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Preface

Rice is an important staple food crop for half of the world population and many
abiotic stresses significantly reduce crop production and quality of many agricultural
food crops. Among the abiotic stresses heavy metal toxicity is counted as one of the
important detrimental factors with respect to its effect on the environment as well as
food safety. Some metals are important for normal growth and development of plants
at low concentrations such as Zn, Mn, Ni, and Cr but when these metals are over

accumulated in the environment it becomes a serious issue for the plant and animals.

Metals are naturally found in the surrounding environment through natural process
such as weathering of rocks. Rapid industrialization and expansion of agricultural
activities also significantly enhance heavy metal pollution in soil, water and air.
Excessive amount of heavy metal is accumulated in the soil due to a wide variety of
anthropogenic activities like disposal of high metal wastes in improperly protected
landfills, leaded gasoline and lead based paints, application of large amount of
fertilizer, animal manures, sewage sludge, compost, pesticides, coal combustion

residues, petrochemicals, and atmospheric deposition.

Hence, soil and water toxicity due to heavy metal contamination has become an
important constraint for crop production and quality. The present study was taken up
to assess heavy metal stress response by two local rice varieties of north east India.

The main objectives of my study are:

1. To estimate germination percentage and growth rate of rice varieties under Zn

stress.

2. To determine photosynthetic efficiency and antioxidant activities of rice under Zn

stress.

3. To analyse DNA damage in rice using molecular makers under Zn stress.



Analysis of Zn stress was performed using two pigmented local rice varieties
Chakhao and Kawnglawang from Manipur and Mizoram respectively. The results
obtained from the study revealed that Zn stress had slight impact on chlorophyll
content, total soluble protein, and antioxidant enzyme activity. However,
genotoxicity analysis using RAPD-PCR revealed that Zn stress did not have a
significant impact on DNA damage. The present study suggests that the
physiological and biochemical parameters like seed germination percentage,
chlorophyll content, total soluble protein, antioxidant enzyme along with the
genotoxicity analysis using RAPD primer can be used as good biomarkers in heavy
metal toxicity studies. At the same time, selection of metal tolerant cultivars can be

done for future rice breeding programs.
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Chapter 1

Introduction

1.1 Rice

Rice is a cereal food crop belonging to the family Poaceae. Oryza sativa and
Oryza glaberrima are the two main rice species that are domesticated and they are
native to tropical and subtropical southern Asia and southern Africa (Crawford and
Shen, 1998). O. sativa is the widely cultivated species while a small amount of O.
glaberrima species is being grown in West Africa for the last 3500 years (FAO,
1993). The actual origin of rice domestication is not yet definitely known, though it
is believed that rice domestication occurred independently in China, India, and
Indonesia and then from there it has given rise to three races: japonica, indica, and
javanica (also known as bulu in Indonesia). There are reports that rice was cultivated
in India between 1500 and 2000 B.C. and in Indonesia around 1648 B.C (FAO,
1993). It is shown by archaeological studies that tropical or indica rice was
cultivated in Ho-mu-tu Chekiang Province, China around 7000 years ago (Chang,
1983). It is believed that originally rice was cultivated without submersion, but due
to mutations, it has become a semi-aquatic plant. Rice can grow in diverse
environmental conditions but it grows faster and more abundantly in wet and warm
conditions (Gnanamanickam, 2009). Rice ecosystems can be classified into four
types: irrigated, rainfed lowland, deep water, and rainfed upland. Rice grown under
irrigated land is most common and contributes 55% of the overall production
(Bernier et al., 2008).

Rice is the major staple food of Asia and part of the Pacific. The Asia-Pacific
region produces and consumes over 90% of the world's rice. Rice consumption per
capita has begun to decline in middle and high-income Asian countries such as the

Republic of Korea and Japan as prosperity and urbanization have increased
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(Papadematrious 2000). However, about a quarter of Asia's population remains
impoverished, with significant unmet rice demand and rice consumption is increasing
more rapidly in this region. At the moment, Asia's population is expanding at a rate
of 1.8 percent per year, and it is unlikely to stabilize until the middle of the next
century. A population prediction for the year 2025 shows a 51 percent rise on
average, and up to 87 percent in some circumstances, over the base year 1995 (Bos et
al., 1994). Over a 45-year period (1950 to 1995), the annual growth rate for rice
consumption in the Asia-Pacific Region has maintained pace with demand, owing to
increased yields rather than increased land. During this time, improved varieties have
had a considerable impact in an ever-increasing order (Khush, 1995). From 261
million tonnes in 1950 (with Asian production of 240 million tonnes) to 573 million
tonnes in 1997 (with Asian production of 524 million tonnes), the global rice supply
has more than doubled (FAO 1997).

1.2 Heavy metal

Heavy metals are inorganic chemicals with atomic mass greater than 20amu
and a density higher than 5 gcm™ and they impart cytotoxic, genotoxic, and
mutagenic effects on humans, animals, and plants (Flora et al., 2008). Due to the
increase of heavy metal accumulation in the soil, there is an increase in the risks of
food safety and health, which is an important concern to the public as well as
government agencies (McLaughin and Singh, 1999; Mandal and Suzuki, 2002). Rice
is an important staple food consumed daily by more than half of the world population
especially in Asian countries and heavy metal contamination is a severe abiotic stress
that affects the production of rice (Nguyen and Ferrero 2006; Acquaah 2007, Huang
et al. 2013,). Two main factors are responsible for heavy metal accumulation, natural
sources (e.g., wind-blown dust, decaying vegetation, forest fires, sea spray) and
human activities (e.g., mining, metal production; wood production, and phosphate
fertilizer). Naturally, the sources of heavy metals in the soil are the parent rocks.
Weathering of rock is regarded as an important source of heavy metals in the

environment. The environmental condition and composition of rocks directly



influence the process of weathering (Abdu et al., 2011). Some of the rock minerals
change their crystalline structure after weathering and make them available to be
absorbed by the soil or transported towards surface water or groundwater (Parth et al.
2011). Heavy metals found in the soil can be categorized into two types: essential
elements and non-essential elements. Essential elements are those that are required
for normal plant growth, such as Fe, Mn, Zn, Cu, Mg, Mo, and Ni and non-essential
elements such as Cd, Sbh, Cr, Pb, As, Co, Ag, Se and Hg, are those that do not have
known biological and physiological functions (Schutzendubel and Polle, 2002;
Rascio and Navari-lzzo, 2011; Tangahu et al., 2011; Zhou et al., 2014). Essential
elements play important role in the growth, metabolism, development, and structure
of enzymes and proteins at low concentrations (Zengin and Munzurohlu, 2005).
However, excess amounts of these metals can hamper normal functioning of cells
and disturb the metabolic processes such as displacement of building blocks of
protein structure, hindering functional groups of important cellular molecules,
disturbance in the functionality of important biomolecules such as pigments or

enzymes (Emamverdian et al., 2015).

1.3 Heavy metal contamination

Heavy metals are found unpretentiously in the soil from pedogenetic
processes of weathering of parent materials at levels that are regarded as trace
(<1000mg kg?1) and rarely toxic (Pierzynski 2000; Kabata-Pendias 2001). Soil
environment is generally contaminated due to the rapidly increasing rate of
generation of heavy metals by anthropogenic activities as compared with the natural
ones and the concentration and chemical form of heavy metals found in the soil
environment become more bioavailable to the plants (D’ Amore et al 2005; Wuana, et
al. 2011). An excessive amount of heavy metal is accumulated in the soil due to a
wide variety of anthropogenic activities like disposal of high metal wastes in
improperly protected landfills, leaded gasoline and lead-based paints, application of
large amounts of fertilizer, animal manures, sewage sludge, compost, pesticides, coal

combustion residues, petrochemicals, and atmospheric deposition (Basta et al., 2005;



Khan et al 2008; Zhang et al 2010). A large quantity of fertilizers is used in order to
improve soil nutrient condition or to change soil pH to make nutrient more
bioavailable (Bradl 2005) and the compounds used to make this fertilizer contain a
trace amount of heavy metals as impurities, so continuous use of these fertilizers
enhance more accumulation of heavy metals in the soil (Jones et al., 1981).
Similarly, various kinds of pesticides are extensively used to control insects and pests
in high production agriculture where they are either treated with seeds or applied in
soil and their application in soil has led to an increase deposition of heavy metal in
that soil (Bradl 2005).

1.4 Bioavailability of Heavy metals

The bioavailability of metals in the soil depends on the physical, chemical,
and biological processes and interactions between them and also depends on their
distribution between solid and solution phase (Rieuwerts et al 1998; Fijalkowski et al
2012). The process of binding heavy metals, and their bioavailability depends on

various soil parameters such as

Granulometric composition

Organic matter content

pH value

Sorption capacity

Content of macro and micronutrients
Oxidation-reduction potential

Activity of microorganisms

I &G mmogow>

Bioavailability for plants and animals

Resistance of the soil

pH is regarded as one of the important factors influencing concentrations of soluble
and metal availability by plants (Brallier et al 1996). At low pH, metal tends to form

soluble organometal or as free ionic species and increase its bioavailability and at



higher pH values metal tends to decrease its solubility (Chuan et al., 1996; Thornton
1996; Olaniran et al., 2013). Redox potential is the measurement of the tendency of
an environment to oxidize or reduce substrates. Redox reactions in soils are
controlled by the aqueous free electron activity, which can also be expressed in terms
of the redox potential (En). High redox potentials are associated with dry, well-
aerated soil, while low redox potentials are associated with soil rich in organic matter
and waterlogging (Evans, 1989). Soil texture also plays an important role in
influencing metal solubility and their role can be expressed in terms of types of soils
like clay, silt, and sand fractions (Qian et al., 1996). Clay fraction and granulometric
composition of soil have a high potential to bind with heavy metals (Fijalkowski et al
2012). Soil organic matter is incorporated with humic substances or humus, and non-
humic substances and they are accumulated in the soil as a result of the
decomposition of plant materials (Foth, 1978). Soil organic matter content has small
impact on metal binding but it is potential in retention of atmospheric metal inputs in
the surface of the soil (Zimdahl and Skogerboe 1997; Rieuwerts et al, 1998). Thus,
different factors may influence the solubility of metals in soil but initially, available
metal solubility largely depends on metal physico-chemical properties, particle size,
and their sources (Jones and Jarvis, 1981).

Uptake of metals by the plants is also influenced by many factors such as
temperature, soil pH, soil aeration, competition between the plant species, the type of
plant and its size, the root system, the availability of elements in the soil or foliar
deposits, the type of leaves, soil moisture and plant energy supply to the roots and
leaves (Yamamoto and Kozlowski 1987). Metals such as Mn, Cu, Zn, Mo, and Ni in
appropriate concentrations are important for the normal growth and development of
plants since they act as cofactors and catalytic components of proteins and enzymes
(Moustakas and Ouzounidou 1994). However, their accumulation can alter many
vital plant processes, such as mineral nutrition (Ouzounidou et al., 1992)
transpiration (Poschenrieder et. al., 1989), photosynthesis (Lidon and Henriques,

1991), enzyme activities-related to metabolism (Nussbaum et. al.,, 1988),



biosynthesis of chlorophyll (Lidon and Henriques,1991), nucleic acids metabolism
(Doncheva et. al., 1996) and seed germination (Ouzounidou et. al., 1992).

