) and phytochelatins (PC). MTs are gene encoded polypeptides initially identified in 

mammals and now have been identified in plants (Prasad & Hagemeyer 1999). Information 

concerning the metals likely to be bound by MTs is lacking, although Cd has been studied. 

The role of MTs and its function in metal detoxification in plants are under investigation 

and therefore predicting its role would be difficult at this point of time, therefore, not 

included in the present study. PCs on the other hand, have been most widely studied in 

plants, particularly in relation to cadmium tolerance (Cobbett and Goldsbrough 2002).

Phytochelatins are small, heavy metal-binding, cysteine-rich polypeptides present 

in plants and other organisms (Grill et al., 1987). PC synthase (PCS) enzyme (Mr 95000) is 

composed of four subunits with a catalytically active dimer (Mr 50000). PCs are important 

for detoxification o f Cd2+ followed by Ag+, Bi3+, Pb2+, Zn2+, Cu2+, Hg2+ and Au+. Most 

other metals lack significant binding at all. The general structure of PC is (y-Glu-Cys) 

nGly (n= 2-ll). PCs are synthesized by plants from glutathione (GSH) by phytochelatin 

synthase (PCS; Grill et al., 1987) forming metal-complexes with metal ions subsequently 

being transported from the cytosol and often sequestered in the vacuoles (Salt and Rauser 

1995). The ubiquitous mechanism for metal detoxification involves metal chelation by a 

ligand (Cobbett 2000). Organic acids, amino acids, peptides and polypeptides have been 

described as metal-binding ligands (Rauser 1999). Activation of PCs arises from an 

interaction between the catalytic active domain o f PCS and the free metal ion or metal-
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GSH complexes (Cobbett 2000). Besides metal detoxification, PCs are involved in sulphur 

assimilation, GSH and sulphide biosynthesis.

Poly amines (PAs) occur ubiquitously in nature and are involved in the growth, 

development and stress metabolism in plants (Evans 1989). PAs play a role in the plant 

defense mechanism against abiotic and biotic stresses (Ma et al., 2005; Liu et al., 2004) 

and are responsive to light, temperature, salinity (Maiale et al., 2004), water (Ma et al., 

2005), chemical and physical stress agents. The major endogenous PAs are putrescine 

(Put), spermidine (Spd), and spermines (Spm) are found in either free form or in soluble 

conjugated or insoluble-conjugated forms (Gemperlova et al., 2006). Spd and Spm are 

synthesized by Spd synthase and Spm synthase respectively whereas Put can be directly 

synthesized by ornithine decarboxylase or indirectly from arginine via arginine 

decarboxylase (Gemperlova' et al., 2006). PAs are implicated in many physiological 

processes such as morphogenesis, cell division, senescence, apoptosis (Yang et al., 2007b) 

and development of embryoids or floral primordia in certain vegetative tissue cultures 

(Galston and Sawhney 1990). Under metal stress, PAs are known to block the major 

vacuolar channels resulting in metal accumulation and decline in the ion conductance 

facilitating metal ion compartmentalization reducing toxicity in the photosynthetic tissue 

(Bruggemann et al., 1998). Stress-tolerant plants enhance PA biosynthesis in responses to 

stress, up to 2-3 times compared to control plants (Kasukabe et al., 2004). Literature 

review reveals that no published data regarding the influence of MNP on the polyamine 

content has been reported, however, heavy metal effect on polyamine content has been 

studied (Gong et al., 2016; Jacobsen et al., 1992).

Glycinebetaine, the N, N ’,N”-trimethyl glycine is a quaternary ammonium 

compound which acts as an osmolyte that accumulates in plants under NaCl and drought 

stress (Ma et al., 2007). GB accumulates in species of the poaceae and Chenopodiaceae,
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however, is lacking in food crops such as rice and tobacco (GB non-accumulators) due to 

the deficiency of endogenous choline, a precursor of GB (Ma et al., 2007). GB is 

synthesized from choline to form betaine aldehyde via choline monooxygenase (CMO). 

The betaine aldehyde thus produced is converted to glycine betaine by the enzyme betaine 

aldehyde dehyrogenase (BADH). GB is a non-toxic cellular compatible solute that 

decreases the osmotic potential of the cell in response to stress induced hypertonic 

conditions. Due to its protective role under various stresses, GB is fetching interest in 

production of improved GB crop varieties. GB is effective in stabilizing enzymes, 

membrane integrity and functional units such as oxygen evolving PSII complex, cell 

membranes, quaternary structures o f complex proteins and enzymes such as Rubisco. 

Plants that are engineered to produce these compounds show increased protection against 

photo-inhibition and reactive oxygen species (Hasegawa et al., 2000). GB has the 

capability of storing nitrogen that can be used by plants when the stress is relieved 

(Schwacke et al., 1999). Also, studies show that GB could trigger the aggregation of 

soluble sugars, free proline, K+, Na+ and C f (Majid et al., 2012). Due to the established 

fact that GB is not naturally produced in rice, the approach to investigate its role was ruled 

out in the present study. However, external application of GB in improving plant tolerance 

to MNPs is an upcoming interesting area of research.

1.10. Oryza Sativa (R ice) as a M od el P lant

Rice is the chief crop having the second highest worldwide production after china and is 

the most widely consumed staple food (cereal grain) for a large part of the world's human 

population, especially in Asia and particularly India. Rice is the most important grain with 

regard to human nutrition and caloric intake. It is relatively fast growing annual crop with a 

high rate of return. One acre of field may yield as much as 8000 pounds of rice, making it 

an efficient crop to cultivate. It grows best in warm, humid climate, usually in rain fed
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areas that receive heavy annual rainfall with standing water about five inches deep. It is 

also grown through irrigation in areas that receive moderately less rainfall. Since rice can 

be grown in the flooded areas, the probability of rice plants being exposed to metallo-NPs 

would be much greater considering direct and indirect land applications. Therefore, rice 

(Oryza sativa var. Jyoti) was selected as a model plant for the present study.

1.11 . A im  an d  O bjectives

Metal oxide nanoparticles or metallo-nanoparticles (MNPs) have varied applications in the 

commercial and agricultural industry. The MNPs manufactured inevitably enter the 

environment through air, water and soil, especially as fertilizers, growth enhancers or as 

other nano-agricultural products that hit the market. With research on the effects of these 

MNPs on plants still being in its infancy, it is unclear whether the entry of the MNPs into 

the living system could result in a positive or a negative outcome. Thus, it is imperative to 

carry out a systematic study to address the question whether the use of nanoparticles would 

be detrimental to plant growth and productivity and if so, then to determine the toxicity 

threshold of rice to CuO and ZnO NPs (50 and 100 nm). Additionally, does the mechanism 

of effect o f MNPs on plant differ from their bulk counterparts and is this attributed to their 

nano size? Keeping these questions in mind, the objectives of the present study was 

designed as follows.

Objective I: To Study the seed Germination rate and external and internal 

morphological changes

• Germination rate.

• Measurement of root and shoot length.

• Observing the phenotypic changes of the plantlet.

• Observing trichomes, stomatal structure and number through Scanning Electron 

Microscope (SEM).
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Objective II: To study the translocation of nanoparticles within root and shoot

• To estimate the amount nanoparticles in various tissue using atomic absorption 

spectroscopy.

• Sectioning of root and leaves.

• Internalization studies of nanoparticles in plant tissue through transmission electron 

microscope (TEM) according to Da Costa and Sharma (2016).

Objective III: To study the responses on photosynthesis

• Carbon dioxide fixation studies using Infrared gas analyzer (IRGA) according to 

Sharma and Hall (1996).

• Fluorescence measurements (FMS) according to Sharma et al. (1997).

• Extraction and analysis of photosynthetic pigments using HPLC according to 

Sharma and Hall (1996).

Objective IV: To study the effects of nanoparticles on the ROS generation and 

subsequent oxidative damage

• Oxidation o f lipids according to Sankhalkar and Sharma (2002)

• Estimation of proteins oxidation according to Reznick and Packer (1994)

• Estimation of proline content according to Bates et al. (1973).

Objective V: To study the activity of anti-oxidant enzyme and non-enzyme 

oxidants and their expression level

• Determination of Ascorbate content based on Kampfenkel et al. (1995).

• Assay of superoxide dismutase (SOD) according to Boveris (1984).

• Estimation and quantification of polyamines (spermine, spermidine) according to 

Flores and Galston (1982); Redmong and Tseng (1979).

• Gene expression studies of antioxidant enzymes (APX, GR, SOD) and metal 

chelating enzyme Phytochelatin (PC) by Real Time-PCR
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CHAPTER
2

“There is one thing even more vital to science than 
intelligent methods; and that is, the sincere desire to find out 
the truth, whatever it may be ”

Charles Pierce
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2.1. Plant Material and Metallo-Nanoparticles

Seeds of Oryza sativa (var. Jyoti), a high yielding, salt sensitive rice variety (PTB-10 x IR- 

8) was obtained from Indian Council of Agricultural Research, Goa and stored in dark at 

20°C. Copper (II) Oxide (< 50 nm) and ZnO nanopowder (< 50 run and < 100 nm) were 

obtained from Sigma Aldrich, India (Table 2.1). Plants were grown and treated with 

metallo-NPs hydroponically.

2.2. Plant Growth and Treatment under Hydroponic System

CuO and ZnO (< 50 nm, < 100 nm) NP solution of 0, 2.5, 10, 50, 100 and 1000 mg L 1 at 

pH 6.5 was prepared separately in Hoagland’s solution (Table 2.2). Seeds were surface 

sterilized using 4% sodium hypochlorite solution and continuously shaken for 3 min. The 

seeds were then washed 5-6 times and soaked in distilled water for 2-3 d. Germination 

paper was placed in Petri dishes, rice seeds were sown (100 seeds per Petri dish) and NP 

suspension of various concentrations of NPs was poured in respective Petri dishes (Fig 

2.2.1). The set up was placed in a growth chamber having a temperature of 25 ± 2°C and 

16 h photoperiod of light intensity 200 pmol m '2 s' 1 and allowed to grow for 6  d. Glass 

beakers of two liter capacity (Borosil) were used as hydroponic vessels for plant growth. 

Rice plantlets (6  d) were transferred onto perforated thermocol sheets in groups of ten with 

the roots immersed in Hoagland’s nutrient solution (Fig 2.2.1). The untreated (control) 

plantlets were grown without MNPs in Hoagland’s solution while the treated plantlets were 

grown in Hoagland’s solution supplemented with MNPs at different concentrations (2.5- 

1000 mg L '1) and were allowed to grow for a total period of 30 d. The solution for each NP 

concentration was replenished individually every third day. Five sets were grown for each 

NP with respective nanoparticle concentration and analyzed. Proper aeration through tubes 

was provided from the top to the base of the glass beakers by means of air pumps.
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Table 2.1. Metallo- nanoparticles specification as mentioned by supplier.

Product Name: Copper(II) oxide 

99.999% trace metals 

basis

Zinc oxide

nanopowder, <50 nm 

particle size

Zinc oxide

nanopowder, < 1 0 0  nm 

particle size

Product Number: 544868 677450 544906

Formula: CuO OZn OZn

Formula Weight: 79.55 g/mol 81.39 g/mol 81.39 g/mol

Appearance (Color) Black White to Yellow White

Appearance (Form) nanopowder nanopowder Powder

Average Particle Size < 50 nm <50 nm (BET) < 1 0 0  nm

Specific Surface Area (m2/g) 2 5 - 4 0 > 1 0 .8 1 5 - 2 5
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Table 2.2. Composition of Hoagland's Plant Nutrient Solution (Hoagland and Amon 1950)

Component Stock Solution (g/L) Stock Solution (ml) m L /lL

2M K N 0 3 2 0 2 g/l 2 0 .2 g/dl 2.5

2 M C a(N 03) 2 x 4H20 236g/0.5 L 47.2 g/dl 2.5

Iron (Sprint 138 iron chelate) 15 g/1 1.5 g/dl 1.5

2M M gS0 4 x 7H20 493 g/1 49.3 g/dl 1

1M NH4N 0 3 80 g/1 8 g/dl 1

h 3b o 3 2 .8 6  g/1 0.286 g/dl 1

MnCl2 x 4H20 1.81 g/1 0.181 g/dl 1

Z n S 0 4 x 7H20 0 .2 2  g/1 0 .0 2 2  g/dl 1

C uS0 4 0.051 g/1 0.0051 g/dl 1

Na2M o0 4 x 2H20 0 .1 2  g/1 0 .0 1 2  g/dl 1

1M KH2P 0 4

(pH to 6.0 with 3M KOH) 136 g/1 13.6 g/dl 0.5
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PLANTLETS GROWN FORA 
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BUNCHED IN GROUPS OF 15 AND PLACED 
ONTO THE CIRCULAR THERMOCOL BASE

THE HYDROPONIC SYSTEM

Fig 2.2.1. Setting up o f the hydroponic system from early seed stage to final stage of 

growth.
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Continuous stirring of MNPs was achieved using magnetic stirrers. Root damage was 

completely minimized using this technique and was therefore used for the study (Fig 2.2.2

A). Several other methods were tried. For instance, seed germination and growth on 

germination paper soaked with MNPs were used; however, even though this method 

enabled good growth of rice seedlings, the plantlets survived only for a short period due to 

decomposition o f leaves and roots by fungal contamination (Fig 2.2.2 B). Broad based 

glass dishes (Borosil) of two liter capacity were also used with perforated thermocol 

sheets, this method was not successful as the plant roots grew to the base of the dish which 

were mostly physically damaged by magnets used to stir the MNPs, therefore, proper 

aeration and continuous stirring of MNPs could not be achieved using these dishes (Fig

2.2.2 Q .

Bulk Cu (Q 1SO4. 5H20 ) and Zn (ZnSC>4. 7 H2O) treatment were also studied at the 

same concentration to understand the extent o f ions released and comparative mechanism 

o f toxicity o f bulk metals and MNPs. The growth method and conditions were maintained 

as described for MNPs.

2.3. Characterization of CuO and ZnO NPs

Scanning Electron Microscope: Size of CuO and ZnO NP powder was 

characterized using Scanning Electron Microscopy (JSM 5800 LV, JEOL, Japan) operating 

at a constant acceleration voltage of 10 kV. NPs were ultra-sonicated in 100% ethanol and 

a drop of this solution was placed onto the stub layered with carbon conductive, double 

sided adhesive tape (SPI Supplies®, USA). The sample was air-dried and sputter coated 

with gold for 15 s (SPIMODULE Gold Sputter Coater) under high vacuum and analyzed 

with INCA viewer software (oxford instruments) at the National Institute of 

Oceanography, Goa (Fig 2.3 A).
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Fig 2.2.2. Comparison o f the Standardized hydroponic system used for the study (A) with 

the unsuccessful techniques tried, Petriplate method (B) and broad based glass 

dish method (C) used for growth o f rice plants at a temperature o f  25 ± 2°C and 

a 16 h photoperiod (light intensity 2 0 0  pmol m '2 s '1) with additional 

incandescent light (20W bulbs).
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X-Ray Diffraction: Nanoparticle powder was characterized using X-ray Diffractometer 

(XRD) by Rigaku with a scintillation counter probe SC-30 (Deflector) (Fig 2.3 B). The 

XRD analysis was performed using Traces software (GBC scientific instruments) on 

powdered samples of CuO and ZnO NPs recorded at room temperature in the range of 20 = 

20°- 80° with a step of 0.02° and a speed of 2°/min to obtain particle size using Cu Ka 

radiation (X,=0.15406 nm). The XRD patterns obtained was analyzed based on the 

maximum valued peak among the first three peaks detected by the scintillation counter 

probe SC-30. The peak at higher 20 values were not considered as they are inaccurate at 

high resolution. The particle size was calculated using Schemer’s formula

riA
D =  — -----

fleas 8

Where D= particle size ff =0.89 (Schemer’s constant)

X=0.154 nm P= FWHM (full width half maximum)

0= diffraction angle (2 0 /2 )

Scherer’s constant (fj value) is obtained when the standard (silicon) used gives a 100% 

intensity peak at full width half maximum (FWHM). The particle size depends on “J3” 

since cos 0 does not show a large variation at different angles. Therefore, if the width of 

the peak increases, the particle size becomes smaller. XRD follows a simple principle, 

when an X ray beam of high intensity (X) falls on the crystal at an angle 0, it diffracts the 

beam which is detected by a X- ray detector at 20 position as shown in Figure 2.3.B. The 

incident angle is than increased over time while the detector angle always remains 20 

above the source path. When X-rays strike the phosphor present in the detector, it produces 

flashes of light, which are detected by the photomultiplier tube. The intensities produced 

are determined by the number of counts in a certain amount of time.
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X* ray Diffractometer (XRD) Dynamic light scattering ZetaPALS 
Analyzer (Brookhaven Instruments 
Corporation, New York, USA).

Fig 2.3. Pictorial depiction and the diagrammatic representation o f the working principle of 

SEM (A), XRD (B) and DLS (C). “DLS image taken at Centre for Nano Science 

and Engineering (CeNSE), Indian Institute of Science, Bangalore, India”.
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Dynamic Light Scattering: Size determination of the particle and its behavior in aqueous 

system was studied using dynamic light scattering ZetaPALS Analyzer (Brookhaven 

Instmments Corporation, New York, USA) at Centre for Nano Science and Engineering 

(CeNSE), Indian Institute of Science, Bangalore, India. CuO and ZnO NPs at 1000 mg L' 1 

concentration were physically dispersed in Hoagland’s nutrient solution using an 

ultrasonicator. Each measurement consisting of five replicates were measured with 10 s 

duration at 25°C and analyzed using BIC Particle Sizing Software Ver.5.23 (Fig 2.3 Q . 

This size experiment does not differentiate between individual atoms and group of nano 

sized particles in the nutrient medium. Due to this limitation the particle size measured 

using DLS is highly variable depending on the elemental form of metallo-NPs and its size 

may not be in accordance to the supplier due to its interaction with other components of the 

medium forming agglomerates or aggregates of larger size.

2.4. Determination of metal ions released from NP suspensions

Metal ion concentration released from NP solutions was measured using Inductively 

coupled plasma mass spectroscopy (ICP-OES, Perkin-Elmer Optima 7300 DV, USA) 

according to Wu et al., (2012). Aliquots of CuO and ZnO NP metal oxide suspensions (0,

2.5. 10, 50, 100 and 1000 mg L"1) were drawn after the suspensions were incubated in 

sterile water and Hoagland’s nutrient solution at room temperature for 48 h. The extracts 

were centrifuged at maximum speed for 2 0  min, and supernatants were collected and 

filtered with 0.2 pm Ultipor®N6 6 ®Nylon 6 , 6  membrane filter (Fig 2.4).

2.5. Morphological studies of CuO and ZnO NPs:

2.5.1. Percent Germination:

The percentage o f germination was calculated taking average of triplicates for each set of 

individual MNPs grown separately.
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Fig 2.4. Inductively coupled plasma mass spectroscopy. “ Image taken at National Institute 

of Oceanography, Goa”.
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2.5.2. Shoot a n d  ro o t m easurem ents were physically taken for individual sets of CuO and 

ZnO NPs.

2.5.3. B iom ass determ ination: The biomass of 10 plants for each concentration (0- 1000 

mg L-l) grown with CuO and ZnO NP concentration was measured after 30 d o f growth.

2.5.4. E xtern a l m orph olog ica l s tudy: The external root and leaf morphology was studied 

by visualizing lyophilized segments of root and leaf using (SEM) Scanning Electron 

Microscopy (JSM 5800 LV, JEOL, Japan; Fig 2.3 A) and analyzed with INCA viewer 

software (oxford instruments) at the National Institute of Oceanography, Goa. External 

morphology of 3rd leaf (Fig 2.5) and root treated with CuO, ZnO (< 50 and 100 nm) was 

also studied by visualizing lyophilized segments of root and shoot tissue with SEM. The 

treated plantlet was placed at -20°C for 24 h in glass beakers. The Cool Safe 110 Freeze 

Dryer (Fisher Scientific Bio-block) was put on and it was allowed to reach a temperature 

of -110°C simultaneously the vacuum pump was kept on for 30 min with the external valve 

connecting to the Freeze dryer closed. The samples were then placed on top of the acrylic 

plate enclosed within an acrylic chamber. The external valve was opened connecting the 

freeze dryer to the vacuum pump. It was allowed to undergo sublimation for 4 h. The 

external valve was closed and the vacuum pump was allowed to ran for 40 min. The 

pressure was equalized by opening the release valve at the lid and the samples were 

removed, sealed using parafilm and placed in a desiccator until SEM analysis. The adaxial 

(upper) side o f the leaf was carefully placed onto a double sided stick tape, the other side 

adhered to a specimen mount. This mount was secured to a holder by screws. The stage 

was set such that the specimen is approx. 50 mm from the bottom of the sputter head. The 

leak valve was closed and the argon pressure set to 5 psi. The power was switched on, 

starting the vacuum pump. Once the pressure falls to approximately 600-400 millitorr, the
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6 d 30 d 30 d

Fig 2.5. Diagram representing parts o f rice plant at 6  d (A) and 30 d (B, C) used in the 

study. The 6  d plants show the emergence o f two leaves (first and second) and 30 

d plant show three leaves (first, second and third).
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gas leak valve was partially opened to flush the work chamber with argon for about 15 sec. 

The leak valve was closed and the work chamber was allowed to pump down to 

approximately 80 millitorr. The gas leak valve was opened and adjusted to set the plasma 

current to 10 mA. A visible discharge was observed in the chamber. The start button was 

pressed and gold was sputtered onto the specimen for 110 sec. The plasma automatically 

extinguished at the end of the period. The power was switched off and air was allowed to 

enter the chamber using the "vent" valve on the top of the sputter head. The gold sputtered 

specimen mount was fixed onto the sample holder in the SEM sample chamber. A vacuum 

was created and the SEM was connected to a computer system. The images were obtained 

at 10 kV and at high magnification.

2.6. Uptake studies of CuO and ZnO NPs

2.6.1. Estimation o fM N P s  in l e a f  a n d  ro o t tissue

Uptake of MNPs was determined using atomic absorption spectrophotometer 

(Flame Furnace system-AAnalyst 200, AAS, Perkin Elmer, USA) at the National Institute 

o f Oceanography, Goa. Fresh tissue?p:g) of control and treated plant leaf and root was 

weighed and dried separately in an oven for 3 d at 65°C. Once drying was complete, the 

tissue was weighed for dry weight and transferred to crucibles for ash preparation in a 

furnace at a temperature of 450°C for 8  h. The ash was dissolved in 1% HNO3 (Merck) 

solution and filtered through 0.45 pm Whatman filter paper and then used. The filtered 

sample was used for AAS analysis in whole root and leaf tissues of CuO and ZnO NP 

exposed plants, as well as in different sections of the leaf (apical, middle, and basal region) 

at different concentrations of CuO NPs only. Standards used were prepared using CuS04 

and ZnS04 in 1% HNO3 acid. The AAS data obtained in mg kg ' 1 (ppm) and multiplied by 

the-appropriate value to convert the obtained data to one gram dry weight basis.
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Fig 2.6. Transmission electron microscopy (TEM, FEI Tecnai™, Morgagni 268D). “Image 

taken at All India Institute o f Medical Sciences (AIIMS), New Delhi” .
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2.6.2. In tern a l m orphologica l study:

The internal leaf and root morphology was studied using transmission electron microscopy 

(TEM) at All India Institute of Medical Sciences (AIIMS), New Delhi (Fig 2.6). The leaf 

and root tissue was cut into 2 x 2  mm pieces and fixed in a mixture of 2 % 

paraformaldehyde and 2.5% glutaraldehyde in 0.1 M phosphate buffer for 10 h at 4°C. The 

tissue samples were washed in 0.1 M phosphate buffer at 4°C. Samples were then post 

fixed at room temperature for 1 h in 1% 0 s0 4  in 0.1 M phosphate buffer (pH 7.2). 

Samples were dehydrated in acetone, infiltrated, and embedded in Araldite CY 212. Thin, 

serial sections were cut (70-80 nm thick) using ultra-microtome (Leica UC6 , Leica 

Microsystems, Germany), collected on copper grids, stained with uranyl acetate and lead 

citrate, and examined under a TEM (Morgagni 268D, Fei Company, The Netherlands).

2.7. Photosynthesis studies in response to CuO and ZnO NP treatment.

2.7.1. In fra -red  g a s  an a lyzer m easu rem en t

Net photosynthesis, stomatal conductance, and transpiration rate studies were carried out 

using a portable infra-red gas analyzer (IRGA, ADC Bioscientific, LCi-SD; Fig 2.7 A). 

Infra-red gas analyzer uses the principle of Non Dispersive Infrared (NDIR) for CO2 

measurement. CO2 absorbs energy in the infrared region in a proportion directly related to 

the concentration of gas. The gas to be measured (produced by plants) is passed through a 

chamber with an infrared source which measures the signal when the CO2 concentration is 

present. The reference (To the chamber) and analysis (From the chamber) gases are 

alternated with zero gas produced by passing air through the soda lime removing all the 

CO2. The cycle time allows the cell to refill taking repeated measurements. The Infra-red 

gas analyzer “Console” contains a large LCD, microprocessor controlled operating system 

with signal conditioning, air supply unit and PC card data storage (Fig 2.7 A). A leaf 

chamber is connected to the console by an umbilical cord. The leaf chamber contains the
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A. Infra Red Gas Analyzer (LCi-SD, ADC Bioscientific)

B. Fluoresence monitoring system (FMS-1, Hansatech Instruments)

C. High Performance Liquid Chromatography (HPLC, Waters)

Fig 2.7. Tools to study the photosynthetic response of rice plants to Metallo-nanoparticles.
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PCA-275A printed circuit board comprising of conditioning and pre-amplifier circuitry for 

chamber temperature, leaf temperature and PAR (Photosynthetically active radiation) 

sensors. Two laser-trimmed humidity sensors provide the reference and analysis humidity 

signals and an infrared optical bench was used for C 02 analysis. The main console supplies 

air with a relatively stable C02 concentration at a controlled flow-rate to the leaf chamber. 

The C 0 2 and H20  concentrations are measured and the air is directed over both the 

surfaces of the leaf. The discharged air leaving the chamber is analyzed, and the C 0 2 

content and H20  content determined. From the known airflow rates and the differences in 

gas concentration, assimilation and transpiration rates are calculated. A small fan in the 

chamber ensures thorough mixing of the air around the leaf in the leaf chamber. The 

photosynthesis rate (Pn), transpiration rate (E) and stomatal conductance (gs) were 

measured at ambient temperature and carbon dioxide concentration and light intensity of 

1200 pmol m ’2 s ’ 1 using a detachable light source provided by a dichroic lamp (Hansatech, 

UK) according to Sharma and Hall (1996), calculated using the following formulae.

Molar flow of air per m2 of leaf surface ps (mol m' 2 s'1)

P
P s = ~ --------Area

Where p = molar air flow in mol s' 1

Area = projected leaf area in m2 

Difference in CO? concentration Ac (vpm= pmol mol'1)

Ac Cref C an

Where Ac difference in C 0 2 concentration, in pmol mol' 1

Cref  C 0 2 flowing into the leaf chamber, in pmol mol' 1 

C ’an C 0 2 flowing out of the leaf chamber, in pmol mol' 1

Photosynthetic rate (Rate of CO? exchange in the leaf chamber) A (pmol m 'V 1)

A = ps Ac
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Where Us= Mass flow of air per m2 o f leaf area, mol m 'V 1 

Ac = difference in C 0 2 concentration, in jimol mol'1 

Water vapour pressure in and out of the leaf chamber

Ae e an” ®ref

Where e’an = water vapour pressure out of the leaf chamber, mbar

eref = water vapour pressure into the leaf chamber, mbar 

Transpiration rate E (mol m 'V 1)

E = mAe 
P

Where ps = Mass flow of air per m2 of leaf area, mol m'2s'!

