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1. INTRODUCTION

Plants are facing diverse abiotic stress factors throughout the course of
their growth and development. Abiotic stresses are major factors for crop
failure over worldwide, dropping the average yields of major crops by more
than 50%. Abiotic stress factors include extreme temperatures (heat, cold and
freezing), too high or too low light irradiations, water logging, drought,
inadequate mineral nutrients in the soil and excessive soil salinity (Slama et
al. 2015; Zhu 2016). The crop plants are critically affected by various abiotic
stress factors which have a negative influence on plant development and
productivity, leading to agricultural yield losses (Golldack et al. 2014; Kazan
2015; Wani et al. 2016). Mild effects of these stress factors have the potential
to up-regulate various genes and accumulate proteins and metabolites which
are directly or indirectly involved in alleviating the deleterious effects of
stress by adjustment of the cellular mechanism and plant tolerance

(Hasanuzzaman et al. 2017; Martinez et al. 2018).

Drought, excess salinity and UV-B are some of the main abiotic
constraints affecting the crop yields worldwide, which have many negative
impacts on normal plant functions. These stresses cause various biochemical,
physiological, metabolic and molecular changes leading to oxidative stress
and negatively influence plant growth and metabolism (Negrédo et al. 2017).
Among various stress conditions, drought cause a severe stress on plants,
which seriously affects plant growth, membrane integrity, osmotic
adjustments, pigment content and photosynthetic activity (Sanghera et al.
2011; Pathak et al. 2019). Salinity is another major stress on plants, which
causes ionic imbalance, critically influencing the photosynthetic apparatus,
cause oxidative damages to membrane lipids, proteins and nucleic acids
(AbdElgawad et al. 2016).
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The UV spectrum is usually divided into three regions: UV-A (315-
400 nm), UV-B (280-315 nm) and UV-C (200-280 nm). The depletion of
stratospheric ozone over the Antarctic and Arctic has been observed since
1974 and 1990, respectively. The principal consequence of stratospheric
ozone depletion is the increase in UV-B radiation reaching the Earth's surface.
The destruction of the ozone layer has been more intense at high latitudes,
particularly in Antarctica, where ozone concentrations have decreased by 40-
50% as compared to the status of 1980 and minor changes have occurred in
the area of Ecuador (3-6%) (35-60° N and 35-60° S), where UV radiation is
intense in nature (UNEP, 2002). Accordingly, from 1980 to present, the flux
of UVB, mainly within the range of 290-315 nm, has increased in the
troposphere on an average of 6-14% (Kakani et al. 2003). Therefore, since the
discovery of so-called "hole” in ozone at Antarctic, the main interest in
studying the effects of UV-B radiations on plants has increased considerably
(Costa et al. 2012).

UV-B radiation is one of the major abiotic stress that reach to the earth
causing major deleterious effects in plants. UV-B radiation causes reduction
in plants biomass, loss of membrane integrity and enzyme degradation,
damage the photosystem (PSI and PSII) proteins, increases the production of
ROS (Kataria et al. 2014; Robson et al. 2015; Kohler et al. 2017; Faseela and
Puthur 2018). UV-B radiations have significant impacts on growth,
development, biomass accumulation, vyield and metabolism of plants.
Moreover, such situation can adversely influence DNA, membranes,
photosynthesis, phytohormones and morphogenesis. Plants have inbuilt
mechanisms to counter the UV-B stress situation of which the production of
secondary metabolites (e.g. flavonoids, anthocyanin and epicuticular wax) is
considered as a prominent one (Qaderi et al. 2010). UV-B can induce several
stress responses, which include physiological and photomorphogenic

responses. Mechanisms to counter UV-B irradiations in plants are increased
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leaf thickness, alterations in cuticle thickness and increased production of
UV-B protective pigments (Shaukat et al. 2013).

Crop plants encounter various environmental stresses such as drought,
salinity, UV, high and low temperatures etc. at different instances of their life
span. Among these abiotic stresses salinity, drought and UV-B radiations are
important plant stressors which affect development, productivity and accounts
for heavy agricultural losses (Anjum et al. 2015; Czarnocka and Karipnski
2018). These abiotic stresses are most destructive for plants and can have
huge impact on world’s food security. Under stress conditions plants are
adopted to various survival mechanisms, which includes different metabolic
and structural changes. Various adaptations and mitigation mechanisms
operate in plants to cope up with drought, salinity and UV-B stresses
(Murukonda et al. 2016; Tripathi et al. 2017).

Reactive oxygen species (ROS) is an outcome of different metabolic
reactions which accumulated in various regions of the plant cell. ROS like
singlet oxygen, superoxide radicals, hydrogen peroxide and hydroxyl radicals
are reactive forms of molecular oxygen. Low levels of ROS are essential for
plant growth and it act as necessary secondary messengers for cell
metabolism, but the overproduction of ROS causes oxidative stress which
leads to protein denatuation, lipids peroxidation, and nucleotides degradation,
thereby resulting in cellular damage and ultimately leading to cell death
(Anjum et al. 2015; Choudhury et al. 2017). ROS accumulation is injurious to
plant cells and at the same time which plays a key role in signaling pathways
that regulate acclamatory and defense mechanisms in crop plants. ROS
production results in chlorophyll degradation and membrane lipid
peroxidation, reduces membrane fluidity and selectivity. Over produced ROS
cause oxidative damages and destruction of plant macromolecules, cell

structures and also disturb the redox homeostasis which leads to induced cell



Ontroduction

death and ultimately leads to yield reduction (Hossain et al. 2015; Czarnocka
and Karipnski 2018).

Plants have a highly sophisticated and efficient antioxidant defense
mechanism to overcome the excessive production of ROS. The perturbation
of cellular homeostasis and stress induced damages are assuaged by the action
of various enzymatic and non-enzymatic antioxidants such as superoxide
dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), glutathione
peroxidase (GPX), ascorbate, glutathione etc. by scavenging ROS and thereby
enhancing the tolerance towards various stresses (Chen et al. 2016; Li et al.
2017; Raja et al. 2017; Rossatto et al. 2017). Of the ROS-scavenging
enzymes, the most important enzyme is SOD which plays a major role in the
prime cellular defense against abiotic stresses and superoxide anion to
hydrogen peroxides. Other antioxidative enzymes such as CAT and APX
alter the H.O> level by converting it into water. SODs along with the other
antioxidative enzymes retain the intercellular ROS homeostasis and endow
the required level of tolerance to plants against abiotic stresses.
Overexpression of genes synthesizing SOD, CAT and APX bestow the plants
with required level of tolerance towards abiotic stresses (Li et al. 2017;
Rossatto et al. 2017).

Rice constitutes a major crop in the world and is one of the main staple
food of the world population and it plays a crucial role in national food supply
of India (Jisha and Puthur 2016b). Rice is one of the most important food
crops that feed over half of the world population. Major areas of Asia, Africa
and South America use rice and its derived products as their chief food
source. In order to meet the demand of the increasing population, rice
production has to be increased by at least 70% by 2050. Rice production is
facing various environmental challenges, like water scarcity, radically

declining arable lands and land degradation, dramatic climate change leading
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to global warming (Chunthaburee et al. 2016; Bahuguna et al. 2018; Bergman
2019). Rice is vulnerable to various abiotic stress factors such as salinity,
drought and UV radiations which lead to reduction in rice production all over
the world (Kang et al. 2017). The abiotic stresses have severely hampered the
rice production, with strong social and economic impact. The impact of
abiotic stresses on rice results in significant yield reduction worldwide
(Bergman 2019). World population is rapidly increasing day by day, so it is
essential to increase the production of food crops so as to meet the demand. In
order to achieve this, the crop plants have to be equipped with abiotic stress
tolerance, which will aid in enhancing the crop production. The production of
rice has improved enormously during the postgreen revolution period mainly
because of the advanced technological interventions and implication of
improved rice varieties (Bahuguna et al. 2018). Researchers are adopting
different methods to attain high yield and yield stability in rice production and

developing tolerance towards various stresses is one of the prime ways.

Different methodologies were adopted from time to time to achieve
tolerance towards stresses. These includes, conventional breeding methods
like selection, hybridization and modern methods like mutation breeding,
polyploidy breeding, genetic engineering, etc. Limitations of conventional
breeding techniques are the requirements of large man power, energy, etc.
Generating plant varieties with better abiotic stress tolerance have proved
mostly unsuccessful because of the well recognized complexity or multigenic
nature of abiotic stress-tolerance traits (Cushman and Bohnert 2000; Flowers
et al. 2000). Transgenic plants production for abiotic stress tolerance has
proved to be successful against different types of stresses. Although stress
tolerance potential achieved through genetic engineering is fast and
predictable, its constrain was the targeted introduction of individual,
heterologous traits into elite crop lines (Gust et al. 2010). Because of the

effects of pleiotropy and gene silencing, it is not feasible to continue smoothly
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through the genetic engineering process of plant improvement (Flowers et al.
1997). Moreover, these methods are also costly, cumbersome and there exist
biosafety rules and regulations which hamper the introduction of transgenics
into the field. Because of these limitations, it has become crucial to look out
for other solutions to impart tolerance in plants against various stresses. The
alternative solution should be simple, cost effective and can be adopted by the
farmers without any complication and at the same time it should be effective
in tolerance (Jisha et al. 2013).

Nowadays different approaches are made to generate plants that can
withstand different abiotic stresses. In recent years, seed priming has been
developed as one of the most effective method to induce tolerance against
various abiotic stresses. Seed priming is one of the most acceptable
techniques developed by the researchers for enhancing stress tolerance in
plants (Paparella et al. 2015; Thomas and Puthur 2017). It consists of initial
exposure to an eliciting factor or condition making plants more tolerant to
stress exposure. The priming process enhances various physiological and
biochemical mechanisms for defense and thus empower the seeds/seedlings to
overcome the different environmental stress conditions (lbrahim 2016).
Priming treatment causes rapid and uniform germination of seeds and
successful crop establishment under stress conditions (Sharma et al. 2014). It
Is an easy, low cost and low risk method to overcome various abiotic stress
conditions in agricultural lands. The priming mediated metabolic processes in
seed/seedlings neutralize the adverse effects of diverse abiotic stress
conditions in crop plants (Maiti and Pramanik 2013; Jisha and Puthur 2016
a,b).

Priming influences ‘pre- germinative metabolism’, which involves
seed repair such as activation of DNA repair pathways, repair damaged

proteins and mitochondria, antioxidant mechanisms, thereby ensuring
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successful germination and seedling development. It increases the seed
vigour, germination potential, enhanced stress tolerance and also ensures the
seed quality and improved activities of antioxidant machinery for scavenging
ROS and ensures appropriate seedling development and tolerance towards
stress conditions (Paparella et al. 2015; Ghezal et al. 2016; Hussain et al.
2016; Ali et al. 2017). In primed seeds, the seed germination rate was
augmented and strengthened, which can enhance biotic/abiotic stress
tolerance at further growth stages and ultimately increase crop yields. Priming
makes the seedlings adaptable to wider range of germination temperatures and
also improves the capacity to compete with weeds and pathogens (Ali et al.
2017; Hussain et al. 2018).

Seed priming techniques such as hydopriming, osmopriming, chemical
priming and priming with low dose of UV-B are known to strategically
improve abiotic stress tolerance in crop plants (Abid et al. 2018; Dillon et al.
2018; Fang et al. 2018; Irani and Todd 2018; Noorhosseini et al. 2018).
Normally UV-B radiations cause stress in plants but researchers have reported
the role of UV radiation (in low dose) in bringing about positive effects in
enhancing stress tolerance potential (Dillon et al. 2018; Xu et al. 2019). Low
dose of UV-B radiation has numerous positive effects with regard to growth
and plant productivity via effects on developing plant hardiness, enhanced
plant resistance and improved quality of agricultural products with subsequent
implications on food security. The UV-B priming induces stress adaptation in
rice plants, which involve various morphological, physiological and
biochemical changes, that positively contributes to abiotic stress tolerance
(Thomas and Puthur 2017, 2019, 2020). UV-B seed priming cause alterations
even at genomic level and aid the plants to attain tolerance against various
abiotic stresses (Arunkumar et al. 2019). There are few earlier reports stating
that low doses of UV-B impart priming effects and enhances abiotic stress

tolerance in different crops. This study focus on the physiological and
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biochemical and molecular changes in primed (low dose of UV-B) and non-
primed seeds/seedlings of rice subjected to different stresses (NaCl, PEG and

high dose of UV-B stress) and condition without any stresses.

Although there are very few reports on the positive effects of UV-B
priming for enhancing tolerance towards various stresses, few works have
been done to analyze the comparative performance of seedlings emerging
from primed seeds of rice and explore the priming induced stress tolerance
mechanisms (Thomas and Puthur 2017). Priming at seed stage is the familiar
practice and most reported and at the same time plants are also primed at
seedling stage. Reports on the application of priming in the field are less
(Capanoglu, 2010). When priming is done at seedling stage, the most
favoured form of application is soil drenching (Cohen et al. 2007) or foliar
spraying (Jeun et al. 2004). Priming with seeds is one of the most adaptable
and effective strategy to augment uniform germination, high seedling vigor

and better yields in crop plants under various environmental stress conditions.

There are no earlier reports of UV-B priming effects on seed/seedlings
of rice for enhancing abiotic stress tolerance. Therefore, it was felt important
to study the variation in physio-biochemical features and molecular
mechanisms of rice seedlings emerged from UV-B primed seeds as well as
directly primed with UV-B in imparting tolerance towards NaCl, PEG and
UV-B stresses. Prominent high yielding rice varieties cultivated in Kerala
with varied in built potentials such as Aiswarya, Jyothi, Kanchana, Neeraja,
Samyuktha and Swetha were selected for this study. From these six varieties,
two were selected for detailed study to analyze various physiological,
biochemical and molecular changes related to stresses (NaCl, PEG and UV-
B) tolerance mechanisms in seedlings either directly primed with UV-B or
emerged from UV-B primed seeds. The present study was designed with the

following objectives.
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To analyze the dosage of UV-B which can specifically prime rice seeds
as well as seedlings for enhancing tolerance towards NaCl, PEG and
UV-B stresses.

To study the effect of priming rice seeds and seedling with UV-B in
imparting tolerance towards abiotic stresses such as NaCl, PEG and

UV-B by analyzing,

a. Photosynthetic performance
b. Metabolite accumulation
C. Oxidative stress and antioxidation mechanism

To analyze the expression of genes encoding antioxidant enzymes in
UV-B primed and non-primed seedlings exposed to three different

stresses.

To analyze the expression of stress regulated genes such as Late
Embryogenesis Abundant (LEA) proteins and Heat Shock Proteins
(HSP) in UV-B primed and non-primed seedlings subjected to three

different stresses.

To analyze the UV-B specific parameters such as anthocyanin,
flavonoids content, phenylalanine ammonia lyase (PAL) activity and

culticular wax accumulation and their functional group analysis.






2. REVIEVW OF LITERATURE

2.1. Abiotic stress

Plants grow in changing environmental conditions which sometimes
turn unfavourable or stressful for plant growth. These stressful situations
includes sub or supra optimal conditions of cold, heat, heavy metal, nutrient
deficiency, salinity and drought which adversely affects biomass production
and yield and can generate food insecurity throughout the world (Ashraf et al.
2018). Abiotic stresses are posing rigorous threat to agriculture, which finally
reduce the crop yield (He et al. 2018). In plants, stress is an external condition
which badly affects its growth, development and productivity. Various
stresses prompt different plant responses such as distorted growth rate,
abnormal cellular metabolism, different gene expression, reduced crop yields
etc. Plants are exposed to different stress conditions which make them to
acclimatize to specific stress conditions in a time dependent manner (Gull et
al. 2019). Stress damages the cells and cause abnormal metabolism, which
disturbs the plants equilibrium leads to the variations in physiological
parameters as well as changes the chemical and physiological characters
(Fathi et al. 2016). Abiotic stresses are the principal motive for the reductions
in plant growth and worldwide food production, decreasing the average yield
of crops by 65 to 87 % (Leon-Chan et al. 2017).

World’s agriculture faces serious challenges to meet food demand,
consist of increased consumption, allocation of land for other uses and the use
of chemical products with implications for health safety. At present, food
security depends on the augmented production of principally three cereals:
wheat, rice and maize (Caverzan et al. 2016). World population is increasing

day by day and may reach over 9.8 billion in 2050 (Anjum et al. 2017; United
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Nations 2017). To fulfil the food requirements of a growing population, the
agriculture food production must be increased up to 70%. In order to secure
future generations from the upcoming crisis, it is important to develop

technologies and policies to counter various abiotic stresses (Shivakrishna et
al. 2018).

Nowaday, one of the biggest challenges faced by the world is feeding
the larger number of people with increasingly restrained resources (Davies et
al. 2009; Labanowska et al. 2016). Current day global relative yield losses are
estimated to range between 7 and 12% for wheat, 6 and 16% for soybean, 3
and 4% for rice and 3 and 5% for maize (VVan Dingenen et al. 2009). The data
from Asia shows that the yield losses for wheat, rice and legumes are towards
higher extend. The yield loss of cereals and soybean varies from 13 and 23%

as well as 16 and 35%, respectively (Emberson et al. 2009).

Any variation from optimal external conditions, excess or deficiency in
the chemical or physical environment is considered as abiotic stress which
adversely affects the plant growth, development and/or productivity (Koyro et
al. 2012). Abiotic stresses threaten the sustainability of agricultural industry.
With the effect of these stress factors, up-regulation and down regulation of
various genes occur, which can alleviate the deleterious effects of stresses and
lead to adjustment in cellular processes leading to plant stress tolerance. In
response to the stress signals that cross talk with each other, plants have
developed diverse pathways which act in cooperation to mitigate stress
(Mahajan and Tuteja 2005).

Drought and salinity stresses cause various biochemical, physiological
and metabolic changes in plants leading to oxidative stress and affect plant
growth and metabolism. Salinity and osmotic stresses delays the seed
germination and seedling establishment. Other abiotic stress factors also

adversely affect the crop production (Jisha et al. 2013). Drought and salt

12
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stresses are prime environmental factors which affect the geographical
distribution of plants in nature and threaten plant productivity. These stresses
cause oxidative stresses in plants, which lead to damage of cellular
components like membrane lipids, proteins and nucleic acids and metabolic
dysfunction (Zhu 2016). Abiotic stresses induce the generation of reactive
oxygen species (ROS) in plants. Antioxidants reduce the deleterious effects of
ROS, which in turn reduces the stress effects (Ashraf et al. 2018). Lowest
levels of ROS can also act as an agent for signal transduction and can reduce
the negative impact on photosynthesis and cellular damage caused by stress
conditions. Various studies have reported that different parameters are
monitored to investigate the effects of abiotic stresses in different plants, such
as NaCl stress in wheat (Mehta et al. 2010) and barley (Kalaji et al. 2011),
drought stress in wheat, ryegrass (Zivcak et al. 2008b; Dabrowski et al. 2019)
and maize (Lepedus et al. 2012).