1.5 Effects of Heavy metals

Excessive amount of heavy metals in plants severely affects the accumulation
and transportation of important elements in plants which often leads to the change in
the morphological characters of plants such as changes in the leaf area, shoot length,
and root length etc. (Pant et al 2014, Seneviratne et al 2019). Further, increase in
accumulation of heavy metals changes the environment for normal growth of plants
(Doni et al 2014). Heavy metal accumulation in plants not only disturb the
morphological and physiological characters but also alters the various anatomical
characteristics like dissolution and reduction in parenchymatous cells, mesophyll
cells, and decrease in the number of xylem vessels as well as in the diameter of root,
stem and leaf (Batool et al 2015).

Seed germination, one of the most significant stages in a plant’s life, is
sensitive to the chemical and physical conditions of the rhizosphere (Bewley 1997).
Although the seed coat can act as a primary barrier defending harmful effects of
heavy metals, most seeds and seedlings show a decline in germination in response to
heavy metal stress causing a major concern for agricultural and forestry practices
(Adrees et al. 2015). Earlier studies reported that through inhibition of storage food
mobilization, reduction in radical formation, disruption of cellular osmoregulation,
and the degradation of proteolytic activities, heavy metals cause inhibition of seed
germination and seedling development (Adrees et al. 2015; Karmous et al. 2015; Arif
et al 2019).

Previous studies also reported that there had been significant alteration in the
metabolic process of photosynthesis, respiration, gaseous exchange, and nutrient
translocation, which ultimately decreased plant growth under heavy metal stress

(Sharma et al. 2005; Gomes et al. 2011). Excessive accumulation of heavy metal also
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inhibits the normal functioning of photosynthetic apparatus such a leaf tissue,
cytosolic enzymes, chloroplast membranes, photosynthetic pigments and causes
interruption in the photosynthetic carbon reduction cycle (Rai et al., 2016). Chlorosis
and retardation of plant growth are frequently seen when a plant is grown under a
heavy metal polluted environment, which indicates the disturbance in the
biosynthesis of important photosynthetic pigments (Rai et al., 2016). An earlier
report also showed the decline in chlorophyll content in plants due to heavy metals
such Hg, Cu, Cr, Cd, and Zn, which in turn caused a decrease in photosynthetic rate
(Aggarwal et al., 2012). Thus, heavy metal exposure disturbs the normal biosynthesis

of important photosynthetic pigments such as chlorophylls and carotenoids.

Proteins are large and complex biomolecules that comprise of one or more
long chains of amino acids that play many important functions within an organism.
They have a vast array of functions such as catalyzing metabolic reactions, DNA
replication, transporting molecules, cellular signaling, membrane fusion, structural
support, and protection etc. (Saraswathy and Ramalingam, 2011). The structure of a
protein generally determines the function it is going to perform. The physical and
chemical conditions of the protein environment have a great impact on the
conformation of a protein. Exposure to extreme temperature, reactive molecules,
heavy metal ions, and other stresses triggered disturbance in the protein folding
process of newly synthesized protein and also influenced the misfolding of protein
(Golbberg 2003; Saraswathy and Ramalingam, 2011; Guo and Zhou 2016).

Genotoxicity is a term used in genetics to describe the damaging effect on a
cell’s genetic material (DNA, RNA) that compromises the cell’s integrity. A
genotoxin is a substance that has the ability to cause genotoxicity such as radiation,
chemicals etc. (Shah 2012). Genotoxic metal binding to the cell nucleus causes
promutagenic damage including DNA base modifications, inter-and intra-molecular
cross-linkage of DNA and proteins, DNA strand breaks, rearrangements, and

depurination. Chemical reactions driving this damage, and the resulting mutations,
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are characteristics of an oxidative DNA attack (Kasprzak 1995). The genotoxicity of
heavy metals has been reported in many plants. Currently, a wide variety of DNA
markers/techniques have been applied for understanding heavy metal toxicity at the
DNA level. Many PCR- based techniques have been developed for the analysis of
DNA in the field of genotoxicity (Liu et al., 2007).

The random amplified polymorphic DNA (RAPD) method is a PCR- based
technique that is simple, fast, reliable and capable of detecting not only point
mutations but also temporary alteration of DNA (Ahmad et al., 2012). This method
involves amplification of random segments of genomic DNA using short arbitrary
primers without the need for prior knowledge of genomic DNA (Welsh and
McClelland 1990; Williams et al., 1990). It has been successfully used in species and
strain identification (Bardakci and Skibinski 1994; Cocconcelli et al., 1995), genetic
diversity analysis (Koh et al., 1999), genetic marker-assisted breeding (Liu et al.,
1999), genetic variation detection (Keshava et al., 1999), and evaluation of
genotoxicity level induced by environmental pollutants (Rocco et al., 2010, 2011,
2012). The assessment of genomic template stability (GTS) is a measure of DNA
damage and mutation such as deletion or addition of DNA sequences, structural
modification, point mutation, and mutation by polyploid variability. The
polymorphic DNA bands obtained from RAPD analysis can considerably aid in the
creation of molecular markers for the detection of damaged or mutant DNA in plants
cells. GTS is a qualitative indicator of RAPD profile differences (Younis et al.,
2020).

1.6 Plant response against heavy metals

Plants employ various defense strategies for tolerance or detoxification
whenever there is a stress condition including heavy metal stress. As a first step
towards dealing with metal intoxication, plants adopt an avoidance strategy to
overcome stress via restricting metal uptake from soil or excluding it, preventing
metal entry into plant roots (Viehweger 2014). The primary response to heavy metal

stress in plants is the production of reactive oxygen species (ROS). ROS are the
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byproducts of aerobic metabolic processes. When aerobic organisms use molecular
oxygen, a number of oxygen-containing reactive species are formed, which are
collectively referred to as reactive oxygen species (ROS). Both the physiological and
pathology of aerobic life are influenced by ROS (Li et al., 2016). ROS are always
produced as a result of electron leakage onto O, from electron transport processes in
the chloroplast, mitochondria, and plasma membranes, or a byproduct of numerous
metabolic pathways located in different cellular compartments. Several
environmental stresses such as salinity, drought, metal toxicity, chilling, and UV-B
radiations lead to overproduction of ROS in plants due to disturbances in cellular
homeostasis (Sharma and Dubey 2007; Heyno et al., 2011). ROS comprises free
radicals such as superoxide anion (O2), hydroxyl radical (*OH), as well as non
radical molecules like hydrogen peroxide (H202), singlet oxygen (*Oy), etc. (Sharma
etal., 2012). ROS are generated in several cellular compartments such as chloroplast,
mitochondria, peroxisomes, apoplast, and plasma membrane (Huang et al., 2019;
Singh et al.,, 2019). Different kinds of environmental factors influence the
overproduction of ROS such as high light, high or low temperature, salinity, drought,
metal toxicity, nutrient deficiency, and pathogen attacks (Tripathy and Oelmuller,
2012).

ROS are highly reactive chemical molecules and they are produced as a
byproduct of aerobic metabolism and they play important role in cell signaling and
homeostasis. The pathway for the generation of ROS in plants can be either directly
through Haber-Weiss/Fenton reactions, or by the activation of NADPH oxidase, or
by inhibiting enzymes through the displacement of essential cation (Shahid et al.,
2014). Increased generation of ROS amid environmental conditions can endanger
cells by triggering lipid peroxidation, protein oxidation, nucleic acid damage,
enzyme inhibition, activation of programmed cell death (PCD) pathway, and
ultimately cell death (Verma and Dubey 2003; Meriga et al., 2004; Sharma and
Dubey 2005; Maheshwari and Dubey 2009; Mishra et al., 2011; Srivastava and
Dubey 2011). When the ROS production in the cell exceeds the cellular

detoxification capacity, the cell undergoes a state of oxidative stress that stimulates
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the oxidation of important biomolecules, such as DNA, proteins, lipids, and
carbohydrate (Sharma et al., 2012). ROS have been implicated as second messengers
in intracellular signalling cascades that mediate a variety of plant responses,
including stomatal closure (Neill et al., 2002; Kwak et al., 2003; Yan et al., 2007),
programmed cell death (Bethke and Jones 2001; Mittler 2002), gravitropism (Jung et
al., 2001), and the acquisition of tolerance to both biotic and abiotic stressors, at
low/moderate concentrations (Torres et al., 2002; Miller et al., 2008). Plants use
redox-sensitive proteins, calcium mobilization, protein phosphorylation, and gene
expression to sense, transduce, and transform ROS signals into suitable physiological
responses. Through the oxidation of conserved cysteine residues, ROS can be
recognized directly by critical signaling proteins like tyrosine phosphatase (Xiong et
al., 2002). Many signaling components such as protein phosphatase, protein Kinases,
and transcription factors can be regulated by ROS, and it can interface with other
signal molecules and pathways that are part of the signaling network that controls
response downstream of ROS (Neill et al., 2002). The balance between oxidant
generation and antioxidant removal determines the strength, lifespan, and size of the
ROS signaling pool (Sharma et al., 2012).

Plants have a sophisticated antioxidative defense system to scavenge ROS
that includes both non enzymatic and enzymatic components. Diverse organelles,
such as chloroplasts, mitochondria, and peroxisomes, produce and scavenge ROS,
and ROS-scavenging routes from different cellular compartments are coordinated in
plant cells (Pang and Wang 2008). Potentially harmful oxygen metabolites are
produced at low levels under normal conditions, and there is an optimal balance
between ROS production and quenching. A number of negative environmental
variables can disrupt the balance between ROS production and quenching, resulting
in a rapid increase in intracellular ROS levels (Noctor et al., 2008; Sharma et al.,
2019). However, plants produce antioxidants to overcome the oxidative injury
induced by heavy metals (Zabalza et al., 2008). Some of the antioxidants which are
generated during heavy metal stress include several ROS-removing enzymes such as

SOD, CAT, GPX, APX, GR, and low molecular mass antioxidants scavengers such
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as ascorbate (ASC) and GSH (Baker, 1987). Antioxidative enzyme activity appears
to be a key component of plants' antioxidant defense mechanism against metal-
induced oxidative injury in metal stressed plants (Shah et al., 2001). Plant response
to metal exposure varies based on plant species, tissues, development stages, metal
type, and concentration. The activation of a set of defense mechanisms involving
enzymatic and nonenzymatic components is one of the primary responses of plants
(Cakmak and Horst 1991; Bhaduri and Fulekar 2012).

1.7 Heavy metal impact on health

Heavy metal contamination of soil may increase risks and hazards to humans
and the ecosystem through direct ingestion or contact with contaminated soil, the
food, drinking of contaminated groundwater, reduction in food quality via
phytotoxicity, reduction in land usability for agricultural production causing food
insecurity (Valke et al., 2005; Wuana et al 2011). Rice being an important staple
food crop, it is important to study the nutritional composition and quality of rice
grain. Heavy metal pollution in paddy fields has become an important issue as an
important environmental pollutant and its characteristic bioaccumulation and non-
biodegradable properties (Hoisa et al., 2015). Due to the high potential risk to the
ecosystem and human health, heavy metal contamination is counted as a potential
pollutant in rice and it is regarded as one of the major toxic substances (Jozefczak et
al., 2012; Hoisa et al., 2015). Using wastewater as a mode of irrigation in the
agricultural soil of paddy fields is a widespread practice in developing countries,
which rapidly increases the uptake of metals in crops. This rapid elevation of heavy
metals in crops decreases the food quality and becomes a menacing issue to health
for the consumers (Murtaza et al., 2015). Industrialization, urbanization, and rapid
economic development have resulted in increased industrial and agricultural activity
around the world. Toxic heavy metals may be released into the water, air, and soil as
a result of such actions. Growing human foods in heavy metal-contaminated media
causes bioaccumulation of these elements in human food chains, which then reach

the human body (Ali et al., 2019). Contamination of heavy metals in the human food
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chain poses a threat to human health, as evidenced by cases from the twentieth
century. In Japan, intake of Hg-contaminated fish and Cd-contaminated rice caused

Minamata disease (MD) and itai-itai sickness, respectively (Nishijo et al., 2017).