Ae = Differential water vapour concentration, mbar 

P  = 1 (atmospheric pressure, mbar)

Stomatal conductance of water vapour gs (mol m 'V 1)

gs =1 
r s

2 1 1Where rs = Stomatal resistance to water vapour, mol m s' mol'

2.7.2. Chlorophyll Fluorescence measurements: Fluorescence measurements (Fv/Fm, qp, 

qN and Opsn) were carried out according to Sharma et al. (1997) using a fluorescence 

monitoring system (FMS, Hansatech instruments; Fig 2.7 B). The third leaf (mature 

primary leaf) were dark adapted for 10 min to inhibit all light dependent reactions by 

completely re-oxidizing PSII electron acceptor molecules, opening the reaction centre’s 

and maximizing probability of photochemistry. A weak modulating beam of intensity 3-4 

pmol m'2 s'1 is focused on the sample to measure initial fluorescence (F0), followed by 

exposure to a saturating pulse (approximately 4,000 pmol photons m'2 s '1 for 0.06 s) to 

measure the maximum fluorescence (Fm). Variable fluorescence (Fv) was determined by 

deducting the F0 from Fm (Fv = Fm -  F0) and the maximum quantum yield (Fv/Fm) ratio was 

calculated. Actinic light was provided at an intensity of 1200 pmol m'2 s'1 and allowed to
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reach a steady state fluorescence yield (Fs) after which far red pulse was given for 5 sec 

which was then used to calculate the relative contributions for photochemical and non- 

photochemical energy dissipation measured as the photochemical quenching (qP) and non- 

photochemical quenching (qN) using Modfluor32 software as per the equations given 

below.

Maximum quantum efficiency of photosystem II (no units)

Fv/Fm= (F m- F 0)/Fra 

Quantum efficiency of PSII (no units)

® fsh=  (Fra’-Fs)/Fm’

Photochemical quenching co-efficient (no units)

qP = (Fm’-Fs)/(F m’-F„)

Non- Photochemical quenching co-efficient (no units)

qN = (Fra-Fm’)/(Fm-F0)

2.7.3. Extraction and analysis o f  photosynthetic Pigments using HPLC:

Leaf tissue (0.1 g) was ground in 100% acetone (Merck, HPLC grade) making a final 

volume of 1.5 ml and incubated overnight at 4°C (Fig 2.7 C). The homogenate was 

centrifuged (Z32HK, HERMLE Labortechnik GmbH, Germany) at 4°C for 10 min at 4,000 

x g. One ml of supernatant was collected and filtered through 0.2 pm Ultipor®N6 6  

®Nylon membrane filter (PALL Life Sciences, USA) and 10 pi of sample was analyzed in 

an HPLC system (Waters, USA), using two-solvent gradient as a mobile phase (using 

Merck HPLC grade chemicals) composed of solution A (ethyl acetate) and solution B 

(acetonitrile: water, 9:1). The mobile flow rate was 1.2 ml min-1 for a run time of 30 min. 

The pigments were separated using a C l8 column (Waters Spherisorb ODS2 -  250 mm 

x4.6 mm x 5  pm). The pigment peaks were determined at 445 nm with a Waters 2996
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photodiode array detector based on RT and spectral characteristics. yS-carotene was used as 

an external standard for the relative quantification of pigments (Sharma and Hall 1996).

2.8. Biochemical parameters

2.8.1. L ip id  perox ida tion

Malondialdehyde (MDA) assay was carried out according to Sankhalkar and Sharma

(2002). 0.2 g o f plant leaf tissue was taken and ground in 5 ml o f 1% trichloroacetic acid 

(TCA) and centrifuged at 2000 rpm for 3-4 min. 1 ml of supernatant was taken in 

triplicates and 2.5 ml of incubation buffer (50 mM Tris HC1, 175 mM NaCl; pH 8), 2.5 ml 

of 0.5% thiobarbutaric (TBA) acid prepared in 20% TCA was added to each sample. The 

mixture was then kept in dry bath (WiseTherm HB-48P) at 95°C for 30 min followed by 

cooling at room temperature. O.D was taken at 532 and 600 nm using UV-Visible 

spectrophotometer (UV-2450, Shimadzu, Singapore). Peroxidation of lipids was measured 

using an extinction coefficient of 155 mM ' 1 cm'1.

2.8.2. P ro te in  oxidation  assay

Protein carbonyl colorimetric assay method according to Reznick and Packer 

(1994) was used. Plant tissue (0.1 g) was taken and ground in 2.5 ml of sodium phosphate 

buffer (pH 7.4, Merck) and centrifuged at 7000 rpm for 15 min at 4°C. 1 ml each of 

supernatant was used for sample (S) and control (C) reactions separately. To the control 

reaction, 4 ml of 2.5 N HC1 (Merck) was added. To the sample reaction, 4 ml of 0.2 % 2, 

4-dinitrophenyl hydrazine (DNPH, Himedia AR grade) prepared in 2.5 N HC1 was added. 

Mixtures were incubated in dark for 1 h at room temperature while keeping stirred at 

regular intervals. 4 ml of 2 0 % TCA was added, mixed and centrifuged at 7000 rpm for 10  

min at 4°C. The supernatant was discarded and the pellet was re-suspended in 1ml of 10% 

TCA, incubated in ice for 5 min and centrifuged at 7000 rpm for 10 min at 4°C. 1 ml of
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ethyl acetate: ethanol ( 1 :1) was carefully added to the pellet, vortexed and centrifuged at 

7000 rpm for 10 min at 4°C. The pellet was finally dissolved in 1.5 ml of 6 N Guanidine 

hydrochloride (Himedia >99% pure) prepared in sodium phosphate buffer (Qualigens) and 

centrifuged at 7000 rpm for 10 min at 4°C. The O.D was measured at 370 nm using UV- 

Visible spectrophotometer (UV-2450, • Shimadzu, Singapore). Protein oxidation was 

measured as protein carbonyl using the calculated average (CA) = (S) - (C) and extinction 

coefficient of 0.022 pM ' 1 cm’1.

Protein carbonyl (nmol/ ml) = Calculated average (CA)/ 0.022 pM 'cm 1 (a/b)

Where, Extinction coefficient = 0.022 pVT'cm"1

a= volume of sample used (pi) 

b= volume of Guanidine HC1 (pi)

2.8.3. E stim ation  o f  Proline con ten t

Proline accumulation in fresh leaves was determined according to the method of Bates et 

al. (1973). Plant tissue (0.2 g) was ground in 5 ml of 3% Sulfosalisilic acid and centrifuged 

at 5000 rpm for 5 min. The supernatant, 1 ml each was taken fresh test tubes (in 

triplicates). To each sample, 1 ml of Acid Ninhydrin (1.25 g Ninhydrin, 30 ml GAA, 20 ml 

6 M Phosphoric acid) and 1 ml of Glacial Acetic Acid was added. The mixture was then 

kept in dry bath (WiseTherm HB-48P) at 95°C for 1 h followed by cooling to room 

temperature. After the tubes were cooled, 10 ml of toluene was added to each tube and 

mixed vigorously. This mixture was allowed to settle and O.D was taken at 520 nm using 

UV-Visible spectrophotometer (UV-2450, Shimadzu, Singapore). L-Proline was used as a 

standard for quantification by plotting a standard graph against concentration.

2.8.4. A sco rb ic  a c id  assay

Ascorbate (ASA) was estimated according to the method of Kampfenkel et al. (1995). 

Fresh leaf tissue (0.1 g) was ground with 1 ml of extraction buffer (0.1 M HC1 + 0.1 mM
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EDTA). The extract was centrifuged at 12000 rpm for 2 min in an eppendorf tube and the 

supernatant was used for the ascorbate assay. The reaction mixture contained, 20 pi of 

sample, 20 pi of 0.4 M phosphate buffer (pH 7.4), 80 pi of color reagent (containing two 

solutions [A]. TCA (4.6%), H3PO4 (15.3%), FeCF (0.6%) and [B] 2, 2 dipyridyl (4%) in 70 

% ethanol, in the ratio of 2.75:1) and 10 pi of 0.5% N-ethylmalemide. The mixture was 

incubated at 42 °C for 45 min and absorbance was measured at 520 nm. Ascorbic acid was 

used as standard.

2.8.5. S u perox ide dism utase (SO D ) en zym e activity a ssay

The activity o f SGD was assayed according to Boveris (1984). Leaf tissue (0.2 g) was 

homogenized in 1.5 ml of 50 mM sodium phosphate buffer (pH 7.8) and centrifuged at 4°C 

for 1 min. The supernatant used to carry out the SOD assay at 480 nm. Blank or Reaction 

(1) contained 2.5 ml of 10 mM Na2C0 3 ; 0.1 ml of 10 mM sodium phosphate buffer; 0.1 ml 

o f 6  mM disodium EDTA and 0.3 ml o f deionised water. Reaction (2) contained 2.5 ml of 

10 mM Na2C 0 3; 0.1 ml of 10 mM sodium phosphate buffer; 0.1 ml of 6 mM disodium 

EDTA and 0.3 ml of 4.5 mM epinephrine. Reaction (3) contained 2.5 ml of 10 mM 

Na2C0 3 j 0.1 ml o f supernatant; 0.1 ml o f 6  mM disodium EDTA and 0.3 ml of 4.5 mM 

epinephrine. Protein concentration of enzyme extract was measured using Bradford 

method at an absorbance of 595 nm and the SOD activity was expressed as SOD activity 

(AA) min' 1 mg' 1 protein.

2.8.6. E x traction  a n d  quan tifica tion  o f  p o lya m in es

Preparation of perchloric extract was done according to Flores and Gatson (1982). 

Plant tissue (O.lg) was ground in a pre-chilled mortar and pestle with 2 ml of 5% cold (v/v) 

perchloric acid and incubated at 5°C for 1 h. The extract was then centrifuged at 12000 

rpm for 30 min. Supernatant was collected and used for the extraction of soluble- 

conjugated polyamines-benzoylation using High Performance Liquid Chromatography
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(HPLC) according to Redmong and Tseng (1979). To 1 ml of 2N NaOH, 500pl of 

perchloric extract and 1 0  pi of benzoyl chloride was added and vortexed for 1 0  sec and 

incubated at room temperature for 20 min. 2 ml of saturated NaCl and 2 ml of diethyl ether 

was then added and centrifuged at 5000 rpm for 5 min. 1ml of ether phase was collected 

and evaporated to dryness and dissolved in 500 pi of 60% methanol. The extract was 

filtered through 0.2 pm Ultipor®N6 6 ®Nylon 6, 6 membrane filter and 10 pi o f sample 

was analyzed in a Waters HPLC system, using an isocratic system (methanol: water, 6:4). 

The mobile flow rate was 1 ml min ' 1 for a run time of 20 min. Polyamines were separated 

using a C l8 -5 pm Column (Waters spherisorb ODS2- 250 mm x 4.6 mm). The polyamine 

peaks were determined at 254 nm with a Waters 2996 photodiode array detector based on 

RT, spectral characteristics. Spermine and spermidine standards (25 mM) were used as 

external standards and the results were calculated based on the peak area.

2.9. Gene expression studies

RNA Extraction and quantification: Leaf tissue (0.1 g) was ground using liquid nitrogen 

and extracted following the protocol mentioned in the RNA purification reagent 

(Invitrogen). The samples were ground in 0.6 ml of RNA extraction buffer (Invitrogen) 

and placed in eppendorf tubes. The tubes were gently flicked and contents mixed and 

incubated at room temperature (RT) for 10 min and centrifuged at 12000 rpm for 4 min. 

The supernatant was carefully taken and 125 pi of 5M NaCl and 350 pi of chloroform was 

added and mixed by inversion. The mixture was then centrifuged at 12000 rpm for 10 min 

at 4°C. The top aqueous phase was taken and equal volume of isopropanol was added, 

mixed and incubated at RT for 10 min followed by centrifugation at 12000 rpm for 15 min 

at 4°C. 1 ml of 70% ethanol was added to the pellet and centrifuged at 12000 rpm for 2-3 

min at RT. The pellet was then dissolved in 50 pi of sterile distilled water. The RNA was 

quantified using spectrophotometer at 260 and 280 nm.
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cDNA preparation and Real time analysis Real time PCR: cDNA synthesis was done 

using PCR kit (Invitrogen Superscript III Reverse Transcriptase, Cat no: 

18080/093/044/085) following the given protocol (Fig 2.9 A). 5 pg equivalent RNA, 1 pi 

random primer and sterile water was added to make up the volume of 12 pi in PCR vials. 

The mixture was heated at 70 °C for 5 min, cooled and spinned. 5 pi of 5 X reaction 

buffer, 1.5 pi of dNTPs (10 mM) and 1 pi superscript III RT was added making the 

volume to 25 pi using sterile water. The following PCR reaction was carried out using 

Corbett research PCR thermocycler at three different consecutive temperatures of 25 °C for 

10 min, 42°C for 1 h, and 75°C for 15 min. The samples were kept at -20 °C. Expression 

of genes for anti-oxidant enzymes (APX, SOD, PCS, GR) was studied using Bio-Rad, MJ 

Miniopticon Real time PCR Detection system (Fig 2.9 B). The Primers (oligonucleotides, 

Table 2.10) were procured from Pharmaids and Equipments Pvt. Ltd. Reaction was 

followed in 25 pi total volume using the protocol given with the Bio-Rad kit 

(SsoAdvanced SYBR Green Supermix, Cat no: 172-5260). 5 pi of cDNA prepared in the 

above step, 2 pi of primer, 12.5 pi o f 2X master mix and 5.5 pi of sterile water was added 

in optically flat capped white PCR tubes. Amplification was carried out for 40 cycles. Data 

was analyzed using Bio-Rad CFX manager software.

2.10. Statistical analysis

The data shown corresponds to the mean values ± standard deviation (SD). One-way 

analysis of variance (ANOVA) and Duncan’s multiple range test by using Microsoft Excel 

XLSTAT (version 2015.2.01.17315) were performed to confirm the variability of the 

results and the determination of significant (P<0.05) difference between treatment groups, 

respectively.
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Fig 2.9. Real time PCR, BioRad, MJ Mini Opticon (A), PCR Corbett Research, Gradient 

Palm Cycler (B).
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Table 2.9. List o f  anti-oxidant primers (Reverse and Forward) used to study gene 

expression by real time analysis procured from Pharmaids and Equipments Pvt. Ltd. Here 

APX= Ascorbate peroxidase of thylakoid, SOD= Superoxide dismutase, GR= Glutathione 

reductase and PCS= Phyto-chelatin synthase.

Primer

name

Oligo Number Sequence

APX 91211B3-1255C12 17/44 APX-Thy-L 5’- GCT AAA CTG AGC GAC CTT GG -3’

91211B3-1255D12 18/44 APX-Thy-R 5’- GCT GCT CCT ACC GTT ACT GG -3’

SOD 30121B3-9644D10 5/32 SOD-F 5’-CGT CGA TCT CCC ATC ATT TT-3’

30121B3-9644E10 6/32 SOD-R 5’-CTT GTT CCG TTT TGT GTG GA-3’

GR 30121B3-9644F10 7/32 GR- F 5’- TGA GGA GGT CAG GGA TTT TG -3’

30121B3-9644G10 8/32 GR- R 5’- GCA TGG TGC TAT TGT GGT TG- 3’

PCS 30121B3-9644H09 1/32 PC-F 5’- CGA AGA TTC CAT TTC CCA GA -3’

30121B3-9644A10 2/32 PC-R 5’- GCT TTC ACC GAT ATC CTC GA -3’
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CHAPTER
3

Learn from yesterday, live for today, hope for tomorrow. 
The important thing is not to stop questioning.

Albert Einstein
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The influence of Copper (II) Oxide (50 nm), Zinc Oxide (<50 and 100 nm) NPs and bulk 

O 1SO4 and ZnS0 4  on the morphological, physiological, biochemical and molecular 

processes in Oryza sativa was individually investigated. The results are presented 

individually and as a comparative account of CuO and ZnO NPs as well as two different 

sizes of ZnO NPs. The study also compares the effect of MNPs vis-a-vis Cu and Zn bulk 

metals in hydroponically grown O. sativa plants. This study also focusses on the release of 

ions from both metallo-nanoparticles and bulk metals (CUSO4 and ZnS0 4 ) in Hoagland’s 

nutrient solution, to elucidate the difference in mechanism of damage to O. sativa plants 

under NP and bulk metal stress.

3.1. Nanoparticle Size Determination

The Copper (II) Oxide and Zinc Oxide NPs were characterized using the scanning electron 

microscope (SEM). The shape of CuO NPs was observed to be spherical (Fig 3.1 4̂) and 

ZnO NP (<50 nm and <100 nm) was found to be non-spherical (Fig 3.1 B, C). SEM data of 

MNPs obtained were in accordance to the specifications mentioned by the suppliers. The 

particle size was also determined using X-ray diffractometer and the size of commercially 

obtained CuO NP (Sigma-Aldrich; <50 nm) was experimentally found to be 50 ± 2 nm 

(Fig 3.1 A). Also, the particle size of ZnO NP of <50 nm size (Sigma-Aldrich, India) and 

<100 nm size (Sigma-Aldrich, India) was found to be 35 ± 2 nm and 100 ± 2 nm 

respectively (Fig 3.1 B, C).

The behavior, size and interaction of MNP with media in Hoagland’s solution, was 

also studied using dynamic light scattering (DLS) analyzer. It was observed that CuO, ZnO 

(50 nm) and ZnO (100 nm) NPs showed a diameter of 278.4 ±31 nm, 112.6 ± 40 nm and 

168 ± 50 nm in Hoagland’s solution respectively.
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Fig 3.1. Scanning electron microscope images (30,000 X) and X-ray Diffractometer 

(Rigaku, Japan) pattern taken at room temperature in the range 20=2O°-8O° with a 

step of 0.02° and a speed=27min using Cu ka radiation (A =0.15406 nm) to 

determine the size and shape of MNPs. X-ray diffraction pattern of CuO NPs 

showing spherical shape and size of <50 nm size (A), X-ray diffraction pattern of 

ZnO <50 nm showing non-spherical shape and <50 nm size (B), X-ray diffraction 

pattern of ZnO <100 nm showing non-spherical shape and size of 100 nm (C).
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3.2. Release of Ions from Metallo-NPs and its Bulk Counterparts

The release of metal ions from metallo-NPs (CuO and ZnO NP) and bulk metals (Q 1SO4, 

ZnS(>4), in both water and Hoagland’s nutrient solution was measured (Table 3.2 A). 

Dissolution of metallo-NPs in Hoagland’s solution increased with increase in MNP 

concentration compared to control, however, the ions released from MNPs were far less 

than the ions released from its bulk counterparts. It was observed that 1000 mg L' 1 of CuO 

NPs released 1.16 ± 0.090 mg L' 1 of Cu ions in Hoagland’s solution as compared to its 

control, whereas, ZnO NPs of 100 nm size released 12.06 ± 0.05 mg L' 1 of Zn ions at the 

same concentration (Table 3.2 A). Also, ZnO NPs of <50 nm size at 1000 mg L' 1 released 

6.638 ± 0.37 mg L' 1 of Zn ions in Hoagland’s solution. This indicated that larger sized 

ZnO NPs (100 nm) released 55% more ions compared to smaller sized ZnO NPs (50 nm) 

at 1000 mg L '1. The result also shows that there was a much greater release of ions from 

bulk metals than MNPs (Table 3.2 A). It was observed that bulk Cu at 1000 mg L"1, 

released 70-fold (80.76 ± 2.56 mg L 1) more Cu ions than CuO NPs (1.16 ± 0.090 mg L"1), 

whereas, bulk Zn released 19-fold (230.3 ± 0.07 mg L '1) more Zn ions than ZnO NPs of 

100 nm size (12.06 ± 0.05 mg L '1) and 35-fold more ions than ZnO NP of <50 nm size 

(6.638 ± 0.37 mg L"1) at the same concentration.

When data was seen in terms of percent ions released with respect to amount of MNPs as 

well as bulk metals, it was observed that with increase in the amount of MNPs, the amount 

of ions released was relatively less in Hoagland’s solution (Table 3.2 B). It was seen that 

100 mg of CuO NPs released 0.37% of Cu ions whereas 1000 mg of CuO NPs resulted in a 

release of 0.12% Cu ions. In case of ZnO NPs, 100 and 1000 mg of ZnO NPs of <50 nm 

size released 3.33% and 0.66% Zn ions respectively. Similarly, 100 mg of 100 nm sized 

ZnO NPs released 9% of Zn ions whereas 1000 mg of ZnO NPs released only 1.2% of Zn
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Table 3.2. Amount o f ions released from MNP and its bulk counterpart in water and Hoagland’s solution (A) and percent ions released from

MNPs and bulk metals at 100 and 1000 mg L'1 weight bases (B). Data represent mean values ± SD (n=3). Means in the column

followed by the sam e le tter  indicate insignificant differences at p<0.05.

MNP Cu2 ion released (mg L'1) Zn2+ ion released (mg L"1)
/

Bulk
CuO NP 
(50 nm) Bulk Cu ZnO N P 

(100 nm)
ZnO NP 

(<50 nm) Bulk Zn

(mg
L 1) W ater Hoagland’s

solution Water Hoagland’s
solution Water Hoagland’s

solution Water Hoagland’s
solution Water Hoagland’s

solution
0 0.012 ±0.001° 0.015 ±0.001e 0.012 ±0.001f 0.015 ±0.001f 0.231 ±0.05° 0.052 ±0.05f 0.231 ±0.03° 0.052 ± 0.05° 0.231 ±0.05° 0.052 ± 0.05

2.5 0.01 ±0.001e 0.06 ± 0.010d 0.19 ± 0.001° 0.21 ± 0.002° 0.899 ±0.001d 1.266 ±0.02° 0.510± 0.06b 0.701 ±0.81d 0.51 ±0.05° 0.55 ±0.001°
10 0.02 ± 0.0014 0.05 ± 0.012d 0.78 ± 0.0504 0.79 ± 0.044d 5.03 ±0.02° 1.329 ±0.02d 5.119±0.09a 2.070 ±2.35° 2.09 ± 0.02d 2.2 ± 0.001d
50 0.06 ±0.01° 0.14 ± 0.009c 4.02 ±0.388° 4.04 ± 0.480° 9.814 ±0.01b 2.102 ±0.01° 4.764 ± 0.09a 2.730 ±0.86° 10.23 ±0.05° 10.2 ±0.02°

100 5.06 ±  0.48b 0.37 ±0.015b 8.23 ± 0.557b 8.63 ± 0.667b 8.133 ±1.70b 8.951 ±0.03b 4.964 ± 0.58a 3.330 ±0.93b 19.04 ±0.04b 21.0±0.01b
1000 6.26 ± 0.59a 1.16 ± 0.090a 77.88 ± 1.19a 80.76 ±2.56a 12.97 ± 0.02a 12.06 ±0.05a 4.547± 1.09a 6.638 ± 0.37a 229.6 ±1.45a 230.3 ± 0.07a

Ions released on weight bases (%) = ions released /weight of MNP or bulk metals x 100 (in Hoagland’s solution only)

B

MNP/ 
Bulk 

(»” g L ‘>
CuO NP Bulk Cu ZnO NP 

(100 nm)
ZnO NP 
(50 nm) Bulk Zn

Weight Ions released % Ions released % Ions released % Ions released % Ions released %

100 0.37 ±0.015 0.37 8.63 ±0.667 8.6 8.951 ±0.03 3.330 ±0.93 3.33 21.0 ± 0.01 21

1000 1.16 ±0.090 0.12 80.76 ±2.560 8.1 12.06 ±0.05 1.2 6.638 ±0.37a 0.66 230.3 ± 0.07 23.03
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ions (Table 3.2 B). However, both bulk Cu and Zn did not show this (Table 3.2 B). In case 

of bulk metals, the percent release of Cu and Zn ions with respect to amount of CUSO4 and 

ZnSC>4 respectively remained more or less constant (Table 3.2 B).

3.3. Seed Germination, External and Internal Morphological Changes

The germination rate, shoot and root length and biomass was manually measured for each 

set of plants exposed to CuO and ZnO NPs («=J). Mean and standard deviation from 

different treatments was analysed using ANOVA and Duncan’s post hoc test. On treatment 

with low concentrations of CuO NPs (2.5-50 mg L '1), the germination rate remained 

unaffected compared to control, however, at higher concentrations, (100-1000 mg L‘]) of 

CuO NPs a decrease of approximately 7% was observed (Table 3.3.1), whereas on 

treatment with both sizes (<50 and 100 nm) of ZnO NPs, the germination rate was 

unaffected at all concentrations (0-1000 mg L’1) compared to control (Table 3.3.2 & 3).

The shoot and root length of O. sativa plants treated with 0-1000 mg L' 1 of MNPs 

was measured after 6 d of growth. At 2.5- 50 mg L 1 o f CuO NPs, the shoot length was not 

different from control; however, at 100 and 1000 mg U l, a significant decrease by 27% and 

31% was observed respectively (Table 3.3.1). Similarly, on exposure to 2.5- 50 mg L' 1 of 

ZnO NPs o f <50 nm size, slight change in shoot length was observed, but a significant 

decrease by 10% and 20% in shoot length was observed at 100 and 1000 mg L’ 1 

respectively (Table 3.3.2). ZnO NP o f 100 nm size also resulted in decreased shoot length 

by 7% and 31% at 100 and 1000 mg L' 1 respectively. The root length of MNP treated 

plants was similar to control up to 100 mg L'1, however, further increase in concentration 

to 1000 mg L ' 1 of CuO and ZnO (<50 and 100 nm ) NPs resulted in root length reduction 

by 23%, 42% and 25% respectively (Table 3.3.1- 3). The decrease in shoot and root length 

observed after 30 d of CuO (Fig 3.3.1 B) and ZnO (Fig 3.3.2 B, D) NP was comparable to
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Table 3.3.1. Percent germination, shoot, root length (6 d old plants) and biomass (30 d old plants) o f Orvz« var. jyoti grown at different

concentrations o f CuO NPs. SFM=shoot fresh mass; SDM=shoot dry mass; RFM=root fresh mass; RDM=root dry mass. Data

represent mean values ± SD (jf=5). Means in the column followed by the sa m e  le tte r  indicate insignificant differences at p<0.05.

c h o m p s Percent G frndnttioD Shfwi* fpwptfa Root tength . .'vi; ;f- ‘-7 ■ Biomass (g) tfTOjWR
v  - m v  f im m ) v. : SDM R FM

■ v . 3'*

C ontrol (0) 96.0 ±3.97" 35.2 ± 6.3ab 48.4 ± 6.3a 0.64 ± 0.0 l a 0.087 ± 0.05b 0.192 ±0 .02c 0.025 ± 0 .0 1 a

2.5 94.7 ±  3.10ab 31.0 ± 1.2bc 45.8 ± 5.9a 0.64 ±  0.02a 0.092 ± 0.03a 0.193 ±0 .03c 0.021 ± 0 .02e

W 90.1 ± 1.86bc 27.8 ± 1.6cd 43.8 ± 6.8ab 0.63 ±  0.02a 0.087 ± 0.02b 0.205 ± 0.02b 0.021 ± 0.01e

50 89.7 ± 6.61c 39.0 ± 3.36a 48.5 ± 2 .8a 0.61 ± 0.02a 0.078 ±  0 .0l c 0.188 ± 0 .0 2 d 0.023 ± 0 .0 1 c

100 89.2 ±4.53° 25.7 ± 3.4d 42.2 ± 3.5ab 0.43 ± 0.01b 0.071 ± 0 .03e 0.180 ± 0.02e 0.024 ± 0.01b

1000 88.7 ± 4.82c 24.3 ± 3.1d 37.2 ± 4 .3 b 0.44 ± 0.05b 0.075 ± 0.02 d 0.209 ± 0.0 r 0.021 ± 0 .01d
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at p<0.05.