2.1.1. Salinity stress in plants

Salinity or salt stress is one of the major problems faced by semiarid
and arid regions which may cause yield reduction of crops. Nearly one third
of the arable land is affected by salinity. Salinity affected lands over the entire
world have been more than 9 billion ha and this area is still increasing at the
rate of about 2 million ha (approximately 1%) vyearly. An increased
salinization may lead to 50% loss in the productivity of the land by 2050.
World’s growing population will reach about ten billion by the year 2050 and
in that case about two times of current agricultural productivity is needed to
satisfy the food demand (United Nations, 2015, Kumar et al. 2017). World
agriculture faces a major challenge for the production of 70% more food crop
by 2050 worldwide. In worldwide cultivated land, more than 20% is affected
by salinity and the area is increasing day by day. On the basis of adaptive

evolution of plants against salinity, they can be classified into two: the
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halophytes (that can withstand salinity) and the glycophytes (that cannot

withstand salinity).

Salt stress imposes two types of effects on plants such as osmotic stress
and ion toxicity. High salinity lowers water potential creating a situation
wherein water and nutrients are inaccessible to plants. The accumulation of
Na* and CI cause ion toxicity and ion imbalance that reduces the other
nutrients uptake. Excess Na* accumulation in roots causes osmotic stress and
also increases ionic stress due to imbalance in essential nutrients. Higher Na*
reduces the influx of K*that affects enzymatic activity, osmotic balance and
stomatal functions and this also affects physiological attributes such as
fruiting, flowering, seed growth and seed germination. lon toxicity also
increases the ROS generation in cells (Konuskan et al. 2017; Ashraf et al.
2018; Kanwal et al. 2018; Khoshbakht et al. 2018). When plants are under
salinity stress, osmoticum in plant cells were less than the osmoticum in soil
solution, so that the absorption ability of water and minerals like K* and Ca?*
gets reduced. This may cause some secondary effects such as reduced cell
expansion, membrane function and decreased cytosolic metabolism (Gull et
al. 2019).

Salinity stress triggers various physiological and metabolic processes
for developing tolerance depending on severity and duration of the stress.
Primarily soil salinity suppresses the plant growth and it was largely affected
by osmotic stress, followed by ion toxicity. In the first phase of salt stress,
water absorption capacity of root systems gets reduced but water loss from
leaves continues uninterrupted. This may cause damage of membranes,
damage the ability to detoxify ROS, cause nutrient imbalance, diminishes
photosynthetic activity and decrease in stomatal aperture. Plants develop
diverse physiological and biochemical mechanisms in order to tolerate

salinity. This includes ion homeostasis and compartmentalization,
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biosynthesis of osmoprotectants and compatible solutes, ion uptake and
transport, synthesis of polyamines, activation of antioxidant enzyme,
synthesis of antioxidant compounds, hormone modulation and generation of
nitric oxide (NO) (Gupta and Huang 2014). Osmotic stress evokes closure of
stomata, reduce CO; fixation, cause over-reduction of mitochondrial electron
transport components and stimulation of photorespiration, which can
accumulate ROS (Rejeb et al. 2015; Hossain and Dietz 2016; Singh and
Thakur 2018). Wheat exposed to salinity stress reduced the stomatal
conductance, leaf water potential, photosynthetic rate, root length and shoot

biomass (Kanwal et al. 2018).

Majority of the plants cannot survive above 200 mM NaCl
concentration, because the increased concentration of salinity interrupts the
plant life cycle such as seed germination, seedling establishment, vegetative
growth and flower fertility etc. (He et al. 2018). Under saline stress condition,
chlorophyll a, b, total chlorophyll and carotenoids content gets reduced in rice
(Amirjani 2011; Chutipaijit et al. 2011) and Vigna (Saha et al. 2010). In
cucumber total leaf chlorophyll contents significantly decreased with

increasing NacCl levels (Khan et al. 2013).

Salt stress induces degradation of chloroplast structure and cause
abnormalities in thylakoid membranes and thereby decreases net
photosynthetic rate in Cucumis sativus (Shu et al. 2012). Salinity inhibits the
activity of enzymes involved in photosynthesis; deteriorate the
proteins/enzymes of both the light and dark reactions. It decreases activity of
PSII and Rubisco thereby affecting photosynthesis (Ashraf and Harris 2013;
Singh and Thakur 2018). Aldesuquy et al. (2014) reported reduction of the
photosynthetic pigments, light reaction, photosynthesis and leaf area in wheat
under salinity stress condition. Moreover, Mittal et al. (2012) reported that

salt stress deteriorate growth of Brassica juncea by altering photosystem Il
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(PSI) structure and function and also the electron transport rates. Under

salinity stress the photosynthetic rate and CO. assimilation rate was reduced

in Arabidopsis (Stepien and Johnson 2009).

In plants chlorophyll molecules absorb the light energy which can be
used for photosynthesis, dissipated as heat or re-emitted as fluorescence.
Chlorophyll a fluorescence parameters were analyzed to study the function
and performance of photosynthetic machinery in various plants and also
assess the physiological responses of plants under stress condition (Kalaji et
al. 2017, 2018). Chlorophyll a fluorescence parameters such as minimal
fluorescence (Fo), maximal fluorescence (Fm), area above the fluorescence
curve (area) and performance index on absorption basis [Plans)], energy
absorbed per excited cross section (ABS/CSm), non-photochemical
guenching per CSm (DIl,/CSm), trapped energy flux per CSm (TRo/CSm),
electron transport flux per CS (ETo/CSm) etc. were analyzed. ET./CSm was
decreased in soybean under salinity stress (Baghel et al. 2016). The ABS/RC
can be taken as a calculated average amount of chlorophyll which channels
excitation energy into reaction centers (Strasser et al. 2004). Similarly the
other Chl a fluorescence parameters could also assessed on the basis of a
single reaction centre. Pleans) was reduced in Brassica napus under salt stress
(Bacarin et al. 2011). Augmentation in ABS/RC during salinity stress is
usually accompanied by increased TRo/RC. Plns) was decreased due to lower
number of active RCs per PSII antenna chlorophyll (Gali¢ et al. 2019). The
ABS/RC, DIo/RC and TRo/RC were increased while the ETo/CSm was
reduced under NaCl treatment in maize. Fo increased and Pl@ass) and Fm were
reduced in maize plants under NaCl stress condition (Gali¢ et al. 2019). V;,
Fo, ABS/RC, TRo/RC, ET./RC, DIo/RC were found to be increased and at the
same time Fm, Fu/Fo, RC/CSm, ABS/CSm, TR./CSm, ETo/CSm, DIo/CSm

were decreased in sunflower under salinity stress (Noreen et al. 2017).
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Salinity stress induced ROS formation may lead to oxidative damages

in proteins, lipids and DNA, interrupting critical cellular functions of plants.
Exposure of plants to salinity stress increases the generation of ROS, as by-
products, which in turn damage the cellular components (Taibi et al. 2016).
Under salt stress conditions, reduced growth and increased hydrogen
peroxide, lipid peroxidation and accumulation of osmolytes was observed in
rice, ground nut and maize (Theerakulpisut and Gunnula 2012; Kaya et al.
2013). Increased lipid peroxidation and hydrogen peroxide level were seen
with increased salinity in Brassica napus (Hasanuzzaman and Fujita 2011a)

and rapeseed (Hasanuzzaman and Fujita 2011b).

According to Wu et al. (2013), increased salt stress concentrations
elevate the levels of several compatible solutes such as proline, glycine,
alanine, mannitol, inositol, raffinose etc. in barley. In tobacco plant subjected
to NaCl stress, the protein content was increased (Celik and Atak 2012). Total
free amino acids and total protein content were increased in peanut under salt
stress condition (Parida and Jha 2013). Faba beans under saline stress
condition significantly increased the total soluble sugars, free amino acids and
proline (Sadak and Abdelhamid 2015). Total free amino acids were increased
under saline conditions in wheat cultivars (Perveen et al. 2012). Kholova et al.
(2010) observed that higher activities of superoxide dismutase (SOD),
ascorbate peroxidase (APX), catalase (CAT) and glutathione reductase (GR)
lowers superoxides and hydrogen peroxide content in maize genotypes under

different salinity levels.
2.1.2. Drought stress in plants

Drought is caused due to prolonged duration of substantial lack of
rainfall. Under drought conditions the existing water levels gets reduced and
loss of water occurs through evaporation or transpiration. Water scarcity

causes drought, which is the most dangerous hazard to food security all over
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the world. The severity of drought stress is unpredictable because it is due to
various circumstances like moisture quality of soil, rainfall distribution and its
occurrence. Drought stress directly affects the plant growth and threatens the
economy through the reduction of crop production (Martinez et al. 2018).
Drought stress decreases the growth and produces osmo-protective molecules
in Ailanthus altissima, apple and cotton (Li et al. 2011; Filippou et al. 2014).
Qiu et al. (2008) observed that lipid peroxidation was higher in young wheat
seedlings under drought. Drought stress deteriorates the plant growth and
developmental processes, such as germination, plant height, stem diameter,
number of leaves, leaf size and area, flower and fruit production and maturity
in rice, marigold and maize (Manikavelu et al. 2006; Farooq et al. 2009; Asrar
and Elhindi 2011; Anjum et al. 2017). Amino acids and proteins content were
increased in wheat exposed to drought stress (Saeedipour and Moradi 2012),

in maize (Bano et al. 2013) and cassava (Shan et al. 2015).

The first effect of drought in plants is reduced germination and plant
growth. It reduces the photosynthetic activity by negatively affecting the
photosynthetic machinery and leaf expansion that reduces the food
production. It disturbs the photosynthetic machinery which in turn reduces the
production of photosynthetic components and pigments and decrease the crop
yield by damaging functions of Calvin cycle. Under drought stress condition
plants undergo changes in different physiological, biochemical (antioxidant
defence, cell membrane stability, plant growth regulators, osmotic
adjustment) and molecular mechanisms (aquaporins, stress protein) (Mathobo
et al. 2017; Ashraf et al. 2018; Dias et al. 2018). Under drought stress
photosynthetic machinery turns out to be the main physiological target. It
reduces the chlorophyll contents and photosynthetic process and also alters
the key enzymes activity involved in carbon metabolism and antioxidant

processes (Hussain et al. 2019).
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Polyethylene glycol (PEG-6000) induces drought stress in plants, but

at the same time this compound will not have any toxic effects in plants
(Shivakrishna et al. 2018). PEG induces osmotic stress which in turn reduces
photosynthetic rate, chlorophyll a and chlorophyll b contents and negatively
affects other pigments, photosystems, electron transport system, CO:
reduction pathways and thus finally reduce photosynthesis (Shivakrishna et al.
2018). In rice, drought stress decreases the growth, photosynthesis and
transpiration (Pandey and Shukla 2015). Drought can also induce oxidative
stress (Mathobo et al. 2017; Dias et al. 2018). Plants under the drought stress
condition showed reduced total chlorophyll content which lowered the light
harvesting capacity. Since the photosynthetic apparatus absorb excess energy
that drives the production of reactive oxygen species, it degrades the light

absorbing pigments (Fathi et al. 2016).

Drought stress reduces the yield due to the lower photosynthetic
output. The drought induced photosynthetic reduction in plants is resulted by
the diminishing of CO. conductance through stomata and mesophyll cells.
Under drought stress, leaf CO> transport rate was decreased which leads to
reduction in CO2 concentration in chloroplasts that weakens photosynthesis.
Inside cells the CO. level was reduced which deactivates Rubisco and also
lower sucrose phosphate synthase and nitrate reductase activity (Perdomo et
al. 2017). Under drought stress condition the electron transport and energy

transformation were negatively influenced, causing damage to PSII RCs.

Various JIP parameters were used to identify the damages on the
acceptor side of PSII, such as energy absorption, energy trapping and electron
transport. The data from these parameters shows that some RCs were inactive
and at the same time the efficiency of an individual RC was increased.
Increased level of absorbed and trapped energy could not result in the increase

of electron transport energy ETo/RC, but cause a sharp enhancement of
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DIo/RC, which is the dissipation of energy in the form of heat. It’s a self-
protection mechanism of plant leaves under drought conditions (Meng et al.
2016). ABS/RC was increased which indicated the inhibition of electron
transport from Qa™ to Qg and transformation of RCs to ‘silent’ RCs. Increased
DIJ/RC shows the change in RC functionality, some of the RCs have
transformed to ‘heat sinks’ to dissipate excess energy. This was usually
accompanied by diminishing of Qa™ reducing RCs per PSIl antenna
chlorophyll (RC/ABS). Augmentation in ABS/RC during drought stress is
usually accompanied by increased trapped energy flux (TR, /RC), but does
not properly get utilized for effective electron transport (Gali¢ et al. 2019).
The light energy absorption per unit reaction center (ABS/RC) was increased,
which was not the indication for the increase in efficiency of RC but indicated
that the number of reaction centers was greatly reduced and therefore the
absorption rate per RC seems to be increased. Drought stress also diminishes
the utilization of absorbed light energy for electron transfer, as the proportion
of energy dissipation was augmented, that was an important reason for the
reduction of photochemical activity in leaves (Zhang et al. 2018). The relative
variable fluorescence of point J at 2 ms (Vj) was increased indicating that the
drought-induced decrease of PSII photochemical activity was related to the

obstruction of electron transfer from Qa to Qg on the acceptor side of PSII.

Performance index [Plabs)] IS @ complex parameter which was related
to the ratio of reaction center per (light) absorption flux, maximal quantum
yield for primary photochemistry and quantum vyield for electron transport
(Baghel et al. 2016). Performance index on absorption basis [Pleabs)] reflects
the performance of the overall energy flow and it gets reduced in alfalfa under
drought stress condition (Zhang et al. 2018). Various stress conditions inhibits
the activity of the oxygen-evolving complex on the donor side of the PSII
reaction center in leaves (Zhang et al. 2018). The value of F./F, indicated the

activity of the water-splitting complex on the donor side of the PSII. The
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changes of Vjwere in accordance with the changes of Fu/Fo and Plabs) that

indicated the drought stress induced decreases of photochemical activity of
PSII.

Drought stress accumulates ROS through various pathways. Electron
transport chain reduction generates singlet oxygen in PSIl. Reduced CO:
concentration stimulates photorespiration and that is one of the sources of
hydrogen peroxides. These ROS deteriorate the photosynthetic rate
significantly under drought stress by triggering the damage to photosynthetic
machinery (D1 and D2 proteins of the PSII complex), thylakoid membranes,
chlorophyll pigments and inhibits the translation of new D1, D2 and other cell
proteins (Anjum et al. 2011; Singh and Thakur 2018). Drought stress induces
the ROS production causing lipid peroxidation and membrane deterioration in
plants (Fathi et al. 2016).

2.1.3. UV-B stress in plants

Sun light provides the necessary energy for plant growth and
development via photosynthesis. But high light and ultraviolet (UV) light
causes stress to plants, potentially causing serious damage to DNA, proteins
and other cellular components (Muller et al. 2014). UV radiations (100- 400
nm) is a fraction of the electromagnetic spectrum emitted by the sun. There
are three types of UV radiations, UV-A rays (400- 315 nm), UV-B rays (315-
280 nm) and UV-C rays (280-100 nm). UV-C and a part of UV-B rays are
absorbed by the stratospheric ozone layer. UV-A and 2-5% of UV-B rays
reach the Earth’s surface. As the emission of chlorofluorocarbons (CFC’s)
increases, the ozone layer is increasingly getting depleted, which permits the
entry of more and more UV-B rays to the Earth’s surface (Russo et al. 2010;
McKenzie et al. 2011; Mohammed and Tarpley 2019). UV-B radiations at the
tropical and subtropical latitudes is more than that in the temperate zones

because the ozone layer is less thick in tropical and subtropical regions. After
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introducing of Montreal Protocol, that mandate the reduction of the

substances which deteriorate the ozone layer; the ozone depletion has been
partially halted (Dwivedi et al. 2015; Ledn-Chan et al. 2017).

Ozone 1s the major constituent in the earth’s atmosphere, which
absorbs 97-99% of sun’s UV light. It is mainly concentrated at the lower
portion of the stratosphere, which varies from approximately 13 to 40 km
above Earths surface and its thickness varies seasonally and geographically
(Nishanth et al. 2013; Srivastava et al. 2015). Chlorofluoro carbons (CFCs)
emitted from refrigerators and their subsequent discharge into the atmosphere
cause stratospheric ozone depletion and this depletion increases influx of the
solar UV-B radiations on the earth’s surface affecting living organisms. The
human-made CFC’s and the halons are influential ozone depletors, which are
released through aerol sprays, light industry and from refrigerators (Godlee
1991). Main reasons for the widespread concern about the ozone depletion is
the increased UV radiations reaching to the surface of the earth and the
adverse effects of it on all living forms. It has been observed that ozone
depletion occurs during spring time in every year above Antarctica, and to a
lesser extent in the Arctic region (Sivasakthivel and Reddy 2011). Alvarez-
Madrigal and Perez-Peraza (2005), reported an increase in ozone hole size
from 1982-2003 during the period September-November and was found to be
rapid in September. In Antarctic, the ozone hole was reported at altitudes
from 12 to 24 km under extreme cold conditions (Solomon et al. 2007).
Similarly, in South America and South Georgia, the hole grew to reach an
area of around 24x10°® km? by mid-September, but had declined to 12x10®km?
by mid-November. According to Jeffrey Masters, in Southern Hemisphere, on
September 25, 2010, the hole reached its maximum size of 22x106 km?, which
was slightly smaller than that seen in North America, which is 25 x10° km?
(Sivasakthivel and Reddy 2011).
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UV-B reaching the earth’s surface can cause various deleterious effects

on living organisms, especially on plants which are more prone as being
directly exposed to UV-B radiations (Reyes and Cisneros- Zevallos 2007,
Zhao et al. 2007). UV-B radiations cause serious threat for plant
physiological, biochemical and molecular processes and inhibits
photosynthetic CO assimilation, reduces plant height, leaf area, biomass
accumulation and synthesis of Rubisco (Tripathi et al. 2017; Mohammed and
Tarpley 2019). The ultimate deleterious effect of UV-B could be the decrease
in plant growth and reduction in crop productivity. Various forms of other
abiotic and biotic stresses also secondarily affects the UV-B stressed plants
resulting in reduction of yield in different crops. The morphological changes
due to UV-B stress are reduction in plant height, fresh mass, shortening of
internodes, over secretion of wax, leaf thickening, reduced branching and
fewer leaves per shoot (Day et al. 2001; Xiong and Day 2001; Alexieva et al.
2003; Shafi et al. 2009). Also alterations in the physiological and biochemical
properties, such as reduced CO: uptake, rubisco activity, photosynthetic
electron transport, dark respiration, stomatal behaviour, pigment content,
endogenous level of phytohormones, enzyme activities and levels of several

key photosynthesis proteins were reported (Dooslin et al. 2010).