To safeguard human health from the detrimental impacts of toxic heavy metals,
the bioaccumulation and biomagnification of heavy metals in human food chains
should be regularly monitored (Ali et al., 2019). Although heavy metal
biomagnification is a contentious topic in metal ecotoxicology, multiple studies have
found heavy metal biomagnification in particular food chains. An organism at higher
trophic levels in food chains is more vulnerable to biomagnification of certain metals
in food chains. Biomagnification can result in the larger concentration of trace metals
in organisms of higher trophic levels, posing a health concern to these organisms or

their human consumers (Barwick and Maher 2003).

Rice (Oryza sativa), being a model organism, is chosen to investigate the
physiological and biochemical changes against heavy metal stress. Northeast India
harbors many diverged landraces of rice. However, to the best of my knowledge,
these rice varieties are not studied in terms of heavy metal stress. The present study,
for the first time, aims to investigate the physiological and biochemical responses of
selected rice varieties of North East India under different concentrations of Zn. This
study will provide information about the sensitivity and tolerance capability of rice

varieties of North East India against Zn stress.
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1.8 Objectives:

1. To estimate germination percentage and growth rate of rice varieties under Zn

stress.

2. To determine photosynthetic efficiency and antioxidant activities of rice under Zn

stress.

3. To analyse DNA damage in rice using molecular makers under Zn stress.
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Chapter 2

Review of Literature

Heavy metal contamination of soil becomes toxic when they are migrated to
groundwater or taken up by flora and fauna and this process adversely affects the
whole ecosystem. Heavy metals are naturally generated from parent rocks but
anthropogenic activities such as use of municipal wastewater for irrigation, low
quality and excess input of fertilizers and smelting, and fossil fuel combustion etc.
result in the increased heavy metals in agricultural soil. All the ingredients of soil if
present in higher concentrations than the normal amount may cause contamination or
serious effect on the ecosystem, which might result in significant damage and cause
unpreventable contamination in the systems. And heavy metals are the most
important group among these agents, which can be damaging even at trace amounts
(Oner and Celik, 2011). The negative effect on the development and quality of plants
is higher if the heavy metal contaminated agricultural areas are used for crop
plantation (Qishlagi, 2008). Accumulation of heavy metal in the plant is more when
the plant is exposed to the heavy metal contaminated areas and it also causes serious

health risk to consumers via the food chain (Okoronkwo et al., 2005).

Zn is one of the important essential micronutrients and plays an important role
in plant cell growth and development (Lin et al., 2015). And it is the second most
abundantly found transition metal in a living organism (Marschner et al., 2011). Zn is
found naturally in the soil through pedogenetic processes of mother rocks leaching
(Wuana and Okieimen 2011). Naturally, the background concentration of Zn in soils
and rocks is in the range between 10 and 300 ppm while its concentration in rivers is
very less (< 0.01-0.2 ppm) (Noulas et al., 2018). Zn is released in the surrounding
environment through the natural erosion process while the volcanic eruption has an

important contribution to the dispersal of Zn in the environment (Prasad 2008).
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Furthermore, industrial activities increase the Zn contamination in addition to the
natural sources. Major anthropogenic activities such as mining, smelting, sewage
sludge, and persistent use of Zn fertilizers are some of the important causes of Zn

pollution in the environment (Balafrej et al., 2020).

Zn can be found in different forms, usually as a free ion (Zn?* and ZnOH") or
complexed with organic matters in soil. Many factors such as soil pH, organic
matters, total soil Zn content, soil temperature and moisture, root distribution, and
rhizosphere can affect the Zn availability to plants (Baruah 2018). Soil pH can be an
important factor regarding the bioavailability of Zn since it can correlate with many
biological and other chemical properties of soil (Behera and Shukla 2015). Soil
organic matter enhances Zn solubility and reduces fixation which results in increase
availability of Zn to the plant roots (Cakmak 2009). However, high organic matter
content in soils like in peat and musk soils tends to decrease the Zn availability
because of Zn binding property on the solid-state of humid substances (Balafrej et
al., 2020). Soil water content can be another important determining factor for the
availability of Zn to plants (Patnaik et al., 2008). Flooding of soil leads to the
reduction of Zn availability due to the dissolution of P and the formation of insoluble
compounds with Mn, Fe, COgz, and S under anaerobic conditions (Alloway 2004).
Flooding of soil notably reduces Zn concentration and also affects Zn availability by
changing pH (Baruah 2018). According to Yoo and Jame (2003), flooding
significantly reduces Zn concentration in leaves of rice (Oryza sativa), wheat

(Triticum aestivum), and barley (Hordeum vulgare).

Root's interaction with the rhizosphere can be an important factor for the
availability of Zn. Root activity induces lot of changes in the soil rhizospheric
properties, like the pH, chemical equilibrium, mobility, microbial activity, and
bioavailability (Compant et al., 2010; Seshadri et al., 2015). An earlier study reported
that there were wide range of differences in metal uptake and translocation

depending on crop plants' abilities to absorb and accumulate heavy metals in their

15



body parts and even between cultivars of the same plant species (Satpathy et al.,
2014).

Excess and deficiency of Zn are differentiated with a minute concentration
range and it has frequently mistaken the toxicity and deficiency of Zn stress in plants
due to similar visual symptoms (dos Santos et al., 2019). So, it is a common mistake
to add more Zn in the soil thinking that there is a deficiency of Zn when there is
already an excessive amount of this element in toxic level (dos Santos et al., 2019).
Zn is a vital component of special proteins known as Zn fingers that bind to DNA
and RNA and help in their regulation and stabilization. In plants, Zn plays an
important role as a functional, structural, or regulatory cofactor of various enzymes
like carbonic anhydrase, carboxypeptidase, Zn-superoxide dismutase,
oxidoreductases, transferases, and hydrolases that are responsible for many metabolic

processes in plants (Brown et al., 1993; Mousavi et al., 2013; Balafrej et al., 2020).

Zn is an important micronutrient and plays an important role in plant
development, reproduction, signaling, and approximately 15-20 mg kg™ dry weight
of Zn is required for the proper growth of most crops (Cakmak et al., 1996). An
excess amount of Zn beyond the required concentration can be toxic to flora and
fauna, and humans (Cambier et al., 2009). Reactive oxygen species (ROS) are
produced in plants as a normal part of the metabolic process of chloroplasts,
mitochondria, and peroxisomes (Berni et al., 2019). Under stress conditions, ROS
production is increased which ultimately results in oxidative stress that causes
damage to lipids, protein, and DNA and ultimately leads to cell death (Kanazawa et
al., 2000). Oxidative stress refers to the condition caused due to imbalance in
production and accumulation of ROS in cells and the inability of the biological
system to detoxify the overproduction of ROS (Schieber and Chandel 2014; Pizzino
etal., 2017).
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The seed germination stage is the most sensitive process where seeds first
exchange interface with the surrounding environment and at this stage they are
relatively sensitive to the changing environmental conditions (Solanki and Dhankhar
2011). Many environmental factors including biotic and abiotic factors affect the
seed germination of many crop plants which is why it is the most important
physiological process (Moosavi et al., 2012) and seed coat is softened at the time of
imbibition and germination and this makes the seed more accessible to various
stresses (Kranner and Colville 2011). The severity of metals on seed germination
depends on the metal's ability to penetrate the seed coats and reach embryonic tissues
and also the physical and chemical properties of metal ions (Marquez-Garcia et al.,
2013). Effect of heavy metals on seed germination also depends on the anatomy and
structure of the seed coats of different plant species (Munzuroglu and Geckil 2002).
Metals like Cu and Cd had been reported to inhibit the water uptake and as a result,
the germination process was hampered (Kranner and Colville 2011).

Heavy metals enter the plant system along with the nutrient absorbed by the
root from the soil (Dal Corso et al., 2013). The main physiological change in
response to heavy metal exposure is the reduction in plant growth (Hu et al., 2013).
Reduction in photosynthesis and respiration due to heavy metal exposure in plants is
often accompanied by change in leaf structure and physiology. In addition, heavy
metal exposure affects the metabolic processes and reduction in energy production
and also affects transpiration and transportation of materials between the various
organs (Ying et al. 2010). Heavy metal stress can also disturb the nutrient and water
uptake by the roots that ultimately affects various developmental processes in plants
such as flowering, embryogenesis, and seed formation by affecting the normal
functioning of root and leaf (Shahid et al., 2015). Some metals such as Fe, Cu, and
Zn are important nutrient of plants since they play important roles as cofactor for
various enzymes that are required for the normal functioning of photosynthesis
(Kovacik et al., 2010; Shanmugam et al. 2011). Metals are hazardous to plants
primarily by destroying chloroplasts and interfering with photosynthesis. Metal ions

interfere with photosynthetic enzymes and chloroplast membranes, causing
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photosynthesis to be inhibited (Aggarwal et al., 2012). Heavy metal deposition in
leaves, affects the function of the stomata and thus impacts photosynthesis and
transpiration rates in higher plants thereby reducing photosynthesis indirectly. Heavy
metal reduction of photosynthetic pigments has an indirect effect on photosynthesis,
which is why the use of non-destructive technologies and ease of measurement allow
photosynthetic pigments to be frequently used to determine stress for regulatory

purposes (Aggarwal et al., 2012).

Plants and other photoautotrophs utilize chlorophyll as a major photosynthetic
pigment. The word chlorophyll comes from the Greek words chloros, which means
green, and phyllon, which means leaf. Chlorophyll gets its distinctive green colour
from its capacity to absorb light in the blue and red regions, while attenuating light in
the green region to a considerably lesser level. The primary job of Chlorophyll is to
collect light in order to fuel photosynthesis and transform the absorbed light energy
into chemical energy, which is then stored as sugars. Chlorophyll comes in a variety
of forms in photosynthetic organisms. Chlorophyll a and b are found in higher plants
in a 3:1-4:1 ratio (Solovchenko et al., 2019). Chlorophyll a is the most important
constituent in oxygen production by photosynthetic plants, while the main function
of chlorophyll b is the absorption of blue light energy (Yang et al., 2020).
Chlorophyll has a cyclic tetrapyrrole ring as its backbone, which is a huge
symmetrical planar structure in which four pyrrole rings are connected together by
methine (C=) bridges and four nitrogen atoms are coordinated with a central metal
atom, magnesium (Mg) (Solovchenko et al., 2019). The specialised photosystems,
photosystem | (PSI) and photosystem 11 (PSII), are found in the thylakoid membrane
systems of cyanobacteria and plant and algal chloroplasts, where the reaction centres
photochemically convert light energy into usable chemical energy in the form of
ATP and NADPH through photosynthetic electron transport (PET). The primary
light-harvesting complexes (LHCs) associated with PSI and PSII in plants and green
algae are supramolecular, integrated thylakoid membrane pigment—protein
complexes that absorb light and then transmit it to reaction centres (Nelson and Ben-

Shem 2004; Merchant and Sawaya 2005). Photochemistry traps this energy within

18



PSII reaction centres by forming a charge-separated state in which P680 is photo-
oxidized (P680 + photon = P680* + e7). As a result, P680", nature's most powerful
oxidising agent, oxidises water and produces O, which is required by all other
aerobic species (Huner and Grodzinski 2011). Carotenoids are also plant pigments
that give them their yellow, bright red, and orange colours and play an important role
in the modulation of plant growth and development, as well as plant environment
interaction (Xie et al., 2019).