Table 3.3.2. Percent germination, shoot, root tength (6 d old plan®) and btomass (30 d old phm®) „ f „ , ;vo var. Jyoti ^  „  aiffereM

concentrations of ZnO (<50 nra) NPs. SFM =shoot fresh mass; SDM =shoot dry mass; RFM==root fresh mass; RDM =root dry

mass. Data represent mean values ± SD (n=5). Means in the column followed by the same letter indicate insignificant differences

ZnO (<50 nm) 
NPs

(mgL1)

Percent
Germination

(%G)

Shoot length 
(mm)

Root length 
(mm)

Control (0) 90.5 ± 4.5a 29.0 ± 1.98 47.9 ± 3 .l a

2.5 91.4 ± 5.9a 27.7 ± 3.3b 46.9 ± 6.9a

10 90.3 ± 7.3a 29.1 ± 2 .9 ab 46.5 ± 3.9a

50 89.4 ± 7.6a 27.0 ± l . l ab 41.0 ± 3.7ab

100 91.3 ± 5.3a 26.1 ± 3 .4b 38.8 ± 4.7b

1000 88.6 ± 8.5a 23.2 ± 4.6C 27.7 ± 3.5C

Biomass (g)

SFM SDM RFM RDM

0.647 ± 0.05a 0.082 ± 0.002a 0.250 ±0 .11b 0.022 ± 0.007b

0.588 ±0 .01a 0.074 ± 0.003b 0.263 ±0 .11ab 0.018 ±0.001b

0.562 ± 0.08a 0.072 ± 0.004b 0.258 ± 0 .1 1 ab 0.023 ± 0.007b

0.426 ± 0.02° 0.064 ±0.001b 0.245 ± 0.09b 0.026 ± 0.005b

0.497 ± 0.02b 0.070 ± 0.002b 0.200 ± 0.06b 0.024 ± 0.004b

0.423 ±0 .03c 0.066 ± 0.006b 0.242 ±0 .01b 0.021 ±0 .006b
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p<0.05.

Table 3.3.3. Percent germination, shoot, root length (6 d old plants) and biomass (30 d old plants) o f  O r,™  var. Jyoti grown a, different

concentrations o f ZnO (100 nm) NPs. SFM=shoot fresh mass; SDM =shoot dry mass; RFM=root fresh mass; RDM =root dry mass.

Data represent mean values ± SD («=5). Means in the column followed by the sa m e le tte r  indicate insignificant differences at

ZnO (100 nm) Percent Shoot length Root length Biomass (g)

NPs Germination (mm) (mm)

(mg L'1) (%G) SFM SDM RFM RDM

Control (0) 94.4 ± 1.7ab 23.6 ± 4.2ab 38.4 ± 7.5a 0.63 ± 0.03a 0.085 ±0.001a 0.194 ±0.002b 0.023 ±0.001b

2.5 95.8 ± 1.3a 22.9 ± 2.9ab 37.3 ± 9.2a 0.618 ±0 .04a 0.086 ± 0.0083 0.24 ± 0.07a 0.022 ± 0.002b

10 94.8 ± 1.9ab 24.3 ± 3.4a 39.5 ± 5.3a 0.56 ± 0.09a 0.077 ± 0.008b 0.23 ± 0.03ab 0.021 ±0.001b

50 93.3 ± 3.5ab 25.0 ± 3.01a 41.0 ± 4.2a 0.42 ± 0.01b 0.073 ±0.013c 0.207 ± 0.01ab 0.022 ± 0.002b

100 95.5 ± 2.6a 21.9 ± 2.64b 35.4 ± 7.5a 0.43 ± 0.02b 0.070 ±0.002b 0.19 ± 0.02b 0.023 ± 0.003b

1000 92.3 ± 4. l b 16.4 ± 1.54c 29.0 ± 5.3b 0.45 ± 0.02b 0.070 ± 0.006b 0.22 ± 0.009ab 0.027 ± 0.005b
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the decline seen after 6 d (Fig 3.3.1 A, Fig 3.3.2 A & C) of plant growth respectively. It 

was also observed that older plants showed no phenotypic changes up to 50 mg L '1 of CuO 

NPs but higher concentration (100 and 1000 mg L '1) of the NP resulted in leaf chlorosis 

and leaf tip necrosis of plants (Fig 3.3.1). ZnO NPs of both sizes higher than 10 mg L '1 

concentration resulted in similar phenotypical changes (Fig 3.3.2). The results show that 

onset of phenotypic damage in O. sativa plants was caused at high concentrations (50 mg 

L’1 and above) by both sizes of ZnO NPs and at very high concentrations (100-1000 mg L" 

') of CuO NPs.

Shoot biomass, on fresh mass basis (SFM), was unaffected up to 50 mg L’1 of CuO 

NP but decreased by 34% and 31% at concentrations of 100 and

1000 mg L '1 respectively. However, on dry mass basis (SDM), the shoot biomass showed a 

slight increase (6%) at low concentration (2.5 mg L '1) and subsequent decrease at higher 

concentration of CuO NP (Table 3.3.1).

In case of plants exposed to 1000 mg L"1 o f ZnO NP, it was seen that SFM decreased 

by 35% with <50 nm sized ZnO and 29% with 100 nm sized ZnO NP compared to control, 

whereas, decrease in the SDM was more or less same ~ 18% at 1000 mg L '1 concentration 

for plants grown with both sizes of the nanoparticles (Table 3.3.2 & 3).

The root fresh biomass (RFM) remained unchanged at 2.5 mg L '1 of CuO NPs, 

followed by an increase in the RFM by 9% at 1000 mg L'1, whereas root dry biomass 

(RDM) decreased due to the treatment as compared to control (Table 3.3.1). In case of 

ZnO NPs, root biomass both RFM and RDM was unaffected with both sizes (<50 & 100 

nm) of NPs (Table 3.3.2 & 3).

The effect of CuO and ZnO NPs on trichomes, stomata and root surface was studied 

at 0 (control), 10 and 1000 mg L'1 using scanning electron microscope (SEM). The leaves 

treated with both MNPs showed an increase in the number and size of trichomes as well as
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Fig 3.3.1. Pictorial diagram showing shoot and root length in 6 d (A) and 30 d (B) old rice 

seedlings treated with CuO NPs grown in a hydroponic culture system.

81



Fig 3.3.2. Pictorial diagram showing shoot and root length in 6 d (A, C) and 30 d (B, D) 

old rice seedlings treated with ZnO NPs o f size < 50 nm (A, B) and 100 nm (C, 

D ) grown in a hydroponic culture system.
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a decline in the number of stomata compared to control (Fig 3.3.3 & 4). The SEM images 

also revealed reduction in the opening of the stomata and thickness of small cuticular 

papillae (or small papillae; SP), nipple-like structures, on the leaf surface of plants treated 

with 10 and 1000 mg L'1 of CuO (Fig 3.3.3) and ZnO (Fig 3.3.4) NPs compared to control. 

Figure 3.3.3 G-I showed damage to root surface at 1000 mg L"1 with CuO and figure 3.3.4 

G-I showed damage caused by ZnO NPs treatment. Similar results were obtained with < 50 

nm sized ZnO NPs (data not shown).

The cross section of leaves and roots of O. sativa treated with CuO and ZnO (100 nm) NPs 

was studied using light microscope (LM) as well as transmission electron microscope 

(TEM). Few changes in the internal leaf morphology upon exposure to MNPs using LM 

were observed. Cross sections of leaf revealed that upon treatment with MNPs, an increase 

in the chloroplast number and size in the mesophyll cells was observed at 2.5 mg L'1 of 

both CuO (Fig 3.3.5 B) and ZnO (Fig 3.3.5 H) NPs, however, at 1000 mg L '1, a reduction 

in the number of chloroplasts with a decrease in the leaf thickness and larger vascular 

bundles (LV) were observed compared to control (Fig 3.3.5 F, L). Transverse sections of 

roots, showed no significant changes in the cell structure when treated with CuO (Fig 3.3.6 

F-O) and ZnO NPs (Fig 3.3.6 f-o), however, an increase in the root hairs with CuO (Fig

3.3.6 E) and ZnO (Fig 3.3.6 e) NP treatment at 1000 mg L '1 was observed.

3.4. Translocation of Nanoparticles within Rice Roots and Leaves

3.4.1. A to m ic  A bsorption  S pectroscopy

Copper content in whole leaf and leaf segments (apex, mid and basal) increased with 

increase in CuO NPs concentration (Table 3.4.1.1). No significant increase in Cu 

accumulation in apical, mid and basal parts of leaf up to 10 mg L"1 treatment was observed, 

however, further increase in the CuO NP concentration resulted in a significant increase in
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100 100 pm 100 pm
Control Leaf (400X) 10 mg L'1 Leaf (400X) 1000 mg L’1 Leaf (400X)

30 pm 30 pm 30 pm
Control Leaf (2000X) 10 mg L 1 Leaf (2000X) 1000 mg L'1 Leaf (2000X)

100 pm 100 pm 100 pm
Control Root (450X) 10 mg L 1 Root (450X) 1000 mg L‘1 Root (450X)

Fig 3.3.3. SEM images of leaf (adaxial) surface showing number and size of stomata and 

trichomes (A-C), size of stomata (D-F) and external morphology of roots (G-I) 

of plants treated with CuO NP for 30 d. The arrows indicate trichomes and the 

circles represent stomata.
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/
Control Leaf (2000 x) 10 mg L 1 Leaf (2000 x) 1000 mg L"1 Leaf (2000 x)

Control Root (450 x) 10 mg L 1 Root (450 x) 1000 mg L 1 Root (400 x)

Fig 3.3.4. SEM images of leaf (adaxial) surface showing number and size of stomata and 

trichomes (A-C), size of stomata (D-F) and external morphology of roots (G-I) 

of plants treated with ZnO NP for 30 d. The arrows indicate trichomes and the 

circles represent stomata.
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Fig 3.3.5. Cross section (40 X) of mature rice leaf treated with CuO (A-F) and ZnO (G-K) 

NPs at different concentrations after 30 d of growth. SC, sclerenchymatous cell; 

MS, Mesophyll layer; PL, phloem; XY, xylem; BS, bundle sheath cell; BC, 

bulliform cell.
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Fig 3.3.6. Cross section (40 X) o f mature rice leaf treated with CuO (A -0 ) and ZnO (a-o) 

NPs at different concentrations [10 x magnification (A-E ; a-e) and 40 x 

magnifications (F -0 ; f-o)].
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Cu content. No specific pattern of accumulation was seen in apex, mid and basal segments 

of leaves as concentration of Cu was more or less same in these segments (Table 3.4.1.1). 

The whole leaf tissue analysed for Cu content revealed a gradual increase in Cu content in 

leaves with increase in CuO NP treatment. The analysis of Cu content in whole leaf 

showed a 71% increase in plants treated with 10 mg L '1 concentration of CuO NPs which 

further increased to 113% (2-fold) in plants treated with 100 mg L '1 and 453%> (5.5-fold) in 

plants treated with 1000 mg L"1 concentration.

Copper accumulation in roots was also analyzed by examining the primary and 

secondary roots independently (Table 3.4.1.1). The primary and secondary roots were 

further divided into apical (towards the root tip) and basal (towards the leaf base) segments 

which were analyzed for Cu content. Accumulation of Cu in root indicated greater 

accumulation of Cu in apical root tip area than the basal area. Furthermore, secondary root 

had a greater accumulation than the primary root. Also, apical root tip area of secondary 

root had a greater accumulation that the basal root area of the secondary root. It was seen 

that apical root tip area of primary root had 38-fold increase in Cu content compared to 20- 

fold increase in the basal area of primary root, whereas, apical root tip area of the 

secondary root had a 218-fold increase compared to 85.6-fold increase in basal root area at 

the highest concentration of CuO NP treatment as compared to control (Table 3.4.1.1). In 

whole roots, uptake of Cu also increased with increase in CuO NPs. At 2.5 mg L 1 of CuO 

NPs, a 14-fold increase in Cu was observed which further increased to 27.7-fold at 10 mg 

L'1, 37-fold at 50 mg L '1 and 76-fold at 100 mg L '1, however, at the highest concentration 

an increase of only 9.4-fold was observed compared to control (Table 3.4.1.1). On the 

other hand, the atomic absorption spectrophotometer analysis of rice plants treated with 

ZnO NPs (<50 and 100 run) revealed that Zn content increased with increase in ZnO NPs 

in both leaf and root as a result of the treatment (Table 3.4.1.2). It was also seen that
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Table 3.4.1.1. Cu content in leaf and root o f O. sativa plants treated with CuO NPs at 0-1,000 mg L 1 concentrations for 30 d. Data represent 

mean values ± SD (n=5). Means in the column followed by the same letter indicate insignificant differences at p<0.05.

0

2.5

10

50

100

1000

r *•' -  ---- ^ H  v "*r
Cu content in Leaf [mg kg"- DMJ

Apical

3.57 ± 

0.26d

0.45b

Mid Basal

3.44 ± 0.3d 5.15 ± 0.15c 4.50±0.4bc

3.64 ± 0.1d 3.42 ± 0.3C 3.21 ± 1.4C

3.70 ± 0.3C 3.49 ± 0.9C

6.20 ±0.6° 5.45 ±0.26C 6.43 ±0.1

8.50 ±
8.27 ± 1.22b 6.97 ± 0.1b

14.11± 0.9a 14.36 ± 3.3a 21.30 ± 3.3a

Whole leaf 

tissue

3.12 ± 0.14d 

5.0 ± 0.2 l c

5.36 ± 0.32c

5.9 ± 0.36c

6.65 ± 0.50b

17.27 ± 1.45a

Apical Basal Apical

root tip area root area root tip area

26.19 ±15.0d 36.09 ±5.9f 14.58 ± 5.9e

221.41 ±18.5d 135.68 ± 16.2e 140.90±4.9e

689.06 ±20.8C 417.45 ±19.6d 868.24 ±20.9d

843.26 ±31.9b 462.17 ±20.9C 1308.70 ± 40.6C

989.70 ±50.2a 603.71 ±26.7b 1710.16 ± 60.2b

Basal 

root area

18.96 ± 10.2e 

109.19 ±24.3e

Whole root 

tissue

20.21 ± 2 .0e 

289.0 ± 10.2d

628.01 ±15.2d 559.9 ±14.9C

834.08 ±20.1C 753.2 ±11.7b

1165.00 ±30.3b 1544.1 ±18.9

989.47 ±48.3a 737.50 ±21.2a 3182.26 ± 62.3a 1624.09 ± 40.2a 190.14 ±10.9
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accumulation of Zn at all concentrations in root tissue was many fold higher than seen in 

shoot with both sizes of ZnO NPs. Moreover, plants grown with <50 nm size NP, showed 

relatively less accumulation of Zn in both root as well as in shoot tissue compared to plants 

grown with 100 nm size ZnO NPs (Table 3.4.1.2). Plants grown at 2.5 mg L"1 

concentration of ZnO NPs of <50 nm size showed an accumulation of 18% (1.2-fold) Zn in 

shoot tissue which increased further to 121.5% (2.2-fold) at 10 mg L '1, 579% (6.8-fold) at 

50 mg L 462% (5.6-fold) at 100 mg L"1 and 962% (10.6-fold) at 1000 mg L’1 compared 

to control. Zn content of roots also increased with increase in concentration of ZnO NPs of 

<50 nm size. At 2.5 mg L '1 of ZnO NPs of <50 nm size an increase of 33.9% (1.3-fold) 

was observed which increased to 125.9% (2.25-fold) at 10 mg L'1, 183% (2.8-fold) at 100 

mg L'1 and 81.3% (1.8-fold) at 1000 mg L'1 concentration. In case of ZnO NPs of 100 nm 

size the Zn content of whole leaf tissue increased from 211% (3-fold) at 2.5 mg L'1 to 

447.6% (5.4-fold) at 50 mg L '1 compared to control. At higher concentrations, the Zn 

content in leaf increased by 1030% (11-fold) at 100 mg L '1 and by 1314% (14-fold) at 

1000 mg L '1. Similarly, the Zn content of whole root tissue treated with ZnO NPs of 100 

nm size also increased as the NP concentration was increased. At 2.5 and 10 mg L'1, an 

increase in Zn content by approximately 240% (3.4-fold) was observed which increased 

further to 3076% (38-fold) at 100 mg L '1 and 5876% (60-fold) at 1000 mg L '1 respectively.

3.4.2. Transmission Electron Microscopy

Internalization of CuO and ZnO NPs in O. sativa and changes in the morphology of leaf 

and root organelles was further studied using transmission electron microscope (TEM) at 

All India Institute of Medical Sciences (AIIMS), New Delhi. Variations in mesophyll cell 

structures such as decrease in the number of chloroplasts and increase in the number of 

mitochondria were observed in case of CuO (Fig 3.4.2.1 B) and ZnO (Fig 3.4.2.2 E, F) NP
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Table 3.4.1.2. Zn content in O. sativa treated with ZnO NPs at 0-1000 mg L '1 

concentrations for 30 d. Data represent mean values ±  SD (n=5). Means 

in the column followed by the same letter indicate insignificant 

differences at p<0.05.

Zn content (mg Lf1)

NPs
ZnO NPs <50 nm ZnO NPs 100 nm

Whole Leaf Whole Root Whole leaf Whole root

0 16.7 ± 1.9e 97.7 ± 6.6e 21.00 ±3.0e 118.06 ± 1.94e

2.5 19.8 ± 2.5d 130.9 ±9.9d 65.51 ± 1.5d 402.34 ±0.89d

10 37.0 ±5.6° 220.8 ± 8.9b 110.03 ±5.0C 400.34 ± 1.8d

50 113.4 ± 10.3b 267.2 ± 11.2a 115.0 ±6.3° 453.44 ±10.9C

100 93.9 ± 10.2b 276.5 ±10.2a 237.45 ±6.5b 4494.02 ± 11.86b

1000 177.4 ± 11.2a 177.2 ± 10.9C 297.10 ±3.7a 7055.89 ±9.86a
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stress. Increase in number o f chloroplast was observed at 2.5 mg L '1 o f CuO (Fig not 

shown) and ZnO NPs (Fig 3.4.2.2 B). Presence o f starch granules were observed at 50 mg 

L'1 of ZnO NPs (Fig 3.4.2.2 D) but not seen in case of CuO NPs. The bundle sheath cells 

however, were not visibly affected upon both CuO (Fig 3.4.2.1 Q  and ZnO (Fig 3.4.2.2 Q  

NP exposure. TEM micrographs showed non-localised accumulation of CuO and ZnO NPs 

inside the leaf and root compared to control. Accumulation of CuO NPs occurred in the 

intercellular spaces and cytosol of leaves (Fig 3.4.2.1 D-F) and roots (Fig 3.4.2.1 J-L) in 

the form of aggregates or clusters at 1000 mg L '1 (Fig 3.4.2.1 L). ZnO NPs also 

accumulated in the leaf (Fig 3.4.2.2 I) and root cells (Fig 3.4.22 J-L). Accumulation of NP 

in the leaf was especially observed in the chloroplasts resulting in decreased number of 

thylakoids per granum at higher than 50 mg L '1 concentration of both CuO (Fig 3.4.2.1 G-

1) and ZnO (Fig 3.4.2.2 G-I) NPs, and distortion (wavy arrangement) o f the thylakoid 

membrane as well as swelling of the intra-thylakoidal space at highest concentration of 

CuO NPs treatment (Fig 3.4.2.11).

3.5. Carbon Dioxide Fixation Studies Using Infrared Gas Analyser 

(IRGA)

The photosynthetic rate (P n ), transpiration rate (E) and stomatal conductance (gs) was 

measured using the Infra-red gas analyzer at different concentrations (0- 1000 mg L'1) of 

CuO and ZnO (<50 and 100 nm) NPs after 30 d o f growth (Fig 3.5). The plants grown with 

CuO NPs showed a gradual decrease in P n , E  and in gs with increasing concentration of the 

NP (Fig 3.5 A). The photosynthetic rate (PN) and transpiration rate did not change 

significantly at low concentration (up to 10 mg L"1), but decreased by -68%  at 100 mg L’1 

and -86%  at 1000 mg L '1 of CuO NPs (Fig 3.5 A). Stomatal conductance showed no 

changes up to 50 mg L '1 concentration of the CuO NPs but decreased by 72% and 90% at
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Fig 3.4.1. Electron photomicrographs o f leaf (A-I) and roots (J-L) o f O. sativa showing 

changes in organelles and accumulation o f CuO NPs. Whole cell o f untreated leaf 

(A); treated leaf showing number of chloroplast, c and mitochondria, m (B); intact 

bundle sheath cells (C); accumulation o f CuO NPs in cytosol (D -F); fully stacked 

thylakoids (G), partially stacked and accumulation of CuO NPs (H), destacked (2- 

3 thylakoids per granum) and distorted arrangement of thylakoids (I), images o f 

root showing CuO NP aggregation and cluster formation (J-L) in roots.
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Fig 3.4.2. Electron photomicrographs of leaf (A-I) and roots (J-L) o f O. sativa showing 

changes in organelles and accumulation of ZnO NPs in leaf and root. Whole 

cell of untreated leaf (A)-, number o f chloroplast at low concentration (B); intact 

bundle sheath cells (C); presence o f starch granules, s (D); chloroplast number, 

c (E); number o f  mitochondria, m (F); fully stacked thylakoids (G), partially 

stacked (H-I) and accumulation o f ZnO NPs in roots (J-L).
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100 and 1000 mg L'1 concentration respectively (Fig 3.5 A).

Both sizes of ZnO NPs also resulted in a gradual decrease in 7%, E  and gs with 

increasing concentration (Fig 3.5 B, Q . It was seen that, a decrease of up to 95% in C 0 2 

assimilation, 77% in transpiration rate and 57% in stomatal conductance was observed at 

1000 mg L '1 concentration of <50 nm sized ZnO NPs (Fig 3.5 B). In case of ZnO NP of 

100 nm size, the net C 02 assimilation rate (/%) declined by 94%, while transpiration rate 

(E) and stomatal conductance decreased by 65% and 83% respectively at 1000 mg L '1 

concentration of 100 nm size ZnO NPs. P^ showed greater decrease in plants treated with 

ZnO NP than seen with CuO NPs at the highest concentration.

3.6. Effect of MNPs on light reactions of photosynthesis (Chlorophyll 

Fluorescence measurements)

The maximum quantum efficiency of PSII measured as Fv/Fm ratio did not change up to 50 

mg L '1 of CuO NP but decreased by 46% at 1000 mg L '1 compared to control (Fig 3.6.1 A). 

The photochemical quenching (qp) was not affected up to 100 mg L '1 treatment but 

completely diminished at 1000 mg L_1of CuO NPs. The non-photochemical quenching (qn) 

was also not significantly different from control up to 100 mg L 1 of CuO NPs, however, at 

1000 mg L '1 qN increased by 10% compared to control (Fig 3.6.1 A). The quantum 

efficiency of PSII measured when all the PSII reaction are closed, denoted by <Dpsn was 

found similar to control up to 10 mg I / 1 decreasing on an average of 35% at 50 and 100 

mg L '1, declining further to 84% at 1000 mg L '1 CuO NPs compared to control (Fig 3.6.1

B). Likewise, ZnO NPs showed similar effect on Chi fluorescence measurements. The 

maximum quantum efficiency of PSII (Fv/Fm ratio) and qp decreased in plants grown with 

<50 nm (Fig 3.6.2 A) and 100 nm (Fig 3.6.3 A) size ZnO NPs. The decrease in both 

parameters was greater in plants grown with 100 nm size ZnO NPs than seen in plants 

grown with <50 nm size ZnO NPs. It was observed that the Fv/Fm ratio and qp decreased by
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Fig. 3.5. Photosynthetic rate (P n ), stomatal conductance (gs), and transpiration rate (E) o f 

rice plants treated with CuO (A) and ZnO o f <50 nm size (B) and ZnO of 100 nm 

size (C) NPs after 30 d. Bars represent mean values ± SD (n=5). Bars denoted by 

the same letter indicate insignificant difference at p<0.05.
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39% and 73% in plants grown at 1000 mg L '! o f <50 nm size NPs, however, qN remained 

unaffected (Fig 3.6.2 A). The quantum efficiency of PSII ( O p s i i )  was found similar to 

control up to 2.5 mg U l o f <50 nm sized ZnO NP. Further increase in ZnO NPs of <50 nm 

size resulted in a decline of PSII quantum efficiency up to 86% at 1000 mg L '1 compared to 

control (Fig 3.6.2 B). The plants grown with 100 nm sized ZnO NP showed that Fv/Fm ratio 

and qp decreased by 53% and 93% respectively at 1000 mg L'1 (Fig 3.6.3 A). Also, the non- 

photochemical quenching (qn) decreased (21%) at 1000 mg L'1 of 100 nm ZnO NPs (Fig

3.6.3 A). The quantum efficiency of PSII (Opsn) was found similar to control up to 10 mg 

L'1 of 100 nm sized ZnO NPs. Further increase in ZnO NPs of 100 nm size resulted in a 

decline of <DpSn up to 84% at 1000 mg L '1 compared to control (Fig 3.6.3 B).

3.7. Changes in the photosynthetic pigment content upon MNP exposure

The qualitative and quantitative profile of photosynthetic pigment were analysed using 

High Performance Liquid Chromatography (HPLC) in response to the treatment with CuO 

and ZnO NPs. On treatment with CuO and ZnO NPs, no qualitative changes were observed 

in the pigment content (Fig 3.7.1- 3), however, quantitative changes in chlorophyll and 

carotenoid contents were observed (Table 3.7.1- 3). Chlorophyll and carotenoid content, 

except for /1-carotene showed a significant increase at 2.5 mg L'1 treatment of CuO and 

ZnO NPs. Neoxanthin content increased by 87% at 2.5 mg L’1 as compared to control 

followed by a decrease of 28% and 41% at 100 and 1000 mg L’1 of CuO NPs respectively. 

Other Car such as violaxanthin increased by 95% at 2.5 mg L'1 treatment followed by 

decrease of 73% and 58% at 100 and 1000 mg L '1 of CuO NPs. Lutein content increased 

by 67% at 2.5 mg L'1 and decreased gradually to 70% at 1,000 mg L '1 concentration of the 

NP. /Ncarotene content showed no change up to 10 mg L"1, but decreased by 70% and 90% 

at 100 and 1,000 mg L'1 of CuO NPs respectively.
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Fig 3.6.1. Maximum quantum efficiency of PSII (Fv/Fm), photochemical quenching (qp) 

and non-photochemical quenching (qN; A); quantum efficiency o f PSII (B) o f 

rice plants treated with CuO NPs for 30 d. Bars represent mean values ± SD 

(n=5). Bars denoted by the same letter indicate insignificant difference at 

p<0.05.
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Fig 3.6.2. Maximum quantum efficiency of PSII (Fv/Fm), photochemical quenching (qp), 

non-photochemical quenching (qN; A) and quantum efficiency o f PSII (B) of rice 

plants treated with ZnO (<50 nm) NPs for 30 d. Bars represent mean values ± 

SD (n=5). Bars denoted by the same letter indicate insignificant difference at 

p<0.05.

99



LU
Oz
UJo
COUJ
O'o
D
—I
LL

b b

■ Fv/Fm ■ qP "qNP

b b b b b

2.5 10 50 100 1000
ZnO 100 nm NPs [mg L-1J

B
0.12 n

UJ 
O  z
UJ 0.08 - 
O  
CO UJ 
O'
O 0.04 -

lOPSII

2.5 10 50 100 1000
ZnO 100 nm NPs [mg L*1]
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non-photochemical quenching (qN; A) and quantum efficiency o f PSII (B) o f rice 

plants treated with ZnO (100 nm) NPs for 30 d. Bars represent mean values ± 

SD (n= 5). Bars denoted by the same letter indicate insignificant difference at 

p<0.05.
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Fig 3.7.1. HPLC Profile extracted at 445 nm of photosynthetic pigments in rice plants 

after 30 d of CuO NP treatment [A= control, 5=2.5 mg L'1, C= 10 mg L '1, 

Z)=100 mg L'1 and 5=  1000 mg L"1].
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Fig 3.7.2. HPLC Profile extracted at 445 nm of photosynthetic pigments in rice plants after 

30 d o f ZnO (<50 nm) NP treatment [A= control, 5=2.5 mg L'1, C - 10 mg L '1,

D= 50 mg L '1, 5=100 mg L'1 and F= 1000 mg L"1].
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Fig 3.7.3. HPLC Profile extracted at 445 nm of photosynthetic pigments in rice plants after 

30 d of ZnO (100 nm) NP treatment [A= control, B=2.5 mg L '1, C= 10 mg L '1,

D= 50 mg L'1, is=100 mg L'1 and F -  1000 mg L'1].
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An increase in Chi a and b content by 56% and 54% was observed at 2.5 mg L'1 CuO 

NP. Further increase in CuO NP concentration led to a decrease in Chi a and b content by 

60% and 66% at 100 mg L"1 and 84% and 89% at 1000 mg L"1 respectively. The ratio of 

Chi alb showed no change up to 10 mg L'1 but increased by 41% at 1,000 mg L'1 of CuO 

NPs. The ratio of total chlorophyll and carotenoids decreased with increasing concentration 

of CuO NPs (Table 3.7.1). Plants treated with low concentration of ZnO NP of both the 

sizes showed a slight increase in Chi and Car concentration (Table 3.7.2 & 3). Greater than 

10 mg L’1 concentration of ZnO NPs resulted in a gradual decrease in chlorophyll and Car 

content except for //-carotene which increased with increasing concentration of ZnO NPs 

(Table 3.7.2 & 3). The increase in the photosynthetic pigments at low concertation was 

higher in plants grown in 100 nm sized ZnO NPs compared to plants grown at <50 nm 

sized ZnO NPs (Table 3.7.2 & 3). Chi/ Car ratio at highest concentration of ZnO NP 

decreased by 36% and 71% for particle size of <50 nm and 100 nm respectively. However, 

the ratio of Chi alb increased with increasing concentration of ZnO NPs of both sizes 

(Table 3.7.2 & 3).