Enhanced UV-B radiations also lead to decrease in pollen production,
viability and germination and also negatively affects leaf photosynthetic rate,
thereby reducing yield (Kaoti et al. 2005; Mohammed and Tarpley 2013). UV-
B exposure induces changes in dry matter production and crop yield and these
phenomena may vary with species. Pisum sativum, Hordeum vulgare and
Brassica juncea shows severe reduction in yield; whereas Vigna unguiculata,
millets and tobacco show less or no yield reduction (Reddy and Prasad 2010).
Chlorophyll content was radically decreased and relative proportions of
photoprotective carotenoids, especially R-carotene and zeaxanthin, was found

to be increased by the influence of UV radiations (Robinson et al. 2005). In
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soyabean F./Fowas reduced due to UV-B radiations (Li and Zhang 2012) and

also increased the Fo, and decreased the Fm and F./Fo in cucumber plant
(Skorska 2011; Skorska and Murkowski 2012).

UV-B radiations damages the photosystems, reduces the leaf
photosynthetic rate (Pn), stomatal conductance, ribulose-1,5-bisphosphate
carboxylase/oxygenase content, chlorophyll content, protein content, nitrogen
concentration, chlorophyll fluorescence and alter photosynthesis-related gene
expression (Kataria et al. 2019). Plant morphology, growth and development,
pollen viability and germination, fertilization processes, seed set, yield and
quality are deteriorated by elevated level of UV-B radiations (Chen et al.
2020). UV-B levels reaching earth would increase with ozone depletion in
future, potentially reducing global rice productivity. As a result of elevated
UV-B radiations various morphological, physiological and biochemical
changes occurs in plants such as damage to DNA, proteins and plant
membranes (Mohammed and Tarpley 2019). It also impede photosynthetic
activities, produce reactive oxygen species (ROS) and impair pathogen
resistance and results in drastic changes in cellular processes and thus disturbs
plant growth (Jenkins 2009; Hideg et al. 2013; Li et al. 2013; Dobrikova et al.
2013; Czegeny et al. 2016). Rather than the physiological changes, UV
irradiations also affect the molecular level changes, which include damages to
the DNA, decline in total RNA content (Dooslin et al. 2010). UV-B radiations
can increase the ROS generation which inhibit photosynthesis, damage DNA,
proteins, photosystems (PSI and PSII) and the light harvesting complexes
(LHCs) (Kaoti et al. 2005; Mohammed and Tarpley 2013).

Plants mitigate the elevated UV-B through increasing epicuticular wax,
carotenoids and secondary metabolites such as phenolics and flavonoids.
Exposure to UV radiations increases the allocation of newly assimilated

carbon to polyphenols and in particular, flavonoid compounds, indicative of
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an energy shift in order to acclimatize towards stress conditions (Ballare et al.
2011; Guidi et al. 2011). UV-B radiations activates defence mechanism by the
biosynthesis of secondary metabolites, such as phenolic acids and flavonoids.
Flavonoids are mainly found in the epidermis of plant tissues, which are
related to absorption of UV-B radiations and also quench the ROS produced
during stress. Each flavonoid has different capacity for UV-B absorbance and
antioxidant capacity (Dwivedi et al. 2015; Leon-Chan et al. 2017). Moreover,
UV-B absorbing phenolic compounds, flavonoids and sinapate esters gets
synthesized and accumulated in the vacuole of plant epidermal cells subjected
to UV-B stress (Jenkins 2009; Stracke et al. 2010).

UV-B radiations induces the generation of ROS and the accumulation
of ROS causes lipid peroxidation, which ultimately lead to plant cell death.
Plants have the enzymatic antioxidant system functioning in order to take care
of the ROS generated. This includes SOD, APX, CAT, guaiacol peroxidase
(GPOX), monodehydroascorbate reductase (MDHAR), dehydroascorbate
reductase (DHAR) and GR etc. and non-enzymatic antioxidants such as
ascorbate, glutathione, phenolics and flavonoids also scavenge the ROS and
thus avoids its deleterious effects (Esringu et al. 2016; Mohammed and
Tarpley 2019; Hassan et al. 2020).

Various approaches are being tried out to develop abiotic stress
tolerance in plants. Seed priming, is one of the strategies for inducing
tolerance in plants against various abiotic stresses. Seeds are treated with
synthetic or natural compounds which initiate germination and specific
physiological state in plants. Plants arising from primed seeds can quickly
respond to abiotic stresses through various metabolic events (Ashraf et al.
2018; Abdelhamid et al. 2019)

Although many of the literatures cite the deleterious effect of UV

radiations, the positive effects of the same with regard to plant growth was
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discussed in few reports. UV radiations have a role in regulation of plant
morphological, physiological, biochemical and genetic processes and are also
important in animal and plant signalling. The enhanced level of UV-B
radiations has beneficial effects in plant productivity via effects on plant
hardiness, enhanced plant resistance to herbivores and pathogens, and
improved quality of agricultural products with subsequent implications on
food security (Bornman et al. 2015). Low dose of UV-B radiations can
stimulate alterations in antioxidant status, such as regulation of glutathione
pathways, phenylpropanoids, cinnamates, flavonoids pathways and
pyridoxine biosynthesis pathways (Hideg et al. 2013). Low doses of UV-B
and UV-C activates the enzymatic and non-enzymatic protective systems of
plants to surmount different stresses. Moreover, the low dose of UV-B
radiations affects several vital processes of plants such as seed germination,
growth pattern, harvesting index, shelling percentage, nitrogen and protein
content, chlorophyll development, various enzyme activities in imbibed seeds
and even anatomy of various plant parts (Katerova and Todorova 2011; Rai et
al. 2011).

2.2. Seed priming

Various methodologies were adopted to achieve stress tolerance in
plants. Of the different methodologies, seed priming was found to be most
adaptive and cost effective one. Through priming a ‘pre- germinative
metabolism’, was activatedsuch as activation of DNA repair pathways and
antioxidant mechanisms, ensuring appropriate germination and seedling
development. It increases the seed vigour, germination potential and enhanced
stress tolerance and also ensure the seed quality. In primed seeds the
germination rate was augmented that results in elevation of biotic/abiotic

stress resistance and crop yields. Priming reduces the photo-and thermo-

26



cﬁwiw of[itmtwcs
dormancy, facilitates wider range of germination temperatures and improves

the capacity to compete with weeds and pathogens (Paparella et al. 2015).

UV radiations and climate variables can be usefully exploited for
inducing high yield in agricultural crops (Bornman et al. 2015). The exposure
of seeds to low doses of UV radiations is a safe method to improve plant
productivity and yield as well as to protect the plants from various diseases
(Delibaltova and lvanova 2006; Aladjadjiyan 2007). Plants have been found
to activate enzymatic and non-enzymatic protective systems to overcome
different stresses by treating with low doses of UV-B and UV-C. This
technique of treating the plants initially with the biotic and abiotic agents are

generally known as priming (Katerova and Todorova 2011; Rai et al. 2011).

In recent years, seed priming has been developed as an indispensable
method to produce stress tolerant plants. The seed priming method was found
to be effective, with low risk and low cost method (Jisha et al. 2013). The
stimulation of a particular physiological state in plants by the treatment of
natural and synthetic compounds to the seeds before germination is known as
seed priming. In plant defence mechanism, seed priming is defined as a
physiological process by which a plant prepares to respond to imminent
abiotic stresses more quickly or aggressively. Moreover, plants from primed
seeds showed strong and quick cellular defence responses against abiotic
stresses. Due to the seed-priming treatments, plants exhibited enhanced
overall growth (Jisha et al. 2013; Moulick et al. 2016). The benefits of seed
priming technologies are: enhanced, rapid and uniform emergence of
seedlings with high vigor which will reflect in better yields (Garcia-Cristobal
et al. 2015; Ibrahim 2016).

The enhanced abiotic stress tolerance of plants by priming is due to the
activation of different stress related metabolic processes. The effectiveness of

various priming agents varies under different stresses and with different crop
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species (Igbal and Ashraf 2005). The different seed priming methods include
hydropriming, osmopriming, chemical priming, hormonal priming, biological
priming, redox priming, solid matrix priming etc. (Mohammadi 2009; Zhu et
al. 2010; Yari et al. 2011, 2012; Zhang 2015; Espanany et al. 2016). In
cabbage (Brassica oleracea L.) seeds were treated with low UV-C (3.6 kim™)
which aid to resist the black rot disease. This technique also improved the
quality and growth of cabbage (Brown et al. 2001). Results of our own
research group have shown that abiotic stress tolerance can be imparted to
various crops by seed priming, like halopriming and hydropriming in Oryza
sativa (Jisha and Puthur 2014b); B-amino butyric acid (BABA) priming in O.
sativa and Vigna radiata (Jisha and Puthur 2016 a,b); y-amino-butyric acid

(GABA) priming in Piper nigrum (Vijayakumari and Puthur 2016).

Although priming at seed stage is the common practice; plants are also
primed at seedling stage (Capanoglu 2010). For priming at seedling stage, the
priming agent is applied as soil drenching (Cohen et al. 2007) or foliar
spraying (Jeun et al. 2004). Priming at seedling stage has also resulted in
improvement of initial plant growth, increase of shoot and root length and
total plant weight, pest resistance and disease resistance (Demir and Mavi
2004; Cohen et al. 2007; Benincasa et al. 2013). BABA applications to
foliage or roots of lettuce have shown that it effectively controls downy
mildew development (Cohen et al. 2007). Gibberellic acid-3 (GA3) priming of
rape-seed seedlings improved initial plant growth under salt conditions
(Benincasa et al. 2013). Priming of seed and seedlings with UV was found to
result in various positive effects in different crop plants, like Vigna mungo
and V. acontifolia (Dwivedi et al. 2015); different species of Phaseolus
vulgaris (Kacharava et al. 2009); sugar beet, red cabbage and fenugreek (El-
Shora et al. 2015); V. unguiculata (Mishra et al. 2008) and green bean
(Fotouh et al. 2014) etc.
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2.2.1. UV priming (seed/seedling)

The UV induced acclimatization involve the effective scavenging of
reactive oxygen species and morphological, physiological and biochemical
changes, that positively contributes to drought and high temperature
tolerance, and brings about positive plant-insect interactions (Mazza et al.
2013; Bussotti et al. 2014). Various scientists have reported the beneficial
effects of UV seed priming in different crop species. For example, UV (460-
760 uW/cm?) was exposed for 30, 60 and 90 min to two varieties of kidney
bean (Phaseolus vulgaris var. oratus and var. ellipticus), cabbage (Brassica
oleracea var. capitata and var. capitatarubra) and beet (Beta vulgaris, var.
saccharifera and ssp. esculenta, var. rubra) seeds. It was found that
irradiations of UV lead to changes in ascorbic acid, tocopherol and different
pigments etc. in these crop species (Kacharava et al. 2009). Similarly, the
seeds of different wheat varieties exposed for 3 h to UV-A, B, and C
radiations at dosages of 1.19, 1.3 and 1.84 mW/cm? respectively and further
treated with acid spraying exhibited varied responses depending on the UV to
which it was exposed. The varieties of wheat used for the study was soft
wheat (Triticum aestivum var. ferrugineum); durum wheat (T. durum); macha
wheat (T. macha); and three varieties of the dika wheat [(T. persicum); T.
persicum var. stramineum (white dika), T. persicum var. fuliginosum (black
dika), and T. persicum var. rubiginosum (red dika)]. The treatment enhanced
the chlorophyll synthesis, photosynthetic rate, protein content etc. (Badridze
et al. 2015, 2016), (detailed in later paragraphs). The earlier studies showed
that the treatment of seeds with UV radiations is an ecologically safe method
to improve plant productivity and yield as well as to protect plants from
various diseases (Delibaltova and Ivanova 2006; Aladjadjiyan 2007; Badridze
et al. 2016).
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Besides priming the seeds with UV-B, priming was also done at the
seedling stage in V. mungo and V. acontifolia, (Dwivedi et al. 2015); cowpea
(V. unguiculata) (Mishra et al. 2008); bitter gourd (Mishra et al. 2009) and
UV-C priming in green bean (Fotouh et al. 2014) etc. Various dosages of UV-
B ranging from 1.2 to 7.2 kJm were provided to the seedlings of V. mungo
and V. acontifolia (Dwivedi et al. 2015). The pollen grains were also exposed
with UV radiations (Wang et al. 2010). The UV exposure increased the
metabolite production including ascorbic acid, glutathione, tocopherol etc.
along with the changes in morphology, pigment accumulation etc. The
modulating effects of UV-B radiations were found to strengthen crop
production, increase the level of photoprotection, antioxidative response,
enhanced production of secondary metabolites and alter the resistance

capacity against pests and disease attack (Wargent and Jordan 2013).
2.2.1.1. Beneficial effects of seed/seedling priming by UV radiation
2.2.1.1.1. Growth parameters

Seed germination rate was found to be positively influenced by UV-B
radiations. The seeds of V. mungo exposed to UV-B radiations exhibited 33%
increase in seed germination (Shaukat et al. 2013). The exposure of Phaseolus
vulgaris (black bean) seeds to UV-C also increased the germination rate. Low
level of UV (460 uW/cm? for 60 min) exposure for longer periods enhanced
the growth and biomass accumulation in kidney bean. However, biennial
crops responded positively to shorter period of irradiations. The exposure of
kidney bean to UV radiations leads to increase in the plant height by 11-39%
(Kacharava et al. 2009). Similarly the seed coat thickness increased by 28% in
soft, 25-36% in macha and 66-77% in red dika varieties of wheat on being
exposed to UV radiations for 3h at an irradiance of 1.3 mW/cm?. Of the three
varieties of wheat, the red dika wheat showed the highest seed coat thickness

as compared to other varieties (Badridze et al. 2016). Mung bean (Vigna
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radiata) seeds exposed with UV-A, stimulated the germination rate and the

seedling performance in terms of leaf area, root and shoot length and dry
weight (Hamid and Jawaid 2011).

The seeds of mung bean (Vigna radiata) and ground nut (Arachis
hypogaea) treated with UV-C (280 nm) for different time intervals (5-60
min), increased the germination rate and seedling vigour. The seed
germination was maximum in mung bean (100%) at 30 min and in ground nut
(87%) at 60 min of UV-C exposure. Maximum shoot length and shoot weight
was attained in mung bean on 15 min exposure to UV-C, but root length, root
weight was maximum on 30 min exposure. But in the case of ground nut, all
the above parameters attained a maximum on 60 min UV exposure (Siddiqui
et al. 2011). When the ground nut seeds were exposed to UV-C for periods
varying from 5-60 min, the seedling vigour and flower production increased
as compared to controls. Similarly, the pod biomass also increased in all UV-
C treatments (Neelamegam and Sutha 2015). When buck wheat seeds were
irradiated with UV-B radiations in field condition, with filtered UV
fluorescent lamps (275-380 nm), it was shown to positively affect the height
and yield of the plant (Yao et al. 2007). Similarly, enhanced vegetative
growth and increased number of peltate glandular trichomes per leaf was
observed in peppermint by the effect of combined treatment of UV-B and
Photosynthetically Active Radiations (PAR) (Behn et al. 2010).

The UV-C primed green bean seedlings showed enhanced tolerance to
salinity stress and resulted in an enhancement of fresh and dry weights of
shoots and roots as compared to non-primed ones. The dosage of UV priming
also had an influential role on the growth of roots and shoots in plants under
saline conditions and this increase was at its best when the UV-C radiations
exposure to seedlings was for 60 min. The increase in shoot and root weight

of seedlings primed with UV-C (60 min) was 83 and 94%, respectively as
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compared to non-primed ones (Fotouh et al. 2014). UV-C radiations induces
rapid germination of wheat cultivars (Abu-Elsaoud and Hassan 2016;
Rupiasih and Vidyasagar 2016), common bean (Guajardo-Flores et al. 2014),
mung bean (Hamid and Jawaid 2011; Siddiqui et al. 2011), peanut (Siddiqui
et al. 2011), and UV-B in mash bean (Shaukat et al. 2013). Thus, numerous
studies have clearly shown that the UV priming in different crops positively
altered the different morphological and growth characters, which play a major

role in enhancing the yield of different crops.
2.2.1.1.2. Physiological effects

The enhancement in photosynthetic pigments is an important
physiological response observed as a result of UV priming. On exposure of
seeds to UV-B (760 pW/cm? for 90 min), the plastid pigments content
enhanced about 35% in kidney bean varieties and in cabbage and beet the
increase was 45%. Carotenoid synthesis was stimulated in cabbage and beet
with both high and low level of UV irradiations (760 and 460 pW/cm? for 30
min) and the increase was to the extent of 62% in red cabbage, 20% in white
cabbage, 40% in red beet, and 28% in white beet. Carotenoids possess diverse
functions including the light harvesting and protection from oxidative damage
caused by abiotic stresses. Thus, the increased content of carotenoids
indicates an important stress tolerance strategy adopted by the plants (Jaleel et
al. 2009). Exposure of seeds to UV stimulated the synthesis of carotenoids in
kidney bean, white beet, cabbage, red beet and sugar beet (Kacharava et al.
2009). The exposure of UV radiations alone enhanced the chlorophyll
synthesis in red dika wheat (Badridze et al. 2016). When mung bean and
groundnut seeds were exposed with UV-C radiations for different time
intervals, chlorophyll content was enhanced in the former on 20 min exposure
and in the latter 15 min exposure enhanced the chlorophyll content (Siddiqui

et al. 2011). The pre-sowing treatment of wheat seeds with UV resulted in
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significant increase of photosynthesis in all three varieties studied (macha,
black dika and durum) (Badridze et al. 2016). Under field conditions, when
the wheat seeds were exposed to ambient UV-B (5 kim? supplementary)
radiations the stomatal conductance, transpiration rate and intercellular CO;
concentration were significantly increased (Li et al. 2010). When seedlings of
cowpea (V. unguiculata) were treated with UV-B (0.4 Wm) irradiations for
15, 30, 45 and 60 min along with dimethoate (an insecticide used to control
the insect population), it was found that the level of caroteniods was enhanced
by the treatment with UV-B alone (19%) and in combination with 50 ppm
dimethoate (25%) (Mishra et al. 2008). When the rice seedlings in the field
were irradiated with the supplemented ambient UV-B radiations (9.7 kJm2), it
upregulated the photosynthetic activity and increased the chlorophyll
concentration by 35% as compared with the control. These UV-B irradiated
rice seedlings also showed enhanced tolerance to photoinhibition (Xu and Qiu
2007).