Heavy metals have long been known to have an impact on the photosynthetic
machinery and several studies reported that Cd, Cu, Zn, and Pb affect photosynthesis
(Zlobin et al., 2015; Shahid et al., 2015; Zhang et al., 2020). According to Aggarwal
et al. (2012), heavy metals such as Hg, Cu, Cr, Cd, and Zn have the potential to
decrease the chlorophyll content. Reduction in photosynthetic pigment may be due to
the high redox potential of many heavy metals that inhibit the biosynthesis pathways
of photosynthetic pigments (Chandra and Kang 2016). Several studies also reported
the reduction of chlorophyll content due to heavy metal stress in cyanobacteria,
unicellular chlorophytes (Chlorella), gymnosperms such Picea abies and
angiosperms, such as Zea mays, Quercus palustrus and Acer rubrum, sunflower, and
almond (Chandra and Kang 2016; Zengin and Munzuroglu 2006; Elloumi et al.,
2007). Changes in photosynthetic pigment contents are linked to visual signs of plant
sickness and photosynthetic productivity; hence chlorophyll concentration is
frequently evaluated in plants to determine the influence of environmental stress
(Parekh et al., 1990).

Excessive heavy metal accumulation causes oxidative stress and genotoxicity,
which results in cytotoxicity and damages many biological components such as
lipids, proteins, and nucleic acids. Over-production of ROS can also change the
intrinsic properties of membranes such as fluidity, ion transport, loss of enzyme
activity, protein cross-linking, inhibition of protein synthesis, DNA damage, and

ultimately result in cell death (Sharma et al., 2012). In order to attenuate the harmful
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effects of heavy metal and oxidative stress, plants must control the production and
removal of ROS (Sharma et al., 2012). Excess amount of ROS production directly or
indirectly affects proteins by modifying them in various ways. Direct modification of
protein activity can be acquired through nitrosylation, carbonylation, disulphide bond
formation, and glutathionylation and indirect modification of protein can be achieved
through conjugation with breakdown products of fatty acid peroxidation (Yamauchi
et al., 2008). In addition, excessive ROS production causes site-specific amino acid
alteration, peptide chain fragmentation, aggregation of cross-linked reaction
products, changed electric charge, and enhanced protein proteolysis susceptibility
(Sharma et al., 2012). ROS are one of the most common causes of DNA damage, as
they exacerbate oxidative damage to nuclear, mitochondrial, and chloroplast DNA.
Oxidative attack on DNA causes deoxyribose oxidation, strand breakage, nucleotide
loss, a range of changes in the organic bases of the nucleotide, and DNA-protein
crosslinks (Auten and Davis 2009). Furthermore, oxidative DNA damage can cause
alteration in the nucleotides of one strand, resulting in DNA stand mismatches.
Plants, on the other hand, generate antioxidants to counteract the oxidative damage
caused by heavy metals. Several ROS-removing enzymes such as SOD, CAT, GPX,
APX, GR, and low molecular mass antioxidant scavengers, such as ascorbate (ASC)
and glutathione (GSH), are produced under heavy metal stress (Michalak 2006;
Rastgoo et al., 2011; Sharma et al., 2012).

Rice is an important staple food that is consumed throughout the world and
heavy metal contamination in paddy fields hamper the yield as well as the quality of
rice grain (Satpathy et al., 2014). Accumulation of heavy metal can induce several
cellular stress responses and also can damage different cellular components such as
membranes, proteins, and DNA (Gjorgieva et al., 2013). Recent advances in
molecular biology have led to the development of a number of selective and sensitive
assays for DNA analysis in ecogenotoxicology. Random Amplified Polymorphic
DNA (RAPD) is a DNA-based technique that can evaluate variation at the DNA
level, and differences can clearly be shown when comparing DNA fingerprints from

individuals exposed or nonexposed to genotoxic agents (Savva 1998; Gjorgieva et
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al.,, 2012). Heavy metal toxicity has a variety of effects on the growth and
development of plant. There are reports available on plant height, chlorophyll
content, protein content, lipid peroxidation, and antioxidative enzyme activity under
heavy metal stress, which can provide information at the population level, but only a
few have been reported on DNA marker approaches (Gupta and Sarin 2009; Cenkci
et al., 2010). The measure of parameters at the population level helps to interpret the
data at molecular level. The majority of research on DNA damage caused by heavy
metals has concentrated on chromosome aberration, comet assays, and micronucleus
assays, although these only look at total nuclear DNA (Lin et al., 2007; Souguir et
al., 2011). PCR-based molecular markers such as RAPD and AFLP, which provide
evidence of DNA mutation, are more sensitive. RAPD profiles are one of the most
extensively used marker approaches for determining the level of genotoxicity in
organisms, and they can be useful for a preliminary assessment of toxic effects on
populations (Wolf et al., 2004; Liu et al., 2007; Gupta and Sarin 2009; Cenkci et al.,
2010; Korpe and Aras 2011). Although, concerns have been raised about the RAPD
technique's reliability and reproducibility, but after proper optimizationit is a
reliable, sensitive, and reproducible assay for detecting DNA damage or mutations in
a short period of time at a low cost that can be used in genotoxicity and
carcinogenesis studies after proper optimization (Atienzar and Jha 2006). Some
earlier research also reported the analysis of genotoxicity in rice using RAPD
markers under arsenic (Ahmad et al., 2012) and cadmium (Liu et al., 2007) stress.
They concluded that RAPD analysis in conjunction with other biochemical
parameters could be used as a powerful eco-toxicological tool in biomonitoring

heavy metal pollution.

Studies had shown that the nutritional quality of certain traditional rice
landraces had higher values than those produced by conventional and modern
techniques that could be attributed to their high bioactive compound contents
(Mbanjo et al., 2020). Similarly, previous studies also reported the presence of high
anti-oxidant activity in pigmented rice grains, which can be used as an efficient

scavenging compound against reactive oxygen species (Chakuton et al., 2012; Zhang
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et al 2015; Petroni et al., 2017; Ghasemzadh et al., 2018). Because of this, some of
the traditional pigmented rice varieties have effective anti-diabetic property and
hence can be useful in the management of diabetes mellitus (Hemamalini et al.,
2021). Bioactive compounds present in pigmented rice grain have the capacity to
reduce cancer cells viability and the inclusion of pigmented rice in diet can prevent
breast cancer (Liang et al., 2014).

The Northeast region of India comprises of states of Assam, Arunachal
Pradesh, Meghalaya, Manipur, Mizoram, Tripura, Nagaland, and Sikkim. The region
has a rich rice diversity of more than 10,000 rice cultivars both aromatic and non-
aromatic varieties and it is one of the major biodiversity hotspots in the world (Mao
et al., 2009). Some rice cultivars of Northeast India possess high genetic diversity
and contain high amount of Zn and Fe and they can serve as good candidates for
future rice breeding programs (Vanlalsanga et al., 2019). Chakhao is an black
aromatic, and glutinous rice cultivar found in Manipur, and it has high anthocyanin,
polyphenols, and Zn content (Roy et al., 2014; Asem et al., 2015; Chanu et al., 2016;
Asem et al.,, 2017). Kawnglawng is a popular pigmented local rice variety of
Mizoram and is widely consumed in every parts of Mizoram (Lalmuanpuii et al.,
2021).
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Chapter 3

Materials and Methods

Seeds of two local rice varieties (Chakhao and Kawnlawng) were collected
from the local rice farmers. Chakhao was collected from a local farmer of Kakching
District, Manipur and Kawnglawng was collected from Lengpui, Mamit District,
Mizoram. Seeds were surface sterilized in 10% Sodium Hypochlorite solution for 10
min and washed thoroughly for 3-4 times with distilled water. The seeds were then
soaked for 24 h in distilled water.

3.1 Germination percentage:

Surface sterilized seeds were spread over Petri dishes lined with filter paper
containing different concentrations of Zn. For the treatments, sulphate salts of Zn
(ZnSO4) were used in three different concentrations (5mM, 10mM, and 15mM).
Germination percentage was analyzed by taking 30 seeds per treatment in petri plates
and thirty seeds without Zn treatment served as control. After 14 days, seeds were

counted for germination percentage.

Surface sterilized rice seeds were grown for fourteen days in Petri plates and
rice seedlings were exposed to different concentrations of Zn (5mM, 10mM, and
15mM) for 2 days and rice seedlings without Zn treatment served as control. Further
analysis such as chlorophyll content, protein content, antioxidant activity, enzyme
activity, and DNA isolation for genotoxicity study were performed from these rice

seedlings.
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3.2 Photosynthetic pigments:

The amount of photosynthetic pigments in terms of chlorophyll a and
chlorophyll b was determined according to the method of Hartmut et al. (1983).
Fresh leaf tissues (0.2g) were homogenized in 3ml ethanol (95%, v/v). The
homogenate was centrifuged at 500g for 10 min and the supernatant was extracted.
Then, 9ml ethanol (95%, v/v) was added to 1ml aliquot of supernatant. And, the
mixture was determined by monitoring the absorbance at the wavelengths 665 and
649 nm in a spectrophotometer. The amount of photosynthetic pigment content was

calculated using the following equations:
Chlorophyll a (Ca) = 13.95 Ases — 6.88 Asag

Chlorophyll b (Cp) = 24.96 Asag— 7.32 Asss

3.3 Protein Estimation:

Total protein of the extract was estimated following Lowry’s method (Lowry et
al., 1951).

3.4 Antioxidant enzyme assay:

Leaf samples (0.5g) were taken per treatment and homogenized in 8ml of 50mM
Potassium phosphate buffer (pH 7.8) under ice-cold conditions. Homogenate was
centrifuged at 10,000 g for 20 min at 4°C and the supernatant was used for the

determination of enzyme activity.

3.4.1 Catalase (CAT) activity:

CAT activity was measured by a reduction in absorbance at 240nm due to the
decline of extinction H20.. The 3ml reaction mixture containing 2.8 mL Phosphate
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buffer (25mM, pH 7.0), 0.1 mL H>O> (0.4%) and 0.1 mL enzyme extract was used.
The reaction was started with the addition of HO, (Aebi 1983).

3.4.2 Ascorbate peroxidase (APX) activity:

APX activity was measured according to Nakano and Asada (1981). The assay
depended on the decrease in absorbance at 290 nm as Ascorbate was oxidized. The 3
mL reaction mixture consisted of 2.7 mL Phosphate buffer (25mM, pH 7.0), 0.1 mL
ascorbate (7.5 mM), 0.1 mL H>O, (0.4%) and 0.1 mL of enzyme extract. The
reaction started with the addition of H.Ox.