Cars such as neoxanthin, violaxanthin and lutein increased by 19%, 37% and 27% at 2.5 

mg L '1 and decreased by 79%, 55% and 71% at concentrations up to 1000 mg L '1 of ZnO 

NP of <50 nm size respectively (Table 3.7.2). //-carotene content increased up to a 

maximum of 4.5-fold (347%) at 10 mg L'1 and only by 1.8-fold (77%) at 1000 mg L'1 of 

<50 nm size compared to control. Chi a and b content increased by 27% at 2.5 mg L'1 ZnO 

NP (<50 nm) concentration, gradually decreasing by 74% and 83% respectively as 

compared to control (Table 3.7.2). Similar pattern of changes in pigments (Chi and Car) 

was seen in plants grown with 100 nm sized ZnO NPs (Table 3.7.3).
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Table 3.7.1. The Car content and relative Chi content o f  O. sa tiva  leaves treated with CuO NPs at 0 -1 ,0 0 0  m g L 1 concentrations for 30 d /?-

carotene was used as standard. Data represent mean values ± SD (n=5). Means in the column follow ed by the sam e letter  indicate

insignificant differences at p<0.05. The ratios were calculated taking mean values of the respective pigments.

Pigment content (fig g'1 FMJ ■nffn '.Vic ,

V  " 0 . ‘■ i s " 10 100 o wiw

Neoxanthin 3.5 =t 0.01b 6.5 =c 0.02‘‘ 3.2 ± 0.02b 2.5 ± o .o r 2.0 -c 0.0T1

Violaxanthin 1.3 ± 0.001b 2.4 ± 0.06a 1.0 ± 01.009b 0.3 ± 0.001c 0.5 ± 0.009°

Lutein 2.3 ± 0.003b 3.9 ± 0.07a 2.1 ± 0.009b 1.1 ±0.007° 0.7 ± 0.07d

P-carotene 4.9 ± 0.30a 5.3 ± 0.05a 5.2 ± 0.09a 1.47 ± 0.07b 0.5 ± 0.02°

Chi a 37.7 ± 0.03b 60.3 ± 0.05a 35.0 ± 0.22b 15 ±0.01° 6.0 ± 0.02d

Chi* 25.8 ± 0.01b 39.9 ± 0.04a 23.2 ± 0.28b 8.8 ±0.001° 2.9 ±0.001°

Chi alb ratio 1.46 1.51 1.50 1.7 2.06

Total Chi/ Car ratio 
Chi a (*)/ (N+V+L+ p-car) ratio

5.29 5.5 5.06 4.4 2.4
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Table 3.7.2. The Car content and relative Chi content of O. sativa  leaves treated with ZnO (<50 nm) NP at 0-1000 mg L 1 concentration after

30 d o f growth. Data represent mean values ± SD («=5). Means in the column followed by the sam e le tter  indicate insignificant

differences at p<0.05. The ratios were calculated taking mean values o f the respective pigments.

Pigment content ~ _  ~ ~  ZnO (<50 nm) NPs [mg L'1]
[jig g' FM] 0 2.5 10 50 100 1000
Neoxanthin 1.15 ± 0.004b 1.36 ± 0.004a 1 ± 0.04b 0.46 ± 0.04c 0.34 ± 0.01d 0.24 ± 0.01e

Violaxanthin 3.11 ±0.002b 4.3 ± 0.005a 2.5 ± 0.05c 2.4 ± 0.03c 0.87 ± 0.03e 1.41 ± 0.09d

Lutein 7.7 ± 0.004b 9.8 ± 0.003a 5.77 ± 0.03c 4.5 ± 0.01d 1.66 ± 0.01f 2.20 ± 0.07®

p-carotene 1.7 ± 0.01f 6.6 ± 0.02b 7.6 ± 0.07a 5 ± 0.07c 4.7 ± 0.07d 3 ± 0.01e

Chi a 42.44 ±0.001b 53.98 ± 0.02a 30.9 ± 0.03c 28 ± 0.044c 8.9 ± 0.034d 10.9 ± 0.02e

Chi b 37.24 ± 0.02b 47.22 ± 0.03a 27.90 ±0.033c 19.64 ± 0.045d 5.19 ± 0.063f 6.4 ±0.001®

Chi a lb  ratio 1.13 1.14 1.10 1.42 1.7 1.7

Total Chi/ Car ratio 6.57 6.29 5.89 6.09 4.2 4.18

[Chi a  (b )l (V+L+ p-car) ratio]
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Table 3.7.3. The Car content and relative Chi content of O. sa tiva  leaves treated with ZnO (100 nm) NP treated rice plants at 0-1000 mg l  '

concentration after 30 d o f growth. Data represent mean values ± SD (n=5). Means in the column followed by the sam e letter

indicate insignificant differences at p<0.05.The ratios were calculated taking mean values of the respective pigments.

Pigment content _  "" ZnO (100 nm) NPs [mg L'1]
[(igg ' FM] _________________________________ ____________________

0 2.5 10 50 100 1000

Neoxanthin 2.3 ± 0.004c 3.3 ± 0.0043 3.1 ±0.04b 1.9 ± 0.04d 0.6 ± 0.0 l f 0.8 ± 0.01s

Violaxanthin 7.3 ± 0.002c 12.0 ± 0.005a 11.3 ± 0.05b 5.8 ± 0.03d 4.6 ± 0.03e 3.8 ± 0.09f

Lutein 18.9 ± 0.004c 34.5 ± 0.0033 27.2 ± 0.03b 13.7 ± 0.01d 7.2 ± 0.01e 7.1 ± 0.07s

P-carotene 0.8 ± 0.01c 4.10 ± 0.02b 3.7 ± 0.07c 3.9 ± 0.07c 5.5 ± 0.073 5.5 ± 0.013

Chi a 95.2 ± 0.001° 161.6 ±0 .02a 144.3 ± 0.03b 77.7 ± 0.044d 21.5 ± 0.034s 32.2 ± 0.02f

Chi b 101.8 ±0.02° 155.8 ±0 .033 117.1 ±0.033b 46.9 ± 0.045d 16.7 ± 0.063s 1.48 ± 0.00 l f

Chi a lb  ratio 0.93 1.04 1.23 1.66 1.28 2.16

Total C ar/C hl ratio 6.72 5.88 5.7 4.9 2.13 1.95
[Chi a (b)/ (V+L+ p-car) ratio]
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3.8. Effect of MNPs on oxidative damage

3.8.1. L ip id  Peroxidation

In this study, we observed no lipid peroxidation at all concentrations (0- 1000 mg L'1) of 

CuO and ZnO NPs (<50 nm and 100 nm) indicating absence of oxidative damage even at 

high MNP exposure. The malondialdehyde content, indicator of lipid peroxidation in 

plants was not significantly different from control (untreated) plants at all concentration 

(2.5- 1000 mg L '1: Fig 3.8.1).

3.8.2. P rotein  O xidation

The protein carbonyl content of plants treated with both CuO and ZnO NPs (<50 nm and 

100 nm size) also did not show any variation from untreated plants (control) indicating 

absence of protein oxidation by the treatment (Fig 3.8.2).

3.8.3. P ro lin e  A ssay

A significant increase in proline content indicating osmotic stress was observed with 

increased concentration of CuO and ZnO NPs (Fig 3.8.3). Proline content of leaf was not 

significantly different from control up to 100 mg L"1 of CuO NP, however, the content 

increased by 2.5-fold at 1000 mg L'1 concentration compared to control (Fig 3.8.3). 

Treatment with ZnO NP also showed more or less same effect. It was seen that at low 

concentration o f 2.5 mg L"1, the proline content did not change with both sizes of ZnO NPs 

upon 30 d exposure (Fig 3.8.3 B, C). However, increasing concentration of ZnO NPs of 

<50 nm size, the proline content increased to 76% (1.8-fold) at 50 mg L"1 and 166% (2.6- 

fold) at 1000 mg L_1 as compared to control (Fig 3.8.3 B, Q . Whereas, ZnO NPs of 100 

nm size resulted in higher accumulation of proline content to 30% (1.3-fold) at 50 mg L '1 

and 117% (2-fold) increase atlOOO mg L '1 concentration as compared to control.
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Fig 3.8.1. Malondialdehyde (MDA) content in rice plants treated with CuO (A) and ZnO of 

<50 nm size (B ) and ZnO of 100 nm size (C) NPs after 30 d. Bars represent 

mean values ±  SD (n=5). Bars denoted by the same letter indicate insignificant 

difference at p<0.05.
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Fig 3.8.2. Protein carbonyl content in rice plants treated with CuO (A) and ZnO of <50 nm 
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Fig 3.8.3. Proline content in rice plants treated with CuO (A) and ZnO of <50 nm size (B) 

and ZnO of 100 nm size (C) NPs after 30 d. Bars represent mean values ± SD 

(n=5). Bars denoted by the same letter indicate insignificant difference at 

p<0.05.
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3.9. A ssay o f enzym atic and non-enzym atic antioxidants

3.9.1. Ascorbate assay and Superoxide dismutase (SOD) activity

The ascorbate content of leaf tissue increased upon treatment with MNPs (Fig 3.9.1 A). In 

case of CuO NPs, an increased by 2.4-fold (147%) compared to control at low 

concentration (2.5 mg L'1) of CuO NPs was observed. When the concentration of CuO NPs 

was increased to 10 mg L’1, the ascorbate content increased by 3.3 fold, which further 

increased by 3.5 fold and 2.8-fold at 50 and 100 mg L '1 respectively. At 1000 mg L'1 of 

CuO an increase in leaf ascorbate content by 5.2-fold compared to control was observed 

(Fig 3.9.1 A). ZnO (100 nm) NP treatment showed no significant change up to 100 mg L '1, 

however, at 1000 mg L"1, the ascorbate content in leaf tissue was increased by 19% (1.2- 

fold) compared to control (Fig 3.9.1 A). Superoxide dismutase (SOD), an intracellular 

enzymatic antioxidant which is ubiquitous and provides the first line o f defence against the 

toxic effects of elevated levels of ROS showed no change in activity at all treatment 

concentrations of CuO NPs. However, a decrease of 24% in SOD activity was observed at 

1000 mg L_1of ZnO (100 nm) NP concentration (Fig 3.9.1 B).

3.9.2. Polyamines (spermine, spermidine) Content

In this study, spermine (spm) content of leaves progressively increased while spermidine 

(spd) content gradually decreased in plants exposed to CuO NPs (Fig 3.9.2 A). An initial 

increase in spm content by 71% at 2.5 mg L"1 was observed, which increased up to 170% 

at 1000 mg L'1 of CuO NPs compared to control. Spd content decreased by 66% at 2.5 mg 

L '1 of CuO NPs, however, at the highest concentration (1000 mg L '1), a decline of 80% 

was observed compared to control (Fig 3.9.2 B). Contrary to the results obtained with CuO 

NPs, plants treated with ZnO (100 nm) NPs showed decreased spm content. Spermine 

decreased by 36% at 2.5 mg L-l, and 97% atlOOO mg L-l of ZnO NP compared to control

1 1 2
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Fig 3.9.1. Ascorbate content (A) and Superoxide dismutase (SOD) activity (B) of rice 

plants treated with CuO and ZnO (100 nm) nanoparticles for 30 d. Bars 

represent mean values ± SD (w=5). Bars denoted by the same letter indicate 

insignificant difference at p<0.05.
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(Fig 3.9.2 A). Spd content also decreased by 67% at 2.5 mg L'1 and by 85% and 59% at 100 

and 1000 mg L"1 of ZnO NPs respectively (Fig 3.9.2 B).

3.10. Gene expression studies of antioxidant enzymes (SOD, APX, GR) 

and metal chelating enzyme Phytochelatin synthase (PC) by Real 

Time-PCR

Gene expression of enzymatic antioxidants such as superoxide dismutase (SOD), ascorbate 

peroxidase (APX), Glutathione reductase (GR) and phyto-chelatin synthase (PC) was 

investigated with CuO and ZnO NPs grown plants (Fig 3.10). On treatment with CuO NP, 

the relative fold expression level of SOD at 2.5 mg L '1 was similar to control, however, 

SOD expression level increased to 1.5-fold at 50 mg L"1 and doubled at 100 mg L '1 

compared to control. At the highest concentration of CuO NP a significant decrease (64%; 

2.8-fold) in the level of SOD expression was observed compared to control (Fig 3.10 A). 

Gene expression of APX upon CuO NP stress increased by 215% (3-fold) at 10 mg L"1, 

however, at higher concentration of 50, 100 and 1000 mg L'1 of CuO NP treatment gene 

expression of APX was similar to that of control (Fig 3.10 B). GR expression decreased 

gradually with increasing concentration of CuO NP treatment and was found to be reduced 

to 45-fold at 1000 mg I / 1 of CuO NPs (Fig 3.10 Q .

In case of ZnO (100 nm) NPs, the relative fold expression level of SOD at 2.5-10 

mg L'1 was similar to control, however, increase in ZnO NP concentration led to an 

increase of SOD gene expression by 1.5-fold and 2-fold at 100 and 1000 mg L '1 

respectively (Fig 3.10 A). A gradual decrease of 73% in APX expression up to 50 mg L '1 

and a maximum decrease of 92% (12-fold) at 1000 mg L'1 of ZnO (100 nm) NP were 

observed (Fig 3.10 B). However, a 157% (2.56-fold) increase in APX expression was 

observed at 100 mg L'1 compared to control. GR expression showed an increase of 2- fold
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and 1.7-fold at 10 and 1000 mg L '1 concentration respectively as compared to control (Fig 

3.10 C).

Phyto-chelatin synthase (PC) gene expression showed insignificant change 

compared to control up to 100 mg L'1 of CuO and ZnO (100 nm) NP exposure, however, at 

1000 mg L'1 of both MNPs, an increase in the PC gene expression by 130-fold was 

observed (Fig 3.10 D).
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3.11. Effect of Bulk Metals in Comparison to MNPS on the 

Morphological, Physiological and Biochemical Processes in O. 

Sativa.

Data was also obtained by treating plants with bulk metals to compare the effect with 

MNPs. Though both resulted in inhibition to photosynthesis, it was seen that bulk metals 

caused greater inhibition to plant growth and photosynthesis due to oxidative damage to 

lipids and proteins, whereas, no such oxidative damage was observed with MNPs. This 

study was mainly done to understand if the mechanism of toxicity of MNPs in O. sativa 

was similar to bulk metals or whether MNPs exhibited a different mechanism of action.

Bulk metal vs MNPs:

Both CuO NPs and bulk Cu decreased germination by 7% at 1000 mg L '1 compared to 

their respective controls (Table 3.3.1; Table 3.11.1). Bulk Zn also reduced seed 

germination by 6% whereas ZnO NPs of both sizes showed no change in percent 

germination compared to their respective controls (Table 3.3.2 & 3; Table 3.11.2). A 

greater decline in shoot was observed on treatment with bulk Cu and bulk Zn then seen 

with CuO (Table 3.3.1; Table 3.11.1) and ZnO (Table 3.3.2 & 3; Table 3.11.2) NPs 

respectively. The plantlets treated with highest concentration (1000 mg L '1) of bulk metals 

showed reduction in shoot length by 74% compared to 31% seen at the same concentration 

with CuO NP (Table 3.3.1; Table 3.11.1). Similar results were obtained 

with bulk Zn in comparison to the ZnO NPs of both sizes (Table 3.3.2 & 3; Table 3.11.2). 

The root length on treatment with 1000 mg L"1 CuO NPs and ZnO NPs showed a decrease 

of 23% and 42% compared to control respectively (Table 3.3.1-3), whereas bulk Cu 

treatment led to complete root length inhibition and bulk Zn showed no change in root 

length at the same concentration (Table 3.11.1& 2).
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The shoot fresh biomass (SFM) at 1000 mg L '1 of bulk Cu reduced by 63% 

compared to 31% observed with CuO NPs at the same concentration (Table 3.3.1; Table 

3.11.1). Furthermore, the root fresh biomass (RFM) and root dry biomass (RDM) upon 

treatment with bulk Cu decreased by 76% and 79% at 100 mg L '1 respectively while 

completely inhibiting root growth at 1000 mg L '1 whereas plants treated with CuO NPs 

showed an increase in RFM by 9% and a decrease in RDM by only 12% at 1000 mg L '1 

(Table 3.3.1; Table 3.11.1). On the other hand, on treatment with bulk Zn, the shoot and 

root fresh biomass decreased by 40% and 19% respectively with a similar decrease in its 

corresponding dry mass (Table 3.11.2). Surprisingly, a similar decline in SFM and RFM 

was observed in case of ZnO NPs of both sizes with no significant difference from control 

in dry mass (SDM and RDM), however, this decline was observed after 15 d in case of 

bulk Zn and after 30 d with ZnO NPs of both sizes (Table 3.3.2 & 3; Table 3.11.2). 

Scanning electron microscopic images showed that 1000 mg L 1 of both CuO and ZnO NPs 

and bulk Cu and Zn resulted in increased number and size of trichomes as well as 

decreased size of stomata upon treatment. Furthermore, damage to the roots was observed 

in both cases, however, bulk Cu further led to absence of root hairs at 100 mg L '1 and 

complete inhibition of root growth at 1000 mg L '1. Plants treated with bulk Cu 

accumulated a maximum of up to 4.6-fold (362%) Cu in leaves at 50 mg L'1 while CuO 

NPs resulted in a maximum of up to 454% (5.5 fold) at 1000 mg L '1. In roots, however, 

massive accumulation of Cu was seen in plants treated with bulk Cu compared to CuO NPs 

(Table 3.11.1). The highest accumulation of Cu in leaf and root tissue was on treatment 

with bulk Cu at 50 (i.e. 18.03 ± 1.9 mg L'1) and 100 mg L'1 (i.e. 3738.7 ± 30.8 mg L '1) 

respectively (Table 3.11.1). Plants treated with CuO NPs showed a maximum of Cu 

accumulation in leaf at 1000 mg L '1 (17.27 ± 1.45 mg L '1) and root at 100 mg L"1 (1544.1 ± 

18.9 mg L '1) respectively.
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Table 3.11.1. Percent germination, shoot, root length (6 d), btomass (30 d), content o f copper (Cu) leaf and root tissue and the Chi ra„o, cm , c „  

ratio o f O. sativa treated with bulk Cu at different concentrations. SFM=shoot fresh mass; SDM=shoot dry mass; RFM=root fresh mass; 

RDM=root dry mass. Data represent mean values ± SD (n=5). Means in the column followed by the same letter indicate insignificant 

differences at p<0.05.

B u lk C a Percent Shoot R oot length Shoot biom ass (g) R oot biom ass (g) Cu content (m g Lf1) Chi alb Chi/

( m g L 1) germ ination
(% )

length (m m ) (m m ) ratio C ar
ratio

SFM SD M  . R FM R D M In lea f In  root

0 94.0 ±  2.90J 40.7 ± 3.08a 53.0 ±  2.36a 0.553 ±0.02a 0.0846 ±  0.00 l a 0.208± 0.01a 0.025 ± 0.00 l a 3.9 ± 0.8d 27.18 ±2.61e 0.77 2.58

2.5 95.0 ± 3.52a 43.7 ± 3.07a 50.4 ± 0.55a 0.508 ±0.03a 0.0843 ± 0.002a 0.206 ±0.01a 0.024 ±0.001a 12.66 ±2 .2C 273.7 ± 15.9d 1.33 2.98

10 93.5 ± 2.74a 40.8 ± 1.12a 53.4 ± 0.91a 0.465 ± 0.07a 0.0725 ±0.01a 0.217± 0.01a 0.024 ± 0.002a 15.91 ±  1.3b 592.2 ±20.6C 1.46 2.59

50 90.3 ±  2.42a 25.7 ±  0.72b 11.2±0.90b 0.467 ±  0.03a 0.0744 ±  0.012a 0.068± 0.009b 0.008 ±0.001b 18.03 ±  1.9a 1608.5 ±53.7b 1.08 1.91

100 93.0 ±  3.79a 23.2 ±  0.35c 7.8 ±  3.15c 0.457 ±0.01a 0.0794 ±  0.0093 0.05± 0.008c 0.005 ±  0.002c 13.34 ±2.3° 3738.69 ± 3 0 a 1.66 1.85

1000 87.6 ±  7.39b 10.6 ±  0.30d -- 0.202 ±0.01b 0.0402 ±  0.008b -- - 11.41 ±  1.2C - -- -

1 2 0



Table 3.11.2. Percent germination, shoot, root length (6 d) and biomass (30 d) o f O. sativa treated with bulk Zn at different concentrations. SFM=shoot 

fresh mass; SDM=shoot dry mass; RFM=root fresh mass; RDM=root dry mass. Data represent mean values ± SD («=5). Means in the 

column followed by the same letter indicate insignificant differences at p<0.05.

Cone. Of % Germination Shoot length Root length Shoot biomass Root biomass

Bulk Zn
SFM SDM RFM RDM

0 93.8 ± 1.0a 25.8 ± 0.3a 40.5 ± 0.6a 0.544 ± 0.03a 0.0745 ±0 .01a 0.13 ± 0.009a 0.0234 ±0.001a

2.5 95.6 ± 2.5a 25.3 ± l . l a 40.6 ± 1.6a 0.537 ±0.02a 0.0779 ± 0.02a 0.145 ±0.017a 0.0221 ±0.002a

10 93.1 ± 1.3 a 26.6 ± 0.6a 38.3 ± 1.5a 0.512 ±0.01a 0.0781 ±0 .01a 0.145 ±0.014a 0.024 ± 0.004a

50 91.1 ± 1.0a 24.3 ± 0.7a 34.3 ± 0.9b 0.348 ± 0.02b 0.0632 ±0.015b 0.14 ± 0.018a 0.0245 ± 0.003a

100 88.6 ± 1.7a 24.7 ± 0.3a 30.7 ± 1.5C 0.368 ± 0.02b 0.0624 ± 0.01 l b 0.136 ±0.009a 0.0246 ± 0.003a

1000 88.1 ± 3.4a 16.0 ± 1.0b 23.2 ± 1.2d 0.325 ±0.03b 0.060 ± 0.018b 0.105 ±0.004b 0.021 ±0.005b

1 2 1



Both bulk Cu and CuO NPs resulted in an increase of Chi alb ratio and a decrease of 

Chi/ Car ratio at higher concentrations (Table 3.11.1). The plants exposed to 1000 mg L'1 of 

bulk Cu showed an increase in the Chi alb ratio by 115% compared to the 41% increase seen 

with CuO NPs. However, the Chi/ Car ratio decreased by 28% at 1000 mg L4 on treatment 

with bulk Cu compared to the 55% decline seen with CuO NPs at the same concentration. The 

quantum efficiency of photosystem II measured as Fv/Fm ratio decreased by 59% and 46% at 

1000 mg L'1 of bulk Cu and CuO NPs respectively (Fig 3.11.1 A). Photochemical quenching 

(qp) decreased by up to 86% at 1000 mg L4 of bulk Cu while CuO NPs completely inhibited 

qp at the same concentration (Fig 3.11.1 B). The non- photochemical quenching (q>j) indicative 

of photochemical energy that is dissipated in the form of heat increased and was more or less 

same with CuO NPs and bulk Cu at 1000 mg L '1 (Fig 3.11.1 C). Net CO2 assimilation rate 

(Pn), transpiration rate (E) and stomatal conductance (gs) declined on treatment with CuO NPs 

and bulk Cu with increasing concentration (Fig 3.11.1 D-F). Measurements of plants treated 

with 1000 mg L4 of bulk Cu could not be taken as the leaves appeared stunted, not suitable for 

gas exchange analysis. Comparative analysis of bulk Cu and CuO NPs at 100 mg L4, showed 

greater decrease in Pn, E  and gs of plants treated with bulk Cu. It was observed that bulk Cu 

showed a reduction in Pn, E  and gs by 86%, 79% and 80% at 100 mg L '1 respectively as 

compared to CuO NPs by 68%, 60% and 72% in PN, E  and gs respectively (Fig 3.11.1 D-F). A 

similar decrease was seen in rice plants treated with bulk Zn and ZnO NPs (<50 nm and 100 

nm) in this study (Fig 3.11.2).

The decline in transpiration rate of bulk Zn and ZnO NPs of <50 nm size was similar 

(71-77%) whereas ZnO NPs of larger size decreased E  by 65%. The stomatal conductance of 

bulk Zn was similar to larger sized ZnO NPs (83-97%) and reduced by 57% with ZnO NPs of

1 2 2
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Fig 3.11.1. The maximum quantum efficiency o f PSII (Fv/Fm; A), photochemical quenching 

(qp; B), non-photochemical quenching (qN; C), photosynthesis rate (P\s\ D), 

transpiration rate (E; E) and stomatal conductance (gs; F) o f rice plants treated 

with bulk Cu and CuO NPs. Bars represent mean values ± SD («=5). Bars denoted 

by the same letter indicate insignificant difference at p<0.05.
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C) o f rice plants treated with ZnO (<50, 100 nm) NP and bulk Zn. Bars represent 

mean values ± SD («=5). Bars denoted by the same letter indicate insignificant 

difference at p<0.05.
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<50 nm size. The results show that photosynthesis was greatly affected in plants treated with 

bulk Cu and Zn as compared to CuO and ZnO NPs.

Most importantly, lipid peroxidation, indicative of oxidative damage was observed 

only on treatment with bulk Cu with no significant increase in lipid or protein oxidation with 

CuO NPs (Fig 3.11.3 A). Bulk Cu exposure led to an increase of MDA content by 27% at 

1000 mg L'1 but no change on treatment with CuO NPs (Fig 3.11.3 A). Likewise, bulk Zn, 

increased MDA content (25%) at high concentration while ZnO NPs of both sizes did not 

show any change in MDA content at all concentrations (Fig 3.11.3 E).

Proline, an osmolyte and osmo-protectant, increased gradually by 3.4-fold up to 100 

mg L'1 of bulk Cu treatment compared to a maximum increase of 2.5-fold seen at 1000 mg L '1 

of CuO NPs (Fig 3.11.3 B). Bulk Zn and ZnO NPs of both sizes showed an increase in proline 

content with increase in the respective concentrations (Fig 3.11.3 F). Bulk Zn increased by 

4.3-fold (433%) at 1000 mg L '1, while ZnO NPs of <50 nm and 100 nm size resulted in an 

increase of 2.65-fold (266%) and 2.1-fold (217%) respectively (Fig 3.11.3 F). Ascorbic acid, a 

non-enzymatic anti-oxidant showed an increase of 20% at 100 mg L '1 of bulk Cu treatment 

while CuO NP exposure led to an increase of only 10% at 1000 mg L '1 (Fig 3.11.3 Q. On the 

other hand, ZnO (100 nm) NPs resulted in increased ascorbate content at 1000 mg L'1 by 24% 

compared to control. Superoxide dismutase (SOD) activity increased by 34% at 1000 mg L 1 

of bulk Cu but SOD activity did not show any change upon CuO and ZnO NP treatment (Fig

3.11.3 D). The results show that bulk metals resulted in far greater oxidative damage in rice 

indicated via increased lipid peroxidation and SOD activity in case of CuO NPs and ZnO NPs. 