UV radiations has been reported to improve total chlorophyll content
and carotenoid content in mung bean (Hamid and Jawaid 2011; Siddiqui et al.
2011), peanut (Siddiqui et al. 2011), mash bean (Shaukat et al. 2013). Total
chlorophyll and carotenoids were significantly increased with UV-B exposure
of barley and oats (Singh et al. 2019). The seed primed with UV-B (4 kJm™)
reduced the PSI and PSII damages and also the mitochondrial damages in
tolerant (Vaisakh) and sensitive (Neeraja) rice varieties when exposed to
NaCl and PEG stress conditions (Sen et al. 2020). According to Singh et al.
(2019), the phenomenological energy flux ratios of chlorophyll a fluorescence
parameters, such as RC/CSm, ABS/CSm, TR/CSm and ET/CSm were
enhanced and at the same time DI/CSm was seen decreased in UV-B primed
barley and oats, not subjected to any stress conditions as compared to control.
Pn, gs and Ci were also increased in barley and oats seeds subjected to UV-B

priming (Singh et al. 2019). NaCl and PEG stresses reduces the mitochondrial

33



cﬁwiw of[itmtwu:
activity in rice seedlings, while the rice seedlings emerged from UV-B primed

seeds reduces the mitochondrial damages when subjected to NaCl and PEG

stress conditions (Sen et al. 2020).
2.2.1.1.3. Metabolites

UV radiations induces several metabolic responses in plants which are
reflected in the increased primary metabolites like carbohydrates, proteins,
amino acids. Proteins are direct effectors of abiotic stress response and have
stress acclimatization functions leading to changes in plasma membrane, cell
cytoplasm, cytoskeleton as well as intracellular compartment composition
(Kosova et al. 2011). Compatible solutes are small organic compounds with
high solubility, low toxicity and electrical neutrality. It consists of sugars,
amino acids and their derivatives such as raffinose, trehalose, inositol,
mannitol, proline and glycine betaine (GB). Under stressful conditions, these
metabolites act as osmoprotectants against dehydration, scavengers of ROS,
stabilize proteins and membranes. Proline was able to buffer cellular redox
potential and induce gene expression (He et al. 2018). Proline is one of the
osmolyte and a potent antioxidant, also a strong inhibitor of programmed cell
death (Hussain et al. 2019).

The UV exposure to seeds stimulated the protein synthesis in two
different varieties of kidney bean leaves (Kacharava et al. 2009). Also
stimulated the starch accumulation in seeds of soft wheat and increased
protein content in seeds of soft wheat and red dika wheat on UV exposure
(Badridze et al. 2016). Macha wheat, soft wheat, white and red varieties of
dika wheat leaves exhibited elevated content of protein under combined
action of two different stresses (UV irradiations and acid spraying) (Badridze
et al. 2015). In another study, ten different wheat cultivars were irradiated
with UV Bge (iologically effective) radiations (5 kJm2 supplementary) at field

conditions, the cultivars showed significant increases of proteins, total sugars,
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total amino acids content and grain quality index (Zu et al. 2004). When the
rice plants were irradiated with ambient UV-B radiations (1 Wm?
supplementary), total grain nitrogen content and grain storage protein
(glutelin) significantly increased (Hidema et al. 2005). Also the amylose
concentration significantly increased due to the irradiations of rice seedlings
with UV-B radiations (9.7 kJm2) (Xu and Qiu 2007). Proline, total sugars and
free amino acids content were enhanced in rice seedlings emerged from UV-B
primed seeds (Sen et al. 2020; Sen and Puthur 2020). Thus, by UV-B
irradiations, the protein, amino acids and sugar content were increased in
different crops, which will ultimately aid in improving the growth of the

plants as well as nutritional quality.
2.2.1.1.4. ROS accumulation and membrane damage

There is a disturbance in metabolic activities during abiotic stress
condition which results in the overproduction of ROS in plants. ROS includes
hydrogen peroxide (H20.), hydroxyl radical (OH’), singlet oxygen (*O2),
superoxide radical (O2") etc. which induces lipid peroxidation in plants. Also
low level of ROS regulate the plants responses to different biotic and abiotic
stress factors. It is generated as by-product of aerobic metabolism in various
intracellular compartments involving chloroplasts, mitochondria and
peroxisomes. ROS have dual function in plants; it acts as toxic compounds
and also as signalling molecules for distinct physiological process (Dwivedi et
al. 2015; He et al. 2018). Hydrogen peroxide is highly reactive toxic
compounds which affect the plants and its toxicity is dependent on the site of
production, concentration, stage of occurrence and the stress to which plant is
exposed (Petrov and Breusegem 2012). ROS at lower level act as signalling
molecules, which in turn influence several physiological processes such as
stress perception, cell cycle, programmed cell death, gene regulation,

hypersensitive response and also senescence. Hydrogen peroxide production
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plays a key role in the up-regulation of heme-oxygeneases through enhancing

MRNA level and protein expression, which leads to adaptation towards
oxidative stress (Pathak et al. 2019).

ROS cause degradation of chlorophylls and membrane lipid
peroxidation, reducing membrane fluidity and selectivity. In response to
salinity, plants activate enzymatic (e.g. catalase, glutathione reductase and
several peroxidases) and non-enzymatic (ascorbate, carotenoids, flavonoids
and other phenolic compounds etc.) detoxification systems to encounter ROS
and protect cells from oxidative damage. Over accumulation of ROS causes
oxidative stress which leads to protein denaturation, lipids peroxidation and
nucleotides degradation, that results in cellular damage and ultimately cell
death (Raja et al. 2017). Under stress conditions ROS may cause cellular
damage, toxicity and photosynthesis inhibition. ROS production negatively
affects the normal plant growth and homeostasis that inhibits various cellular
processes. To detoxify ROS plants activate different pathways, such as the
Asada-Foyer-Halliwell pathway, that consume energy in the form of NADPH.
Higher production of ROS occurs during photorespiration and photosynthesis
in peroxisomes and chloroplasts respectively (Hussain et al. 2019). UV-B
priming (4 kJm) significantly reduced the superoxide, hydrogen peroxide
contents and lipid peroxidation in tolerant (Vaisakh) and sensitive (Neeraja)
rice varieties under NaCl and PEG stresses as compared to control (Sen et al.
2020; Sen and Puthur 2020). Barley and oats treated with UV-B (3.2 kim™)
reduces the increased malondialdehyde (MDA) content (Singh et al. 2019).
UV-C seed priming (0.6 kJm?) reduces the ROS accumulation in strawberry

than non-primed control (Xu et al. 2019).

Stress induces the production of ROS in seedlings resulting in the
peroxidation of lipids, which ultimately leads to membrane leakage; disrupt

the metabolic activity, non-specific damage to DNA, proteins etc. (Lidon et
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al. 2012; Hideg et al. 2013). Compared with non-primed plants exposed to
stress condition, the MDA content and electrolyte leakage was reduced in
primed plants exposed to stress condition but at the same time it was
increased as compared with the control. Reduced electrolyte leakage and
increased membrane stability index was seen in rice seedlings emerged from
UV-B primed seeds exposed to NaCl and PEG stress conditions (Sen and
Puthur 2020). UV-B priming (4 kJm) reduces the leaf osmolality in Vaisakh
and Neeraja rice varieties under NaCl and PEG stress conditions (Sen et al.
2020).

2.2.1.1.5. Antioxidation influenced by UV-B priming

Plants have developed a sophisticated mechanism for ROS scavenging
which includes enzymatic and non-enzymatic antioxidant mechanisms.
Different abiotic stresses leads to enhanced activities of enzymatic
antioxidants like superoxide dismutase, catalase, peroxidase and accumulation
of non-ezymatic antioxidants like ascorbic acid, a-tocopherol, glutathione,
proline which are actively involved in scavenging of free radicals (Gill and
Tuteja 2010; Miller et al. 2010; Das and Roychoudhury 2014). Low level of
UV-B radiations can stimulate alterations in antioxidant status, such as
regulation of glutathione pathways, phenylpropanoids, cinnamates, flavonoids
pathways and pyridoxine biosynthesis pathways (Hideg et al. 2013). The
exposure of UV-B to cucumber seeds results in accumulation of non-
enzymatic radical scavengers (eg. glutathione and ascorbate) and enhanced

activities of enzymatic antioxidants (eg. SOD) (Takeuchi et al. 1996).

In different varieties of kidney bean, the total content of major
antioxidants such as ascorbic acid, glutathione and tocopherol was increased
by treating them with UV irradiations. The exposure to low level of UV
irradiations enhances the ascorbic acid content in leaves of kidney bean

varieties (32-35%). Another major antioxidant tocopherol was found to
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increase several folds on UV exposure, i.e. 2-4 and 5-9 folds higher in kidney
bean and white beet, respectively as compared to control plants. Two varieties
of kidney bean (Phaseolus vulgaris var. oratusand var. ellipticus) showed an
increase in vitamin C (32%) and E (79%) content on being primed with UV-
B. Similarly, in sugar beet subjected to 90 min UV-B irradiations enhanced
vitamin C content (74%) was observed. The low levels of UV radiations
stimulated the synthesis of antioxidants and in turn enhanced the nutritional
value of some major food crops such as kidney bean, cabbage and beet. It was
further shown that enhanced synthesis of antioxidants could increase the
tolerance potential of these food crops towards various environmental factors
(Kacharava et al. 2009). In three varieties of dika wheat, the proline content
increased by the combined effect of UV irradiations and acid spraying
(Badridze et al. 2016). Likewise under the influence of same stresses,
ascorbate content increased in macha wheat, durum wheat and red dika wheat
leaves, and the proline content enhanced by 29-33% in winter wheat (T.
macha, T. durum and T. aestivum). The combination of two stresses, UV and
acid spraying stimulated the enzymatic antioxidant system (catalase and
peroxidase) and increased phenolic content (16-58%) in winter wheat
(Badridze et al. 2015). The total phenol (TP’s) content was increased up to
403%, in UV-C treated plants as compared to the non-treated, when exposed
to NaCl stress condition (Ouhibi et al. 2014). The UV irradiations enhances
the synthesis/activity of antioxidants at varying levels in different plants. In
kidney bean, enhancement of the ascorbic acid, tocopherol and vitamins
contents gets enhanced on UV exposure (Kacharava et al. 2009). Whereas, in
winter wheat, in response to UV irradiations there was higher increase of
proline and phenolic content get increased (Badridze et al. 2015) and in V.

mungo flavonoid content was increased (Dwivedi et al. 2015).

Ascorbic acid is a water-soluble and potential antioxidant seen

abundantly in meristems and in photosynthetic cells reducing the ROS
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damages. Glutathione (GSH) is a major metabolite that scavenges ROS to
avoid oxidative damages. It is abundantly seen in all plant tissues and protects
the photosynthetic apparatus against ROS-induced oxidative damage (Hussain
et al. 2019). Total phenolics, asorbate and glutathione content were increased
during barley and oats seeds treated with UV-B (Singh et al. 2019). Ascorbate
(AsA) is a multifunctional non-enzymatic antioxidant which stands second to
tripeptide glutathione and major function in plants is the role played as
antioxidant metabolite, redox buffer in plant cells, and also has a key role in
plant growth, metabolism, development and stress responses. Ascorbate have
a major role in maintaining equilibrium between the production and
elimination of ROS and reducing metabolic disorders and oxidative burst
caused in cells. In AsA-GSH pathway, ascorbate directly interacts with ROS
or it gets consumed by APX which reduce hydrogen peroxide to water and
leads to the generation of MDHA, which can be subsequently converted into
DHA and back to ascorbate in chloroplasts or other cells by the ascorbate -
regenerating system consisting of DHAR and MDHAR (Anjum et al. 2014).

Another major role of ascorbate is the regeneration of a-tocopherol and
zeaxanthin and also modulates the PSII activity. It is also needed in the
transition from G1 to S phase in the cell cycle, control of cell cycle
progression, cell proliferation of meristematic root cells and in root growth
and development. In addition ascorbate is also involved in the synthesis of
various growth regulators, including ethylene, abscisic acids and gibberellins
and also act as a co-factor of dioxygenases (Rizhsky et al. 2002; Yoon et al.
2004). The level of non-enzymatic antioxidants such as ascorbate, glutathione
and total phenolics was higher in tolerant and sensitive rice varieties treated
with UV-B and then exposed to NaCl and PEG stresses (Sen et al. 2020; Sen
and Puthur 2020). Phenolic compounds have multiple roles in plants; act as

structural components of cell walls, regulate the growth and developmental
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processes, also involved in defence mechanisms against abiotic stresses (Taibi
et al. 2016, Pathak et al. 2019).

When V. mungo and V. acontifolia seedlings were treated with UV-B,
it resulted in enhanced synthesis of non-enzymatic and enzymatic
antioxidants. The non-enzymatic antioxidants like proline, ascorbic acid, total
phenols (TP’s) and total flavonoids (TF’s) increased in the leaves of V.
acontifolia on exposure to UV-B and the accumulation of these secondary
compounds were found to be higher in the epidermal layer. The increasing
intensities of UV-B (1.2 to 7.2 kim™) also caused progressive increase in
ascorbic acid and proline contents in V. mungo. The enhanced level of these
metabolites has the capacity to scavenge the ROS. The increase in TP’s and
TF’s were higher in V. accontifolia than that recorded in V. mungo (Dwivedi
et al. 2015).

SOD converts Oz to H202 which was further reduced to water by CAT
and PODs. APX is a key enzyme for scavenging hydrogen peroxideto water
(Dwivedi et al. 2015; He et al. 2018). In plants three isozymes of SOD such as
copper/zinc SOD (Cu/Zn-SOD), manganese SOD (Mn-SOD) and iron SOD
(Fe-SOD) are reported. MnSOD is seen in mitochondria, Fe-SOD is seen in
chloroplasts and Cu/Zn-SOD is localized in different organelles i.e. cytosol,
chloroplasts, peroxisomes and mitochondria (Sharma et al. 2012). CAT
enzymes contain tetrameric heme, converting hydrogen peroxide into water
and molecular oxygen. CATs are highly active enzymes which detoxifies
ROS under stress conditions. In 1 min, one CAT molecule can convert about
6 million hydrogen peroxide molecules into water and molecular oxygen. GR
Is a key enzyme in the ascorbic acid-glutathione cycle that detoxifies the
superoxides (Hussain et al. 2019). APX conducts hydrogen peroxide
scavenging through the ascorbate-glutathione cycle and the water—water cycle

(Hussain et al. 2019). V. mungo and V. accontifolia also exhibited an
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enhancement in SOD and GPX activities after the treatment of seedlings with
UV-B. At the same time higher CAT activity was recorded in V. acontifolia
than in V. mungo (Dwivedi et al. 2015). The GPX activity enhanced in both
species, increased progressively in V. mungo whereas maximum activity of
this enzyme was recorded in ambient UV-B (4.8 kim™) treated leaves of V.
acontifolia. The potential of V. acontifolia to exhibit faster and greater
increase in the accumulation of various antioxidants, aid this species in
exhibiting enhanced tolerance to UV-B induced damages than V. mungo
(Dwivedi et al. 2015).

When the bitter gourd seedlings was exposed to UV-B (30 min) and
dimethoate (200 ppm), the SOD, CAT and POD activities were increased by
the combined action of both dimethoate and UV-B (0.4 Wm?). When the
seedlings were exposed to UV-B alone, they exhibited increase in the activity
of SOD, CAT and POD by a range of 25-48% over the control (Mishra et al.
2009). The maize seedlings (21 d) exposed to UV-B radiations for 10 min for
first day and then exposure was increased every day by 10 min and on
analyzing the activity of antioxidant enzymes on the final day (8 d), it was
seen that the activities of APX and GPX increased in roots and leaves and the
increase in roots were higher. APX activity enhanced 3 folds and GPX
activity 2 folds in roots as compared with the leaves (Javadmanesh et al.
2012). Different plants when exposed to UV irradiations exhibited differential
responses in terms of antioxidant enzyme activities. The SOD, CAT and
GPOX activities was higher in bitter gourd, but in the case of maize, the APX
and GPX activities was higher (Mishra et al. 2009).

When the germinating green bean seeds were exposed to UV-C (254
nm) for different time intervals ranging from 15-60 min and then subjected to
salinity stress, it was found that the seedlings was less affected by salinity

stress as compared to non-treated ones. In saline stressed condition, the leaves
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and roots of seedlings raised from UV-C treated seeds accumulated higher
proline concentration. The maximum proline content (48%) was recorded in
seedlings subjected to UV-C treatment for 15 min. Antioxidant enzymes
(SOD, CAT, GPOX and APX) also showed higher activities in leaves and
roots after the treatment with UV-C. The SOD activity (21%) and CAT
activity (160%) enhanced after 15 min UV-C exposure. The guaiacol
peroxidases (GPOX) activity also increased in leaves (59%) and roots (100%)
on 60 min UV-C exposure. The APX activity was higher in roots (73%) than
in leaves (8%) after 60 min UV-C treatment as compared to non-UV treated
plants. When the UV-C exposed seedlings of green bean were further
subjected to saline condition, seedlings could develop tolerance to saline

stress by the prior activation of antioxidant system (Fotouh et al. 2014).

Exposure of wheat seeds to UV-A and UV-B promote the activity of
antioxidants such as peroxidase, catalase and SOD (Abu-Elsaoud and Hassan
2016). Activities of SOD, CAT, APX and GR were increased in strawberry
primed with UV-C (Xu et al. 2019). Two stress treatments such as NaCl and
PEG increased the antioxidative enzymatic activities of the UV-B primed rice
seeds. The enzymatic antioxidants, SOD, CAT and APX and their gene
expression such as Cu/zZnSOD, CatA and APx1 were higher in UV-B primed

seeds subjected to stress conditions (Sen et al. 2020).

When fenugreek was treated with 15 and 30 W of UV irradiations at
different time intervals (1-4 h), the antioxidant enzymes like SOD, GPX, GR
and APX as well as accumulation of non-enzymatic antioxidant compound
like reduced glutathione were found to get enhanced and maximum
enhancement was observed on exposure to 30 W at 4 h treatment (EI-Shora et
al. 2015). The UV-B (350 uW/cm?) irradiated maize plants, increased the
phenol content and up-regulated the activity of CAT, APX and glutathione S

transferase (GST). Of the three antioxidant enzymes highest enhancement in
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gene expression level was recorded in the case of GST (>62%) (Rudnoy et al.
2015). Out of the twenty cultivars of soyabean, the SOD activity was
significantly increased in ten cultivars treated with UV-B irradiations
(Yanqun et al. 2003). At field conditions, when two rice varieties
(Baijiaolaojing and Yuelianggu) were exposed to UV-B radiations (2.5, 5.0
and 7.5 km™ supplementary), the SOD, CAT and POD activities were found
to get up-regulated considerably. When blueberry (Vaccinium corymbosum
cv. Brigitta and Bluegold) plants were irradiated with UV-Bge radiations
(0.07, 0.12 and 0.19 Wm2at 0 -72 h), the SOD activity was up-regulated and
six fold increment occurred in the case of APX gene expression. On exposure
to UV-B irradiations (0.12 Wm?) showed higher expression of genes encoding
for antioxidant enzymes such as APX (VcAPX), GST (VcGST) and aldehyde
dehydrogenases (ALDH) (VcALDH) respectively occurred at V. corymbosum
at 6, 24 and 48 h (Inostroza-Blancheteau et al. 2016).