3.4.3 Superoxide dismutase (SOD) activity:

SOD activity was assayed by measuring its ability to inhibit the photochemical
reduction of Nitroblue tetrazolium (NBT) (Rao and Sresty 2000). NBT reaction
solution contained 50 mmol L~ Phosphate buffer (pH 7.8), 13 mmol L~ Methionine,
75 pmol L~ NBT, 2 umol L Riboflavin, 0.1 mmol L~ EDTA. The reaction mixture
was 3.1 mL, which contained 3mL NBT reaction mixture and 0.1 mL enzyme
extract. Reaction was started by adding 2 umol L Riboflavin and placing the
reaction tubes under 15W fluorescent lamps for 15 min. A complete reaction mixture
without the enzyme extract served as a control. The photoreduction of NBT was

measured at 560 nm.

3.5 DNA Isolation:

DNA was isolated from plant leaves following Edwards et al., (1991). Briefly,
100mg of the leaf was macerated in a 1.5 ml centrifuge tube for 10-30 sec and 400pl
of Extraction buffer (200 mM Tris HCI pH 7.5, 250 mM NaCl, 25 mM EDTA, 0.5%
SDS) was added. The sample was vortex for 1 min and centrifuged at 13,000 rpm for

5 min. The supernatant was collected and mixed with an equal amount of cold
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isopropanol and kept at room temperature for 2 mins. Then, the mixture was
centrifuged at 13,000 rpm for 5 mins and the dried pellet was dissolved in 100 pl TE
buffer.

3.6 RAPD-PCR:

PCR amplification was performed in a Veriti-96- well thermal cycler (Thermo
Fisher Scientific). The amplification conditions were set as, initial denaturation at 94
OC for 5 min, 35 cycles of denaturation at 94 °C for 30 sec, annealing temperature 34
OC for 30 sec, extension at 72 °C for 1 min followed by final extension at 72°C for 15
min. The amplified product was run on a 1.5% agarose gel and viewed in a
Alphalmager Mini (Protein Simple, USA). Sizes of amplified bands were ascertained
by comparing with molecular weight marker (100 bp) using Alpha View software
(Protein Simple, USA).

3.7 Estimation of genomic template stability (GTS):

Changes in the RAPD profiles were expressed as GTS, a qualitative measure
showing the obvious changes in the number of RAPD profiles. The GTS was

calculated by the formula:
GTS=(1--)x100

where a is the average number of changes in DNA profiles and n is the number of

bands selected in control DNA profiles.

3.8 Statistical analysis

The statistical analysis was performed using Microsoft excel. The results were
subjected to one-way analysis of variance (ANOVA) and Bonferroni test was used

for comparison between pairs of treatments.
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Chapter 4

RESULT

4.1 Germination percentage:

Zn treatment did not have a significant impact on germination in the studied
rice varieties. Germination percentage was found to be 100%, however, Zn
treatment did reduce the growth of shoot and root lengths.
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Figure 1: Germination percentage after 14 days of Zn treatment
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Figure2: Chakhao: 1-Control, 2-5mM, 3-10mM, and 4-15mM ZnSO4

(Germinated rice seedling after 14 days of Zn treatment)
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Figure3: Kawnglawng: 1-Control, 2-5mM, 3-10mM, and 4-15mM ZnSOq
(Germinated rice seedling after 14 days of Zn treatment)
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4.2 Effects of ZnSOs0n Photosynthetic pigments and protein content:

The present studies showed that Zn treatment had significant impact on the
photosynthetic pigments (Chlorophyll ‘a’ and Chlorophyll ‘b’). When 14 days old
rice seedlings were exposed to different concentrations of ZnSO4 (5mM, 10mM, and
15mM) for 48 h, the chlorophyll ‘a’ and chlorophyll ‘b’ contents in both the studied
rice cultivars (Kawnglawng and Chakhao) were reduced significantly with the
increasing concentration of ZnSO4 (p < 0.05) (Fig. 4 and 5). Control plant showed
1.64 + 0.03 mg/L and 1.67 = 0.03 mg/L of chlorophyll ‘a’ in Chakhao and
Kawnglawng respectively. Reduction in chlorophyll ‘a’ content was found the
highest in the rice expose to 15mM concentration of ZnSO4 (Chakhao — 1.4 + 0.03
and Kawnglawng — 1.21 + 0.03) as compared with the control. Then, Chlorophyll ‘b’
content was found to be 0.62 + 0.05 mg/L and 0.58 + 0.08 mg/L in the control plants
of Chakhao and Kawnglawng respectively. The maximum decline in chlorophyll ‘b’
content was found in rice plants treated 15mM ZnSO4 (Chakhao — 0.39 + 0.06 mg/L
and Kawnglawng — 0.4 + 0.08 mg/L). Protein content was found to be 1.14 + 0.01
mg/FW and 1.06 £ 0.006 mg/FW in the control rice plants of Chakhao and
Kawnglawng respectively. The maximum reduction in protein content was found in
rice exposed to 15mM ZnSO4 (Chakhao — 0.96 + 0.008 mg/FW and Kawnglawng —
0.88 = 0.008 mg/FW) (Fig. 6). The present studies revealed that the protein content
was reduced in the rice treated with different concentrations of Zn as compared with

the control and the result was found to be significant (p < 0.05) (Fig. 6).
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Figured: Chlorophyll ‘a’ content in rice under different concentration of Zn stress.

Values are mean + SE based on three independent experimental data (p< 0.05).

0.80 -
0.70 -
= 0.60
B
£ 050
-]
s 0.40 -
8030 -
o
S 0.20 -
0.10 -
0.00 -
5mM 10mM 15mM 5mM 10m|VI 15mM
Conc. of ZnSO, Conc. of ZnSO,
Chakhao Kawnglawng

Figure 5: Chlorophyll ‘b’ content in rice under different concentration of Zn stress.
Values are mean * SE based on three independent experimental data (p< 0.05).
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Figure6: Total protein content in rice under different concentration of Zn stress.

Values are mean * SE based on three independent experimental data (p< 0.05).

4.3 Effects of ZnSO20n Antioxidant activity:
4.3.1 Catalase (CAT)

Catalase plays an important role in preventing the accumulation of H20; in a
plant cell. The present study showed that rice verities (Chakhao and Kawnglawng)
treated with different concentration of Zn (5mM, 10mM, and 15mM) has a
significant impact on the CAT activity. It was found that under Zn stress, CAT
activity significantly increased in both varieties of rice- Chakhao (1.36 + 0.18
unit/min/mg protein to 2.25 + 0.13 unit/min/mg protein) and Kawnglawng (1.55 £
0.15 unit/min/mg protein to 2.71 + 0.18 unit/min/mg protein) with increasing
concentrations of Zn when compared with the control (Fig. 7). CAT activity was
found to be the highest in rice seedlings treated with 15mM ZnSOg in both the rice
varieties and the result was found to be significant (p < 0.05).
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Figure7: Catalase (CAT) activity under different concentration of Zn stress. Values

are mean + SE based on three independent experimental data (p< 0.05).

4.3.2 Ascorbate peroxidase (APX)

It was observed in my study that rice seedling exposed to different
concentrations of ZnSO4 (5mM, 10mM, and 15mM) significantly increased the APX
activity with increasing concentration in both the rice varieties- Chakhao (0.32 +
0.02 unit/min/mg protein to 0.52 + 0.02 unit/min/mg protein) and Kawnglawng (0.39
+ 0.02 to 0.55 + 0.02) as compared with the control (Fig. 8). APX activity was found
to be the highest in rice seedling treated with 15mM in both the rice varieties and the

result was found to be significant (p < 0.05).
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Figure8: Ascorbate peroxidase (APX) activity under different concentration of Zn
stress. Values are mean + SE based on three independent experimental data (p<

0.05).

4.3.3 Superoxide dismutase (SOD) activity:

The present study showed that rice verities (Kawnglawng and Chakhao) treated
with different concentration of ZnSO4 (5mM, 10mM, and 15mM) had an impact on
the SOD activity. It was found that under Zn stress, SOD activity increased in both
the varieties- Chakhao (0.97 £+ 0.02 unit/mg FW to 1.31 + 0.02 unit/mg FW) and
Kawnglawng (0.79 + 0.02 unit/mg FW to 0.55 £ 1.36 unit/mg FW) with increasing
concentrations of Zn when compared with the control (Fig. 9) and the result was
found to be significant (p < 0.05). SOD activity was found to be the highest in rice
seedling treated with 15mM ZnSQg in both rice varieties.
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Figure9: Superoxide dismutase (SOD) activity under different concentration of Zn
stress. Values are mean + SE based on three independent experimental data (p <
0.05).

4.4 Genotoxicity of Zn stress:

In order to analyze the genetic effects of Zn stress on the rice varieties-
Kawnglawng and Chakhao, an RAPD-PCR analysis was performed. Fourteen days
old rice seedlings were expose to different concentrations of ZnSO4(5mM, 10mM
and 15mM) for 48 h and DNA was extracted from leaves. Five RAPD primers were
employed to screen the rice genomes for genotoxicity. In Chakhao and Kawnglawng
control plants, the RAPD profile revealed 29 bands and 28 bands, respectively. The
changes in RAPD profiles generated due to Zn stress in both varieties such as
appearance/disappearance of new bands and variation in band intensity were found

when compared with control experiments.

35



CHAKHAC

CH A< A OO

Figurel0: RAPD profile of Chakhao under different concentrations of Zn stress. (
Lane A indicates 100bp DNA marker, Lanes: 1-Control, 2-5mM, 3-10mM, and 4-
15mM ZnSQy)
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KAWNGLAYWNG

KAWNGLAWRNG

Figurell: RADP profile of Kawnglawng under different concentrations of Zn stress.
(Lane A indicates 100bp DNA marker, Lanes: 1-Control, 2-5mM, 3-10mM, and 4-
15mM ZnSOs)
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4.5 Estimation of genomic template stability:

The genomic template stability (GTS) value, a qualitative measure that showed
changes in RAPD profile was calculated for every five primers in both the rice
cultivars (Table 3). From the analysis, it was found that the rice cultivar Chakhao
shows 100% GTS, which means that under Zn stress (at 15mM) there was no effect
on the genome stability other than an increase and decrease in band intensity. Then,
Kawnglawng rice cultivar treated with 15mM ZnSO4 showed 94.2% GTS at three
primers and 100% at two primers with an overall GTS of 96.2%. The change in GTS

indicated that Zn stress had a slight negative effect to the Kawnglawng genome.