Higher osmotic stress as a result of bulk metals indicated by increased proline content was 

observed compared to MNPs (Fig 3.11.3 5, F).
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Fig 3.11.3. Malondialdehyde (A), proline (B), ascorbate (C) content and superoxide dismutase 

activity (D ) of rice plants treated with CuO NPs and bulk Cu; Percent MDA content (E) and 

proline content (F) of rice treated with ZnO NPs and bulk Zn. Bars represent mean values ± 

SD («=5). Bars denoted by the same letter indicate insignificant difference at p<0.05.
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3.12. Summary of Results

This research work has highlighted findings that have gained insight into the 

phytotoxic effects of metallo-NPs. In this study, it was seen that MNPs did not significantly 

affect seed germination rate but decreased shoot, root length and biomass. Chlorosis of leaf 

and necrosis at the tip was observed at higher concentration. An increase in the number of 

trichomes and decrease in the number and size of stomata was observed due to MNP 

treatment. The treatment resulted in increased accumulation of Cu and Zn in leaves and root 

observed in a dose-dependent manner. The accumulation of MNPs was several folds higher in 

roots than seen in leaves. CuO and ZnO NPs were found to accumulate inside the cell, in 

cytosol and organelles of both leaf and root in the form of clusters. Accumulation of MNPs in 

the leaves was observed in chloroplasts and resulted in destacking of thylakoid membranes 

(decreased number of thylakoids per granum) and distortion of thylakoid membranes (wavy 

arrangement).

The MNPs were found to exhibit toxic effects on photosynthesis by affecting the light 

reaction and the carbon dioxide assimilation process. MNP treatment resulted in a decrease in 

the maximum quantum efficiency of PSII (Fv/Fm ratio), photochemical quenching (qp) and 

photosynthetic pigment content with an increase in the non-photochemical quenching (qN). 

However, MNPs at concentration of 2.5 mg L'1 were found to be beneficial to photosynthesis 

and photosynthetic pigments.

In the present study, plants did not show any oxidative damage to lipids and protein due 

to MNP treatment but experienced osmotic damage with both MNPs as indicated by increased 

proline content in treated plants. This observation of no oxidative damage due to the treatment 

is also substantiated by insignificant increase in the activity of superoxide dismutase (SOD)

127



and only slight increase in ascorbate content, a non-enzymatic antioxidant at higher CuO NP 

concentration. However, an increase in the expression level of superoxide dismutase (SOD), 

ascorbate peroxidase (APX) and Glutathione reductase (GR) was observed with both CuO and 

ZnO (100 nm) NP but in a dose independent manner. Expression level of phytochelatin (PC) 

was also studied and was found to be significantly higher at the highest concentration of 

MNPs. Likewise, polyamines (PA), spermine also increased as a result of CuO NP treatment 

but decreased in plants treated with ZnO NPs.

Comparative study of MNPs and its bulk counterparts revealed that bulk metals 

released large amounts of metal ions, compared to the minute quantity released by MNPs, 

which resulted in generation of ROS causing greater oxidative and osmotic stress and 

relatively higher negative effect on plant growth processes than observed with MNPs.
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Nanotechnology is one of the rapidly developing industries, owing to their wide applications 

and unique properties. Over exploitation of metal oxide nanoparticles results in their 

subsequent release into the environment entering the food chain through plants into humans 

with consequences unknown, hence it is quintessential to elucidate the impact of the NP size 

and concentration on plants. The present investigation was conducted in order to assess the 

effect of CuO and ZnO NP and their threshold level on various physiological, biochemical and 

molecular parameters in Oryza sativa var. Jyoti as studies have shown that behaviour of 

nanoparticles varies among plant species. Limited information is available on the phytotoxic 

effect of NPs and their threshold level in crop plants in general and rice in particular.

4.1. Characterization and Dissolution of MNPs in Aqueous Medium

Size of the MNP in powdered form was found to be more or less same as given by the 

supplier’s specification. However, their size in nutrient solution was found to be larger 

probably due to formation of agglomerates. The greater hydrodynamic diameter (size) of 

MNPs observed using DLS revealed that MNPs on interaction with the components of the 

nutrient medium were able to form larger sized nanoparticles either by agglomeration or 

aggregation depending on the elemental form. The nanoparticles used in this study had 

distinguishable grain boundaries as observed in the SEM images (Fig 3.1). Agglomerates are a 

group of primary particles gathered by weak Van der Waals forces and aggregates are referred 

to as a lump of nano sized particles held by the strong chemical bonds and nanoparticle in 

nutrient solution can form both agglomerate as well as aggregates (Kim et al., 2012b). They 

also reported that NPs could deagglomerate upon interaction with the biological system (root) 

and that the nanoparticles retain its physicochemical properties upon such an interaction. In 

our study, we had a clear solution up to 50 mg L '1 concentration, however, concentration at
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100 mg L 1 showed slight turbidity and solution at 1000 mg L'1 showed deposition of MNPs

on surface of root and vessel probably indicating agglomeration formation of MNPs up to 100

Dissolution refers to the release of ions from metal oxide nanoparticles (MNPs) in 

aqueous solution as MNPs are known to exhibit toxic effect either as a consequence of metal 

ion released from MNPs or as MNPs itself or both. The actual reason of phytoxicity to plants 

based on the literature currently available is rather unpredictable, therefore, in order to answer 

the question, MNP dissolution study was carried out to confirm whether the negative effect 

was due to MNP per se or due to their ions or both. Our results showed (Table 3.2) that CuO 

NP dissolution in Hoagland’s solution at highest concentrations were very small on percent 

(0.12%) as well as on weight basis (1.16 ± 0.09 mg L"1) in comparison to its bulk counterpart 

(8% and 80.76 ± 2.56 mg L'1 respectively). There was no much difference in ionization value 

at low and high concentration of CuO NP as was seen with ZnO NP which at low 

concentrations (below 10 mg L'1) released more or less same amount of ions on percent (13% 

and 20% respectively) and weight basis (1.3 ± 0.02 mg L'1 and 2.0 ± 0.001 mg L'1). However, 

at highest concentration the dissolution of ZnO NP was considerably less in percent basis 

(1.2%) and weight basis (12.1 ± 0.05 mg L'1) as compared to the much higher dissolution 

value for the bulk metal (23% and 230 ± 0.07 mg L'1; Table 3.2). Our data also indicates that 

MNP size may play a role in dissolution as 50 nm size ZnO NPs showed relatively lesser 

ionization at all concentrations as compared to 100 nm size ZnO NPs (Table 3.2). Low level of 

dissolution of MNP is also supported by our results with lipid peroxidation and protein 

oxidation as ions released by the NPs were insufficient to cause oxidative damage (Fig 3.8.1 &

2). On the other hand, bulk metal (CuS04) caused significant amount of peroxidation of lipids 

(Fig 3.11.3 A) and oxidation of protein (data not shown). Our results suggest that the

mg L’1 concentration and aggregation formation at the highest concentration.
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physiological, biochemical and molecular changes observed in this study was predominantly 

due to metal oxide nanoparticle and not due to the ions (Table 3.2). Our data with higher 

concentration of Zn bulk metal showed lesser peroxidation of lipids which, could be due to 

zinc divalent ions being in stable state without undergoing redox reactions thereby preventing 

oxidative damage as well as ion leakage (Tavallali et al., 2010). The observed insignificant 

release of ions from MNPs as compared to its bulk counterpart could be due to the 

physicochemical characteristics of NPs such as shape, size and surface charge (Thul and 

Sarangi 2015). pH and ionic strength of the nutrient medium could also influence increased 

agglomeration and aggregation of MNPs consequently lowering MNP dissolution (Thul and 

Sarangi 2015).

It has been reported that MNPs on their own without dissociating into its ion can affect 

growth in several plants (Lee et al., 2008; Lee et al., 2013; Lin and Xing 2008). Lee et al. 

(2008) reported that phytotoxicity observed in Triticum aestivum (wheat) and Phaseolus 

radiates (mung bean) was due to Cu NPs and not due to solubilized cupric (Cu2+) ions. In 

another study with buckwheat Lee et al. (2013) showed that CuO and ZnO NPs solely reduced 

root length and biomass of seedlings as they measured the concentration of metal ions released 

from ZnO and CuO NP suspension of 4000 mg L '1 concentration and observed the ion 

concentration to be only 1.5 mg L'1 and 4.6 mg L"1 respectively. Report by Lin and Xing 

(2008) also showed that phytotoxicity in ryegrass was due to Zn nanoparticles and not by 

solubilized Zn2+ ions as the ions (< 8 mg L'1) were not sufficient to cause the negative effect 

on growth. In a similar study with ZnO NPs, Ghodake et al. (2011) also showed that 

phytotoxicity to growth in A. cepa was attributed to ZnO NP accumulation. However, there 

are reports which suggest that the effect on growth and gennination is due to dissolution of 

ions from MNP. Perreault et al., (2010) in a study with CuO NPs reported that the cause of
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toxicity in Lemna gibba was due to release of Cu2+. Lalau et al. (2015) in Landoltia punctata 

and Saison et al. (2010) in C. reinhardtii also reported phytotoxicity of CuO NPs due to their 

ions. Likewise, Lee and An (2013) also attributed toxicity to green algae Pseudokirchneriella 

subcapitata due to free dissolved zinc ions. In another study Navarro et al. (2008b) reported 

that AgNPs produced solubilized Ag+ that affected the photosynthetic yield of C. reinhardtii.

Our study with CuO and ZnO NPs on various physiological and biochemical 

parameters showed a dose dependent toxicity and the effect was due to the metal particle itself 

and not due to its ions. However, work by Lin and Xing, (2008) suggests that whether the 

phytotoxicity of NPs is due to NP or its ions is largely dependent upon the metal involved as 

well as the physical and chemical properties of NPs.

4.2. Plant growth and Biomass

Negligible effect of CuO and ZnO NPs on seed germination observed in this study 

(Table 3.3.1-3) may be due to non-permeation of MNPs through the seed coat as seed coat 

exhibits selective permeability that protects the embryo from MNP toxicity by restricting the 

entry of NPs during germination and allows the entry of MNPs through the emerging radicles 

in the growth medium. A slight decrease (6-7%) in seed germination at the highest 

concentration of CuO NPs observed in this study may be due to the physical adsoiption of NPs 

to the seed coat surface restricting the uptake of water and nutrients thus causing inhibition of 

germination. The physical adsorption of NPs to the seed coat surface could be due to its rough 

surface or due to electrostatic or hydrophobic interactions between NP and seed coat as a 

result of variations in the lipid content and cutinisation of the seed coat. Insignificant change 

in seed germination due to MNP has been reported by others. Stampoulis et al. (2009) in 

Cucurbita pepo reported that Cu NPs and ZnO NPs at 1000 mg L"1 did not affect seed

132



germination. Lee et al., (2010), using 400- 4000 mg L"1 of aluminium oxide (—150 mn size), 

silicon dioxide (42.8 nm size) and magnetite (<50 nm size) NPs in Arabidopsis thaliana also 

observed no inhibition of seed germination. Boonyanitipong et al., (2011) in rice at 10-1000 

mg L'1 and Lin and Xing (2007) in radish, rape, lettuce, and cucumber at 2000 mg L'1 also 

showed no inhibition of seed germination due to ZnO NPs treatment. A few reports, however, 

observed inhibition of seed germination. Shi et al. (2011) using as little as 1 mg L '1 

concentration of GuO NPs in duckweeds (Landoltia punctata) and Lee et al. (2013) using 

4000 mg L'1 of CuO NP in buckwheat (Fagopyrum esculentum) showed inhibition to seed 

germination. The result indicates that seed size and plant species and its sensitivity along with 

factors such as elemental composition, particle size and concentration of MNPs may be a 

reason for the variation in seed germination.

The reduction in shoot, root length and shoot biomass observed in our study (Table 

3.3.1- 3) indicate that the MNP treatment resulted in growth restriction. The decrease in root, 

shoot length and biomass is due to the negative effect on photosynthesis as we observed 

considerable decrease in quantum efficiency of photosynthesis (Fig 3.6.1- 3) as well as CO2 

fixation (Fig 3.5) as a result of the MNP treatment. Uptake of metallo nanoparticles can cause 

damage to the roots by inhibiting its elongation due to its accumulation in cytosol as well as 

nucleus as reported by Ghodake et al. (2011). The accumulation of MNP is also reported to 

cause membrane damage affecting physiological processes associated with the membrane such 

as photosynthesis and ion transport, leading to inhibition in root length and biomass followed 

by cell death (Shen et al., 2010). Slight increase observed in root fresh mass (RFM) at highest 

concentration of CuO NP (Table 3.3.1) could be due to CuO NP forming agglomerates or 

aggregates at 1000 mg L'1 concentration adhering to roots adding to RFM despite roots being 

washed thoroughly in running water prior to weighing. The greater RFM at 1000 mg LA CuO
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NP treatment is associated with comparatively low accumulation of Cu NP at 1000 mg L '1 

than seen at 100 mg I f1 as CuO NP seems to aggregate at 1000 mg L"1 concentration and 

thereby prevent their intake by the plants resulting in low toxicity and better growth seen as 

higher RFM at 1000 mg L'1 concentration of CuO NP. Considerably less aggregation was 

observed with ZnO NPs therefore there was a gradual increase in accumulation of Zn NP in 

roots and no change in the RFM/RDM upon ZnO NP treatment.

Others have also shown decrease in shoot, root length and biomass due to various 

MNPs. Lidon and Henriques (1998) showed reduction in rice shoot and root length upon much 

lesser concentration (1.25 mg L '1) of Cu NPs. Lin and Xing (2007; 2008) reported significant 

decrease in root and shoot length in Brassica napus (rape), Lolium perenne (ryegrass), 

Lactuca sativa (lettuce), Raphants sativus (radish), and Cucumis sativus (cucumber) due to 

ZnO NP at a range of 20-2000 mg L'1 concentration. Stampoulis et al. (2009) showed that 

CuO NPs decreased root length and biomass in C. pepo at 1,000 mg L 1 concentration whereas 

Lopez-Moreno et al. (2010) observed decreased root length in Glycine max at 4000 mg L 1 of 

ZnO NPs. Manzo et al. (2011) showed that plants such as Lepidium sativum and Vida faba  

grown in ZnO NP contaminated soil sample containing 230 mg Zn kg soil-1 also resulted in 

reduced root length. Boonyanitipong et al. (2011) also showed decline in root elongation of 

Oryza sativa grown with 100-1000 mg L'1 ZnO NPs. Lee et al. (2008) showed that Cu NP also 

caused a reduction in the growth and biomass of P. radiatus and T. aestivum by 65% and 75% 

at 1000 mg L 1 respectively. Musante and White (2012) also reported a reduction in C. pepo 

growth and transpiration by 60-70% due to the CuO NPs. Wang et al. (2015) reported an 80% 

reduction in plant biomass and photosynthesis of Arabidopsis seedlings when exposed to ZnO 

NPs at 300 mg L'1. Zhao et al. (2013) also showed a decline in the root and shoot biomass of 

com (Zea mays) exposed to ZnO NPs at 400 and 800 mg kg~’ concentration. The changes in

134



root biomass observed were different for both MNPs (CuO and ZnO NPs), irrespective of size, 

indicated that the impact was mainly due to the elemental form of MNPs,

4.3. External Leaf and Root Morphology

The decrease in the number and size of stomata and increase in the number and size of 

trichomes as a result of MNP exposure (Fig 3.3.3 & 4) reveals that MNP treatment were able 

to cause morphological changes which are similar to changes generally seen under drought 

conditions. We also show, for the first time, variation in the size of cuticular papillae (CP, a 

specialized cell structure composed of lignin that densely cover adaxial and abaxial surfaces of 

leaves; Golam and Arshad 2002; Fig 3.3.3-4 E-F) due to the MNP treatment which may be an 

adaptive process of rice plants against biotic and abiotic stresses to prevent water losses (Yoji 

etal., 1983).

The external morphological damage to the roots (Fig 3.3.3 & 4 G-I) upon exposure to 

CuO and ZnO NPs may be due to NP adherence to the root surface, forming agglomerates or 

aggregates, blocking root pores resulting in limited water uptake and nutrients. Limitation of 

water absorption is also supported by plants experiencing osmotic stress during the treatment 

as seen by greater accumulation of proline (Fig 3.8.3). This may lead to development of lateral 

root and greater root hair density (Fig 3.3.6 E & e), simultaneously causing reduction in root 

elongation in order to compensate for water and nutrient uptake to some extent (Table 3.3.1-

3). The importance of root hairs in water and nutrient uptake has been documented during 

osmotic and metal stress; however, studies on the changes in external morphological structures 

in response to MNP stress are limited. Garcia-Sanchez et al. (2015) showed that A. thaliana 

exposure to Ag-NPs, TiC>2 anastase-NPs and COOH-functionalized, multi-walled PELCO® 

Carbon Nanotubes affected the root epidermal cells leading to increased root hair formation
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while repressing root-hair-specific genes using transcriptome analysis. Wang et al. (2013) 

reported that when second generation plants were grown from seeds of Ce02 NPs (10 mg I f 1) 

treated plants, it developed extensive root hairs compared to control. Others have shown 

decrease in root structure by interference with root development. For instance, Lee et al. 

(2013) showed that CuO and ZnO NPs altered the root tip morphological features resulting in 

shorter and fewer hairs at concentrations of 2000- 4000 mg L"1 in buckwheat, Fagopyrum 

Esculentum and suggested that intracellular localization of MNPs could be associated with NP 

induced structural alterations of the cellular cytoskeletal network, thereby translating local 

signalling events for root initiation and maintenance of root tip growth. Yin et al. (2011) also 

showed that seedlings of Lolium multiflorum treated with gum Arabic-coated AgNPs at 40 mg 

L'1 caused complete inhibition of root hair development reducing gravitropism in roots 

inducing cell apoptosis and disruption of auxin transport which is essential for root growth. 

Pokhrel and Dubey (2013) showed that com (Zea mays) roots exposed to ZnO NPs at 1000 mg 

L'1 did not affect the root hair density but resulted in root damage by pocket formation (called 

“tunnelling-like effect”) at the primary root tip as a result of cell dissolution.

4.4. Internalization and uptake of MNPs

The increased accumulation of Cu and Zn observed in whole leaves and root tissue upon 

exposure to CuO and ZnO NP in this study indicates a dose-dependent uptake of MNPs by the 

plant (Table 3.4.1 & 2) Entry of NPs through plant roots can occur via several plausible routes 

like admission through intercellular plasmodesmata or via the symplastic route due to capillary 

forces, osmotic pressure and through diameter (5- 20 nm) of cell wall pores (Navarro et al. 

2008a). Metallo-nanoparticles could also enter roots through apical meristematic tissue more 

effectively due to greater flexibility of pore size, a mechanism found to be dominant in the
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translocation process of metal complexes (Nowack et al., 2006). Navarro et al. (2008a) have 

also reported that association of NP with root can also influence size of pores to facilitate their 

uptake. Accumulation may also occur due to large amount of mucilage secreted by the root 

tips and hairs contributing to the adsorption of NPs (Zhang et al. 2011). Formation of lateral 

roots also creates new absorbing surfaces and even provides an additional pathway for MNPs 

to enter the stele (Zhang et al., 2015) as differentiation of these roots allows penetration of 

NPs into the root epidermis reaching the vascular cylinder (Peret et al., 2009). Less 

accumulation of Cu observed in this study at 1000 mg L'1 concentration of CuO NPs 

compared to 100 mg L 1 could be due to a portion of NPs forming agglomerates/ aggregates 

due to high concentration or due to greater damage to the roots by “tunnelling-like effect” at 

the root tips reported by Pokhrel and Dubey (2013). However, relatively greater accumulation 

of Cu observed at 1000 mg L '1 concentration, despite greater damage to root, than in control 

could be explained by development of lateral roots and higher density of root hairs in the roots 

observed at highest concentration grown plants (Fig 3.3.6 E, e). Decreased translocation of 

MNPs from roots to leaves was observed as can be seen by much lesser accumulation of MNP 

in shoot than in root (Table 3.4.1 & 2). This dichotomy in accumulation at root and leaves 

indicates an exclusion mechanism adapted by the rice plant to prevent translocation of MNP 

from root to more sensitive parts such as leaves where physiological processes take place. Our 

data suggests that transport of MNPs from the roots to the shoots is greatly minimized by 

major accumulation of MNPs in root organelles such as cytosol, intracellular space and cell 

wall (Fig 3.4.1 J, K  L & Fig 3.4.2 J, K  L) thereby allowing only a small portion of absorbed 

NPs to be transported to the shoots. Our data also shows cluster formation of CuO and ZnO 

NPs in root cell thereby accumulating most of the MNPs in the cell (Fig 3.4.1 J, K L & Fig

3.4.2 J, K L ) rendering them immobile for further transportation to the shoot. It is reported that
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metal may precipitate in root cell due to formation of metallo-complex as a result of ligands 

with organic molecules such pectin in the cell wall and with citrate, malate, in addition to, 

high affinity chelating compounds derived from nicotinamide, phytosiderophores and peptides 

such as metallothioneins (Alvarez- Fernandez et al., 2014; Vaculik et al. 2012). Once absorbed 

by the roots or bound to organic compounds, all NPs may not be available for transportation to 

shoots as they may be stored in root cell itself by sub-cellular compartmentalization and 

sequestration (Rico et ah, 2011) which explains relative higher MNPs in roots than in leaves. 

Likewise, the metal transporters such as Metal Transporter 3 (MTP3), Zinc-Induced Facilitator 

1(ZIF1), Vacuolar Iron Transporter 2 (VIT 2), Cation Exchanger 4 (CAX 4) and Copper 

Transporters 5 (COPT 5) are present on the xylem parenchyma cells or phloem companion 

cells, may also help in MNP unloading from xylem and phloem redistributing it back to the 

root (Peng and Gong 2014), however, we have not studied this aspect.

Based on the level of MNP uptake in this study we may suggest an order of 

accumulation as ZnO (100 nm)> CuO NP (50 nm)> ZnO NP (50 nm). This may be due to the 

difference in colloidal stability, surface area and aggregation state of larger sized MNPs 

compared to smaller sized MNPs, increasing cell wall permeability by creating “holes” 

through enlargement of pore size to a greater extent than small sized MNPs which could then 

easily diffuse through these holes via interaction with cell-wall proteins and polysaccharides 

(Fleischer et al., 1999). There are limited studies on accumulation and translocation of MNP in 

plants. Lin and Xing (2008) reported absorption and aggregation of ZnO NPs on the root 

surface of Lolium perenne (ryegrass) leading to its subsequent internalization. Hemandez- 

Viezcas et al. (2011) showed that ZnO NP accumulated in the vascular system of roots and
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leaves of Prosopis juliflora-velutina (velvet mesquite) using K-edge jiXANES and jiXRF as a 

result of ZnO NP adsorption on the root surface.

Uptake and accumulation of MNPs in leaves and roots confmned using AAS were 

than further investigated to study the accumulation of MNPs on the internal morphology of 

rice plants. Decrease in cell size and number of chloroplasts and increase in number of 

mitochondria observed at high concentration (50 mg L'1 and above) of MNP in our study 

suggest decreased photosynthetic activity and increased cost of cell maintenance under the 

treatment. The accumulation of CuO and ZnO NPs was observed in chloroplasts which caused 

decrease in number of thylakoids per granum and distortion (wavy arrangement) of the 

thylakoid membrane as well as swelling of the intra-thylakoidal space upon MNPs exposure 

(Fig 3.4.11). This is first time observation of such distortion and swelling of thylakoids in rice 

chloroplast as a result of the NP treatment. The decline in the number of thylakoids per grana 

is considered to be a result of reduced amount in PSII-LHCII complexes which play a crucial 

role in light-harvesting as well as ultrastructural organization of thylakoids. Decreased LHC 

molecules might have prevented over-energization (over reduction) lowering the chances of 

ROS formation and thereby preventing oxidative damage to plants. Absence of ROS 

formation in this study is also suggested by absence of lipid peroxidation (Fig 3.8.1) and 

protein oxidation (Fig 3.8.2^. However, at concentration of 2.5 mg L'1 of MNPs, the effect was 

slightly beneficial as number of chloroplast in mesophyll cells increased and this was also 

supported by significant increase in photosynthetic pigments observed at the same 

concentration of the NP treatment. The negligible effect of MNPs to bundle sheath cells as 

compared to mesophyll cells revealed that the mesophyll cells were highly susceptible to MNP 

attack as compared to bundle sheath cells (Fig 3.4.1 & 2). This may be due to the presence of 

thylakoid membrane in mesophyll cells which is then structurally and functionally affected
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due to the accumulation of MNPs. It was also observed that CuO NPs resulted in greater 

damaging effect on the chloroplast as compared to ZnO NPs, although, accumulation of ZnO 

NPs was higher than CuO NPs in leaves. This may be because Cu acts as a cofactor in many 

photosynthetic en2ymes and can substitute the central Mg ion of chlorophyll as a damage 

mechanism leading to inhibition of photosynthesis, in addition to, playing an important role in 

the ultrastructural organisation of the thylakoid membranes (Ymela 2009).

There are only a few studies on the effect of MNP on internal morphology. Nhan et al. 

(2015) reported alterations to chloroplast due to the accumulation of aggregated Ce02 NPs 

(100 and 500 mg L-1) in the cytosol of leaf cells and on the outer membrane of the 

chloroplasts which appeared to be swollen and ruptured in case of conventional and Bt- 

transgenic cotton. Some report show accumulation of MNP in the internal organelles without 

any structural alteration. Lee et al. (2013) showed the presence of CuO and ZnO NPs in root 

cells of buckwheat, Fagopyrum Esculentum at 500 mg L'1. Lee et al. (2008) also showed 

significant uptake of Cu NPs in the cytoplasm and cell wall of the root cell of P. radiatus and 

T. aestivum at 1,000 mg L'1. Similarly, Lin and Xing (2008) reported the presence of ZnO NPs 

using EM in the nuclei, apoplast and cytoplasm of endodermal cells in Lolium perenne 

(ryegrass) at 1,000 mg L'1. Also, Lidon and Henriques (1998) showed accumulated Cu in 

vacuoles of rice leaves at concentrations of 0.01 and 1.25 mg L"1 Cu NP in plants treated with 

0.002- 1.25 mg L'1. However, there are enough reports of the effect of heavy metals on 

changes in internal morphology of plants. A review by Solymosi and Bertrand (2012) 

described the structural alteration in the chloroplast due to heavy metals such as Cd, Cu, Hg, 

Mn, Ni, Pb and Zn. Todeschini et al. (2011) also showed that Zn altered the ultrastructure of 

leaves of Populns alba at 300 mg Kg"1 by reducing the number of chloroplasts per cell in 

palisade tissue, increasing starch granules and showing presence of autophagic vacuoles and
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mitochondria with cristae. Likewise, Izaguirre-Mayoral and Sinclair (2005) observed severe 

ultrastructural damage to chloroplast of soybean upon Mn exposure causing destacking and 

enlargement of non-appressed lamellae increasing the lipid bodies while simultaneously 

causing depletion of starch grains in the cells. Swollen pro-thylakoids in the plastids with 

criss-crossing stromal strands in newly formed thylakoids was also shown by Abdelkader et al. 

(2007) in leaves of Triticum aestivum upon treatment with NaCl (600 mM).

4.5. Photosynthesis

The decline observed in the net photosynthetic rate (Pn) at the highest concentration of 

MNPs (Fig 3.5) may be due to the damage caused to thylakoid membrane as a result of the, 

greater accumulation of the MNPs. The decrease in stacking of thylakoid membrane resulted 

in reduction in the photosynthetic pigments (Table 3.5.1- 3) thereby, decreasing 

photosynthesis. The decline in photosynthetic rate (Pn) could also be due to parallel decrease 

observed in transpiration (E) and stomatal conductance (gs; Fig 3.5). Reduction observed in 

net CO2 fixation could also be associated with low frequency of number and size of stomata 

and stomatal closure (Fig 3.3.3- 4) which may limit carbon dioxide to chloroplast thus limiting 

photosynthesis and simultaneously leading to prevention of water losses. The MNP treatment 

may be causing osmotic stress which is indicated by increased proline levels observed in this 

study (Fig 3.8.3). Suppression of net photosynthesis and transpiration by MNPs has been 

reported by a few researchers. Nekrasova et al. (2011) showed that CuO NPs reduced net 

photosynthesis through loss of Chi and Car in Elodea densa at concentration of 0.5- 5 mg L ’. 