APX, MDHAR, DHAR and GR were involved in ascorbate-
glutathione (ASA-GSH) cycle (He et al. 2018). Hydrogen peroxide priming
regulates AsA-GSH cycle and also increases transcript levels and activities of
SOD, APX, GR, DHAR and MDHAR in wheat under drought stress (Pathak
et al. 2019). Ascorbate and glutathione are involved in scavenging hydrogen
peroxide and MDHAR as well as GR, are involved in regenerating ascorbate
(Taibi et al. 2016; Pathak et al. 2019).

DHAR is a monomeric thiol enzyme which is physiologically
important reducing enzyme in the AsA-GSH recycling reaction in higher
plants. MDHAR is a flavin adenine dinucleotide monomeric enzyme of the
AsA-GSH cycle and is seen as chloroplastic and cytosolic isozymes (Rizhsky
et al. 2002; Yoon et al. 2004). MDHAR activity differs in different stages of
cell growth and plant tissues, which lead to different ASA/MDHA ratios. In

meristematic cells, MDHAR activity was higher and therefore, a large amount
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of MDHA was reduced to ascorbate; in expanding cells, the MDHAR activity
was relatively lower and consequently, the accumulated MDHA was
converted to DHA. MDHAR is the only one enzyme having carbon-based
radical as its substrate and is also highly specific for MDHA as the electron
acceptor and which prefer NADH rather than NADPH as the electron donor
for ascorbate regeneration in plants. Owing to its involvement in ascorbate
regeneration, MDHAR have a role in maintaining the antioxidant properties
of ascorbate. APX use ascorbate as an electron donor, which is a heme-
containing homodimeric protein. Compared with catalase, APX has higher
affinity for hydrogen peroxide. This isozyme scavenge hydrogen peroxide at
the expense of ascorbate and protect plant cells against potential deteriorating
effects of hydrogen peroxide (Shin et al. 2013; Anjum et al. 2014; Singh and
Bhardwaj 2016).

The 10 day seedlings of cucumber (Cucumis sativus) were exposed for
6 days with 3.4, 5.5 or 10.6 kJmof ambient UV-B irradiations. The low and
medium level of UV-B treated plants were later exposed to heat stress (46°C,
1 h), the survival rate of the seedlings improved by 112 and 82% and growth
in height increased by 35 and 40%, respectively (Teklemariam and Blake
2003). The UV irradiations up-regulated the antioxidant mechanisms in
different plants, which indicate that the plants had the capacity to scavenge
ROS, protect form photoinhibition, DNA damage, lipid peroxidation and
these features ultimately lead to enhancement in the stress tolerance of the

plant.
2.2.1.1.6. Enhanced stress responsive protein synthesis

Various abiotic stresses such as low temperature, osmotic stress,
salinity, desiccation, high intensity irradiations, wounding and heavy metals
stresses induce the production of a group of proteins called heat-shock
proteins (HSPs) or other stress-induced proteins (Al-Whaibi 2011). Abiotic
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stresses can prompt certain mechanisms of defence like the gene expression
of some specific genes which was not expressed under ‘‘normal’’ conditions.
This type of stress responses seen in genotypic expression results in an
increase in the synthesis of certain proteins. These proteins are called as
“‘heat-shock proteins’> (HSPs), ‘‘Stress-induced proteins’> or *‘Stress
proteins’. Main role of HSPs is molecular chaperonins, which regulate the
folding of proteins in plants. Other than acting as molecular chaperons, Hsp90
have a role in signalling protein function and trafficking, regulating the
cellular signals such as the regulation of glucocorticoid receptor (GR) activity
(Al-Whaibi 2011). In several species priming induces HSP production, which
stabilizes protein and membrane structures (Chen and Arora 2013). Heat
shock proteins (HSPs) act as a molecular chaperone, which gets induced or
constitutively expressed to promote protein folding, assembly, transport and
degradation. Five conserved HSP classes are seen in plants namely
HSP100/Clp, HSP90, HSP70/DnaK, HSP60/Chaperonin and small HSP
(SmHSP) in accordance with molecular weight (He et al. 2018). Heat shock
proteins are well known molecular chaperones which is responsible for
protein synthesis, folding, targeting assembly, translocation and degradation
in many normal cellular processes and are involved in membrane stabilization

and also assist in protein refolding under stress (Ali et al. 2017).

Abiotic stresses such as drought, salinity, osmotic stress, cold and
freezing temperatures produce cellular water deficit, which leads to the
accumulation of a group of highly hydrophilic proteins, called Late
Embryogenesis Abundant (LEA) proteins (Battaglia and Covarrubias 2013).
LEA proteins reduce the damage and protect the cells from various stresses.
Abiotic stress protection strategies of LEA proteins include hydration
buffering, metal ion binding, antioxidant activity, membrane stabilization,
DNA and RNA interactions (Zeng et al. 2018). LEA proteins also can

stabilize cell structure, preventing inactivation and aggregation of proteins
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and the loss of membrane integrity (Lutts et al. 2016). LEA proteins were
mainly seen in seeds and also are present in vegetative tissues. LEA gene is
induced through environmental stresses such as, salinity and drought. LEA is
related with dehydration tolerance and resistance to drought, salt and cold
stresses. It acts as water holding molecules and has the ability for membrane
and protein stabilization (Lim and Kim 2013). Different seed priming
treatments alter the expression/ accumulation of LEA transcript/protein in
association with stress tolerance mechanisms (Chen et al. 2012; Kubala et al.
2015). Gene expression at mMRNA level was significantly enhanced in the case
of stress responsive proteins such as HSP (Hsp90) and LEA (group 3 LEA) in
UV-B primed rice seedlings exposed to NaCl and PEG stress conditions.
However, remarkable enhancement in gene expression level was recorded in
UV-B primed seedlings subjected to PEG stress condition (Sen et al. 2020).

2.2.1.1.7. Enhanced epicuticular wax and secondary metabolites

Plants were more acclimatized to the UV irradiations by the increased
production of UV absorbing compounds (phenolic substance) and various
morphological changes that depends on the species and are also region
specific (Ballare et al. 2011; Rizzini et al. 2011; Williamson et al. 2014).
Radiations absorbing pigments such as anthocyanins and flavonoids tend to
accumulate in response to UV-B irradiations (Shaukat et al. 2013). Water-
soluble pigments derived from flavonoids via shikimic acid pathway are
anthocyanin, which provides a protective role in plants under stress
conditions. The anthocyanins are a group of flavonoids that impart pink to
purple colours in leaves and other organs. The production of anthocyanins in
plants is affected by various stresses. These stresses often affect anthocyanin
content through the inhibitory action on the synthesis process of transcription

factors involved in anthocyanin synthesis (Shaki et al. 2018).
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Plants usually boost up the de novo synthesis of flavonoids as
antioxidant substances under increasing UV-B radiations, due to the enhanced
synthesis of key enzymes of the phenylpropanoid pathway (Manaf et al.
2016). Flavonoids play significant roles in plants by acting as signalling
molecules, phytoalexins and detoxifying agents. It also plays a significant role
in seed germination; act as UV filters, temperature acclimation, drought
resistance, pollinator attractants and as allelochemical agents. Flavonoids are
secondary metabolites that are synthesized through the phenylpropanoid
pathway and act as antioxidant agents by scavenging ROS and have a key role
in encountering stress situations (Hussain et al. 2019). Flavonoids are the
most complex subgroup of polyphenols with a wide array of biological
functions including inhibition of lipid peroxidation (Taibi et al. 2016; Pathak
et al. 2019). Exposure to UV radiations increases the allocation of newly
assimilated carbon to polyphenols and in particular, flavonoid compounds,
indicative of an energy shift in order to cope up with the stress conditions
(Ballare et al. 2011; Guidi et al. 2011). The flavonoid content is an effective
free radical scavenger and also acts as a ‘sunscreen’ in plants (Rice-Evans et
al. 1997; Larson 1988). Flavonoids take a vital role in pigmentation of seeds,
flowers and fruit; pathogen defence mechanisms; protects from ultraviolet
light; and germination of pollen and plant fertility. When two varieties of
rape- seed (Brassica napus L. cvs Paroll and Stallion) seeds were exposed to
13 kdm2d?! UV-Bge radiations, the flavonoid content was increased in two
varieties. In Paroll variety of rape seed, the total soluble flavonoids content
enhanced by 150% and in Stallion variety the increase was 70% (Olsson et al.
1998). When V. mungo was treated with UV-B radiations (40 min), about 4
fold enhancement in flavonoid and soluble phenols contents were observed
(Shaukat et al. 2013). The flavonoid content also got enhanced up to two fold
in seed coat of black bean on exposure to UV-C for 10 h (Guajardo-Flores et

al. 2014). When twenty cultivars of soyabean were treated with supplemental
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UV-Bage radiations (10 kJm) at field condition, it was found that in the case

of seven cultivars the flavonoid content was increased, decreased in five and

there was no effect in eight cultivars (Yanqun et al. 2003).

An enhanced phenylalanine ammonia lyase activity (PAL) is
symptomatic of plant tissues subjected to various kinds of stresses such as
UV-B radiations, heavy metals, disease wounding, heat shock etc. This
enzyme convert their substrates (phenylalanine) to phenolic acids that are
modified through phenylpropanoid metabolism to precursors of secondary
metabolites including lignin, flavonoids and phytoalexins and these
compounds provide protection against various forms of stresses (Shaukat et
al. 2013). PAL is an important enzyme in regulating flavonoid biosynthesis
and transcriptionally induced by UV radiations. Increased PAL activity
stimulates the synthesis of flavonoid and anthocyanin (Ravindran et al. 2010).
PAL is a key enzyme in phenylpropanoid pathway, which is involved in the
defence response of plant cells. Increased PAL activity could be a response to
the cellular damage provoked by various stresses (Shaki et al. 2018).
Therefore, PAL has been recognized as a prominent bio-marker of
environmental stresses encountered by some group of plant species. Improved
activity of PAL was observed in common bean (Guajardo-Flores et al. 2014)
and strawberry (Xu et al. 2019) exposed to UV-C and in mash bean (Shaukat
et al. 2013) exposed to UV-B. Flavonoid content was enhanced due to the
UV-C seed priming treatment in common bean (Guajardo-Flores et al. 2014)

and UV-B seed priming treatment in barley and oats (Singh et al. 2019).

UV-B radiations generally stimulates protective responses in plants,
such as accumulation of wax on the leaf surface. The epicuticular waxes are
known to contain unbound flavonoids and flavones. Hence, the well-
developed wax layer on leaf surface can prevent UV-B penetration (Zu et al.

2011). Cuticular waxes is a complex mixture of homologous series of very-
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long-chain fatty acids (VLCFAS), primary n-alcohols, secondary n-alcohols,
n-aldehydes, n-alkanes, n-alkylesters, and cyclic organic compounds like
penta cyclic triterpenoids, flavonoids, tocopherols and hydroxyl cinnamic
acids derivatives. In wax biosynthesis, the first step is the elongation of Cis
and Cyg fatty acids in the endoplasmic reticulum (ER) into VLCFAs.
Following elongation, VLCFAs are modified into various wax products via
the distinct alcohol-forming and alkane-forming pathways (Li et al. 2019).
Higher levels of non-polar, long chain aliphatic wax compounds of cuticular
wax such as hydrophobic alcohols, n-alkanes, and aldehydes tend to prevent

the cuticular water loss (Hasanuzzaman et al. 2017).

Wax content, composition and homologue distribution patterns vary
with plant species and environmental factors such as UV-B radiations.
Epicuticular wax on the surface of leaves contribute as a first line of defence
mechanism by acting as a barrier between leaf internal structures and the
environment. The wax coating function in attenuating the harmful effects of
UV-B by increasing reflectance and scattering of light from leafy surfaces
(Kumari and Agrawal 2010). Cuticular wax is the outermost hydrophobic
layer of the aerial plant tissues and plays an important role in protecting plants
against abiotic stresses and acts as a barrier to excessive non-stomatal
transpiration. The major functions of cuticular waxes include maintaining
equilibrium between the transpirational water loss and root water uptake by
transpiration control, reducing water retention on plant surfaces by controlling
surface wettability, controlling loss and uptake of polar solutes and regulating
the exchange of gases and vapour. The plants having a thicker cuticle or a
cuticle containing larger amount of waxes are more efficient in reducing non-
stomatal transpiration and thus better adapted to water stress conditions
(Hasanuzzaman et al. 2017; Xue et al. 2017).
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3.METHODOLOGY

3.1. Plant materials

Rice (Oryza sativa L.) belongs to the family poaceae. The seeds of 6
high yielding rice varieties such as Aiswarya, Jyothi, Kanchana, Neeraja,
Samyuktha and Swetha were collected from Regional Rice Research station,
Kerala Agriculture University, Pattambi, Kerala, India. The study was
conducted mainly in three stages. In the first stage, stress imparting
concentrations/dosages of NaCl, PEG-6000 and UV-B was selected from six
different concentrations/dosages. For this purpose six different rice varieties
were imparted with different concentrations/dosages of these three stresses
and stress tolerance potential of these varieties were analyzed on the basis of
various morphological, physiological and biochemical parameters. For the
second stage of the study two stress tolerant varieties viz. Kanchana and
Swetha as well as two stress sensitive varieties viz. Samyuktha and Neeraja
were selected based on the analysis carried out in the first stage of the study
and imparted with different dosages of UV-B radiations to select the UV-B
seed priming dosage on the basis of morpho-physio-biochemical parameters.
One tolerant variety viz. Kanchana and one sensitive variety viz. Aiswarya
were selected for third stage of the study, wherein detailed analysis were

carried out.
3.2. Methods

3.2.1. Selection of stress imparting concentrations of NaCl, PEG and high

UV-B radiation as well as UV-B priming concentrations

For the identification of stress imparting concentration of NaCl and

PEG, surface sterilized rice seeds of six varieties (detailed in section 3.2.2.)
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were treated with six different concentrations of NaCl (0, 25, 50, 75, 100 and
125 mM), PEG 6000 (0, 5, 10, 15, 20 and 25%), by incubation in the
respective solutions. For identification of stress imparting UV-B irradiation
dosage, surface sterilized seeds were incubated in distilled water and further
exposed to varying dosages of UV-B irradiation (0, 7, 14, 21, 28 and 35 kJm"
2d1) by placing under UV-B tubes (detailed in section 3.2.2.). Based on the
morphological, physiological and biochemical analysis NaCl concentration of
75/100 mM, PEG concentration of 15/20% and UV-B dosage of 21/28 kim
2d-t were selected for further studies. For the selection of optimal dosage for
UV-B priming, 0, 2, 4, 6 and 8 kdm of UV-B irradiations were imparted to
the seeds/seedlings. The UV-B primed seeds were further allowed to
germinate on stress imparting concentrations of NaCl (75/100 mM) and PEG
(15/20%). For imparting UV-B stress, UV-B primed seeds were incubated in
distilled water and irradiated with UV-B dosage of 21/28 kJm2d™. For the
identification of stress imparting concentrations/dosage of NaCl, PEG and
UV-B as well as the optimal dose of UV-B to impart seed priming and
seedling priming, parameters such as shoot length and photosynthetic
pigments were analyzed on 9 d of seedling growth. Based on this analysis

UV-B priming dosage of 4/6 kJm was selected for further studies.
3.2.2. Seed as well as seedling priming techniques

For the surface sterilization, the seeds were treated with 0.1% HgCl>
solution for 5 min and further washed thoroughly with distilled water. After
washing, the seeds were separated into two sets, one set of seeds was exposed
to low dose of UV-B (4/6 kim) for seed priming (Ps) treatment and another
set was germinated in Petri-dishes layered with germination paper and wetted
with distilled water for seedling priming (Psi). For seedling priming, the 4 d
old seedlings were exposed to low dose of UV-B (4/6 kJm2). The primed and

non-primed seeds as well as seedlings were transferred to plastic bottles
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(22x12 cm) containing cotton soaked with distilled water, NaCl (100 mM for
tolerant and 75 mM for sensitive) and PEG-6000 (20% for tolerant and 15%
for sensitive) solutions separately. Non-primed seeds and seedlings incubated
in distilled water were taken as the control. The bottles were kept in a growth
chamber (INLABCO, India) under a 14/10 h light-dark cycles at 300 umolm"
251 25+3°C and RH 55+5%. For UV-B stress, UV-B irradiation (28 kim2d*
for tolerant & 21 kJm2d? for sensitive) in addition to continuous white
fluorescent illumination of 300 pmol m?s* was given with the aid of mobile
adjustable frames over the plants. The biologically effective UV-B (UV-Bgg)
was gained through normalization at 300 nm; and the calculation of the
dosage was based on the intensity and the time of exposure to UV-B
irradiation (Caldwell 1971). The UV-B intensity was measured using UV-B
irradiation meter (RM-12, Opsytec Dr. Grobel, Ettlingen, Germany). The UV-
B tubes (Philips TL 20W/01, Amsterdam, Netherlands) were covered with
0.13 mm thick cellulose diacetate filters to avoid transmission of wave lengths
below 280 nm. Further physiological, biochemical and molecular analysis
were done in rice seedlings emerging from UV-B primed seed (Ps) and non-
primed seeds (NPs) as well as UV-B primed seedlings (Ps;)) and non-primed

seedlings (NPsi) after 9 d of growth.
3.3. Growth parameters

Shoot length of rice seedlings was measured using graduated student
scale. For dry weight measurements, the pre-weighed seedlings were kept in
hot air oven for 1 h at 100°C and then transferred into an oven maintained at
60°C for 24 h. The samples were further cooled in desiccators with vacuum
and then weighed. Drying and weighing of samples were repeatedly done at
regular intervals (24 h) till the values became constant. The percentage of dry

weight was calculated by using the following formula:
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D ight % = Dry weight %X 100
Ty welght v = Fresh weight

3.4. Physiological parameters
3.4.1. Photosynthetic pigment analysis

Chlorophyll and carotenoid pigments were analyzed in rice seedlings
leaves by Arnon (1949) method, using 80% acetone as extracting medium.
Two hundred milligram of fresh leaf sample was used for analyzing pigment
contents, which was homogenized and extracted in 80% acetone (v/v). It was
centrifuged at 5000 rpm for 10 min at 4°C and the supernatant was collected.
The pellet was re-extracted with the same extracting medium and then
centrifuged at 5000 rpm for 10 min. This was repeatedly done till the pellet
turn out colourless. The final volume of the acetone extract was used and the
optical density was read at 663, 646, 750 and 470 nm using a UV-VIS
spectrophotometer (Systronics 2201, Guijarat, India). The total chlorophyll
(Chl a+b) and carotenoids contents were expressed in mg chlorophyll/

carotenoids g* dry weight of leaf sample.