Table 1: Changes of total bands in control and polymorphic bands (Chakhao)

SL. | Primer | Control 5mM 10mM 15mM
a |b |c |d a |B |c |d a |b C

1 OPAl |5 0 |0 |0 |0 0O |0 (0 |O 0 0 0

2 OPA2 | 4 0 |0 |2 |0 0 |0 (0 |1 0 0 1

3 OPA3 | 4 0 |0 |1 |0 0O |0 (1 |0 0 0 1

4 OPA4 |8 0 |0 |3 |1 0O |0 (0 |O 0 0 1

5 OPA5 |8 0 |0 |2 |0 0 |0 (0 |O 0 0 1

Total bands | 29 0 |0 |7 |1 0O |0 (1 |1 0 0 4

a+b 0 0 0

a indicates appearance of new bands, b disappearance of normal bands, ¢ decrease in

band intensities, d increase in band intensities, a+b polymorphic bands,
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Table 2: Changes of total bands in control and polymorphic bands (Kawnglawng)

SL. | Primer | Control SmM 10mM 15mM
a |b |c |d a |b |c |d a B C

1 |OPAl |5 0O (0 |0 |O 0 |0 |1 |0 |0 |1 0

2 |OPA2 |5 0 (0 |2 |O 0O |0 |0 |0 |0 |1 1

3 |OPA3 |4 0O (0 |0 |O 0O |0 (0 |O |0 |O 0

4 | OPA4 |8 0O (0 |0 |O 0O |0 |0 |O 1 |0 0

5 |OPA5 |6 0O (0 |0 |O 0o |0 (1 |0 |0 |O 1

Total bands | 28 0 |0 |2 |O 0O |0 |2 |0 1 2 2

a+b 0 0 3

a indicates appearance of new bands, b disappearance of normal bands, ¢ decrease in
band intensities, d increase in band intensities, a+b polymorphic band
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Table 3: Changes of GTS for all primers

No. of CHAKHAO KAWNGLAWNG
primers

0 5mM | 10m 15m 0 5mM | 10m 15mM

M M M

OPA1l 100 | 100 100 100 100 | 100 100 94.2
OPA2 100 | 100 100 100 100 | 100 100 94.2
OPA3 100 | 100 100 100 100 | 100 100 100
OPA4 100 | 100 100 100 100 | 100 100 94.2
OPA5 100 | 100 100 100 100 | 100 100 100
Mean 100 | 100 100 100 100 | 100 100 96.52

40



Chapter 5

Discussion

The present study was taken up to investigate the Zn toxicity in two local rice
varieties (Kawnglawng and Chakhao) of Northeast India. Assessment of toxicity
level was done based on the germination percentage, photosynthetic pigment, total
protein content, antioxidant activities, and DNA damage evaluated using a PCR base
RAPD profile. Excess accumulation of heavy metals in agricultural land has become
a growing concern for the general public because of its severe impact on soil
ecosystems and harmful effect on human health (Payus and Talip 2014). Naturally,
Zn is found in the soil at low concentrations, ranging from 10 to 300 mg kg, with an
average of approximately 50 mg kg* (Mortvedt 2000). Below this concentration, Zn
IS an important micronutrient for plant metabolism and growth. Zn serves as a
structural and catalytic component in a variety of processes, including cell division,
cell growth, and protein synthesis (Jain et al., 2013). It is involved in chromatin
structure, gene expression and regulation, nucleic acid, carbohydrate, lipid, and
protein metabolism, as well as photosynthetic carbon metabolism (Gai et al., 2017,
Noulas et al., 2018). Zn is also necessary for the production of tryptophan, an auxin

precursor amino acid (Tsonev and Lidon 2012).

Seed germination is the most delicate step of plant growth, as it is the stage
that seeds first interact with the environment, and they are particularly susceptible to
changing environmental conditions (Solanki and Dhankhar 2011). In the present
investigation, rice exposure to Zn stress does not have a significant impact on the
germination percentage, and germination percentage was found to be 100% in both
the rice variety. However, at higher concentration Zn stress significantly inhibited
root formation and shoot growth. Inhibition in root formation and shoot growth could

be due to the heavy metal interfering with the stressed plants' overall growth
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performance (Kikui et al., 2005; Panda et al., 2009; Buendia-Gonzélez et al., 2010;
Gangwar et al., 2010, 2011; Gangwar and Singh, 2011; Eleftheriou et al., 2012;
Hayat et al., 2012; Hasanuzzaman et al., 2012; Anjum et al., 2014). Cell division and
elongation are both involved in root growth. In this context, after exposure to heavy
metals, a decrease in mitotic activity has been reported in various plant species,
resulting in slowed root growth (Fontes and Cox 1998; Doncheva et al., 2005;
Sundaramoorthy et al., 2010; Hossain et al., 2012; Thounaojam et al., 2012). My
findings are in agreement with previous studies that had shown the inhibitory and
harmful effects of several heavy metals (Pb, Cd, and Zn) on seed germination and
growth in rice and other crop plants (Kopyra and Gwozdz 2003; Mahmood et al.,
2007; He et al., 2014)

In my study, Zn stress considerably affected the chlorophyll content in rice
seedlings. Chlorophyll ‘a’ and ‘b’ contents were significantly decreased with the
increasing concentration of Zn levels in both the rice verities as compared to control.
A maximum decline of 14% (in Chakhao) and 27% (in Kawnglawng) chlorophyll ‘a’
content was found in rice exposed to 15mM ZnSQO4 as compared with the control
plants. Similarly, a maximum reduction in chlorophyll ‘b’ content was found at 37%
in Chakhao and 31% in Kawnglawng rice plants treated with 156mM ZnSOs as
compared with the control plants. Reduction of photosynthetic pigments under Zn
stress may be due to inhibition or disturbance in the biosynthesis or enhanced
degeneration of thylakoids (Vassilev et al.,, 2007). Furthermore, a decrease in
chlorophyll content could be attributed to lower biomass or oxidative stress-induced
increased lipid peroxidation of chloroplast membranes (Ma et al., 2013). An earlier
study also reported similar results of a reduction in photosynthetic pigments under
Zn stress in rice (Salah et al., 2015). Similar studies on other plants such as wheat,
red cabbage, and tea also showed that chlorophyll a, b and carotenoid contents
reduced under Zn stress (Vajpayee et al., 2000; Hajiboland and Amirazad 2010;
Mukhopadhyay et al., 2013). Likewise, other heavy metals such as Cd, Cr, Pb, Ni,
As, etc. also reported to have a significant influence on the reduction of

photosynthetic pigments (Rao and Sresty 2000; Miteva and Merakchiyska 2002;
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Panda et al., 2003; Panda and Choudhary 2005; Aslam et al., 2014; Jawad Hassan et
al., 2020; Shah et al., 2020; Yang et al., 2021). The inhibition of chlorophyll
biosynthesis enzymes such as &-aminolaevulinic acid dehydrates and protochloro-
phyllide reductase is thought to be the cause of reduction in chlorophyll content in

plants exposed to heavy metal stress (Mukhopadhyay et al., 2013).

The present study shows that rice exposure to Zn affects the protein content.
Minor reduction in the protein content was found as compared with the control when
the rice was treated with different concentrations of Zn and the result was found
significant (p < 0.05). A decrease in protein synthesis or an increase in the rate of
protein breakdown could be the cause of the decrease in protein content (Balestrasse
et al., 2003). Earlier studies also reported that the heavy metal (Cadmium, Copper,
and Nickel) stress in plants such as tomatoes and pea can significantly affect the total
protein content (Yucel and Cuneyt 2019; Bavi et al., 2011). Heavy metals are
considered to hinder a protein’s biological functions by bonding to it and altering its
native structure (Hossain and Komatsu 2013). Cadmium (Cd), for example, can
inhibit thiol transferase function, causing oxidative damage, potentially by binding to

cysteine residues in its active sites (Hasan et al., 2017).

Environmental factors such as soil salinity, drought, temperature extremes,
and heavy metals are known to induce oxidative damage to plants, either directly or
indirectly, by causing an increased level of reactive oxygen species (ROS) (Malecka
et al., 2001; Shah et al., 2001). Heavy metals cause oxidative stress by producing
reactive oxygen species such as superoxide radicals (O2-), hydrogen peroxide
(H202), hydroxyl radicals (HO®), and singlet oxygen (*O2) (Luna et al., 1994; Prasad
et al., 1999). Over-production of ROS can alter various biomolecules such as nucleic
acid, protein, lipids, and amino acids. In response to the increasing ROS production,
the level of antioxidant enzymes such as SOD, CAT, APX, and POD also increase,
which is an important protective mechanism to reduce oxidative damage (Panda et
al., 2011; Song et al., 2013; Manikandan et al., 2015). Oxidative stress is a regulated
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process in which the balance between the oxidative and antioxidant capacity
determines the plant’s fate. The antioxidant defense system provides effective
protection against active oxygen and free radicals under normal conditions but under
stressful conditions, the antioxidant defense system capacity increases (Srivastava
1999). Results from my study on the antioxidant enzyme activities showed that CAT
increased in the rice plants exposed to Zn stress. CAT was found to increase with the
increasing concentrations of Zn (5mM, 10mM, and 10mM) as compared to control
and the maximum increase of 65% (Chakhao) and 74% (Kawnglawng) of CAT was
found in rice treated with 15mM ZnSOs. The activity of CAT in both the cultivars
was significantly (p < 0.05) higher in Zn treated plants as compared to the control
shown in (Fig. 7). Increase in CAT activity under stress conditions such as salinity
(Jaleel et al., 2007; Kibria et al., 2017; Hamzeh-Kahnoji et al., 2021), drought
(Sarker and Oba 2018; Zhu et al., 2020; JamshidiGoharrizi et al., 2020) and heavy
metal (Malar et al., 2016; AbdElgawad et al., 2020; Tang et al., 2020) has been
reported in other plants. CAT is primarily responsible for scavenging hydrogen
peroxide (H202) produced during several routes under normal and stressful
conditions (Mittler 2002; Foyer and Noctor 2005). Hydrogen peroxide (H202) is
eliminated by CAT enzymes by breaking it down directly into water and oxygen.

The current study found that when rice plants were exposed to Zn stress, their
APX activity also increased. Increasing the concentration of Zn treatment enhanced
the level of APX activity in both the studied rice varieties. A high level of APX
activity was found in rice seedlings exposed to the highest concentration of ZnSQO4
(15mM) in both the rice varieties suggesting that this enzyme might be used as an
inherent defensive mechanism to protect them from Zn induced oxidative damage.
The APX activity under 15mM of Zn was about 62% in Chakhao and 41% in
Kawnglawng. The activity of APX in both the cultivars was significantly (p < 0.05)
higher in Zn treated plants as compared to the control shown in (Fig. 8). Earlier
studies also showed the increase in APX activity under a variety of stressful
conditions such as drought (Sharma and Dubey 2005; Raja et al., 2020; Khazaei and
Estaji 2020), salinity (Hefny and Abdel Kader 2009; Jabeen et al., 2021), UV
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irradiation (Han et al., 2009) and heavy metal stress (Liu et al., 2007; Malar et al.,
2016; Alam et al., 2021). APX is one of the most widely distributed antioxidant
enzymes in plant cells, and isoforms of APX have a higher affinity for H.O> than

CAT, making APXs effective scavengers of H,O2 under stress.