Likewise, Shi et al. (2011) reported a decrease in photosynthesis due to reduction in content of 

photosynthetic pigments in Landoltia punctate, duckweeds upon exposure to 1 mg L 1 CuO 

NPs. Musante and White (2012) documented a decline in biomass and transpiration of yellow
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squash (C. pepo) upon treatment with Cu NP (<50 nm) and Ag NPs. Reduced photosynthesis 

has also been reported with heavy metals. For instance, Alaoui-Sosse et al. (2004) reported a 

decrease in net photosynthesis and stomatal conductance in cucumber upon 20 mg Kg-1 bulk 

copper exposure. In a similar study, Pietrini et al. (2003) showed a decrease in the net C 02 

assimilation rate and transpiration in Phragmites australis treated with 50-100 pM Cd.

The decrease observed in quantum efficiency of light reaction of photosynthesis 

indicated by the reduction in Fv/Fm ratio, photochemical quenching (qp) and non- 

photochemical quenching (qj*; Fig 3.6.1- 3) may also be largely due to the reduction in the 

number of thylakoids per grana (Fig 3.4.1 & 2) which may lead to alteration in size of LHC 

and thereby decline in the photosynthetic pigments upon accumulation of Cu and Zn in leaf 

tissue (Table 3.5.1- 3). Increased Chi a/b ratio observed in this study reveals that Chi b is more 

sensitive to MNP exposure than Chi a, resulting in compromised light absorbing efficiency of 

PSH thus reducing Fv/Fm ratio as seen in this study (Fig 3.6.1-3). In addition to decrease in 

photosynthetic pigments, the decrease in photochemical efficiency of photosynthesis (qp) 

could also be due to the functional replacing of Mg2+ with Cu and Zn ions (Vinit-Dunand et 

al., 2002). Decreased Fv/Fm ratio was largely due to decreased Fm as F0 remain constant, 

indicating no significant change in the arrangement and orientation of pigments in LHC but 

overall decrease in the pigment content. The decrease in Fm may also indicate low efficiency 

of energy transfer to the reaction centre due to effect on PS II apparatus itself (32 kDa protein; 

Kumar and Prasad 2015). Study of light reaction of photosynthesis in plants upon MNP 

treatment is still in its infancy. Saison et al. (2010) in Chlamydomonas reinhardtii showed that 

core-shell CuO NPs at 4- 20 mg L'1 had a deteriorative effect on the Chi content which 

resulted in decrease in Fv/Fm and qp and increase in qpj. Our data also indicate that the MNP 

treatment resulted in destacking of thylakoid membrane which may lead to smaller LHC and
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low pigments resulting in low Fv/Fm and qP. Perreault et al. (2010) also reported that Lemna 

gibba on exposure to 100- 400 mg L'1 of CuO NPs showed inhibition of maximal PSII 

fluorescence yield (Ev /Fm), maximum fluorescence yield of PSII at steady-state of 

fluorescence (F’v /F’m) and photochemical quenching (qP) with increase in the non- 

photochemical quenching (q>j). Decline in PSII activity due to heavy metal stress has also been 

reported. Cambrolle et al. (2011) showed that bulk Cu reduced quantum efficiency of PSII 

thereby limiting net photosynthesis rate in yellow homed poppy, Glaucium. flavium Crantz and 

suggested that decreased photochemical quenching (qP) as a result of metal toxicity was due to 

chronic photo-inhibition, damaging the photosynthetic apparatus by indirectly interfering with 

the Ca2+ ions. Todeschini et al. (2011) showed that Populus alba exposed to Zn heavy metal 

decreased the PSII activity and suggested that the decline was mainly due to reduction of D1 

and D2 protein expression. Chugh and Sawhney (1999) showed that Cd treatment to peas 

decreased expression level of genes required for carbon assimilation (ribulose-1, 5- 

bisphosphate carboxylase, NADP-glyceraldehyde-3-phosphate dehydrogenase, fructose-1, 6- 

bisphosphatase and NADP-malate dehydrogenase) processes. In contrast to decrease in 

photosynthetic pigments at high concentration of MNP in our study we also observed an 

increase in pigment contents at low concentrations of MNPs (Table 3.5.1- 3). The increase in 

photosynthetic pigments at low concentration may be explained due to Cu and Zn being 

essential micro nutrient required for many physiological processes such as photosynthetic 

electron transport, mitochondrial respiration, oxidative stress responses, cell wall metabolism, 

hormone signalling (Yruela, 2005) and biosynthesis of plant pigments by Zn (Aravind and 

Prasad 2004b).

Reports on decline in photosynthetic pigments due to MNPs are limited but enough 

work on effect of heavy metals on pigments has been done. Dimpka et al. (2012) showed that

143



chlorophyll content of wheat was significantly reduced with 500 mg Kg'1 of both CuO and 

ZnO NPs exposure. Likewise, chlorophyll content in Scenedesmus obliquus was reported to be 

reduced due to SiC>2 NPs (10-20 nm) by Wei et al. (2010). In contrary to our results at high 

concentration of the MNP, Prasad et al. (2012) using ZnO NPs at a concentration of 400-2000 

mg L'1 and Sharma et al. (2012) using Ag NPs at a concentration of 100 mg L '1 showed an 

increase in the pigment content in peanut and Brassica juncea respectively. Work on effect of 

heavy metals on pigments has been documented in a review on the subject by Solymosi and 

Bertrand (2012). They reported that excess heavy metals including Cu and Zn directly interact 

with pigment biosynthesis leading to pigment degradation and could also result in replacement 

of Mg in Chi. They also reported that heavy metal may damage chloroplast membrane 

structure, alterations in grana stacking as well as inactivation or loss of function of essential 

enzymes, and uptake of other essential elements such as Fe and Mg, thereby negatively 

affecting photosynthesis.

4.6. Oxidative damage

In addition to Mehler reaction, ionic form of metals are known to cause oxidative 

stress in plants through generation of ROS via Haber-Weiss reaction or Fenton’s reaction 

affecting cellular processes by causing lipid peroxidation (LPO), oxidizing proteins and 

damaging nucleic acids (Gill and Tuteja 2010). However, in the present study uptake and 

accumulation of CuO and ZnO NPs did not cause any oxidative damage indicated by the 

absence of lipid peroxidation (Fig 3.8.1) and protein oxidation (Fig 3.8.2). Also, decrease in 

the pigment content (Table 3.5.1- 3) and significant destacking of thylakoid membrane (Fig 

3.4.1 & 2) seen in our study is a direct indication of smaller light harvesting complex which 

may also prevent over-energization of the PSII system and generation of free radicals through
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Mehler reaction and which may be reason for observing no oxidative damage to lipids and 

protein in this study. Insignificant lipid peroxidation observed in our study could be due to the 

existence of MNPs as biological inert forms that do not initiate a response or interact with 

biomolecules or non-redox forms of MNPs that cannot undergo oxidation-reduction reactions 

due to its lack of electron transfer abilities, unsuitable for the generation of excess metabolic 

ROS to cause oxidative damage. Similar observation of no oxidative damage to plants by NP 

was also reported by Foltete et al. (2011) working with TiCh nanocomposites (ATN) in V. 

faba. Ma et al. (2010) showed that In203 NPs (0-1,000 mg L'1) also did not induce lipid 

peroxidation due to low dissolution of NPs in A. thaliana. Also, Liu et al. (2013) showed a 

significant reduction in ROS and absence of lipid peroxidation with neither cell wall damage 

nor membrane damage with 0.01 mg mL'1 water-soluble fullerene malonic acid derivative 

(FMAD) in root tips of A. thaliana seedlings and suggested that lack of lipid peroxidation may 

be due to disruption of auxin, abnormal cell division, and disorganization of microtubule 

resulted in reduced mitochondrial activity and lower ROS generation. Wang et al. (2011) also 

reported no peroxidation of lipids in shoots of ryegrass and pumpkin treated with Fe3 0 4  NPs 

(30 and 100 mg L'1), however, they reported lipid peroxidation in roots and suggested that 

peroxidation of lipids in root may be due to blockage of aquaporins and alteration in the root 

respiration rate. Other studies by Song et al. (2012) also showed absence of lipid peroxidation 

upon treatment with nTi02 (200-2,000 mg L'1) in duckweeds {Lemna minor) suspensions. 

Contrary to this Liu et al. (2013) with carbon nanotubes in tobacco plant cells and Faisal et al. 

(2013) with NiO (23.34 nm) in tomato cell suspension reported oxidative damage to the cell.

Lack of oxidative damage in our study is also supported by unaltered SOD activity 

observed upon MNP treatment (Fig 3.9.1 B). Significant increase in ascorbate content at the 

highest concentration of the MNP in this study (Fig 3.9.1 A), as well as, increased gene
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expression of SOD, APX and GR at certain concentrations observed in this study (Fig 3.10 A- 

Q  indicates protection against oxidative stress in the plants in response to MNP treatment and 

therefore no oxidation of lipids and proteins (Table 3.4.1 & 2). Baxter et al. (2014) suggested 

that ascorbate content in plants upon metal stress could increase due to the cross-talk between 

co-activated pathways mediated at different levels such as cross-talk mediated by ethylene, 

jasmonic acid and abscisic acid or the integration between diverse networks of mitogen- 

activated protein kinase (MAPK) and transcription factors cascades and cross-talk between 

different receptors and signalling complexes.

Plants antioxidant defense system include enzymatic (SOD, CAT, APX, and GR) and 

non-enzymatic (ASA and carotenoids) antioxidants to prevent damage due to metal stress (Gill 

and Tuteja 2010). SOD is a key enzyme providing the first line of defense against elevated 

levels of ROS and catalyses the dismutation of 02~ into H2O2 maintaining intracellular O2' 

concentrations, while APX, which is present largely in the chloroplast, readily scavenges the 

hydrogen peroxide produced by SOD into water molecules. APX is regenerated by 

dehydroascorbate reductase (DHAR) through the utilization of reduced glutathione that is 

generated by GR (two main enzymes of the ascorbate-glutathione cycle) thus effectively 

reducing ROS (Rico et al., 2015).

It is generally believed that the variations in enzyme activities in exposed plants are 

responses to modulations in ROS concentration, however, the role of NPs on the regulation of 

antioxidant defense system in plants is still not clear. Reports have showed irregular and 

unpredictable effects of NPs on antioxidant enzyme activities with lack of information on their 

gene expression studies (Rico et al., 2015). Shaw and Hossain (2013) reported enhanced SOD, 

APX and GR activity as well increased ascorbate content in rice seedlings as a result of the 

GuO NPs (1.0 and 1.5 mM) upon 7d and 14d exposure. Lei et al. (2008) reported an increase
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in the activities of SOD, CAT and APX in spinach upon Ti02 NPs exposure. Similarly, Song 

et al. (2012) showed increased SOD and CAT in L. minor upon Ti02 NPs treatment. Likewise, 

Foltete et al. (2011) reported decreased GR and APX activities in V faba upon T i02 NPs 

exposure. Kumar et al. (2013) also showed that gold NPs increased the activity of APX, CAT, 

GR, and SOD in Arabidopsis thaliana. Morales et al. (2013) also reported elevated CAT 

activity in shoots and APX in roots upon Ce02 NPs accumulation in Coriandrum sativum L.

Significant increase in proline content observed in this study (Fig 3.8.3) indicates 

osmotic stress induced by MNPs. The osmotic stress under our study is also revealed by 

changes in the external rice leaf morphology such as increased trichomes, decreased number 

and size of stomata and stomata being closed (Fig 3.3.3- 4 A-F) all being sign of osmotic 

stress. Reduction in the transpiration rate and stomatal conductance observed in our 

measurements (Fig 3.5) also suggest that the treatment signalled osmotic stress to plants. The 

jgjSpeftievsfress may also be due to blocking of pores (Wang et al., 2012) by aggregation of 

.MNPs specifically at higher concentrations resulting in altered plant-water potential that may 

limit water uptake. Small increase in proline, as a possible result of osmotic stress was 

probably due to hydroponic growth conditions which produce relatively less osmolyte 

compared to plants grown in soil (Tada et al., 2014; Claussen 2002). Proline is an osmo- 

protectant and a widely distributed compatible solute and osmolyte that is reported to 

accumulate in plants during biotic and abiotic stress. In addition to being an osmolyte proline 

can also act as a non-enzymatic antioxidant and is reported to effectively quench free radicals 

stabilizing proteins, DNA and membranes by forming stable nitroxyl radicals in the presence 

of hydroxyl radicals (OH) as well as reversible charge-transfer complexes that react directly 

with singlet oxygen due to its low ionization potential (Siripomadulsil et al., 2002). They also 

showed that high proline levels also produce increased GSH levels in a reduced environment
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which facilitates sequestration of heavy metal phytochelatin conjugates in the cell inhibiting 

damage to lipids and proteins. The role of proline during heavy metal stress is well 

documented; however, there are limited reports on its significance upon MNP stress. Proline 

accumulation in plants due to NP has been reported by a few authors. Shaw and Hussain 

(2013) has reported proline accumulation in rice upon Cu NPs exposure and in faba bean 

{Vida faba L.) seedlings upon exposure of graphene oxide (GO; size: 0.5-5 pm) nano sheets. 

Gunjan et al. (2014) in B. juncea reported a 2.9 fold increase in proline content due to 400 mg 

L'1 concentration of gold NPs. Zarafshar et al. (2015), however, showed no significant change 

in proline content in the two-year old wild pear (P. biosseriana) seedlings upon treatment with 

nano-Si02 (10-15 nm). Increased proline accumulation in response to heavy metals has been 

reported by several researchers (Emamverdian et al., 2015; Sun et al., 2007; Alia and Saradhi 

1991).

Spermine (spm) synthesis was observed to be induced by CuO NPs but not by ZnO 

NPs and spermine and spermidine decreased upon treatment with both the MNP in this study 

reveals selective synthesis of high molecular weight polyamines (PAs) upon treatment with 

MNP (Fig 3.9.2). Increased spermine content observed in this study may have role as an 

antioxidant, however the same was not observed in case of ZnO NPs (Fig 3.8.1) which may 

suggest that PAs such as Spm and Spd are independent of each other with non-specific mode 

of actions which can vary based on the metal involved as well as plant species (Fig 3.9.2). 

Spm role as a free radical scavenger with singlet oxygen quenching ability, protecting DNA 

from ROS as decreased TBARS formation in diverse systems is reported (Ha et al., 1998 and 

Groppa et al., 2001). Literature revealed no published data on influence of MNP on the 

polyamine; however, role of polyamines as an antioxidant with metal stress has been reported 

with variable result. Weinstein et al. (1986) reported tfiat Cd-treated oat seedlings showed up
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to 10-fold increment in Put with a marginal rise in Spd and Spm content, whereas PAs in Cd- 

treated bean (Phaseolus vulgaris) seedlings was organ-specific, with increased Put in root, 

hypocotyl, and epicotyl, decreased Spm in all seedling parts and decreased Spd in leaves with 

no change in the roots. Jacobsen et al. (1992) also observed that chromium exposed leaves of 

barley and rape did not affect spm or spd contents at all but increased putrescine content 

depending on concentration and duration of exposure. Tadolini et al. (1984) reported that 

polyamines prevented lipid peroxidation of liposomes vesicles. Lin and Kao (1999) showed 

that copper reduced spm concentration in rice leaves with no changes in spd levels. Gong et al. 

(2016)' reported that exogenously supplied Spd reduced oxidative stress in Boehmeria nivea 

(L.) Gaudich.

Increased levels of phytochelatin gene expression (PC) observed upon exposure to 

MNPs at the highest concentration (Fig 3.10 D) may be a result of plants defense mechanism 

to actively chelate the metal particles in leaves by compartmentalization of metal-PC 

complexes preventing MNP induced damage and may have bound to MNPs forming 

complexes in roots limiting the translocation of MNPs to the productive leaf tissue as seen 

with greater accumulation of MNPs in the root tissue (Table 3.4.1 & 2). PCs play an important 

role in heavy metal detoxification and homeostasis, sulphur metabolism and as antioxidants 

(Hall 2002). The defense strategies in plants particularly counteracting metal stress include 

specific low and moderately large sized molecules such as phytochelatins (Cobbett and 

Goldsbrough 2002), metallothionins (Guo et al., 2008), and other thiol rich compounds which 

behave as chaperons to maintain the cellular homeostasis (Nelson 1999). PC responses to 

MNPs are recently being investigated; however, the mechanism of detoxification though well 

studied with Cd, still remains unclear with MNPs. A few studies with effect of MNPs on PC 

has been done,'however, most of the work has been done with bulk metals, hr a recent study

149



with MNPs, Polak et al. (2014) exposed Caenorhabditis elegans wild-type and a metal 

sensitive triple knockout mutants (mtl-1 ;mtl-2;pcs-T) to ZnO NPs (0-50 mg L'1) and reported 

that ZnO NPs were able to transcriptionally activate metallothioneins (mtl-1 and mtl-2) and 

phytochelatin synthase (pcs-1) in an attempt to minimize ZnO NP toxicity. Rrystofova et al. 

(2013) also showed significant variations in protein content, phytochelatins levels and GST 

activity in tobacco BY-2 cells treated with Fe20 3-0H and Fe20 3-NH2 MNPs. Heiss et al.

(2003) reported an increase in phytochelatin protein accumulation in leaves but not in roots of 

Brassica juncea they also showed that, PCs are not produced in all plants. Role of PC with 

heavy metal stress has been reported by various groups (Cobbett 2000; Kowshik et al., 2002; 

Landberg and Greger 2004).

4.7. Conclusion

In this study, the morphological, physiological and biochemical response of rice to 

CuO, ZnO (50 and 100 nm) NPs were investigated. The threshold of toxicity of rice plant (O. 

sativa var. Jyoti) grown hydroponically in MNPs for 30 d was studied and it was found that 

concentrations of 100 mg L'1 and above for CuO MNPs and 50 mg L'1 and above for ZnO 

MNPs were toxic to the plants. Size effect of ZnO (50 and 100 nm) in rice was also studied 

and it was observed that plants treated with ZnO NPs of 100 nm size accumulated greater 

amounts of Zn in leaves and roots as compared to ZnO NPs of 50 nm size and the 

phytotoxicity observed at high concentrations was independent of NP size. Our dissolution 

studies revealed that MNPs released only small amounts of ions in Hoagland’s solution as 

compared to their respective bulk metals which suggests that the physiological, biochemical 

and molecular changes observed in this study was predominantly due to metal oxide 

nanoparticle and not as a result of ions released by MNPs. Rice was found to be a hyper-
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accumulator of both CuO and ZnO NPs as they could accumulate large amounts of MNPs. 

Accumulation of MNPs in roots was many fold greater than in leaves. In leaves, MNPs 

accumulated in the chloroplast causing damage to the thylakoid structure by decreasing 

thylakoid stacking (number of thylakoids per granum) and causing distortion (wavy 

arrangement) of thylakoids and swelling of inter-thylakoidal space negatively affecting 

photosynthesis. The decrease in rice growth and biomass upon MNP treatment was associated 

with decrease in Fv/Fm ratio, qp, Pn, E and gs as well as reduction of photo synthetic pigments. 

MNPs could form aggregates at highest concentration which may block root pores resulting in 

limited uptake of water and nutrients inducing osmotic stress indicated by increased proline 

content. Morphological changes such as increased number and size of trichomes, decreased 

number and size of stomata, variations in cuticular papillae also suggest osmotic stress due to 

MNPs in this study. Absence of lipid peroxidation and protein oxidation in this study indicate 

no oxidative stress which may suggest absence of ROS upon MNP treatment. In addition, 

increase observed in the antioxidant processes (ascorbate, carotenoids, spermine, SOD, APX, 

GR and PC) also prevented oxidative stress by effectively inhibiting ROS generation. 

Increased PC gene expression at the highest concentration also shows plants defense 

mechanism to actively chelate the metal particles in leaves by compartmentalization of metal- 

PC complexes preventing further damage. Here we suggest a different mechanism of 

phytotoxicity and loss of plant productivity by MNPs than by bulk metal. It is suggested that 

MNPs affect plant productivity mainly by causing accumulation of NPs in organelles 

especially chloroplasts resulting in destacking and distortions in thylakoids membranes and 

not due to metal ions as no oxidative damage was observed. On the other hand, Bulk metal 

treatment released large amounts of ions as compared to MNPs resulting in ROS generation 

causing oxidative stress leading to loss of plant productivity.
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Fig 4.7. Mechanism of Metallo-nanoparticle (MNP) effect (A) and Bulk metal (Cu & Zn) effect (B) in Oryza sativa grown 

hydroponically. MNPs did not result in excess ROS generation, therefore, no oxidative stress in rice, instead MNPs 

accumulated in rice chloroplast and altered the ultrastructure of the organelle, hampering growth, photosynthesis and 

simultaneously causing osmotic stress. Bulk metals, unlike MNPs, resulted in ionization, producing excess ROS thereby 

affecting growth and photosynthesis, consequently, causing oxidative and osmotic stress in rice upon treatment.
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effect of copper oxide nanoparticles on growth, morphology, 
photosynthesis, and antioxidant response in O ryza sativa

ij VJ. DA COSTA and P.K. SHARMA4

Dipartment o f Botany, Goa University, Goa, Ind ia  403 206

Abstract

Tie physiological and biochemical behaviour of rice (O r y z a  s a t iv a ,  var. Jyoti) treated with copper (II) oxide 
nanoparticles (CuO NPs) was studied. Germination rate, root and shoot length, and biomass decreased, while uptake of 
Cu in the roots and shoots increased at high concentrations of CuO NPs. The accumulation of CuO NPs was observed in 
the cells, especially, in the chloroplasts, and was accompanied by a lower number of thylakoids per granum. Photo
synthetic rate, transpiration rate, stomatal conductance, maximal quantum yield of PSII photochemistry, and photo
synthetic pigment contents declined, with a complete loss of PSII photochemical quenching at 1,000 mg(CuO NP) L~'. 
Oxidative and osmotic stress was evidenced by increased malondialdehyde and proline contents. Elevated expression of 
ascorbate peroxidase and superoxide dismutase were also observed. Our work clearly demonstrated the toxic effect of 
Cu accumulation in roots and shoots that resulted in loss of photosynthesis.

Iddiliom!key words: ascorbate; nanoparticle; proline; superoxide dismutase; thylakoid.

Introduction

Development of new nanomaterials and their application 
in various industrial uses results in greater pollution of 
the environment by nanoparticles (NPs) (Corredor e t al. 
2009). In recent years, NPs with sizes typically below 
100 nm have been applied in an increasing number of 
commercial applications (Corredor e t al. 2009), such as 
electronics, optics, textiles, medicine, catalysts, water 
treatment, and environmental remediation (Zhang and 
Elliot 2006). In 2005, the total global investment in 
nanotechnology was $10 billion and is set to reach 
$1 trillion by 2015 (Harrison 2007), leading to further 
increase of engineered NPs released into our 
environment. Manufactured NPs enter the environment 
unintentionally through atmospheric emissions, domestic 
waste water, agriculture, and accidental release during 
manufacture and transport (Klaine e t al. 2008). This

ultimately leads to NPs entry into soil and water bodies 
thereby affecting plants and animals. Due to their 
physical and chemical properties, NPs also interact with 
living systems. Studies on the interaction of NPs with the 
environment are being carried out in order to shed light 
on questions regarding size, structure, and reactivity in 
aquatic and sedimentary systems, their association with 
other colloids and behaviour in comparison to bulk 
counterparts (Klaine e t al. 2008). However, the toxic 
potential of NPs to plants and their bioavailability are yet 
to be investigated (Klaine e t al. 2008).

Metallo-NPs differ from bulk counterparts in surface 
characteristics, such as copious reactive sites and mobi
lity regulated by deposition or aggregation (Maynard et 
al. 2006) which is in turn dependent on pH, temperature, 
particle size, ionic strength, and concentration (Wiesner
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it al. 2006). These characteristics lead to electrostatic, 
hydrogen bonding, and hydrophobic interactions with 
structural and catalytic proteins in the cell (Ojamae e t al. 
1006). Literature states that NPs exist as colloids at low 
concentrations and may form small stable aggregates at 
moderate concentrations (Klaine e t al. 2008), while a 
small amount of metallo-NPs may also dissociate into 
ions (Navarro et al. 2008). The mechanism of NP uptake 
by plant roots is not clearly understood. Studies have 
shown that, depending on the size, NPs may enter the 
plant cell through carrier proteins, aquaporins, ion 
channels, via fluid phase endocytosis, plasmodesmata 
transport, or entry may be facilitated through natural 
organic matter or root exudates and formation of new 
pores (Rico et al. 2011).

Copper is an essential micronutrient required for the 
normal growth of plants. It is involved in many physio
logical processes as it exists in multiple oxidative states 
(Cu2+, Cu+) in vivo (Yruela 2005). It acts as a structural 
component in regulatory proteins and in those involved in 
photosynthetic electron transport, mitochondrial respi
ration, oxidative stress responses, cell wall metabolism, 
and hormone signalling (Marschner 1995, Raven e t al. 
1999, Solymosi and Bertrand 2012). At the cellular level, 
Cu plays an important role in signalling of transcription, 
protein trafficking machinery, oxidative phosphorylation, 
and iron mobilization as well. The redox property of Cu 
can also contribute to its toxicity, as free ions catalyse the 
production of damaging radicals (Manceau e t al. 2008). 
No published data are available on the concentration of 
metallo-NPs including CuO NPs in soil, however, 
heavy metal Cu is estimated to be in the range of

Materials and methods

Plant material and treatments: O ryza sa liva  (var. 
Jyoti), a high yielding rice variety, was obtained from 
Indian Council of Agricultural Research, Goa and stored 
in dark at 20°C. CuO NPs (<50 nm size, Sigm a-A ldrich)  
was prepared in Hoagland’s solution with concentrations 
of 0 (control), 2.5, 10, 50, 100, and 1,000 mg L -1 ( w / v )  at 
pH 6.5. Seeds were surface sterilized using 4% sodium 
hypochlorite (BD H ) solution, washed 5—6 times and 
soaked in tap water [Cu content < 0.06 mg L" 1 (w/v)] for 
3 d. Germination paper was placed in Petri dishes, rice 
seeds were sown, and a NP suspension of various 
concentrations was applied in respective Petri dishes. 
They were placed in a growth chamber under the 
temperature of 25 ± 2°C with 16 h photoperiod and light 
intensity of 200 pmol(photon) m 2 s '1. The 6 -d-old 
seedlings were transferred carefully into the hydroponic 
system and grown for further 24 d. The hydroponic 
system ensured complete mixing of NPs by use of 
magnetic stirrers and proper aeration was achieved by air 
pumps. The solutions were changed with respective NP 
solutions every third day.

2-100 mg kg '(DM) in typical uncontaminated soils 
(Nagajyoti e t al. 2010).

In recent years, significant research has been focused 
on studying CuO NPs effects in plants. The limit of metal 
NP accumulation, across a range of metals, is proposed to 
be controlled by the total reducing capacity of the plant 
(Haverkamp and Marshall 2009). It is reported that the 
exposure to Cu NP (50 nm) at concentration of 1,000 mg 
L_l in C ucurbita pepo  (zucchini) resulted in 90% biomass 
reduction (Stampoulis e t al. 2009). Cu NPs were toxic to 
the growth of P haseolus rad ia tus (mung bean) and 
Triticum  aestivum  (wheat) at concentrations up to 1,000 
mg L-1 (Lee e t al. 2008). Similarly, reduction in the 
growth and transpiration of C. p ep o  by 60-70% relative 
to untreated control was reported by Musante and White 
(2012) after treatment with CuO NPs. Available 
published data and the lack of knowledge on the metallo- 
NPs influence in plants is a major limitation which 
warrants extensive research on this topic.