— 20.12 (Agss- Azsp) +8.02 (Aggs- Asso)

Chlorophyll a + b ! x volume
Fresh weight of the sample

Carotenoids _ 1000 (A47_0)+3.27 (Chla-Chlb) «volume

Fresh weight of the samplex 229

Where,

Chlorophyll a = 1269 (Aggs- A_75°) =269 (Agse- A750)) x volume
Fresh weight of the sample

Chlorophyll b _ 229(AgssmA 150) -4.68(Aey-ATS0) ) |\ 1ime

Fresh weight of the sample
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3.4.2. Assessment of photosynthetic electron transport activities

Oxygen electrode system (Oxygraph Plus, Hansatech, Norfolk, UK)
was used to analyze the photosynthetic electron transport activities.
Polarographic oxygen electrode disc was mounted within a DW1/AD
electrode chamber and linked to the Oxygraph Plus electrode control unit
(OXYG1, Hansatech). Sample and electrode disc temperature was controlled
through linking the water jacket of the DW1/AD to a thermoregulated
circulating water bath. Thylakoids from rice leaves were isolated at 4°C and
photosystem | (PSI) (O2 uptake) and photosystem Il (PSIl) (O2 evolution)
activities were evaluated according to Puthur (2000). The light dependent O>
uptake/evolution was assessed through irradiating the thylakoid suspension
with white light (1800 pmolm-2s) provided by a 100W halogen lamp (LS2,
Hansatech). The PSI and PSII activities was represented in pmol of O3

consumed (PSlI)/evolved (PSI1) min-tmg* chlorophyll.
3.4.2.1. Preparation of thylakoid membranes

Isolation of the thylakoids membranes from leaves of rice seedlings
was done according to Puthur (2000). The fresh leaves tissue of 100 mg was
homogenized with ice-cold mortar and pestle in a chilled isolation buffer
consisting of 400 mM sucrose, 10 mM NaCl and 20 mM tricine (pH 7.8).
Using six layers of Mira cloth the homogenate was filtered to remove debris
and the filtrate solution was centrifuged at 5000 rpm for 6 min at 4°C. The
supernatant was discarded and the thylakoid pellets was suspended in 500 pl
suspension buffer (pH 7.5) containing 2 mM MgCl,, 10 mM NacCl, 100 mM
sucrose and 20 mM HEPES [N-(2-Hydroxyethyl) piperazine-N (2-
Ethanesulphonic acid)] and then it was transferred to a clean ice-cold tube and

kept at 4°C for the assays to be done.
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3.4.2.2. Estimation of the total chlorophyll concentration in the thylakoid

suspension

The total chlorophyll content of the thylakoid samples was estimated
according to the method of Arnon (1949). Thylakoid suspension of 20 ul was
made up to 3 mL with 80% acetone. Using parafilm the tube was covered and
the mixture was thoroughly mixed by using a vortex mixer to dissolve the
chlorophyll in the solvent. It was centrifuged at 5000 rpm for 5 min and the
supernatant was collected. The absorbance of the supernatant was measured at
645, 663 and 750 nm. 80% acetone was taken as blank. The concentration of

total chlorophyll was calculated from the following equation:
Total chl = 20.12 (Aeas-A7s0) + 8.02 (Ass3-A7s0) % Dilution factor
3.4.2.3. Assay of photosystem | and |1 activities

Using oxygen electrode system the PSI and PSII activities were
analyzed in accordance with the procedure followed by Puthur (2000). The
activity of PSI was measured by estimating oxygen consumption after
blocking PSII activity by adding DCMU (3-(3,4-dichlorophenyl)-1,1-
dimethyl urea) to the medium. The reaction mixture contain reaction buffer,
reduced 2,6 dichlorophenolindophenol (DCPIP) (0.1 mM), ascorbate (600
MM), MV (methyl viologen) (500 pM), NaN3z (sodium azide) (1 mM) and
DCMU (5 pM). 20 pg chlorophyll equivalent thylakoid suspension was added
into the electrode chamber and it was made up to 1 mL with reaction buffer.
Ascorbate functioned as reductant via donating electrons to DCPIP. The
electrons provided by reduced DCPIP to plastocyanin gets transferred to PSI.
The electrons from PSI moves to MV, which is an artificial electron acceptor
in the reaction mixture as a substitute of FeS centre. Reduced MV reacts with
oxygen molecules in the medium and produce hydrogen peroxides. NaNs in

the reaction mixture can arrest the catalase action in the plant cells so that
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hydrogen peroxide does not break down to release oxygen. In oxygen
electrode system the oxygen consumption through the PSI activity was

measured by estimating the oxygen content consumed.

PSII activity was measured based on oxygen evolution and for this
para-benzo quinone (pBQ) was used as artificial electron acceptor, which
scavenge the electrons from plastoquinone. On transfer of the electrons from
water splitting complex to PSII, oxygen molecules evolution taken place in
the medium, which was measured. The reaction mixture (1 mL) in DW1/AD
electrode chamber contains isolated thylakoid suspension equivalent to 20 ug
chlorophyll, reaction buffer and pBQ (500 uM).

3.4.3. Chlorophyll a fluorescence parameters

Using Plant Efficiency Analyzer (Handy PEA; Hansatech Ltd.,
Norflok, UK) Chl a fluorescence parameters were analyzed. Handy PEA is a
portable fluorometer having high resolutions (Strasser et al. 2004). All
measurements were performed on the upper surfaces of the first formed leaves
after dark adaption for a period of 20 min using the leaf exclusion clips and
then they were illuminated with continuous red light of high intensity (3000
umolm-is?t). All measurements were recorded up to 1s with a data acquisition

rate of 10 ps for the first 2 ms and at 1 ms thereafter.

Various Chl a fluorescence parameters such as minimal fluorescence
(Fo), maximum fluorescence (Fm), activity of the water-splitting complex on
the donor side of PSII (Fu/Fo), performance index on absorption basis [Plabs)],
relative variable fluorescence at J step (Vj), time taken to achieve maximum
fluorescence value (Tm) and area over the fluorescence curve were measured.
The energy pipeline leaf model of the photosynthetic apparatus was used to
visualize the phenomenological energy fluxes per cross section of PSIl and

the density of active reaction centers (RC/CSm), specific energy fluxes for
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absorption per cross section (ABS/CSm), energy trapping per cross section
(TRo/CSm), electron transport per cross section (ETo/CSm) and the ratio of
total dissipation per cross section (DI,/CSm) were also analyzed. PSII energy
fluxes per reaction center (RC) [flux of absorption per reaction center
(ABS/RC), trapping per reaction center (TRo/RC), electron transport flux
(ETo/RC) and dissipated energy per reaction center (DIo/RC)] were also
deduced. The data were recorded and analysed with the help of energy
pipeline model, prepared using the software Biolyzer HP 3 (Bioenergetics

Laboratory, University of Geneva, Switzerland).
3.4.4. Leaf gas exchange parameters

Leaf gas exchange parameters were analyzed using LI-6400 portable
photosynthesis system (Infra-red gas analyzer, LI-COR, Lincoln, Nebraska,
USA). For gas exchange measurements cleaned leaf was enclosed in leaf
chamber. All measurements were done in first formed fully expanded rice
leaves and readings were recorded between 9.00 to 10.00 am at growth
temperature (28-32°C) at ambient CO: conditions. An intensity of 1500
umolm2s-twas set as internal light source in L1-6400 to ensure a constant and
uniform light for all measurements. The different leaf gas exchange
parameters, net photosynthetic rate, Pn (umolms?), stomatal conductance,
gs (umolm2s?) and intercellular CO,, Ci (umolmol?) was measured in leaves
of rice seedlings. The Pn, gs and Ci were calculated according to von

Caemmerer and Farquhar (1981) equations.
3.4.5. Assay of mitochondrial activity
3.4.5.1. Isolation of mitochondria

The mitochondria were isolated from the leaves of rice seedlings in
accordance with Kolloffel (1967) method. Gently homogenize plant materials

in an ice-cold mortar and pestle at 4°C after adding chilled 0.05 M phosphate
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buffer (isolation buffer, pH 7.2) consisting of 0.4 M sucrose and 5 mM
ethylene diamine tetraacetic acid (EDTA). Filter the homogenate by four
layers of Mira cloth and centrifuge the filtrate at 5000 rpm for 10 min. Again
centrifuge the supernatant at 20,000 rpm for 15 min and collect the pellet. The
pellet consists of mitochondria, which was re-suspended in known volume of
suspension buffer (0.05 M phosphate buffer with 0.2 M sucrose, pH 7.6). The
protein content in the mitochondrial preparations was assesed by the method
of Bradford (1976).

3.4.5.2. Determination of mitochondrial electron transport activity

Mitochondrial oxygen consumption was measured at 25°C by oxygen
electrode system according to the method of Schmitt and Dizengremel (1989)
protocol. Reaction medium consist of 935 ul of assay buffer (0.3 M sucrose,
10 mM potassium phosphate, 10 mM Tris, 5 mM MgCI. and 10 mM KCI, pH
7.2), 40 ul mitochondrial preparations (equivalent to 0.3 mg protein) and 25
pul of 100 mM NADH. The substrate was added at last, because oxygen
uptake starts immediately. The NADH oxidation rate was calculated in terms

of umol Oz consumed min-*mg? protein.
3.4.6. Leaf osmolality

Osmolality of leaf sap was determined as per the Hura et al. (2007)
protocol, in a vapor pressure osmometer (Wescor, 5520, USA). Osmometer
chamber calibration was done by 100, 290 and 1000 mmolkg? standard

solutions. Cell sap from leaves was collected by freeze thawing method.

Weighed 200 mg of seedling leaves which was wrapped in aluminium
foil and transferred to liquid nitrogen and was then kept in a deep freezer
(-80°C) for 30 min. For the determination of osmolality, the leaf samples

were thawed at room temperature and the sap extruding from the leaf
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discs was collected with a 10 pL pipette and transferred quickly to the disc

chamber of the osmometer and readings were recorded.
3.5. Biochemical parameters

3.5.1. Primary metabolites

3.5.1.1. Total protein

Total protein content of the rice seedlings tissues was estimated using

Folin-Ciocalteau reagent in accordance with Lowry et al. (1951).

Extraction: Five hundred mg of rice seedlings tissues was homogenized in 5
mL of phosphate buffer. Pipette a known volume of homogenate in to a
centrifuge tube and add equal volume of 10% TCA. For flocculation this
mixture was kept in a refrigerator (4°C) for 1 h. After that the mixture was
centrifuged at 5000 rpm for 10 min at 4°C and the pellet was collected after
decanting the supernatant. The pellet was washed twice with ice-cold 2%
TCA followed by washing with 30% perchloric acid to remove starch. Lipids
were extracted by using diethyl ether and 80% acetone was used to remove

the pigments.

Estimation: The pellet obtained from centrifugation was dried and then
digested in 5 mL 0.1 N sodium hydroxide by heating in a water bath for 10
min. After cooling, the suspension was purified by centrifugation (5000 rpm
for 10 min at 4°C) and the supernatant was collected. Pipette known volume
of aliquot and made up to 1 mL with distilled water. To this aliquot, add 5 mL
of alkaline copper reagent and shake well. After 10 min, add 0.5 mL of 1 N
Folin-Ciocalteu’s phenol reagent and was shaken well immediately. The tubes
were kept for 30 min for colour development. The optical density of the

solution was read at 700 nm in a UV-VIS spectrophotometer. BSA fraction V
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was used as standard. Total protein was expressed in terms of mg of

protein g* dry weight of rice seedlings.
3.5.1.2. Total soluble sugars

The total soluble sugar was determined by Dubois et al. (1956)

protocol.

Extraction: Five hundred mg of rice seedlings tissues was homogenized with
80% ethyl alcohol. It was centrifuged for 10 min at 10000 rpm at 4°C and the
supernatant was collected. The pellet was re-extracted using 80% alcohol. The

total soluble sugar content was estimated in the collected supernatant.

Estimation: Known volumes of supernatant aliquot was taken in the test tube
and made up to 1 mL with distilled water and add 0.1 mL of 5% (v/v) phenol
and mixed well. From burette quickly add 5 mL of concentrated sulphuric
acid to the tube. After cooling, the optical density of the solution was
recorded at 490 nm using a spectrophotometer. D-glucose was taken as the

standard.
3.5.1.3. Total free amino acids

Total free amino acids were determined by Moore and Stein (1948)

method.

Extraction: Five hundred mg of rice seedlings tissues was homogenized with
80% (v/v) ethanol. The extract was centrifuged at 10,000 rpm for 15 min at

4°C. The supernatant was made up to 10 mL with 80% ethanol.

Estimation: One milllilitre of supernatant was added with 1 mL of ninhydrin
reagent in a test tube. Tubes were incubated in boiling water bath for 20 min
and then add 5 mL of diluent (equal volume of water and n-propanol) into it.

This mixture was incubated at room temperature for 15 min and absorbance
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was recorded at 570 nm using a UV-VIS spectrophotometer against a reagent
blank and the results were expressed as mg g sample. Standard curve was

plotted with leucine in 0.1 M citrate buffer at pH 5.

Preparation of reagent: The reagent solution was prepared by dissolving 20 g
of ninhydrin and 3 g of hydrindantin in 750 mL of methyl cellosolve. Add
250 mL of sodium acetate buffer (pH 5.5) into this solution and the resultant
reddish reagent solution was immediately transferred to a 1 L dark glass

bottle. The reagent was used freshly without storage.
3.5.1.4. Proline

Proline content was estimated in rice seedlings tissues according to
Bates et al. (1973) method.

Extraction: Two hundred mg rice seedlings tissue was homogenized in 10
mL of 3% (w/v) aqueous sulfosalicylic acid. Then it was centrifuged at
10,000 rpm for 10 min and the supernatant was collected. The proline content

was estimated using acid ninhydrin.

Estimation: Two millilitres of supernatant was taken in triplicate and add
equal volume of glacial acetic acid and 2.5% acid ninhydrin (1.25 g of
ninhydrin dissolved in a mixture of 30 mL of glacial acetic acid and 20 mL of
6 M ortho phosphoric acid) in test tube. Test tubes were incubated at 100°C in
a boiling water bath for 1 h and after that tubes were placed in ice bath for
stopping the reaction. 4 mL of toluene was added into the reaction mixture
and stirred well using a vortex mixer. The chromophore-toluene layer was
carefully separated and the optical density was recorded at a wavelength of

520 nm using spectrophotometer. L-proline was taken as the standard.
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3.5.2. ROS types
3.5.2.1. Superoxide (O2") content
Superoxide content was determined as per the method of Doke (1983).

Extraction: Two hundred mg of rice seedling tissue was weighed and cut into
1x1mm size and immersed in 0.01 M potassium phosphate buffer (pH 7.8)
consisting 0.05% nitroblue tetrazolium chloride (NBT) and 10 mM sodium
azide (NaNs).

Estimation: The mixture was incubated in water bath (85°C) for 15 min.
After incubation, the mixture was transferred quickly to ice bath for lowering
the temperature. After cooling, the absorbance of the mixture was measured
using spectrophotometer at 580 nm. Sodium nitrate (NaNOz) was used as the

standard.
3.5.2.2. Hydrogen peroxide content

Hydrogen peroxide content was determined according to Junglee et al. (2014)

protocol.

Extraction: Two hyndred mg of rice seedling tissue was weighed in duplicate
and homogenized with 5 mL of 0.1% ice cold trichloroacetic acid (TCA). The
homogenate was centrifuged at 12,000 rpm for 15 min. The supernatant

collected was used for the determination of hydrogen peroxide.

Estimation: Five hundred millilitres of supernatant was mixed with 0.5 mL of
potassium phosphate buffer (pH 7), into this 1mL of 1M potassium iodide
was added. The absorbance of the mixture was recorded at 390 nm. Hydrogen

peroxide was used as the standard.
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3.5.2.3. Malondialdehyde (MDA) content

According to the protocol of Heath and Packer (1968) the

malondialdehyde content (MDA) was estimated.

Extraction: Two hundred mg of rice seedlings tissues was weighed in
triplicate and was homogenized with 5 mL of 5% TCA solution. It was
centrifuged at 12,000 rpm for 15 min and the supernatant was used for MDA

estimation.

Estimation: The MDA content in rice seedlings tissues was estimated in
accordance with Heath and Packer (1968) method. 2 mL of the supernatant
was added with an equal aliquot of 0.5% of thiobarbituric acid (TBA) in 20%
TCA and the mixture was heated at 95°C for 24 min, then cooled and
centrifuged at 3000 rpm for 2 min. Using UV-VIS spectrophotometer the
absorbance of supernatant was measured at 532 and 600 nm. MDA content

was calculated using its extinction coefficient of 155 mM-tcm™.
3.5.2.4. Membrane stability index (MSI)

Membrane stability index (MSI) was estimated according to Sairam et
al. (1997). Two hundred mg of rice seedlings tissues was cut into 10 mm?
sized segments and placed in tubes consisting of 5 mL distilled water in two
sets. One set was kept for 30 min at 40°C and electric conductivity (C1) was
determined by conductivity meter (Eutech, Cyberscan 600, Vernon Hills,
USA). Another set was kept for 15 min in boiling water bath (100°C) and its

electric conductivity (Cz) was also determined. The MSI was calculated as,

MSI = [1- (C1/C2)] x100
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3.5.2.5. Electrolyte leakage (EL%0)

Electrolyte leakage (EL%) was determined as per Lutts et al. (1996)
with some modifications. 200 mg of rice seedlings tissues was cut into 10
mm? sized pieces and then placed in tubes consisting of 25 mL of distilled
water and it was incubated at 4°C for 24 h and then brought to the room
temperature and electrical conductivity was determined (ECi). Further the
tissue was autoclavedat 120°C for 15 min and electrical conductivity (EC>)

was determined again by conductivity meter. The EL% was calculated as,
EL% = (EC./EC>) x100

3.6. Antioxidant defence mechanism

3.6.1. Non-enzymatic antioxidants
3.6.1.1. Ascorbate (AsA) content

Chen and Wang (2002) protocol was adopted for the estimation of AsA

content in rice seedlings tissues.

Extraction: Five hundred mg of rice seedlings tissue was homogenized in 5
mL of 5% (w/v) TCA. The homogenate was transferred into centrifuge tubes
and centrifuged at 12,000 rpm for 15 min at 4°C. The supernatant was

collected and used for the estimation of AsA content.