The function of enzymatic and non-enzymatic antioxidants, the stability of
membranes, and the protection of protein sulfhydryl groups, all require an optimal
quantity of Zn. However, both Zn deficiency and excess affect redox equilibrium in
plants (Cheah et al., 2020). Zn plays an important role in promoting growth at ideal
concentrations but inhibits growth at greater or lower levels by interfering with the
plant's common metabolic functions. SOD is a metalloenzyme that catalyzes
superoxide anion dismutation to oxygen and hydrogen peroxide. Aerobic organisms
require such enzymes as a defense system to survive (Beyer et al., 1991). Its activity
regulates the relative levels of O, and H0,, the two Haber—Weiss reaction
substrates, lowering the likelihood of OH radical production, which is highly reactive
and can harm membranes, proteins, and DNA (Bowler et al., 1992). SOD is usually
classified into three isoenzymes based on the metal cofactors. Cu/Zn-SOD is found
in the cytoplasm of eukaryotic cells, Mn-SOD is found in the mitochondria of
prokaryotic and eukaryotic cells, and Fe-SOD is found in prokaryotes (Tian and
Zhong 2005). The majority of SOD is found in the cytoplasm, followed by
mitochondria. As a result, antioxidant capacity exists in many sections of plant cells
(Lin et al., 2015). In my present study, a significant (p < 0.05) increase in the SOD
activity was found in rice growing under toxic levels of Zn stress. Maximum increase
of 81% in Chakhao and 72% in Kawnglawng was found in the rice treated 15 mM
Zn (Fig. 9). It is well known that antioxidant systems protect cells from damage
caused by harmful oxygen species such as superoxide radicals, H>O2, and hydroxyl
radicals (OH), which are all produced under environmental and xenobiotic stressors
(Asada 1994; Foyer et al., 1994; Lozano et al., 1996). A significant increase in SOD
activity might be due to the de-novo synthesis of enzymatic protein (Lozano et al.,

1996). A similar result of increased SOD activity in response to salinity (Comba et
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al., 1998) and heavy metal toxicity (Shah et al., 2001) was also reported earlier. SOD
activity improves and maintains its ability to eliminate free radicals under adverse
situations, allowing cells to protect themselves from and withstand the harmful

effects of adversity from the outside environment (Lin et al., 2015).

In order to improve the effective evaluation and proper environmental
monitoring of potential genotoxic pollutants, sensitive and selective technologies are
required to detect toxicant-induced mutations in the genome's wide range of biota.
The effectiveness of such approaches can be enhanced even further by linking
molecular/cellular response to higher-order alterations like reductions in population
parameters (Atienzar et al., 1999; Theodorakis et al., 2006). At both the biochemical
and molecular levels, alterations in DNA produced by genotoxic substances can be
detected using several molecular markers (Savva 1998). RAPD detects changes in
genomic DNA and clearly illustrates the detection of pollution-induced DNA
damage. RAPD is a reliable, sensitive, and repeatable method that can detect a wide
range of DNA damage (e.g., DNA adducts, DNA breakage) as well as point
mutations, making it useful in genotoxicity and carcinogenesis research (Atienzar
and Jha 2006). Genotoxic effects of Zn stress in rice was evaluated using a PCR base
RAPD profile. A total of five RAPD primers (OPA 1, OPA 2, OPA 3, OPA 4, and
OPA 5) were employed to analyze the change in genomic DNA. The present study
showed a change in RAPD patterns comprised of a loss and/or gain of bands under
Zn stress in both the studied rice varieties (Table 1 and Table 2). RAPD pattern
generated from Chakhao under Zn stress did not show any loss or gain of bands as
compared with the control. But in Kawnglawng, there was a change in the RAPD
pattern due to the loss of bands. The loss of normal RAPD bands could be linked to
genotoxic induced DNA damage, point mutations, or complicated chromosomal
rearrangements (Atienzar et al., 1999; Liu et al., 2007; Atienzar et al., 2000). Metals
have been demonstrated to cause a variety of DNA damage in previous studies under
heavy metal stress, including single and double-strand breaks, changed nucleotide,
point, and deletion mutations, and DNA protein cross-linkage. In this study, change

in the RAPD pattern in the form of increase and decrease of band intensity was also
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noticed. Previous studies also reported similar outcomes (Ahmad et al., 2012;
Manikandan et al., 2015). According to Liu et al. (2005), change in band intensity
and missing bands in RAPD patterns are likely to be caused by variations in
oligonucleotide priming sites owing to chromosomal rearrangements rather than
point mutations or DNA damage in primer binding sites and interaction of DNA
polymerase with damaged DNA. Alteration in DNA due to mutation can also affect
the kinetics of PCR events. The occurrence of new amplified PCR products may be
due to some oligonucleotide priming sites becoming available to oligonucleotide
primers after structural alteration or because of structural modification in genomic
DNA sequence (Liu et al., 2007). According to Atienzar et al. (2002), a loss of an
amplified PCR band can only occur if the same structural change occurs in 75-90%
of the cells. DNA lesions such as bulky adducts are likely to have a negative impact
on RAPD profiles. They can cause DNA structural changes as well as hinder DNA
polymerization and/or stop the Tag polymerase in the PCR reaction, resulting in a
reduction in RAPD band intensity or, in case of substantial DNA damage, the loss of

amplified products (Atienzar et al., 2002).

RAPD analysis can detect transient DNA alterations that may or may not
eventually appear as mutations. Classic genotoxic techniques, such as the comet and
micronucleus assay, are less sensitive than molecular marker studies such as RAPD
or amplified fragment length polymorphism (AFLP). The use of several biomarkers
can significantly improve the identification of genotoxic effects. Change in RAPD or
AFLP patterns caused by genotoxins are due to the modifications in genomic
template stability that may be directly related to the change in some measures
including total soluble protein level, root growth, and chlorophyll content. Genomic
template stability (GTS) analysis can be an important genotoxicity study tool in order
to understand the level of DNA damage, the efficiency of DNA repair and
replication. GTS analysis from my study showed 100% GTS value for all the primer
in the rice variety Chakhao (Table 3). The average %GTS for all the primers in the
rice variety Kawngalwng was found at 100% (5mM), 100% (10mM), and 96.52%
(15mM) (Table 3). The changes observed in RAPD profiles could be regarded as
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modifications in GTS and it is related to the level of DNA damage, the efficiency of
DNA repair, and replication (Rocco et al., 2011; Ahmed et al., 2012). Therefore, it
can be concluded from my result that the genotoxicity effect of Zn stress is very less
in the studied rice varieties. Few earlier studies reported a reduction in GTS values in
rice exposed to different concentrations of Arsenic (Ahmed et al., 2012) and
Cadmium (Liu et al., 2007). The high change in GTS in the tolerant variety could be
owing to the molecular machinery's ability to adjust to As(IIl) stress being more
efficient, resulting in greater alterations in the DNA profile, however, this has to be
looked into more carefully and also associated with grain yield (Ahmed et al., 2012).
A high level of DNA damage does not always imply a lower level of genomic
template stability (in comparison to a low level of DNA changes), because DNA
repair and replication may be hampered by the pollutant-induced adducts' excessive,
fatal effects. A toxic effect can totally suppress a biological response if a population’s
existence is threatened; nevertheless, genomic template stability cannot be
completely compromised since DNA damage induction may not rise linearly (plateau
effect). Furthermore, because genomic template stability may be linked to several
types of DNA damage, such as DNA adducts, mutations, rearrangements, and so on,
predicting a dose—response connection would be problematic (Rocco et al., 2014).

Rice cultivation necessitates healthy soil and ample water, but the overuse of
chemical fertilizers and pesticides in paddy fields has already induced a burden on
soil and water quality, resulting in significant toxic metal accumulations. Therefore,
it is important to understand the toxic effect of heavy metals in plants. The goal of
this study was to understand more about how local rice varieties/cultivars react to
varied Zn stress. Effect of Zn stress on biochemical markers like chlorophyll content,
protein content, and antioxidant enzymes like CAT, APX, and SOD activity were
studied. A RAPD-PCR analysis was also carried out in order to better understand the
impact of Zn stress on DNA. It was found that Zn stress had a considerable impact
on rice chlorophyll concentration, protein content, and antioxidant enzymes. A
genome toxicity investigation of Zn stress on the rice varieties Chakhao and

Kawnglwang revealed no significant damage to the rice genome. Heavy metal stress
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had been associated with considerable changes in the RAPD profile in previous
investigations (Liu et al., 2007; Ahmed et al., 2012; Aslam., et al., 2014). The current
investigation shows that Chakhao and Kawnglawng rice varieties have a strong
tolerance to heavy metal stress (high antioxidant enzyme activities coupled with high
GTS percentages), and hence suggests that these two local rice varieties from
northeast India could be used as good candidates for future rice breeding programs

against Zn stress.

49



Chapter 6

Conclusion

Rice is a major dietary source for half of the world population and plays a
significant role in nutritional contribution to the consumer. As a result it is important
to understand the quality and nutritional composition of rice. Heavy metals are
nonbiodegradable, persistent inorganic chemical constituents that have cytotoxic,
genotoxic, and mutagenic effects on humans, animals, and plants by influencing and
contaminating food chains, soil, irrigation, or potable water, aquifers, and the
surrounding environment. Heavy metals can be classified into two groups: (1)
essential micronutrients such as Fe, Mn, Zn, Cu, Mg, Mo, and Ni which is required
for normal growth of the plant, (2) nonessential elements such as Cd, Sbh, Cr, Pb, As,
Co, Ag, Se, and Hg which do not have known biological and physiological

functions.

Heavy metal (HMs) pollution is regarded as one of the major concerns for soil
and water, causing varieties of toxic and stress effects on plants and ecosystems. Rice
grain produced through paddy soils contaminated with heavy metals such as As, Al,
Cu, Cd, Pb, Hg, Mn, Se, and Zn is a major source of heavy metal consumption by
humans in most countries. As a result, the gradual aggregation of heavy metals in
rice grains and subsequent transmission to the food chain poses a significant threat to
agriculture and human health. Many studies in recent years have explored the
influence of heavy metals toxicity on rice at multiple levels, including molecular,
biochemical, physiological, cellular, and tissue, and found a link between heavy

metals toxicity and declining rice productivity.
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Heavy metal has the ability to react with many essential cellular components
such as DNA, protein, and enzymes, resulting in a variety of stress responses in
plants such as oxidative stress, which is the root cause of plant cell death. Oxidative
stress causes severe morphological, metabolic, and physiological changes in plants,
such as DNA strand breakage, protein defragmentation, and photosynthetic pigment
degradation, all of which can lead to cell death. Plants, in turn, have a variety of
methods to reduce heavy metal toxicity. Plants have antioxidant defense mechanisms
that can be divided into two groups: enzymatic antioxidants (such as SOD, CAT,
GPX, GR) and nonenzymatic antioxidants (such as AsA, GSH, carotenoids,
alkaloids, tocopherols, proline, and phenolic compounds), which together act as free
radical scavengers to mitigate the harmful effects of heavy metal agglomeration in
the cells. Earlier studies also reported an increase in various antioxidant activities
such as CAT, APX, SOD, and POD under heavy metal toxicity (Panda et al., 2011,
Song et al., 2013). These antioxidant potentials can be measured using a variety of in
vivo and in vitro approaches, to examine the ROS-damaging effects of antioxidant

enzymes.