Further studies, other than germination, root and shoot 
length, and biomass need to be carried out with regard to 
CuO NPs in order to understand better uptake, accumu
lation, and effects on photosynthesis, and other 
physiological and biochemical processes in plants. 
Therefore, this study was conducted to examine the effect 
of CuO NPs on O ryza sa tiva  plants grown hydroponically 
at concentrations ranging from 0-1,000 mg L' 1 (w/v) on 
the growth, accumulation of Cu in leaves and roots, 
external and internal morphology, photosynthesis, 
oxidative and osmotic stress, and expression level of 
antioxidant genes, such as ascorbate peroxidase (APX) 
and superoxide dismutase (SOD).

Nanoparticle size determination: Scanning electron 
microscope (SEM, J S M  5800 LV, JEO L, Japan) operating 
at a constant acceleration voltage of 10 kV was used to 
characterize CuO NPs. NPs were ultra-sonicated in 100% 
ethanol and a drop of this solution was placed onto the 
stub layered with carbon conductive, double sided 
adhesive tape (SP1 Supplies® , USA). The sample was 
air-dried and sputter coated with gold for 15 s (SPI- 
M O D U LE  G old Sputter C oater) under high vacuum at 
the National Institute of Oceanography, Goa. Further 
confirmation of the particle size was done using X-ray 
diffractometer (XRD u ltra X  18HB—300, Rigaku, Japan) 
with a scintillation counter probe SC-30. CuO NP powder 
was directly mounted on sample holders and the X-ray 
diffraction XRD pattern was recorded at room 
temperature in the range of 2  0 = 20°-80° with a step 
o f0.02° and 2° min-1 speed using Cu ka radiation 
(X = 0.15406 nm). The data analysis was performed using 
Traces software (G BC Scien tific  Instrum ents, USA) and 
the particle size was determined using Scherrer’s formula 
considering the first three peaks of the pattern obtained.
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Growth, morphology and biomass studies: Percentage 
of germination, shoot and root length were measured after 
6 d. The biomass was measured in 10 randomly selected 
plants grown in CuO NPs after 30 d. The external leaf 
and root morphology was studied by visualizing 
lyophilized segments using SEM (JS M  5800 LV, JEO L, 
Japan). The internal leaf and root morphology was 
studied using transmission electron microscopy (TEM) at 
All India Institute of Medical Sciences (AIIMS), New 
Delhi. The leaf and root tissue was cut into 2 x 2  mm 
pieces and fixed in a mixture of 2% paraformaldehyde 
and 2.5% glutaraldehyde in 0.1 M phosphate buffer for 
10:00 h at 4°C. The tissue samples were washed in 0.1 M 
phosphate buffer at 4°C. Samples were then postftxed at 
room temperature for 1 h in 1% OsC>4 in 0.1 M phosphate 
buffer (pH 7.2). Samples were dehydrated in acetone, 
infiltrated, and embedded in A raldite C Y  212. Thin, serial 
sections were cut (70-80 nm thick) using ultramicrotome 
(Leica UC6, Leica M icrosystems, Germany), collected on 
copper grids, stained with uranyl acetate and lead citrate, 
and examined under a TEM (M orgagn i 268D, Fei 
Company, The Netherlands).

Nanoparticle uptake: Uptake of NPs was determined 
using atomic absorption spectrophotometer (Flam e  
Furnace system—A A nalyst 200, AAS, P erkin Elmer, 
USA). The ash was dissolved in 1% HNO3 (M erck) 
solution and filtered through 0.45 pm Whatman filter 
paper and then used. The filtered sample was used for 
AAS analysis in whole root and leaf tissues, as well as in 
different sections of the leaf (apical, middle, and basal 
region) at different concentrations of CuO NPs.

Carbon dioxide fixation: Studies were carried out using 
a portable infrared gas analyser (A D C  Bioscientific, 
LCi-SD, Hansatech, UK) using inbuilt software as 
described by Sharma and Hall (1996). The photo synthetic 
rate (Pd), transpiration rate (E), and stomatal conductance 
(gs) were measured at ambient temperature, CO2 concen
tration, and light intensity of 1,200 pmol(photon) m 2 s- ' 
using a detachable light source provided by a dichroic 
lamp (Hansatech, UK).

Chlorophyll (Chi) fluorescence measurements were 
carried out according to Sharma e t al. (1997) using a 
fluorescence monitoring system (F M S-1 , H ansatech, 
UK). The leaf samples were dark adapted for 10 min to 
inhibit all light-dependent reactions by completely 
oxidizing PSII electron acceptor molecules. A weak 
modulating beam of intensity 3-4 pmol(photon) m 2 s 1 
was focused on the sample to measure initial fluorescence 
(F0), followed by exposure to a saturating pulse 
[approximately 4,000 pmol(photon) m“2 s_1 for 0.06 s] to 
measure the maximum fluorescence (Fm). Variable 
fluorescence (F„) was determined by substracting F0 from 
Fm as (Fv = Fm -  F0) and the maximum quantum yield 
(Fv/Fm) ratio was calculated. Actinic light was provided at

0 M COSTA, P.K. SHARMA

an intensity of 1,200 pmol(photon) n r2 s 1 and allowed to 
reach a steady-state fluorescence yield (Fs) after which far 
red pulse was ^iven for 5 s. It was then used to calculate 
the relative contributions for photochemical and 
nonphotochemical energy dissipation measured as the 
photochemical quenching (qP) and nonphotochemical 
quenching (qN) using M odfluor32  software.

Extraction and analysis of photosynthetic pigments:
Leaf tissue (0.1 g) was ground in 100% acetone (M erck, 
HPLC grade) making a final volume of 1.5 ml and 
incubated overnight at 4°C. The homogenate was 
centrifuged (Z32HK, H E R M L E  Labortechnik Gm bH, 
Germany) at 4°C for 10 min at 4,000 x g. One ml of 
supernatant was collected and filtered through 0.2 pm 
I J l t ip o C 'N N y lo n  membrane filter (PALL Life Sciences, 
USA) and 10 pi of sample was analysed in an HPLC 
system (W aters, USA), using two-solvent gradient as a 
mobile phase (using M erck  HPLC grade chemicals) 
composed of solution A (ethyl acetate) and solution B 
(acetonitrile:water, 9:1). The mobile flow rate was 1.2 ml 
min-1 for a run time of 30 min. The pigments were 
separated using a C l8 column (Waters Spherisorb  ODS2 
-  250 mm x 4 .6  mm x 5 pm). The pigment peaks were 
determined at 445 nm with a W aters 2996  photodiode 
array detector based on RT and spectral characteristics. 
P-carotene was used as an external standard for 
quantification of pigments (Sharma and Hall 1996).

Lipid peroxidation was determined by estimation of the 
malondialdehyde (MDA) content in leaves following 
Sankhalkar and Sharma (2002). The amount of MDA 
(extinction coefficient of 155 mM_l cm-1) was calculated 
by subtracting nonspecific absorbance at 600 nm from 
absorbance at 532 nm using UV-Visible spectrophoto
meter (U V -2450, Sh im adzu , Singapore).

Proline determination: Proline accumulation in fresh 
leaves was determined according to the method of Bates 
e t al. (1973); the absorbance at 520 nm was measured 
using UV-Visible spectrophotometer (U V -2450, Sh im adzu , 
Singapore). L-proline (S igm a) was used as standard.

Ascorbate assay: Estimation of ascorbate (ASA) in fresh 
leaves was carried out according to the method of 
Kampfenkel e t al. (1995); the absorbance at 520 nm was 
measured using UV-Visible spectrophotometer (U V- 
2450, Shim adzu, Singapore). Ascorbic acid (H im edia) 
was used as standard.

RNA extraction and quantification and gene expres
sion studies: Leaf tissue (0.1 g) was ground using liquid 
nitrogen and extracted using the protocol mentioned in 
the RNA extraction kit (Invitrogen). The RNA extracted 
was quantified using a spectrophotometer at 260 and 
280 nm (U V-2450, Shim adzu, Singapore).
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cDNA preparation using RT PCR: cDNA synthesis 
ms done using PCR kit (Invitrogen  Superscript III 
Reverse Traiiscriptase, Cat no: 18080/093/044/085) 
following the given protocol.

Real time analysis using Real time PCR: Expression of 
genes for antioxidant enzymes ascorbate peroxidase 
(APX) and superoxide dismutase (SOD) was studied 
using MJ Miniopticon real time PCR system, Bio-Rad, 
USA. APX primers (Oligo number: 91211B3—1255C12 
17/44) APX-Thy-L 5’-  GCT AAA CTG AGC GAC 
CTT-GG-3’, (Oligo number: 91211B3-1255D12 18/44) 
APX-Thy-R 5 GCT GCT CCT ACC GTT ACT GG -3 ’ 
and SOD primers (Oligo number: 30121B3-9644D10 
5/32) SOD-F 5’-CGT CGA TCT CCC ATC ATT TT-3’, 
(Oligo number: 30121B3-9644E10 6/32) SOD-R 5’-

CTT GTT CCG TTT TGT GTG GA-3’ were procured 
from P harm aids a n d  E quipm ents Pvt. L td ., India. 
Reaction was followed in 50 pi of total volume using the 
B io -R ad  kit protocol (SsoA dvanced  SYBR G reen  
Superm ix, cat no.: 172-5260). Amplification was carried 
out for 40 cycles. Data were analysed using B io -R a d  C F X  
m anager  software.

Statistical analysis: The data shown corresponded to the 
mean values ± standard deviation (SD). One-way analysis 
of variance (AN O VA) and D uncan 's  multiple range test 
by using M icrosoft E xce l X L ST A T  (version
2015.2.01.17315) were performed to confirm the vari
ability of the results and the determination of significant 
(P<0.05) difference between treatment groups,
respectively.

Results

The NP characterization studies revealed that the shape of 
CuO NPs was spherical and the size was estimated as 
< 50 nm using SEM (Fig. 1 A ) and applying Scherer’s 
formula to the X-ray diffraction (XRD) data (Fig. 15).

The germination rate of rice plants was slightly 
affected (7%) at 1,000 mg L~' CuO NPs compared with 
control (Table 1). During the early stage of growth (6 d 
old), the plantlets showed a decrease in root (23%) and 
shoot (31%) length compared with the control at higher 
concentrations (Table 1). The decrease in root and shoot 
growth was found when the plants were treated with 
100 mg L_l CuO NPs and higher concentrations

(Table 1). Biomass of rice shoots grown at 1,000 mg L-1 
CuO NP decreased by 31% on fresh mass (FM) basis and 
14% on a dry mass (DM) basis. Root biomass increased 
by 9%  at 1,000 mg L"1 CuO NP when calculated on FM 
basis but decreased by 16% on DM basis (Table 1) 
compared with the control.

The effect of CuO NPs on leaf and root surface 
studied using SEM showed an increase in the number of 
trichomes (Fig. 2A,B ,C ) and a decrease in the number 
(Fig. 2A ,B ,C ) and size of stomata (Fig. 2D ,E,F). External 
damage to the root surface was also observed at 1,000 mg 
L-‘ CuO NPs (Fig. 2G,H ,I).

Fig. 1. SEM image o f CuO NPs at a magnification 
of 30,000 x (A ) and X-ray diffraction pattern (5) of 
CuO NPs recorded at room temperature in the range 
20 = 20°-80° with a step of 0.02°, speed = 2°min-1 
using Cu ka radiation (A = 0.15406 nm).

Table 1. Percentage of germination, shoot, root length, and biomass (fresh mass -  FM, and dry mass -  DM) of O ryza sa tiva  treated 
with CuO nanoparticles (NPs) at different concentrations. Mean values ± SD ( n — 5). Means in the column followed by the sa m e  le tter  
do not differ significantly at/><0.05.

NPs [mg L_1] Germination [%] Shoot length [mm] Root length [mm] Shoot biomass [g] Root biomass [g]
FM DM FM DM

0 96.0 ± 3.97a 35.2 ± 6.36ab 48.4 ± 6.33a 0.64 ± 0.01a 0.087 ± 0.05° 0.192 ± 0.02c 0.025 ± 0.01a
2.5 94.7 ± 3.10ab 31.0 ± 1.22bc 45.8 ± 5.96a 0.64 ± 0.02a 0.092 ± 0.03a 0.193 ± 0.03c 0.021 ± 0.02e
10 90.1 ± 1.86bc 27.8 ± 1.64cd 43.8 ± 6.89ab 0.63 ± 0.02a 0.087 ± 0.02b 0.205 J L 0.02b 0.021 ± 0.01e
50 89.7 ± 6.61° 39.0 ± 3.36a 48.5 ± 2.88a 0.61 ± 0.02a 0.078 ± 0.01d 0.188 ± 0.02d 0.023 ± 0.01c
100 89.2 ± 4.53c 25.7 ± 3.36d 42.2 ± 3,53ab 0.43 ± 0.01b 0.071 ± 0.03f 0.180 i 0.02e 0.024 ± 0.01b
1000 88.7 ± 4.82c 24.3 ± 3.12d 37.2 ± 4.35b 0.44 ± 0.05b 0.075 ± 0.02e 0.209 i 0.01a 0.021 ± 0.01d
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Coniroi Root [450X) 10 mg L'1 Root [450X] 1,000 mg L'1 Root [450X]

Fig. 2. SEM images of leaf (adaxial) 
surface showing trichomes (A - C ), sto
mata (D -F ) , and roots (G-T) o f plants 
treated with CuO nanoparticless for 
30 d. The arrow s  indicate trichomes and 
the  c irc les  represent stomata.

TEM micrographs showed accumulation of CuO NPs 
inside the leaf and root cells (Fig. 3A -C ) .  Accumulation 
of NP in the leaf was especially observed in the 
chloroplasts. The treatments resulted in the reduced 
number of thylakoids per granum at the concentration 
higher than 50 mg L-1; a distortion (wavy arrangement) 
of the thylakoid membranes and swelling of the intra- 
thylakoidal space was observed at 1,000 mg L-1 CuO NPs 
(Fig. 3D -F ).

Cu accumulation in the whole leaf and all leaf

segments increased at the high concentration of CuO NPs 
(Table 2). The increase of 5.5-fold in the Cu content was 
observed in the whole leaves treated with 1,000 mg L '1 
CuO NP as compared with the control plants. The 
increase of 76-fold in the Cu content was observed in the 
whole roots treated with 100 mg L-1. At the highest 
concentration, however, Cu accumulation in the whole 
root tissue was only 9.4-fold as compared with the 
control (Table 2). Leaf segments (apical, middle, and 
basal region) analysed for the Cu content showed the

Control leaf [13,OOOX] 50 mg L 1 Leaf [13.000X] 1,000 mg L 1 Leaf [13.000X]

Fig. 3. TEM images of leaf showing 
the accumulation of CuO nano
particles in chloroplast (A ,B ), in root 
(Q , and reduction in chloroplast 
thylakoid stacking and appearance 
of the particles in chloroplast {D -F ). 
The arrow s  indicate CuO nano
particles (B-C) and changes in 
thylakoid stacking {D -F).

114



COPPER OXIDE NANOPARTICLES EFFECT ON RICE

Tabled Cu content in leaves and roots o f Oryza saliva plants treated with CuO nanoparticles (NPs) at concentrations of 0-1,000 mg 
L 'fbrJOd. Mean values ±  SD (n = 3). Means in the column followed by the same letter do not differ significantly at /;<0.05.

CuO NPs [mg L ‘] Cu in leaf [mg kg 
Whole leaf tissue

'(DM)]
Apical region Middle region Basal region

Cu in root [mg k g 1 (DM)] 
Whole root tissue

0 3.12±0.14d 3.44 ± 0.3d 5.15 ± 0.15C 4.50 ± 0.4bc 20.21 ± 2 .0 e
2.5 5.0 ±0.21° 3.64 ± 0.1d 3.42 ± 0.3C 3.21 ± 1.4C 289.0 ± 10 .2d
10 5.36 ± 0.32c 3.57 ± 0.26d 3.70 ± 0.3C 3.49 ±0.9° 559.9 ±14.9C
50 5.9 ±  0.36bc 6.20 ± 0.6C 5.45 ± 0.26c 6.43 ± 0.1b 753.2 ±11.7b
100 6.65 ± 0.50b 8.50 ± 0.45b 8.27 ± 1.22b 6.97 ± 0.1b 1,544.1 ± 18.9a
1,000 17.27 ±1.45a 14.11± 0.9a 14.36 ± 3 .3 a 21.30 ± 3 .3a 190.14 ± 10.95f

highest accumulation at 1,000 mg L-1. No specific pattern 
of accumulation was found in apex, middle, and basal 
segments of leaves (Table 2).

A significant decrease was observed in Pn, E , and g s 
at high concentrations of CuO NPs (Fig. 4A). The 
decrease of 86% in Pn was observed in the plants treated 
with 1,000 mg L"1 CuO NPs. The similar decrease was 
also observed in E  and g s (Fig. 4A ). The maximum 
quantum efficiency of PSII measured as Fv/Fm ratio did 
not significantly differ from control up to 10 mg L-1 of 
CuO NPs. At 1,000 mg L-1, a decrease of 46% was 
observed compared with the control (Fig. 45). The 
photochemical quenching (qp) showed no change up to 
the 100 mg L-1 CuO NPs, but it significantly diminished 
at 1,000 mg L"1 (Fig. 4B). Nonphotochemical quenching 
(qN) showed a slight increase (10%) at 1,000 mg L-1 
compared with the control (Fig. 45).

The Car (violaxanthin, lutein, and /7-carotene) content 
increased by more than 50% at 2.5 mg L- ' CuO NPs, but

higher concentrations of the NPs resulted in a significant 
decrease in the pigment content (Table 3). Violaxanthin 
increased by 95% at 2.5 mg L-1 and decreased by more 
than 58% at concentrations of 100 mg L_1 and above. The 
lutein content increased by 67% at 2.5 mg L-1, but 
decreased linearly to 70% at 1,000 mg L-1 compared with 
the control. The /1-carotene content showed no change up 
to 10 mg L-1, decreasing by 90% at high concentrations 
(1,000 mg L_1 CuO NPs). Similarly, the Chi alb  ratio 
showed no change up to 10 mg L 1, but it increased by 
41% at 1,000 mg L-1.

We observed a negligible difference in lipid peroxi
dation, measured as MDA-TBA adducts, up to 1,000 mg 
L-1 CuO NPs (Fig. 5A ). Proline increased up to 2.2 times 
of the control with 1,000 mg L-' CuO NPs (Fig. 55). 
Similarly, ascorbate, which acts as a nonenzymatic 
antioxidant, increased by 30% compared with the control 
in leaves of plants treated with CuO NP at the high 
concentration (Fig. 5C).
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Fig. 4. Photosynthetic rate (Pn), stomatal 
conductance (gs), and transpiration rate (E ) (A ) 
and photosynthetic efficiency of PSII (Fv/Fm), 
photochemical quenching (qp), and nonphoto
chemical quenching (qN) (B) o f rice plants 
treated with CuO NPs for 30 d. Mean values ± 
SD (n = 5). Means in the column followed by the 
same letter do not differ significantly atp<0.05.
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table 3. Carotenoid (Car) content and relative chlorophyll (Chi) content o f O ryza  sa liva  leaves treated with CuO nanoparticles (NPs) 
at concentrations of 0-1,000 mg L'1 for 30 d. Mean values ± SD (n = 3). Means in the row followed by the  sam e letter do not differ 
significantly at^<0.05. The ratio was calculated taking mean values of the respective pigments.

Pigment contenting g ‘(FM)] CuONPs[mgL->] 
0 2.5 10 100 1,000

Violaxanthin 1.3 ± 0.001b 2.4 ± 0.06a 1.0 ± 0.009b 0.3 ± 0.001c 0.5 ± 0.009d
Lutein 2.3 ± 0.003b 3.9 ± 0.07a 2.1 ±0.009b 1.1 ±0.007c 0.7 ± 0.07d
(1-carotene 4.9 ± 0.30a 5.3 ± 0.05a 5.2 ± 0.09a 1.5 ± 0.07b 0.5 ± 0.02c
CM alb ratio 1.46 1.51 1.50 1.7 2.06
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Fig. 5. Malondialdehyde (MDA) 
(A ), proline (B ), and ascorbate 
(ASA) contents (Q  and the relative 
expression of ascorbate peroxidase 
(APX) (£>) and superoxide dismu- 
tase (SOD) (E ) in rice plants treated 
with CuO nanoparticles for 30 d. 
Mean values ± SD (n = 5). Means in 
the column followed by the  sam e  
le tter  do not differ significantly at 
p< 0.05 .

Gene expression of enzymatic antioxidants, such as 
ascorbate peroxidase (APX) and superoxide dismutase 
(SOD), increased with the increasing CuO NP concen
tration. APX showed a 3-fold increase in its gene 
expression at 10 mg L-1. At 1,000 mg L '1 of CuO NP, 
gene expression level of APX was similar to that of

Discussion

control (Fig. 5D). SOD expression level increased to 
1.5-fold at 50 mg L_1 CuO NP and doubled at 100 mg L~' 
compared with the control. CuO NP at 1,000 mg L-1 
showed a significantly decreased level of SOD expression 
to that observed in control (Fig. 5E).

We observed negligible effect of CuO NPs on seed 
germination (Table 1); it might be due to a selective 
permeability that is exhibited by the seed coat. This 
protects the embryo from CuO NPs toxicity by restricting 
the entry of NPs until radicles emerge and come into a 
direct contact with the NPs in the growth medium. 
Wierzbicka and Obidzinska (1998) reported selective 
permeability of metallo-NPs. Our results are similar to 
those reported by Stampoulis e t al. (2009) in C. pepo  
treated with 1,000 mg L '1 of Cu NPs of 50 nm size, and 
by Lee e t al. (2010) with aluminium oxide (-150 nm 
size), silicon dioxide (42.8 nm size), and magnetite 
(< 50 nm size) NPs in Arabidopsis thaliana. Contrary to 
our results, CuO NPs are reported being toxic at 
concentrations as low as 1 mg L_1 in duckweeds

(Landoltia  punctata', Shi e t al. 2011) and as high as 4,000 
mg L-1 in buckwheat (F agopyrum  esculentum', Lee e t al. 
2013), indicating that the elemental composition, particle 
size, and concentration as well as plant species play an 
important role in NP toxicity on seed germination.

The reduced shoot and root length values observed in 
our study (Table 1) might result from accumulation of Cu 
in root and leaf tissues (Table 2). This was indicated by 
the massive increase of Cu in roots (76-fold) and leaves 
(5.5-fold) in comparison with the control (Table 2). Our 
results were in agreement with earlier work done by 
Lidon and Henriques (1998) on the effect of Cu on the 
shoot and root length. They reported that Cu at 0.25 and 
1.25 mg L-1 caused a reduction in rice shoot length. Lee 
e t al. (2008) showed that Cu NP caused a reduction in the
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;ffHiing length of P. radiatus and T. aestivum  by 65% 
and 75%, respectively. Similarly, CuO NPs decreased 
root length in C. pepo  at 1,000 mg L_1 concentration 
(Stampoulis et al. 2009).

Our results of SEM showed external morphological 
damage to the roots (Fig. 2(7-/), reduced number 
(Fig. 2A~C) and size (Fig. 2D -F )  of stomata, and 
increase of leaf trichomes (Fig. 2 A -C ). The damage to 
roots may have affected water uptake, leading to stomatal 
limitation and thereby limiting net photosynthesis 
(Fig. 44), Kennedy and Gonsalves (1987) reported that 
Cu may adhere to the root surface leading to osmotic 
stress by decreasing the trans-root potential which is 
essential for water and ion uptake. Decline in root growth 
after a treatment with CuO NPs may also result in the 
reduction of surface area for water uptake, developing a 
negative water potential leading to osmotic stress (Alia 
andPardha Saradhi 1991). The observed increase in the 
praline content (Fig. 55), along with the decrease in the 
number and size of stomata and the increase in trichomes 
(Fig. 2), clearly indicated the development of osmotic 
stress due to the treatment. Similarly, the swelling of the 
intrathylakoidal space (Fig. 3F ) is a phenomenon often 
associated with metal stress (Solymosi and Bertrand 
2012) and has been also clearly associated with osmotic 
stress (Abdelkader e t al. 2007, Unnep e t al. 2014).

Many feasible modes of NP uptake have been 
suggested but no experimental data are available on the 
actual mechanism. The AAS analyses revealed that 
accumulation of NPs in the roots greatly increased when 
compared to that of leaves (Table 2), indicating that only 
a small portion of NPs was transported from the roots to 
the shoots; thus, it led to major toxic effect in the roots. 
AAS analysis of Cu accumulation in the whole leaves as 
well as in apical, middle, and basal parts of leaves 
suggested nonspecific pattern of Cu accumulation. The 
greater metal content in roots than that in shoots indicates 
an exclusion mechanism to withstand toxicity; such 
plants accumulate metals in roots to prevent their 
transport to shoots (Wang e t al. 2004). This accumulation 
may also occur due to large amount of mucilage secreted 
by the root tips and hairs contributing to the adsorption of 
NPs (Campbell e t al. 1990, Zhang e t al. 2011). Once 
adsorbed, NPs may not be available for transportation to 
shoots (Lin and Xing 2008). However, Lidon and 
Henriques (1998) observed that Cu accumulation in 
shoots of rice (O ryza sa tiva  L. cv . Safari) increased with 
increasing Cu NP concentration, and accumulation was 
mainly found in shoot vacuoles. The decline in Cu 
accumulation in roots at 1,000 mg L-1 observed in this 
study might occur due to aggregation of CuO NPs at the 
root-medium interface (Song e t al. 2015). Lee et al. 
(2008) also showed significant uptake of Cu NPs by 
P. radiatus and T. aestivum  at 1,000 mg L_l.

We observed the decline in P n (Fig. 4A ) that could 
result from various factors. The decrease in the number

and size of stomata (Fig. 2D -F )  as well as the decline in 
the photosynthetic pigments (Table 3) might result in the 
lower rate of photosynthesis (Fig. 4A ). The decrease in gs 
(Fig. 4,4) might also result in the lowering of 
photosynthesis as well as E  (Fig. 4A ). The decrease in the 
thylakoid stacking (Fig. 3E ) may also decrease the rate of 
photosynthesis and is often observed upon metal stress 
(Solymosi and Bertrand 2012). The decline in the number 
of thylakoids per grana is considered to be a result of 
reduced amount in PSII-LHCII complexes which play a 
crucial role in light-harvesting as well as ultrastructural 
organization of thylakoids; it may result in decreased 
Chi a  fluorescence parameters (Kirchhoff et al. 2000). 
The increase in the Chi alb  ratio (Table 3) also indicated 
the reduced number of thylakoids per granum (A. Telfer, 
personal communication). The decrease in the number of 
thylakoids per granum may lower the quantum efficiency 
of photosynthesis (measured as Fv/Fm ratio) and qP while 
increasing qN (Fig. 45). Photosynthesis has been reported 
to be supressed by CuO NPs in E lo d e a  d en sa  
(Nekrasova et al. 2011) and duckweeds, L ando ltia  
p u n cta ta  (Shi et al. 2011). In another report, Saison e t al. 
(2010) showed that core-shell CuO NPs had a deterio
rative effect on the Chi content of the green alga 
Chlam ydom onas re inhard tii causing photoinhibition of 
PSII that led to dissipation of energy via nonphoto- 
chemical pathways. Similarly, Perreault e t al. (2010) 
reported that Lem na gibba, on exposure to CuO NPs, 
showed a decrease in qp with increase in the nonphoto- 
chemical quenching. Furthermore, reduction in growth 
and transpiration of yellow squash (C. p e p o )  was 
observed after a treatment with nano Cu of size <50 nm 
(Musante and White 2012). Our results suggest a 
susceptibility of both light (Fv/Fm) and dark (CO2 
fixation) reactions to CuO NP exposure at high 
concentrations.