Estimation: From the supernatant 0.1 mL of aliquot was taken and mixed
with 0.3 mL of 200 mM NaH2POa. To this reaction mixture, 0.5 mL of 10%
(v/v) TCA, 0.4 mL of 42% (v/v) H3POs4, 0.4 mL of 4% (w/v) bipyridyl
(dissolved in 70% alcohol) and 0.2 mL of 3% FeCls (w/v) were added and the
mixture was incubated at 42°C for 15 min. After the incubation, the
absorbance was measured immediately at 524 nm and AsA content was
calculated with a standard curve prepared using varying concentrations of
AsA.

65



Methedology

3.6.1.2. Glutathione (GSH) content

The GSH content was estimated in rice seedlings tissues according to
Chen and Wang (2002) method.

Extraction: Five hundred mg of rice seedlings tissues was weighed and
homogenized with 5 mL of 5% TCA (w/v). The homogenate was filtered
through a filter paper and centrifuged at 12,000 rpm for 15 min at 4°C. The
supernatant was collected and it was used for the estimation of reduced

glutathione content.

Estimation: From the supernatant, 0.5 mL of aliquot was taken and mixed
with 2.6 mL of 150 mM NaH2POQO4 buffer (pH 6.8) and 0.18 mL of 3 mM 5,5-
dithio-bis (2-nitrobenzoic acid) (DTNB) (DTNB was dissolved in 100 mM
phosphate buffer, pH 6.8) and incubated for 5 min. The absorbance was
recorded at 412 nm and GSH content was calculated with a standard curve

using different concentrations of reduced glutathione.
3.6.1.3. Total phenolics

Total phenolics was estimated using Folin-Denis reagent in accordance
with Folin and Denis (1915) method.

Extraction: Five hundred mg of rice seedling tissue was weighed and
homogenized with 80% ethanol (v/v). The homogenate was centrifuged at
10,000 rpm for 20 min and the supernatant was collected. The pellet was re-
extracted in 80% ethanol and then the homogenate was again centrifuged. The
supernatant was pooled. Pooled supernatant was dried in an oven and the

residue was dissolved in 5 mL of distilled water.

Estimation: Aliquots of 50 ul of supernatant in triplicate were pipetted out
and made up to 2 mL with distilled water. Added equal volume of Folin-

Denis reagent in to it. The mixture was thoroughly mixed and after 3 min,
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added 2 mL of 1N sodium carbonate. After thorough mixing this mixture was
incubated for 1 h for colour development. The optical density of the solution
was read at 700 nm and total phenolics content in the rice seedlings tissues

was calculated using tannic acid as standard.
3.6.2. Enzymatic antioxidant system assay
3.6.2.1. Superoxide dismutase (SOD, EC 1.15.1.1)

SOD activity in the rice seedling tissue was estimated according to

Giannopolitis and Ries (1977) protocol with minor modification.

Extraction: Five hundred mg of plant tissue was weighed and homogenized
gently with 50 mM phosphate buffer of pH 7.8 in ice-cold mortar and pestle.
It was centrifuged at 16,000 rpm for 15 min in refrigerated centrifuge
(Thermo scientific X1R, Osterode am Harz, Germany) at 4°C. The

supernatant was collected and it was used for enzyme assay.

Enzyme assay: The activity of SOD was measured by monitoring the ability
of SOD to inhibit the photochemical reduction of nitro blue tetrazolium
chloride (NBT). The reaction mixture contained 0.1 mL of 1.5 M sodium
carbonate, 0.3 mL of 0.13 M methionine, 0.3 mL of 10 uM EDTA, 0.3 mL of
13 uM riboflavin and 0.3 mL of 0.63 mM NBT and 0.1 mL enzyme extract.
By using phosphate buffer (50 mM, pH 7.8) the reaction mixture was made
up to 3 mL. For the assay of SOD activity, different assay systems were set,
such asdark-control, light-control and test samples. Test tubes consisting of
only assay mixture without enzyme extract were illuminated under
fluorescent lamp for 30 min (light-controls). Test samples (test tubes
containing assay mixtures with enzyme extract) were also illuminated and
another set (test tubes containing assay mixtures with enzyme extract) was put
in dark (dark-control). The accumulation of formazan in different tubes was

measured using UV-VIS spectrophotometer by reading the absorbance of the
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developed blue colour at 560 nm against the blank (reaction mixture without
NBT). Result was expressed in units SOD mgprotein’. One unit of SOD
was the enzyme activity that inhibited the photo reduction of NBT to blue

formazan by 50%.
3.6.2.2. Catalase (CAT, EC 1.11.1.6)

CAT activity in the fresh samples was measured according to the
protocol of Kar and Mishra (1976).

Extraction: Five hundred mg of plant tissue was weighed and homogenized
in an ice cold glass mortar and pestle with a medium containing 50 mM
phosphate buffer (pH7.0) and 200 mg of polypyrrolidone as phenolic binder.
Using two layered muslin cloth the homogenate was filtered and it was made
upto 10 mL by phosphate buffer. The filtrate was centrifuged at 16,000 rpm
for 15 min at 4°C in refrigerated centrifuge. The collected supernatant was

used for the enzyme assay.

Enzyme assay: Enzyme assay mixture contained 1 mL of 50 mM phosphate
buffer (pH 7.0), 2 mL enzyme extract and 1 mL of 30 mM hydrogen
peroxide. The enzyme assay mixture contained 2.4 mL of 50 mM phosphate
buffer (pH 7.0), 0.3 mL enzyme extract and 0.3 mL of 30 mM hydrogen
peroxide. The enzyme extract and phosphate buffer was pipetted out and
mixed well in a test tube. Hydrogen peroxide was added into this mixture
which initiated the enzyme activity. After the addition of hydrogen peroxide
immediately the enzyme activity was measured at 240 nm for 90 seconds.
Readings were recorded at 15 seconds interval. The activity of CAT was
determined in terms of umol hydrogen peroxide oxidised per min per gram
fresh weight. The CAT activity was expressed in terms of decrease in

absorbance at 240 nm for 1 min following the decomposition of hydrogen
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peroxide. One unit of the enzyme was defined as pmoles hydrogen peroxide

decomposed per min per mg protein.
3.6.2.3. Ascorbate peroxidase (APX, EC 1.11.1.11)

APX activity was assayed in the rice seedlings tissues in accordance
with the method of Nakano and Asada (1981).

Extraction: Enzyme extraction from rice seedling tissues for the assay was
prepared according to Zhang and Kirkham (1996). 500 mg of tissues from
seedlings was homogenized gently with 10 mL of extraction medium in ice
cold mortar and pestle. The extraction buffer contained 50 mM sodium
phosphate buffer (pH 7.0), 0.33 M sorbitol, 1 mM MgClz, 2 mM EDTA, 10
mM NaCl, 0.5 mM KH2PO4 and 1 mM ascorbate. Using two layers of cheese
cloth the homogenate was filtered and centrifuged at 4°C for 4 min at 2000
rpm. The pellet was discarded and the supernatant was centrifuged at 5000
rpm for 15 min at 4°C. Again the supernatant was centrifuged at 15000 rpm

for 15 min at 4°C and the final supernatant was used for APX assay.

Enzyme assay: The APX activity was assayed by monitoring the decreases in
absorbance at 290 nm due to AsA oxidation. 3 mL assay mixture contained
0.5 mM AsA, 0.1 mM EDTA in 50 mM sodium phosphate buffer (pH 7.0). 20
uL of enzyme extract was added into the buffer and the enzyme reaction was
initiated by adding 10 pL of 100 mM hydrogen peroxide to reach a
concentration of 0.1 mM hydrogen peroxide in the final reaction mixture. The
hydrogen peroxide dependent oxidation of AsA (¢=2.8 mMcm™) seen as the
decrease in absorbance at 290 nm was monitored. One unit of APX activity
was defined as the amount of enzyme that oxidized one pmol of AsA min at

room temperature under the above conditions.
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3.6.2.4. Guaiacol peroxidase (GPOX, EC 1.11.1.7)

GPOX activity in the fresh rice seedlings tissues was estimated as per

the protocol of Gaspar et al. (1975).

Extraction: Five hundred mg of fresh plant tissue of rice seedlings was
homogenized with 50 mM Tris-HCI buffer (pH 7.5) using an ice-cold mortar
and pestle. Using two layered muslin cloth the extract was filtered. The
filtrate was transferred into centrifuge tube and was centrifuged at 15,000 rpm
for 15 min at 4°C in refrigerated centrifuge (Thermo scientific X1R). The
supernatant was transferred into a test tube and it was stored in an ice bath

and used for enzyme assay.

Enzyme assay: The GPOX activity was measured following the hydrogen
peroxide dependent oxidation of guaiacol (extinction coefficient
26.6 mMcm®) at 420 nm. 3 mL of assay mixture contained 2.86 mL 100
mM phosphate buffer (pH 7.8), 30 uL 1% guaiacol and 100 pl enzyme
extract. Blank reaction mixture contained 50 mM Tris-HCI (pH 7.5) instead
of enzyme extract. All the components were mixed well and 12 pL of
hydrogen peroxide was added to initiate the enzyme activity. Immediately
after the addition of hydrogen peroxide, the increase in absorbance due to
oxidation of guaiacol was recorded at 420 m wusing a UV-VIS
spectrophotometer for 3 min at intervals of 30 sec. One unit of GPOX activity
was defined as the amount of enzyme that caused the formation of 1 uM of

tetraguaiacol per min.
3.6.2.5. Glutathione reductase (GR, EC 1.6.4.2)

Glutathione reductase (GR) activity was determined as per the method
of Carlberg and Mannervik (1975).
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Extraction: Five hundred mg fresh tissue of rice seedlings was homogenized
in 5 mL of 50 mM sodium phosphate buffer (pH 7) containing 0.2 mM EDTA
in an ice cold mortar and pestle. The homogenate was centrifuged at 4°C for
20 min at 14,000 rpm and the supernatant was used for measuring the GR

activity.

Enzyme assay: GR activity was measured by determining the oxidation of
NADPH at 340 nm. The 3 mL reaction mixture consisted of 3 mM EDTA, 0.1
mM NADPH, and 0.1 mM oxidized glutathione (GSSG) in 1.8 mL phosphate
buffer (pH 7.6), into this, 0.3 mL enzyme extract was added. The GR activity
was determined by observing the reduction in absorbance per minute. One
unit of the enzyme activity was defined as the amount of enzyme required to

oxidize 1 pmol of NADPH per min.

3.6.2.6. Monodehydroascorbate reductase (MDHAR, EC 1.1.5.4)

Activity of monodehydroascorbate reductase (MDHAR) was assayed

by following the method of Hossain et al. (1984).

Extraction: Five hundred mg freshtissue of rice seedlings was homogenized
in 5 mL of 50 mM potassium phosphate buffer (pH 7) consisting of 0.2 mM
EDTA in a ice-cold mortar and pestle. The homogenate was centrifuged at
14,000 rpm for 20 min at 4°C and the supernatant was used for determining
the MDHAR activity.

Enzyme assay: The reaction mixture consisted of 0.1 mM EDTA, 0.25% of
triton X 100, 3 mM NADH, 30 mM ascorbate, 0.25 units ascorbate oxidase
with 2.7 mL of phosphate buffer (150 mM). 3 ul of enzyme extract was
transferred to test tube and the MDHAR activity was measured by
determining the oxidation of NADH at 340 nm in UV-VIS
spectrophotometer. One unit of the enzyme activity was defined as the

amount of enzyme required to oxidize 1pumol of NADH.
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3.6.2.7. Dehydroascorbate reductase (DHAR, EC 1.8.5.1)

Dehydroascorbate reductase (DHAR) activity was determined in

accordance with Dalton et al. (1986).

Extraction: Fresh tissue of rice seedlings 500 mg was homogenized in 5 mL
of 50 mM sodium phosphate buffer (pH 7) consisting of 0.2 MM EDTA in an
ice-cold mortar and pestle. The homogenate was centrifuged at 4°C for 20
min at 14,000 rpm and the supernatant was used for determining the DHAR

activity.

Enzyme assay: The enzyme assay mixture contained 1 mM EDTA, 15 mM
reduced glutathione, 2 mM dehydroascorbate in 1.5 mL phosphate buffer (pH
7). 400 pl of enzyme extract was added into this mixture and the increase in
absorbance was read at 265 nm using UV-VIS spectrophotometer. One unit of
the enzyme activity was defined as the amount of enzyme required to catalyze

the formation of 1 pmol of ascorbate per min.

3.7. Gene expression analysis of enzymatic antioxidants and stress

responsive proteins

Total RNA was extracted from the UV-B primed and non-primed rice
seedlings tissues subjected to three different stresses using the protocol of
Valenzuela-Avendano et al. (2005). The RNA concentration and integrity was
checked by Nano Drop spectrophotometer (Jenway, Genova Nano
Staffordshire, United Kingdom) and by agarose gel electrophoresis. For RT-
PCR analysis 2pg of total RNAs were treated with 10 U RNase-free DNase |
(Sigma) in 10 pl reaction media containing 1X DNase I buffer (20 mM
Tris/HCI pH 8.4; 50 mM KCI and 2 mM MgCl») at 37°C for 5 min followed
by the addition of EDTA to deactivate DNase I. First-strand cDNA synthesis
was performed from total RNA using iScript cDNA synthesis kit (Bio-Rad,
California, United States). Primers for SOD (Cu/Zn SOD), CAT (CatA) and
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APX (APx1), HSP (Hsp90), LEA (group 3 LEA) and actin (ACTIN) (internal
control) were designed using the primer- 3 software [Table 1] and the RT-
PCR was performed using Thermo cycler (Bio-Rad C1000, California, United
States). Differential expression of the genes was analyzed by running the PCR
products in 1% agarose gel followed by measuring the band intensities using
ImageJ program. The signal intensity value of each sample and for a specific
gene was divided by the value obtained for ACTIN gene for the same sample.

The resulting ratios of at least three gels were plotted for each sample.

Table 1: The details of forward and reverse primers for actin, Cu/Zn SOD,
CatA, APx1, Hsp90 and group 3 LEA.

1 Actin TGGACTCTGGTGATGGTGTC AAGGTGCTAAGGGAGGCAAG  AY212324.1
2 Cu/ZnSOD GTGTCAAGGGCACCATCTTT GCAAACTGCACACTGGTCAT D01000.1
3 CatA TCAACACCTACACGCTCGTC TAGCGGGATGGGAAGTAGTC  AB020502.1
4  APx1 GAGCCCATCAAGGAGGAGAT CACGGGCAATGTACTAGCAG D45423.1
5 Hsp90 CACCGTTCCTTGAGAGGCTA CACCGACCTGTAGATGCTGA  AB037681.1
6 f[;upB AAGGGGCAGGATACCAAGGA TCACCACACCCGTCAGAATC EF444535.1

3.8. UV-B specific compounds

3.8.1. Estimation of UV-B absorbing compounds

UV-B absorbing compounds such as anthocyanin and flavonoids were

estimated in leaf material of rice seedlings tissues spectrophotometrically.

Anthocyanin content was assessed according to the method of

Mancinelli et al. (1975) with minor modifications. Fresh rice leaf samples (0.2
g) were homogenized and extracted in 5 mL of acidified methanol (1:99,
HCl:methanol, v/v). The extract was incubated at 4°C for 24 h and the content

was made up to 10 mL. The anthocyanin content was assessed from the
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absorbance at 530 nm using UV-VIS spectrophotometer. It was expressed as
umolgDW and the concentration of anthocyanin was calculated using its

extinction coefficient of 33 mM-1cm™.

Flavonoids were extracted and estimated according to the method of
Mirecki and Teramura (1984). Two hundred mg of fresh leaf samples was
homogenized with 5 mL of solvent containing acidified methanol:HCI:H>O
(79:1:20). The homogenate was incubated for 24 h at room temperature. The
flavonoid content was estimated from the absorbance of the supernatant at
315 nm using UV-VIS spectrophotometer. Flavonoid content was expressed
as pmolgDW and the concentration of flavonoids was calculated using its

extinction coefficient of 33 mM-tcm™.
3.8.2. Phenylalanine ammonia lyase activity (PAL, EC 4.3.1.24)

PAL activity was estimated in accordance with the methodology of
Zucker (1965).

Extraction: Fresh leaves 200 mg was homogenised in 3 mL borate buffer (pH
8.8) containing 23 upl of mercaptoethanol at 2°C. The homogenate was

centrifuged at 8,500 rpm for 20 min at 4°C in refrigerated centrifuge.

Enzyme assay: The PAL assay system consisted of 1 mL of the supernatant,
ImL of buffer, 1 mL of 0.05 M L-phenylalanine as substrate and it was
incubated at 37°C for 1 h. After 1 h the reaction was stopped by adding 3 mL
30% trichloroacetic acid and absorbance of the trans-cinnamic acid formed
was measured at 290 nm wavelength. PAL activity was expressed as pmoles
of trans-cinnamic acid formed minmg? of protein. Protein content in the

PAL enzyme extract was estimated by the method of Bradford (1976).
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3.8.3. Functional group analysis of epicuticular wax deposition

Fourier transform infrared spectrometry (FT-IR) analysis was used to
determine the major functional groups in chloroform extract of cuticular wax

deposition with support of IR spectrometer.

3.8.3.1. Epicuticular wax extraction and wax content determination: For
extraction of cuticular wax from the leaf blades of rice seedlings the method
of Walton (1990) was followed with some modifications. For the extraction
fresh leaf samples (0.5 g) were immersed two times repetitively for 30 s each
in a test tube with 25 mL chloroform at room temperature. During each
extraction, the solvent was shaken for 30 s by pumping air into it with a

Pasteur pipette.