The present study was taken up to understand the responses of two pigmented
local rice cultivars, Chakhao and Kawnglawng of Northeast India to heavy metal
stress (Zn). Chakhao, which means delicious rice in Manipuri, is a black scented rice
of Manipur, and it has recently attracted scientific attention due to its increased
nutraceutical qualities such as antioxidant, anticarcinogenic, fibre, vitamin, and
mineral contents. Black rice has high anthocyanin concentration in the pericarp,
which possesses antioxidant properties. This rice has long played a vital role in the
indigenous Meitei population of Manipur's socio-cultural customs in India. Recently,
Chakhao was also given the Geographical Indication (GI) label. A Geographical
Indication (GI) is a designation that distinguishes products that originate or are
produced in a certain place and have a unique characteristic that can be traced back
to its location. Kawnglawng is a local rice cultivar of Mizoram and it is widely
popular among the Mizo community. The Mizo people's diet is entirely rice-based,

with rice serving as the main meal and other items such as vegetables and meat

51



serving as side dishes. Kawnglawng is used specially in making Chhangban, a
traditionally popular processed food and it is prepared by dehusking rice in wooden
motar and then the clean rice is soaked in clean water for an hour to even a whole
night, depending on one wish. The rice is then dried in the sun for a period of time. It
is ground again to get a fine powdered grain. The powdered grain is sieved for a
better result. The finer the grain, the more sticky it is. After that, the very fine
powdered grain is treated. Water is added to the powdered grain, which is then
formed into sticky balls and wrapped in the leaves of the hnahthial plant (Phrynium

capitatum).

Heavy metal toxicity in these rice was investigated using different
physiological and biochemical parameters such as seed germination, chlorophyll
content, total soluble protein, antioxidant enzyme response, and DNA damage using
a PCR based method. The present showed that under varied Zn concentrations, the
germination percentage of rice was not affected and germination percentage was
found to be 100%. The chlorophyll content was found significantly reduced in the
rice treated with different concentrations of Zn in both the rice varieties. Protein
content was also found slightly reduced in rice exposed to Zn stress. Results from my
study showed that Zn stress had a significant impact on rice antioxidants enzymes
such as CAT, APX, and SOD. All the antioxidant enzyme activity increased
significantly with the increasing concentration of Zn and the maximum activity was
found in rice treated with 15mM Zn. Zn stress's genotoxic effects in rice were
assessed utilizing a PCR-based RAPD profile. The average GTS value was found to
be 100% for all the primers in the rice cultivar Chakhao. And the GTS for all the
primers in the rice variety Kawngalwng was found 100% in rice treated with 5mM
and 10mM and 96.52% in 15mM with an average GTS of 98.84 %. Results suggest
that molecular, physiological, and enzyme assays could be used together as a reliable
and powerful biomarker to detect the genotoxic effect of heavy metals in different
varieties of plants. The present study concludes that Chakhao and Kawnglawng have
a strong tolerance to heavy metal stress (high antioxidant enzyme activities coupled

with high GTS percentages), and suggests that these two local rice varieties from
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northeast India could be used as good candidates for future rice breeding programs
against Zn stress.
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Appendix

Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance
control 3 0.98 0.326667 0.001633
5mM 3 1.39 0.463333 0.004133
10mM 3 1.47 0.49  0.0043
15mM 3 1.58 0.526667 0.002433
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups = 0.068567 3 0.022856 7.313778 0.011117 4.066181
Within Groups 0.025 8 0.003125
Total 0.093567 11

Chakhao -APX

Anova: Single Factor
SUMMARY

Groups Count Sum Average Variance
control 3 1.18 0.393333 0.001233
5mM 3 1.45 0.483333 0.000533
10mM 3 1.52 0.506667 0.000433
15mM 3 1.66 0.553333 0.001433
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups = 0.040625 3 0.013542 14.90826 0.001223 4.066181
Within Groups 0.007267 8 0.000908
Total 0.047892 11

Kawnglawng-APX
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Anova: Single Factor

SUMMARY
Groups Count Sum Average Variance
control 3 4.08 1.36  0.0925
5mM 3 4.7 1.566667 0.103333
10mM 3 6.51 2.17 0.0589
15mM 3 6.76 2.253333 0.048533
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 1.754492 3 0.584831 7.713747 0.00955 4.066181
Within Groups 0.606533 8 0.075817
Total 2.361025 11

Chakhao-CAT

Anova: Single Factor

SUMMARY
Groups Count Sum Average Variance
control 3 4.66 1.553333 0.065033
5mM 3 5.86 1.953333 0.050533
10mMm 3 6.75 2,25 0.0432
15mM 3 7.2 24  0.0961
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 1.254158 3 0.418053 6.561121 0.015042 4.066181
Within Groups 0.509733 8 0.063717
Total 1.763892 11

Kawnglawng-CAT
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Anova: Single Factor

SUMMARY
Groups Count Sum Average Variance
control 3 4.91 1.636667 0.003033
5mM 3 4.61 1.536667 0.002033
10mM 3 4.35 1.45  0.0016
15mM 3 4.2 1.4  0.0031
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.097158 3 0.032386 13.26394 0.001798 4.066181
Within Groups 0.019533 8 0.002442
Total 0.116692 11
Chakhao- Chlorophyll a
Groups Count Sum Average Variance

1.68 2 3.33 1.665 0.00605

1.43 2 2.96 1.48  0.0008

1.41 2 2.79 1.395 0.00605

1.21 2 2.41 1.205 0.00605
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.218838 3 0.072946 15.39754 0.011587 6.591382
Within Groups 0.01895 8 0.004738
Total 0.237788 7

Kawnglawng-Chlorophyll a
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Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance
control 3 1.85 0.616667 0.008133
5mM 3 1.64 0.546667 0.011033
10mM 3 1.52 0.506667 0.011033
15mM 3 1.16 0.386667 0.012233
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.083625 3 0.027875 2.627651 0.122114 4.066181
Within Groups 0.084867 8 0.010608
Total 0.168492 11

Chakhao- chlorophyll b

SUMMARY

Groups Count Sum Average Variance
control 3 1.74 0.58 0.0189
5mM 3 1.6 0.533333 0.022033
10mM 3 1.4 0.466667 0.018633
15mM 3 1.19 0.396667 0.018633
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.057492 3 0.019164 0.98025 0.448923 4.066181
Within Groups 0.1564 8 0.01955
Total 0.213892 11

Kawnglawng-chlorophyll b
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Anova: Single Factor

SUMMARY
Groups Count Sum Average Variance
control 3 3.430364 1.143455 0.000126
5mM 3 2922421 0.97414 0.000103
10mM 3 2.967371 0.989124 6.23E-05
15mM 3 2.890955 0.963652 0.000217
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.0643485 3 0.021449 168.7241 1.43E-07 4.066181
Within Groups 0.001017 8 0.000127
Total 0.0653655 11

Chakhao-Protein

Anova: Single Factor

SUMMARY
Groups Count Sum Average Variance
control 3 3.189878 1.063293 0.000128
5mM 3 2.816786 0.938929 0.000197
10mM 3 2.812291 0.93743 0.000325
15mM 3 2.659459 0.886486 0.000214
ANOVA
Source of Variation ) df MS F P-value F crit
Between Groups  0.050937 3 0.016979 78.62508 2.81E-06 4.066181
Within Groups 0.001728 8 0.000216
Total 0.052665 11

Kawnglawng-Protein
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Anova: Single Factor

SUMMARY

Groups Count Sum Average Variance
control 3 2.18 0.726667 0.001233
5mM 3 3.03 1.01  0.0169
10mm 3 3.46 1.153333 0.003233
15mM 3 3.94 1.313333 0.002233
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.558492 3 0.186164 31.5532 0.00 4.066181
Within Groups 0.0472 8 0.0059
Total 0.605692 11

Chakhao-SOD

Anova: Single Factor
SUMMARY

Groups Count Sum Average Variance
control 3 2.38 0.793333 0.002233
5mM 3 2.82 0.94  0.0097
10mm 3 3.56 1.186667 0.010133
15mM 3 4.09 1.363333 0.001633
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 0.579292 3 0.193097 32.59025 7.81E-05 4.066181
Within Groups 0.0474 8 0.005925
Total 0.626692 11

Kawnglawng-SOD
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ABSTRACT

Rice is an important staple food used daily by more than half of the world’s
population, particularly in Asia. And, heavy metal poisoning is a severe abiotic stress
that impacts rice production. The important sources of heavy metal contamination are
natural sources (wind-blown dust, decaying vegetation, forest fires, sea spray) and
anthropogenic activities (mining, metal production; wood production, and phosphate
fertilizer). Metals found in the soil can be categories into two types: essential elements
and non-essential elements. Metals like Zn, Mn, Ni, and Cr are essential elements as
they are needed in small amounts by both plants and animals, and they are also
important for the physical growth and development of agricultural plants like rice.
Non-essential elements are those that do not have known biological and physiological
functions and they include Cd, Sb, Cr, Pb, As, Co, Ag, Se, and Hg. Although some
metals such as Zn, Cr, Ni, and Mn are important minerals, their toxicity to humans and

animals are of great concern when they are present in higher concentrations.

Rice grain produced from paddy soils contaminated with heavy metals (HMs)
such as As, Al, Cu, Cr, Cd, Pb, Hg, Mn, Se, and Zn is a major source of HM
consumption by humans in most nations. As a result, the gradual aggregation of HMs
in rice grains and subsequent transmission to the food chain poses a significant threat
to agriculture and human health. Several studies in recent years have looked at the
influence of HMs toxicity on rice at multiple levels, including molecular, biochemical,
physiological, cellular, and tissue, and found a link between HMs toxicity and
declining rice productivity. As a result, it is critical to understand how HMs interact
with rice crops at all levels, from the cell to the whole plant, and to create effective

ways to mitigate these stress reactions.

In the present study, two popular aromatic local rice varieties of northeast India,

Kawnglawng (Mizoram) and Chakhao (Manipur) were analyzed for their reposed



against Zn stress. Physiological and biochemical parameters like seed germination
percentage, chlorophyll a and b content, total soluble protein, and antioxidant enzyme
activity such as Catalase (CAT) activity, Ascorbate peroxidase (APX) activity, and
Superoxide dismutase (SOD) activity were investigated under Zn stress by exposing
the rice at different concentrations of ZnSOs (5mM, 10mM and 15mM). The
genotoxicity of Zn stress was also evaluated using a PCR base RAPD technique and

the Genomic template stability (GTS) was calculated from the RAPD profiles.

Results from my study revealed that Zn stress did not have a significant impact
on seed germination percentage as both the rice varieties showed 100% germination.
However, Zn stress inhibited shoot growth and root formation in both the studied rice
varieties. Then, decrease in chlorophyll a and b content was found with increasing
concentration of Zn and rice treated with 15mM Zn sulphate concentration was found
to have the minimum levels of chlorophyll a and b. Total soluble protein content was
also found to decrease with the increasing concentration of Zn. HMs are considered to
hinder protein’s biological functions by bonding to it and altering its native structure.
The reduction in chlorophyll content in plants exposed to heavy metal stress is also
hypothesized to be caused by inhibition of chlorophyll biosynthesis enzymes such as
d-aminolaevulinic acid dehydrates and protochloro-phyllide reductase.

Antioxidant activity in response to Zn stress showed high CAT, APX, and SOD
activities and it was also found that antioxidant activities significantly increased with
the increasing concentration of Zn. Heavy metals induced oxidative stress by
overproduction of reactive oxygen species (ROS) and in order to scavenge these ROS,
plants produced antioxidant enzymes such as CAT, APX, and SOD as a defense
mechanism. Finally, genotoxicity analysis using RAPD-PCR and GTS showed that Zn
stress did not have a significant impact on DNA damage. Hence, these rice varieties

can be selected as potential parental lines for breeding against Zn stress.
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