No significant change in the MDA content (Fig. 5A ) 
indicated the absence of lipid peroxidation of cell mem
brane as a result of CuO NP treatment. The increased 
accumulation of ascorbate in the leaves (Fig. 5C) 
suggested the onset of oxidative response to the CuO NP 
treatment in the plants. The increased expression of enzy
matic antioxidants, APX (Fig. 5D ) and SOD (Fig. 5E ), at 
10 and 100 mg L ' of CuO NPs, respectively, indicated a 
protective process against development of oxidative 
stress in the plants. Accumulation of proline (Fig. 55), an 
osmoprotectant and a nonenzymatic antioxidant, is an 
indication of osmotic stress (Alia and Pardha Saradhi 
1991) as a result of increasing CuO NP concentration. 
Osmotic stress in our study was also indicated 
bymorphological changes, such as increase in the size and 
number of trichomes and the decrease in the number and 
size of stomata (Fig. 2A ,B ,Q .  Proline is one of the widely 
distributed solutes that is reported to accumulate in plants 
during adverse stress conditions, such as drought, 
salinity, high or low temperature (Bohnert e t al. 1995), or 
under metal stress (Bassi and Sharma 1993). However, no
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accumulation of proline under NP stress has been pre
viously reported. The protective role of proline in miti- 
„ating lipid peroxidation upon metal stress was demon- 
strated in Chlorella vulgaris by Mehta and Gaur (1999).

Plant defence mechanisms, such as nonenzymatic 
(ASA and proline) and enzymatic (APX and SOD) 
antioxidants, help in mitigating the CuO NP stress. SOD 
and APX are the key enzymes involved in metabolizing 
reactive oxygen species (ROS) (Caverzan e t al. 2012). 
SOD catalyses the dismutation of Ch- ’ into H2O2 main
taining intracellular O2"' concentrations (Smirnoff 1993), 
while APX, which is present mostly in the chloroplast, 
readily scavenges the hydrogen peroxide produced by 
SOD into water molecules (Noctor and Foyer 1998). The 
observed increase in SOD and APX in this study might 
mitigate an oxidative effect to a certain extent. Studies on 
the effect of CuO NP on gene expression are few. One 
such study by Shaw and Hossain (2013) has described 
enhanced APX and glutathione reductase (GR) activity in 
rice seedlings as a result of the CuO NP. However, 
several studies have shown that bulk Cu increases the 
expression of APX, SOD, and other enzymatic anti
oxidants in plants (Inze and van Montagu 1995, 
Yoshimura et al. 2000).
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and photochemical quenching. High treatment caused oxidative and osmotic 
stress evidenced by increased MDA and proline content. This study thus 
indicates that Ti accumulation caused phytotoxicity to growth and 
photosynthesis leading to oxidative and osmotic stress in rice.

INTRODUCTION

Metal oxide nanoparticles (NPs) are materials with size range 
of 1-100 nm (Klaine et al., 2008). Titanium dioxide (Ti02) 
NPs are one of the most commonly found particles in the 
environment as a result of their large scale production and 
application for commercial purposes such as cosmetics, 
sunscreens (Mu e t al., 2010), semiconductors, 
pharmaceuticals, energy storage, catalysts, coatings and paints 
(Kaegi et al., 2008), due to its UV absorption efficiency and 
transparency to visible light (Franklin e t al., 2007). It is also 
used in the production of textiles (Yuranova e t al., 2007) and 
for solar-driven self-cleaning coatings (Cai e t al., 2006). These 
usages would inevitably lead to increased NP entry into the 
environment. As far as concentration of NPs in soil or aquatic 
system is concerned, no direct published data is available 
(Navarro et al., 2008). Using fate models, Mueller e t al. 
(2008), estimated the concentration of T i02 NP to be 120 
ug/kg3 of agricultural land per year as a result of contaminated 
sewage sludge. Boxall e t al. (2007) used simple box models to 
estimate the amount of Ti in the environment and reported that 
the expected amounts of Ti and other common NPs (Ce, Zn 
and Ag) were found to be in the range of 1 to 10 pg/'L in 
natural waters, with total NP concentration scaling up to 100 
ug L approximately in the aquatic system currently which may 
increase many fold in the near future.
Release of Ti02 NP in the environment is ameliorating at a 
very rapid rate contaminating soil and aquatic ecosystems 
i Farre e t al., 2009; Tourinho e t al., 2012). T i02 NPs are likely 
to persist and accumulate in the soil and water due to low

© C opy R ight, IJRSR, 2014, A ca d em ic  Journals. A l l  r igh ts reserved.

dissolution (Baun e t al., 2008) forming stable aggregates 
(French et al., 2009). Agglomeration and aggregation, in the 
environment are influenced by NP surface characteristics and 
particle size. These are negatively correlated to soil 
characteristics such as dissolved organic matter, and positively 
correlated to pH and ionic strength (Fang et al., 2009).

The mechanism of NP uptake by plant roots is not clearly 
understood. It is reported that depending on the size 
nanoparticles, NPs may enter the plant cells through carrier 
protein, aquaporin, ion channels, fluid phase endocytosis, 
plasmodesmata transport or entry facilitated through natural 
organic matter or root exudates and formation of new pores 
(Rico e t al., 2011). Once inside the cell, NPs can bind to the 
organelles or protein (Rosenbluh e t al., 2011) or form 
aggregates (Guzman e t al., 2006). Interaction of NPs in plants 
not only depends upon the surface characteristics, particle size, 
temperature, pH and ionic strength (Maynard e t al., 2006; 
Wiesner et al., 2006) but also on the type of interactions with 
lipids and proteins such as electrostatic, hydrogen bonding, 
and hydrophobic interactions (Hug and Sulzberger, 1994; 
Ojamae et al., 2006).

Reports on uptake of T i02 NP in plants are limited, especially 
in food crops (Rico et al., 2011). Uptake, translocation and cell 
distribution of ultra small T i02 NPs (<5 nm) in Arabidopsis  
thaliana  was reported to be either facilitated or inhibited by the 
pectin hydrogel capsule which was released by the roots 
(Kurepa et al., 2010). Increased accumulation or inactivation 
of toxic heavy metals by the rhizosphere was also reported to 
be dependent on plant species (Watanabe et al., 2008). Ti02
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\?s toxicity caused reduction in root cell diameter, hydraulic 
onductivity, transpiration and leaf growth in maize (Asli and 

Neumann, 2009) and produced reactive oxygen species (ROS) 
ntliin organisms due to its photocatalytic activity upon UV 
exposure (Kahru et al., 2008). Ti02 NPs are reported to be 
êficial to some organisms. For instance, in spinach, Ti02 

NTs increased chlorophyll synthesis, photosynthesis and plant 
cry weight (Zheng etal., 2005; Hong et a l, 2005).

The multidisciplinary application of nanotechnology-products 
results in the inevitable discharge of NPs into the environment 
Navatro et al., 2008). Problems and challenges arise due to 
phytotoxicity exhibited by the NPs owing to their 
physicochemical surface characteristics upon interaction with 
the living system. The lack of knowledge and limited 
information on the fate and bioavailability of NPs in the 
environment also augment these problems (Klaine et al, 2008). 
Our study provides a better understanding of the interaction of 
Ti02 NP in Oryza sativa var. Jyoti and suggests that light 
reaction of photosynthesis was uninfluenced on treatment with 
Ti02 NPs, while growth (germination, root/ shoot length and 
biomass) was reduced at highest concentration. We report a 
decline in the net photosynthesis (A, E and gs), and enhanced 
oxidative and osmotic stress indicated by increased MDA and 
proline respectively due to the Ti02 NP treatment. Results also 
suggest generation of ascorbate in order to metabolise ROS 
produced, probably to mitigate the oxidative damage.

MATERIALS A N D  M E T H O D S

Plant materials and growth conditions

Oryza sativa (var. Jyoti), a high yielding, rice variety was 
obtained from Indian Council of Agricultural Research 
(ICAR), Goa and stored in dark at 4°C. T i02 NP (<25 nm size, 
Sigma-Aldrich) solution of 0, 2.5, 10, 50, 100 and 1000 ppm 
was prepared in Hoagland’s solution (pH 6.5). Seeds were 
surface sterilized using 4% sodium hypochlorite (BDH) 
solution for 3 min, washed thoroughly with tap water and 
soaked for 3 days. 100 seeds were sown on germination paper 
in a Petri plate with respective concentration of Ti02.

The seeds were germinated in a growth chamber equipped 
with lamps to provide an irradiance of 200 pmol m 'V  with 16 
h photoperiod, temperature of 25 ± 2°C and relative humidity 
of 70- 75%. The 6 day old seedlings were transferred carefully 
in a hydroponic system containing respective concentration of 
Ti02 NPs and were allowed to grow for a further 24 days. The 
hydroponic system ensured complete mixing of NPs by use of 
magnetic stirrers and proper aeration achieved by air pumps. 
The solutions were replenished every third day.

Xanoparticle Characterization Studies

Ti02 NPs were obtained from Sigma-Aldrich Co. (USA). The 
physical characteristics as obtained from the supplier were: 
particle size (<25 nm), surface area (45-55 m2g ’), mp (1825 
'C), and density (3.9 g mL'1 at 25 °C), containing 99.7% trace 
metals basis.

Size characterization using Scanning Electron Microscopy 
(SEM)

Ti02 NP was characterized at 30000 X magnification using 
SEM (JSM 5800 LV, JEOL, Japan) at the National Institute of 
Oceanography, Goa.

Size characterization using X-ray Diffractometer (XRD)

X-ray Diffractometer (Rigaku) pattern of T i02 NPs was 
recorded at room temperature in the range of 20=2O°-8O° with 
a step of 0.02° and a speed= 2°/min using Cu k a  radiation 
(Z=0.15406 nm).

Size characterization using dynamic light scattering (DLS) 
analyzer

DLS measurements in aqueous system were studied using 
dynamic light scattering ZetaPALS Analyzer (Brookhaven 
Instruments Corporation, New York, USA). Appropriate 
amount of Ti02 NPs was suspended in distilled water as well 
as Hoagland’s nutrient solution and was physically dispersed 
using an ultrasonicator for 2 min. Each measurement 
consisting of five replicates were measured with 10 s duration 
at 25°C and analyzed using BIC Particle Sizing Software 
Ver.5.23.

Germination, root and shoot length and biomass studies

Percent germination, root, shoot length was manually taken at 
the early stage (6th day) of growth. The biomass was measured 
taking 10 plants from each T i02 NP treatment group after 30 
days of growth. Fresh leaf tissue was dried at 75°C for 72 h 
noted as dry weight (d.w.).

Nanoparticle uptake

Uptake of Ti02 NPs was determined using an inductively 
coupled plasma atomic emission spectrophotometer (Perkin- 
Elmer Optima 2000 DV ICP-OES) calibrated with single
element calibration standards. The ash was dissolved in 1% 
HN03 (Merck) solution and filtered through 0.45 pm Whatman 
filter paper. The filtered sample was used for ICP-OES 
analysis.

Photosynthesis measurements

Photosynthesis measurements were carried out using a 
portable infra-red gas analyzer (IRGA, ADC Bioscientific, 
LCi-SD, Hansatech, UK) according to Sharma and Hall 
(1996). The photosynthesis rate (A), transpiration rate (E) and 
stomatal conductance (gs) were measured at ambient 
temperature and carbon dioxide concentration and light 
intensity of 1200 pmol m'2 s"1 using a detachable light source 
provided by a dichroic lamp (Hansatech, UK).

Fluorescence measurements

Measurements were carried out using a fluorescence 
monitoring system (FMS, Hansatech instruments) according to 
Sharma e t al. (1997) using Modfluor32 software. The 
maximum fluorescence (Fm), variable fluorescence (Fv) and 
the maximum quantum yield (Fv/Fm) ratio was calculated. 
The relative contributions for photochemical and non- 
photochemical energy dissipation measured as the 
photochemical quenching (qP) and non-photochemical 
quenching (qNP) were also calculated according to Schreiber 
etal (1986).

Extraction and analysis o f photosynthetic Pigments

Plant tissue (0.1 g) was ground in 100 % Acetone (Merck 
HPLC grade) making a final volume of 1.5 ml and incubated 
overnight at 4°C. The homogenate was centrifuged at 4°C for 
10 mins at 4000 x g. 1 ml of supernatant was collected and 
filtered through 0.2 pm Ultipor®N66®Nylon 6, 6 membrane
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■ilter and 10 fil of sample was analyzed in a Waters HPLC 
;vstem, according to Sharma and Hall (1996). The HPLC 
profile was extracted at 445 nm with a Waters 2996 
photodiode array detector and peaks were identified based on 
RT and their spectral characteristics, /(-carotene was used as an 
external standard for peak quantization.

Lipid per oxidation
Lipid peroxidation of the cell membrane was determined 
according to Sankhalkar and Sharma (2002). Peroxidation of 
lipids was measured as malondialdehyde (MDA) content using 
an extinction coefficient of 155 mM'1cm‘1 at 532 nm.

Proline determination

Proline accumulation in fresh leaves was determined according 
to the method of Bates et al. (1973). L-Proline (Sigma ultra > 
99 % pure) was used as a standard for quantification by 
plotting a standard graph against concentration at 520 nm.
Ascorbate assay

Ascorbate (ASA) and dehydroascorbate (DHA) was estimated 
according to Kampfenkel et al. (1995). Ascorbic acid (sigma) 
was used as standard.

Statistical analysis

Data obtained was statistically analyzed using the procedure of 
ANOVA: Two-Factor without Replication and unpaired two- 
tailed student’s t-test. Statistically significant difference ‘a ’ is 
reported when the p  < 0.05.

RESULTS
Sanoparticle characterization

The Ti02 NPs were characterized under scanning electron 
microscope (SEM) for their shape and was observed to be 
spherical to round (Fig la). X-ray diffraction (XRD) patterns 
were analyzed using Scherrer’s equation and the average 
crystalline size was measured to be 15 ± 2 nm (Fig lb). Using 
dynamic light scattering (DLS) analyzer, a narrow distribution 
of the particle size of nano-Ti02 p0wder in Hoagland’s solution 
was measured to be 23 ± 2 nm (Polydispersity of 0.074) and 
in distilled water was in the range of 12 ± 2 nm (Polydispersity 
of 0.191) which were in agreement with the XRD 
measurements. The sizes obtained were as specified by the 
supplier (Ti02 NPs, size <25 nm; Sigma-Aldrich, USA). The 
TiO: powder resulted in a suspension that appeared cloudy and 
did not seem to settle over the sampling time.

Table 1 Percent germination (%G), Root and shoot length 
of rice plantlets (6 day old) treated with Ti02 NP at 

different concentration.
Ti02 NPs tin ppm) % G Root length tmm) Shoot length (mm)

0 94.3 ± 0.9 51.31 ±4.0 37.9 ±1.7
2.5 93.1 ±0.2 51.82 ±2.6 36.4 ±2.9
10 92.1 ±1.4 53.04 ±4.2 36.8 ±2.9
50 90.9 ±2.5 52.67 ± 1.7 36.3 ±0.1
100 92.9 ± 2.5 47.93 ±5.5 37.0 ±5.3

1000 91.8 ±1.4 39.29 ± 7.4 33.7 ±8.7
Values are the mean (± S.D) of 7 replicates.

Percent germination and root/ shoot length measurements

The percentage germination was unaffected while shoot and 
root length decreased by approximately 11% and 23% 
espectively as a result of 1000 ppm T i02 NP treatment (Table 
1). The shoot biomass (f.w. & d.w.) showed no change up to

100 ppm but decreased by approximately 9% at 1000 ppm 
(Table 2). The root biomass (f.w.) decreased slightly at higher 
concentration of T i02 NP (Table 2). However, in contrast to 
these results, the root biomass on dry weight basis increased 
by 476% at the highest concentration of Ti02 as compared to 
control (Table 2). Plants grown at 1000 ppm of Ti02 also 
showed necrosis at the leaf tips (data not shown).

Table 2 Biomass of rice plantlets (30 day old) treated with 
__________ TiQ2 NP at different concentration.

Biomass (g)
T i0 2 NPs (ppm) Shoot (F.W) Shoot (D.W) Root (F.W) Root (D.W)

0 0.74 ± 0.03 0.076 ±0.02 0.33 ± 0.03 0.026 ± 0.003
2.5 0.72 ± 0.09 0.075 ± 0.02 0.32 ±0.02 0.028 ± 0.003
10 0.76 ± 0.07 0.075 ±0.01 0.29 ± 0.05 0.021± 0.003
50 0.76 ±0.01 0.075 ±0.01 0.30 ±0.01 0.023 ± 0.001
100 0.77 ±0.05 0.076 ±0.02 0.30 ±0.03 0.15 ±0.02

1000 0.67 ±0.15 0.069 ± 0.02 0.32 ±0.13 0.13 ±0.02
Values are the mean (± S.D) of 7 replicates. 

Accumulation ofT i02NPs usingICO-OES

Plants showed a 3-fold increase in the Ti content up to 10 ppm 
as a result of the treatment (Table 3). Further increase in the 
Ti02 concentration during treatment showed little difference in 
Ti content as observed in control shoots. Ti content in roots, 
however, showed a linear increase. 50 ppm T i02NP treatment 
resulted in 3-fold increase in Ti content in roots, which was 
increased to 23.5 fold at 1000 ppm concentration (Table 3).

Table 3 Shoot and root Ti content of 30 day old plantlets 
_________ exposed to TiQ2 NP treatment._________

T i02 NP (ppm) Ti content (mg/L)
Shoot Root

0 0.9 ± 0.0009 0.9 ± 0.0003
2.5 3.0 ±0.0034 1.1 ±0.0224
10 3.0 ±0.0038 2.0 ±0.0073
50 0.9 ±0.0015 3.1 ±0.0295
100 1.0 ±0.0028 21.2 ± 0.914

1000 1.2 ±0.0062 21.3 ±0.034
Values are the mean (± S.D) ot 3 replicates.

Table 4 Carotenoid and chlorophyll content of Ti02 NP 
treated rice plants at 0-1000 ppm concentration after 30 
________________ days of growth.________________

Pigments (cone, in pg) Treatment with T i02 NP (in ppm)
0 2.5 10 100 1000

Neoxanthin 0.82 0.87 1.63 1.34 1.10
Violaxanthin 1.67 1.82 3.39 2.97 2.41

Antheraxanthin 0.25 0.31 0.50 0.50 0.32
Lutein 3.44 3.07 7.25 6.09 4.57

Chlorophyll b 6.72 6.77 13.54 11.87 8.93
Chlorophyll a 5.62 5.67 11.88 10.36 7.76

(3-Carotene 1.51 1.32 3.61 3.09 2.17

Photosynthetic studies

Chlorophyll fluorescence indicative of light reaction of 
photosynthesis was not significantly affected on treatment with 
high concentration of Ti02 NP (Fig 2). The photosynthetic 
efficiency of PSII, measured as Fv/Fm ratio and photochemical 
quenching was similar to that of control, however, a 12% 
increase in non- photochemical quenching (qNP) indicative of 
dissipation of absorbed light energy in the form of heat was 
seen as a result of Ti02 treatment (Fig 2).

The rate of C 02 exchange measured as net photosynthesis (A), 
transpiration rate (E) and stomatal conductance (gs) decreased 
at higher concentrations of Ti02 NP treatment (Fig 3). A slight 
increase in the rate of net photosynthesis (11%), transpiration 
rate (46%) and stomatal conductance (70%) was observed at 
low concentration (2.5 ppm) of Ti02 NPs (Fig 3), however, an
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increase in the concentration of Ti02 resulted in decreased 
-hotosynthesis, transpiration and stomatal conductance. Net 
photosynthesis declined to 53% at 1000 ppm of Ti02 

i concentration as compared to control. Likewise, transpiration 
rate and stomatal conductance also declined to 77% and 66% 
respectively at 1000 ppm Ti02 compared to control (Fig 3).

Figure 3 Net photosynthesis rate (A), transpiration rate (E) 
and stomatal conductance (gs) of rice plants treated with Ti02 
NPs after 30 days of treatment. The error bars represent the 
mean (± S.D) of 7 replicates. The statistical analysis was 
performed using the procedure of Students t-test, ‘a’ 
representing statistically significant values when the p < 0.05.,

The HPLC chromatogram obtained at 445 nm showed no 
qualitative changes (Fig 4). However, quantitative changes in 
the pigments were observed (Table 4). Chlorophyll a  and b as 
well as carotenoid content (neoxanthin, violaxanthin, 
antheraxanthin, lutein, and p-carotene) increased on treatment 
with Ti02 NP as compared to control (Table 4). A linear 
increase of up to 5% in Chi alb ratio was observed as 
compared to control at high concentration. The Chi: Car ratio 
also increased at low concentration (2.5 ppm) but was not 
significantly different from control at high concentrations.

Lipid peroxidation and Osmotic stress

The malondialdehyde (MDA) content indicative of osmotic 
stress did not change significantly up to 50 ppm, however, an 
increase of 29% at 100 ppm and above concentration of Ti02 
NPwas observed (Fig 5a).

The treatment also resulted in osmotic stress indicated by the 
increase in proline content (Fig 5b). Proline level increased 
more than 2-fold as compared to the control as a result of the 
Ti02 treatment (Fig 6b).

Content of ascorbate, a non-enzymatic antioxidant, was also 
determined and was found to increase by 260% as a result of 
1000 ppm Ti02 treatment (Fig 5c).

Figure Legends
Figure 1 Scanning electron micrograph of Ti02 NP at 30000X 
magnification (a), X-Ray Diffraction pattern of Ti02 NP (b) 
recorded at room temperature in the range 20=2O°-8O° with a 
step of 0.02°, speed= 2°/min using Cu ka radiation (uK). 15406 
am).

Figure 1 Scanning electron micrograph and XRD pattern of Ti02 NP

Figure 2 Photosynthetic efficiency of photosystem II (Fv/Fm), 
photochemical quenching (qP) and non- photochemical 
quenching (qNP) of rice plants treated with T i02 NPs after 30 
days of growth. The error bars represent the mean (± S.D) of 7 
replicates. The statistical analysis was performed using the 
procedure of Students t-test, ‘a’ representing statistically 
significant values when p < 0.05.
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Figure 2 Light reactions of photosynthesis
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Figure 3 Dark reaction of photosynthesis

Figure 4 HPLC profile of carotenoid and chlorophyll content 
of rice plants at 445 nm treated with Ti02NP after 30 days of 
treatment [a= Control and b= 1000 ppm Ti02 NPs],

Figure 4HPLC chromatogram of photosynthetic pigments

Figure 5 The MDA content (a), proline content (b) and 
ascorbate content (c) of rice plants treated with Ti02 NP after 
30 days of treatment. The error bars represent the mean (± 
S.D) of 7 replicates. The statistical analysis was performed 
using the procedure of Students t-test, ‘a’ representing 
statistically significant values when the p < 0.05.
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Figure 5 The MDA content (a), proline content (b) and ascorbate content 
(c) of rice plants treated with Ti02 NP
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discussion

Our result showed no effect of Ti02 NP treatment on seed 
eermination of O ryza  sa liv a  var. Jyoti plants (Table 1). This 
may be due to the impermeability of rice seed coat to the 
nanoparticles till the radicle emerges. Wierzbicka and 
Obidzinska (1998) have also shown impermeability of seed 
coat to NPs. We also observed that the shoot and root length 
was uninfluenced up to 100 ppm, while toxicity was observed 
at highest concentration of Ti02 NPs (Table 1). Shoot and root 
biomass showed no changes on fresh weight (f.w.) basis, 
however an increase in the root dry weight (d.w.) was 
observed at high concentration (Table 2). Increase in root d.w. 
probably may be as a result of significant accumulation of Ti 
in the plant roots treated with 100 and 1000 ppm Ti02 NPs. 
Kurepa et al. (2010) reported that roots of A . th a lia n a  released 
mucilage forming a hydrogel capsule either inhibiting or 
facilitating the entry of Ti02 NPs. Watanabe (2008) reported 
that mucilage released may absorb, inactivate or accumulate 
toxic heavy metals in the rhizosphere depending on the plant 
species. Our data revealed massive accumulation of Ti 
particles in roots (Table 3), but little accumulation in shoots at 
high concentration. This accumulation indicates active 
exclusion of Ti by root cells in order to protect the shoots and 
more importantly the photosynthetic tissue. Ti accumulation 
has been reported in parenchyma of wheat root and vascular 
tissue (Laure e t  a l.,  2011) and roots and outer leaves of 
cabbage plants (Hara e t  a l ,  1976).

Ti02 NPs did not show toxicity to light reaction of 
photosynthesis probably because it behaves more like metal 
oxides, rather than like free metal ions (Farre e t  a l.,  2009) 
which are known to cause toxicity. In our study, no significant 
changes in the PSII quantum efficiency (Fv/Fm ratio) and 
photochemical quenching (qP) were observed (Fig 2), 
however, C02 fixation rate, transpiration rate and stomatal 
conductance declined significantly (Fig 3) at high 
concentration. Our results indicate that decrease in the net C 02 
fixation is probably a result of reduction in the stomatal 
conductance rather than metabolic limitation. Ti02 NP 
treatment results in blocking pores in addition to decreasing 
root pores (Asli and Neumann, 2009). This may bring about 
lowering of water uptake causing osmotic stress, as observed 
in our study (Fig 5b). This osmotic stress could lead to 
stomatal closure which in turn would lower the C02 fixation. 
In contrast to our result, Yang and Watts (2005) have reported 
improved growth in spinach due to T i02 treatment, in addition 
to, better absorption of nitrate. This then accelerates the 
biosynthesis of proteins and chlorophyll and enhances 
photosynthesis and plant biomass. Lu e t  a l. (2002) also 
observed that Ti02 NPs increased nitrate reductase activity in 
soyabean. We observed an increase in photosynthetic pigments 
as a result of Ti02 but negligible increase in shoot biomass or 
C02 fixation.

Ti02NPs are known to produce reactive oxygen species (ROS) 
due to its photocatalytic property (Hund-Rinke and Simon, 
2006) resulting in lipid peroxidation, damaging DNA, proteins 
and lipids (Kelly e t  a l . ,  1998). Increased levels of MDA 
observed in our study indicate oxidative stress and 
peroxidation of biological membrane (Fig 5a). Report by 
Ghosh e t  a l. (2010) showed an increase in MDA content in 
Allium c e p a  as a result of Ti02 NP treatment. They also

reported geno-toxicity potential of Ti02 NPs in both plant and 
human lymphocytes.

Exposure to heavy metals is known to cause water imbalance 
in the plants, suggesting that proline accumulation induced by 
metals depends on the development of metal-induced water 
stress in plant leaves (Chen e t  a l., 2001). In our study, we 
observed that proline, an osmo-protectant increased with 
increase in Ti02 NP concentration, indicating osmotic stress 
(Fig 5b). As a consequence of the osmotic stress, stomatal 
limitation was observed (Fig 3) which probably limited the 
C02 fixation and transpiration rate (Fig 3) as reported in this 
study.

ASA is an important component of the antioxidant defense 
system in plants serving as a reductant for the peroxidative 
removal of H20 2 (Noctor and Foyer, 1998). Increase in the 
non-enzymatic antioxidant, ascorbic acid (ASA) (Fig 6c), 
observed in this study was probably in order to mitigate, 
oxidative as well as osmotic stress induced by T i02 NPs. Guo 
e t  a l. (2005) reported that ASA decreased the electrolyte 
leakage in rice roots subjected to Al toxicity and alleviated the 
inhibition of Al on root growth, indicating that ASA and its 
precursor increased the resistance of rice seedlings to Al 
toxicity. They also suggested that ASA decreased the F120 2 and 
MDA level in rice seedlings exposed to chilling, drought and 
Al stress. Our results infer that a significant increase in 
ascorbate content at high Ti02 NP treatment (Fig 5c) caused a 
lesser amount of lipid peroxidation (Fig 5a) in O r y z a  s a t iv a  
var. Jyoti.

CONCLUSION
Titanium dioxide nanoparticle effect (Ti02 NPs) on plant 
growth (root, shoot length and biomass) and photosynthesis 
was investigated. T i02NPs used in this study showed no effect 
on seed germination, root and shoot length and light reaction 
of photosynthesis (Fv/Fm ratio and qP), however, it decreased 
carbon dioxide assimilation (A), transpiration rate (E) and 
stomatal conductance (gs) in O r y z a  s a t iv a  var. Jyoti at high 
concentration. Ti02 NP treatment resulted in an increased 
MDA, proline and ascorbate content at high concentration 
indicating oxidative as well as osmotic stress to plants. 
Overall, Ti02 NPs caused little or no effect on light reaction of 
photosynthesis and pigment biosynthesis but led to a 
phytotoxic effect on the dark reaction of photosynthesis 
(carbon dioxide fixation).
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