3.8.3.2. Infra-red analysis of the epicuticular wax deposition: The waxy
deposition was accurately weighed and it was mixed with 0.5 mL chloroform
which was placed in light beam path to measure the liquid state spectrum in a
Fourier transform infrared spectrometry (FT-IR- JASCO-4100, Easton, USA).
Infra-red analysis of the wax extracts were recorded in the 400 to 4000 cm*

range with 2 cm resolution.
3.9. Statistical analysis

Statistical analysis of the data was done according to Duncan’s test
(P<0.05). The data was average of three separate experimental observations
with three triplicates (i.e. n=9). The data denote mean + standard error (SE).
One-way ANOVA was applied using the SPSS software (Version 16.0, SPSS
Inc., Chicago, USA) to examine the effect of UV-B primed rice seeds as well

as seedlings exposed to various stress conditions.
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3.10. Chemicals

Analytical reagent (AR) or guaranteed reagent (GR) chemicals were
used and was purchased from Merck, SRL, Qualigens, BDH, GMBH,
Spectrochem and Himedia companies. Riboflavin, glutaraldehyde, bovine
serum albumin (BSA), methyl viologen, 3- (3, 4-dichlorophenyl)-1,1-
dimethyl urea (DCMU), sodium azide and L-ascorbate were purchased from

Sigma chemicals, USA.
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4. RESULTS

4.1.  First stage of the study: Screening for identifying tolerant and

sensitive varieties

In this study seeds of six different rice varieties such as Aiswarya,
Jyothi, Kanchana, Neeraja, Samyuktha and Swetha were germinated in
different concentrations/dosage of NaCl (0, 25, 50, 75, 100 and 125 mM),
PEG (0, 5, 10, 15, 20 and 25%) and UV-B (0, 7, 14, 21, 28 and 35 kJm=2d1).
Preliminary screening was held to identify the stress imparting concentration
of NaCl and PEG and UV-B dosages. Stress imparting concentrations/dosage
of NaCl, PEG and UV-B, specific to each variety was determined through the
analysis of morphological and physiological characters such as shoot length,

total chlorophyll and carotenoid content.
4.1.1. Shoot length

On the basis of analyzing shoot length and photosynthetic pigment
content, the stress imparting concentrations/dosages of NaCl, PEG and UV-B
radiations were selected from six different concentrations/dosages of the
above stresses. Out of the various concentrations of NaCl (0, 25, 50, 75, 100
and 125 mM) and PEG (0, 5, 10, 20 and 25%), 100 mM NaCl and 20% PEG
imparted, ~50% reduction in shoot length for varieties such as Jyothi, Swetha
and Kanchana and in the case of varieties such as Aiswarya, Samyuktha and
Neeraja ~50% reduction in shoot length occurred at 75 mM NaCl and 15%
PEG as compared to control (0 mM). Although various intensities of UV-B
radiations (14, 21, 28 and 35 kJm2d?) reduced the shoot length, 50%
reduction occurred in seedlings exposed to 28 kJm?2d! UV-B in some
varieties (Neeraja, Swetha and Kanchana) and 21 kJm=d- for other varieties

(Aiswarya, Samyuktha and Jyothi). The shoot length was either less or more
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than 50% in seedlings/exposed to other concentrations/dosages of NaCl, PEG
and UV-B as compared to the control. However, in 25 mM NaCl, 5% PEG
and 7 kJm2d?! UV-B, the shoot length was negligibly increased than the
control (Table 2, 3,4).

4.1.2. Photosynthetic pigments

One hundred mM NaCl and 20% PEG treatments brought about ~50%
reduction in leaf total chlorophyll content in rice seedlings of Jyothi, Swetha
and Kanchana varieties whereas in the case of Aiswarya, Samyuktha and
Neeraja varieties, 50% reduction occurred when seedlings were exposed to 75
mM NaCl and 15% PEG as compared to control. In the case of UV-B
radiation, ~50% reduction in chlorophyll content was observed on imparting
28 kdm?d? in Neeraja, Swetha and Kanchana rice varieties whereas same
extent of reduction occurred in Aiswarya, Samyuktha and Jyothi on imparting
21 kim?2d! UV-B radiation. In the case of other NaCl, PEG and UV-B
concentrations/dosages, the total chlorophyll content were either lower or
higher than 50% as compared to control. However, in 25 mM NaCl, 5% PEG
and 7 km2d* UV-B treatments, the total chlorophyll content was negligibly
increased (Table 2, 3, 4).

Under the influence of 100 mM NaCl and 20% PEG concentrations,
carotenoid content was reduced to ~50% in leaves of Jyothi, Swetha and
Kanchana seedlings and under the influence of 75 mM NaCl and 15% PEG,
same extent of decrease in carotenoid content occurred in Aiswarya,
Samyuktha and Neeraja as compared to control. Under the influence of 28
kJm2d! UV-B radiations, ~50% reduction in leaf carotenoid content was
noticed in Neeraja, Swetha and Kanchana and in Aiswarya, Samyuktha and
Jyothi, ~50% reduction occurred on exposure to 21 kJm2d~. The percentage
reduction of carotenoid content under the influence of other concentrations of
NaCl, PEG and UV-B irradiation was either less or higher than 50%. When
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25 mM NaCl, 5% PEG and 7 kJm2d* UV-B irradiation was imparted, there

was negligible increment in carotenoid content (Table 2, 3, 4).

Table 2: Shoot length, total chlorophyll and carotenoid content in rice

seedlings subjected to different concentrations of NaCl

Concentrations
0 mM
25 mM
50 mM
75 mM
100 mM

125 mM

Concentrations
0 mM
25 mM
50 mM
75 mM
100 mM
125 mM

Concentrations
0 mM
25 mM
50 mM
75 mM
100 mM
125 mM

Ais
8.92+0.12°
9.00+0.12°
7.64+0.13°¢
4.56+0.08 ¢
3.52+0.09°¢
2.68+0.10f

Ais
4.34+0.08"
4.51+0.092
2.83+0.06 ¢
2.24+0.01¢
1.66+0.03¢
1.15+0.10°

Ais

2.58+0.03"
2.80+0.04°
1.84+0.01°
1.38+0.01°
1.01+0.02°
0.71+0.02°

Sam
9.04+0.07°
9.12+0.10°
7.72+0.04°¢
4.76+0.12¢
3.68+0.14°¢
3.32+0.15f

Sam
3.83+0.08"
3.91+0.04 2
2.82+0.01°¢
1.96+0.08¢
1.56+0.09 ¢
1.43+0.11°

Sam

2.26+0.06°
2.90+0.042
2.68+0.05¢
1.09+0.09 ¢
0.81+0.05¢
0.57+0.11f

Nee
9.28+0.10°
9.52+0.082
7.60+0.09°¢
4.76+0.104
3.56+0.07°¢
2.64+0.08F

Nee
4.23+0.11°
4.35+0.142
3.04+0.12°¢
2.24+0.15¢
1.52+0.18°¢
1.37+0.14f

Nee

2.27+0.03°
2.41+0.052
1.76+0.04 ¢
1.160.05¢
0.83+0.06 ¢
0.68+0.07f

79

Jyo
9.32+0.12°
9.52+0.142
8.76+0.11°
6.04+0.15¢
4.52+0.18°¢
3.80+0.14F

Jyo
4,53+0.07"
4.78+0.072
4.43+0.08°¢
3.77+0.02¢
2.31+0.12°¢
1.83+0.11°

Jyo

2.87+0.01°
2.92+0.022
2.40£0.01°¢
1.92+0.02¢
1.37+0.05°¢
1.15+0.03f

Swe
9.68+0.10°
9.76+0.21?2
7.52+0.08 ¢
5.92+0.08¢
5.00+0.09°¢
3.76+0.13F

Swe
5.75+0.03°
5.86+0.05°
5.12+0.06 ¢
4.69+0.04 ¢
2.81+0.05¢
2.13+0.10f

Swe

3.23+0.03"
3.35+0.062
2.69+0.08°¢
1.98+0.08 ¢
1.64+0.06 ¢
1.06+0.13F

Kan
10.72+0.09°
11.08+0.122
8.56+0.07
7.64+0.10¢
5.56+0.11°¢
4.32+0.17F

Kan
6.92+0.07°
7.46+0.08 2
5.32+0.09°¢
4.76+0.07¢
3.43+0.07°¢
2.83+0.03f

Kan

3.74+0.06"°
3.85+0.052
3.17+0.06°
2.65+0.08 ¢
1.81+0.10°¢
1.37+0.05f
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Table 3: Shoot length, total chlorophyll and carotenoid content in rice

seedlings subjected to different concentrations of PEG

Concentrations
0%
5%
10%
15%
20%
25%

Concentrations
0%
5%
10%
15%
20%
25%

Concentrations
0%
5%
10%
15%
20%
25%

Ais
8.76+0.07°
8.8+0.11°
7.48+0.10°
4.6+0.061
3.48+0.10°
1.96+0.11°

Ais
4.26+0.02°
4.37+0.03%
2.81+0.07°¢
1.87+0.02¢
1.25+0.01¢
0.88+0.03f

Ais
2.23+0.10°
2.35+0.032
1.30+0.05°¢
1.16+0.07 ¢
0.56+0.02°
0.51+0.04f

Sam
9.16+0.16°
10.2+0.10?
7.84+0.21°
4.84+0.161
3.64+0.12°¢
3.56+0.11"

Sam
3.82+0.022
3.47+0.03°
3.18+0.05°¢
1.83+0.06 ¢
1.29+0.04¢
0.78+0.03f

Sam
2.20+0.06?
2.15+0.05°
1.74+0.02°¢
1.14+0.06 ¢
0.85+0.04°¢
0.52+0.05f

Nee
9.12+0.13"
9.28+0.14%
7.88+0.26°
4.6+0.16¢
3.68+0.13°
3.32+0.08"

Nee
4.16+0.06"
4.21+0.092
3.28+0.07°
2.01+0.08¢
1.38+0.03¢
0.91+0.04°

Nee
2.31+0.01°
2.50+0.05%
1.63+0.13°¢
1.17+0.05¢
0.91+0.03°
0.78+0.08"
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Jyo
9.36+0.07°
9.48+0.10%
8.32+0.08°
6.52+0.11¢
4.72+0.13°
3.36+0.07f

Jyo
4.50+0.14°
4.68+0.182
3.50+0.07°
2.96+0.10¢
2.30+0.08°
1.59+0.17F

Jyo
2.85+0.08°
2.90+0.042
2.54+0.09°¢
2.20+0.10¢
1.44+0.13¢
1.07+0.04F

Swe
9.6+0.10°
9.72+0.14%
8.48+0.08°
6.4+0.11¢
4.8+0.07°¢
3.68+0.08f

Swe
5.68+0.08°
5.81+0.042
4.93+0.05°¢
4.37+0.074
2.79+0.08°
2.09+0.137

Swe
3.19+0.092
3.15+0.01°
2.71+0.06°¢
2.07+0.08¢
1.61+0.07¢
1.16+0.04"

Kan
10.6£0.10°
10.92+0.12°
8.4+0.12°¢
7.44+0.11¢
5.36+0.08 ¢
4.08+0.10f

Kan
6.88+0.01°
7.13+0.092
5.22+0.03°
4.24+0.054
3.28+0.06 ¢
2.61+0.077

Kan
3.69+0.07"
3.75+0.062
3.10+0.03°
2.44+0.061¢
1.71+0.06 ¢
1.260.05°
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Table 4: Shoot length, total chlorophyll and carotenoid content in rice

seedlings subjected to different dosages of UV-B irradiations

Dosages
0 kdm2d?
7 kdm2d1
14 kJm2d?
21 kdm2d?
28 kdm2d?
35 kdm2dt

Dosages
0 kJm=2d?
7 kJm=2d?
14 kJm2d?
21 kdm2d?
28 kdm2d?
35 kdm2d?

Dosages
0 kJm2d-
7 kdm=2d*
14 kJm=2d?
21 kdm2d?
28 kdm=d
35 kdm=d

Ais
8.84+0.11°
8.92+0.82
7.5620.10°
4.680.74 ¢
3.52+0.89°
2.48+0.13"

Alis
4.25+0.32
4.39+0.532
2.54%0.15°
1.98+0.50¢
1.3340.22°¢
0.99+0.76

Alis
2.31+0.07°
2.41+0.06 2
1.29+0.01°¢
1.22+0.12¢
0.73+0.04°
0.61+0.05f

Sam
9.20+0.14°2
8.60+0.10°
8.48+0.67°
5.2+0.41¢
3.80+0.20°
3.200.12°

Sam
3.76+0.11°
3.84+0.69°
2.03+0.25°
1.62+0.49 ¢
1.10£0.21°¢
0.9620.56

Sam
2.13+0.07°
2.17+0.052
1.42+0.02¢
1.14+0.051
0.72+0.05°¢
0.470.04F

Nee
9.2020.74°
9.32+0.48°
8.3620.83°
6.360.24 ¢
4.84+0.14 ¢
3.68+0.54"

Nee
4.19+0.05°
4.44+0.142
3.45+0.02°¢
3.05+0.07¢
2.05+0.07°¢
1.44+0.07

Nee
2.29+0.05°
2.54+0.082
1.84+0.06°
1.43+0.06¢
1.1740.05°
0.92+0.08 f
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Jyo
9.40+0.09°
9.52+0.35°
7.9620.68°
4.92+0.14¢
3.760.11°
3.44+0.10°

Jyo
4,52+0.07°
4.75+0.04 2
4.03+0.10°¢
2.25+0.04 ¢
1.81+0.05°
1.55+0.13f

Jyo
2.84+0.05°
2.92+0.062
2.34+0.08°
1.42+0.054
1.1940.09°
0.99+0.14f

Swe
9.600.12°
9.52+0.14°
8.5620.11°
7.44%0.07 ¢
4.76+0.482
3.80+0.14"

Swe
5.72+0.05°
5.81+0.05 2
4.72+0.07°¢
3.24+0.05¢
2.82+0.02°¢
2.18+0.01°

Swe
3.22+0.09°
3.32+0.01°
2.58+0.01°¢
2.16+0.05¢
1.54+0.08°
1.21+0.05F

Kan
10.68+0.20°
11.08+0.08 2
8.92+0.12°
7.56+0.11¢
5.44+0.07 ¢
4.20+0.14"

Kan
6.97+0.06°"
7.25+0.042
5.35+0.05 °
4.33+0.08¢
3.3520.02°¢
2.7620.03f

Kan
3.73+0.05°
3.87+0.05°
3.13+0.07°¢
2.54+0.09 ¢
1.79+0.03°
1.31£0.05°
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4.2.  Second stage of the study: Screening for UV-B priming dosage

Based on the results of first stage of the study, two sensitive varieties
(Aiswarya and Samyuktha) and two tolerant varieties (Swetha and Kanchana)
of rice were selected for the second stage of study wherein plants were
imparted with different low dosages of UV-B irradiations for the selection of
effective UV-B priming dosage. The seeds of four varieties were treated with
different low doses of UV-B (0, 2, 4, 6 and 8 kJm?) and then subjected to
stress imparting concentration of NaCl (75/100 mM), PEG (15/20%) and UV-
B (21/28 kJm2d?). The tolerant rice varieties were raised in higher

concentrations and sensitive varieties in lower concentrations of each stress.

4.2.1. Shoot length

UV-B primed seeds were germinated in three different stress
conditions viz. NaCl, PEG and UV-B. In all the above stress conditions, shoot
length of the seedlings were increased in the case of seedlings emerging from
seeds primed with 2 to 6 kJm? In Aiswarya and Samyuktha maximum
increase in shoot length was seen upon imparting the seedling with UV-B
dosage of 4 kJm? whereas in Swetha and Kanchana maximum increase in
shoot length occurred on imparting 6 kJm? as compared to control. On
exposure to concentrations above 4 and 6 kJm, there was a reduction in
shoot length in seedlings emerging from primed seeds and exposed to stress

conditions as compared to 4 and 6 kJm= (Fig. 1, 3, 5).
4.2.2. Dry weight percentage

On exposure to all the stress conditions, dry weight of the rice
seedlings were increased in the case of Aiswarya and Samyuktha seedlings
emerging from seeds primed with 2 and 4 kJm= of UV-B and the increase
was to the extent of 45-50% as compared to control. Beyond it i.e., 6 and 8

kJm, a reduction was observed in dry weight of seedlings exposed to stress
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conditions. In Swetha and Kanchana seedlings emerging from seeds primed
with 2, 4 and 6 kJm? UV-B, increment of dry weight was maximum at 6

kJm2 and beyond that the dry weight percentage was reduced (Fig. 1, 3, 5).
4.2.3. Photosynthetic pigments

Total chlorophyll content was found to be increased in Aiswarya,
Samyuktha, Swetha and Kanchana seedlings emerged from primed seeds. The
maximum increase of total chlorophyll content was observed on imparting 4
kJm2 UV-B for Aiswarya and Samyuktha andon imparting 6 kJm2 UV-B for
Swetha and Kanchana varieties of rice seedlings. Among the four varieties of
UV-B primed seeds subjected to three different stress conditions, the
prominent increase in photosynthetic pigment content was noticed in
Kanchana but it was lower in Aiswarya. Beyond these dosages, a decreasing
trend of total chlorophyll content was registered in four varieties under three
different stress conditions viz. NaCl, PEG and UV-B.

Similar tendency was observed in carotenoid content of four rice
varieties. Carotenoid content was found to be increased in Aiswarya and
Samyuktha on imparting UV-B dosages up to 4 kJm2and then subjected to
three stress conditions, wheras in Swetha and Kanchana the increase occurred
on exposure to 6 kJm=. Beyond it, the carotenoid content was decreased in
four varieties. Of the four varieties the highest carotenoid content was noticed

in Kanchana and lowest in Aiswarya (Fig. 2, 4, 6).
4.2.4. MDA content

A decreasing trend of MDA content was noticed in UV-B primed
Aiswarya, Samyuktha, Swetha and Kanchana seeds subjected to three stress
conditions as compared with respective control with an exception of 8 kim2.
The decreasing pattern of MDA content was maximum in Aiswarya and

Samyuktha imparted with 4 kJm? UV-B whereas in Swetha and Kanchana
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maximum reduction occurred at 6 kJm=. Out of the four varieties, Kanchana
showed higher reduction of MDA content and lower reduction was seen in
Aiswarya. Beyond these concentrations MDA content was increasing in
seedlings (Fig. 2, 4, 6).

4.3.  Third stage of the study

In the third stage of the study, for detailed analysis only the most
tolerant variety Kanchana and sensitive variety Aiswarya rice was selected.
The seed priming concentrations selected was 6 kJm?2 UV-B radiations for
tolerant variety Kanchana and 4 kJm for sensitive Aiswarya variety. In the
third stage of the study, both seed and seedlings were primed and priming
dosage for seedlings was also same as that of seeds. The seedlings emerged
from primed and non-primed seeds (Ps) or directly primed seedlings (Ps)) of
both varieties subjected to three stresses [NaCl (75/100 mM), PEG (15/20%)
and UV-B (21/28 kim2d1)] conditions were used for further analysis. Non-
primed seedlings of both varieties, not subjected to any stress conditions were

taken as the control.
4.3.1. Physiological parameters

Various physiological parameters such as chlorophyll a fluorescence,
PSI and PSII activities, leaf gas exchange and mitochondrial activity were
analyzed in primed and non-primed Aiswarya and Kanchana rice seedlings

exposed to different stress conditions.
4.3.1.1. Photosystem activities
4.3.1.1.1. PSI activity

The activities of PSI increased in leaves of seedlings emerged from
primed seeds (Ps) and primed seedlings (Psi) subjected to NaCl, PEG and UV-
B stresses as compared to non-primed seedlings (NPs & NPs). The PSI
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activity was increased to the maximum in Kanchana Ps & Psi not exposed to
any stress and it was to the extent of 44%. In the case of Aiswarya Ps & Ps
without any stress, the rate of increase in PSI activity was only <25%. In
primed seedlings of Aiswarya and Kanchana (Ps & Ps) subjected to stress
conditions (NaCl, PEG and UV-B), the PSI activity was increased up to 33%.
However, there was a reduction observed in PSI activity in non-primed

seedlings (NPs & NPs) subjected to stress conditions as compared to control
(Fig. 7).

4.3.1.1.2. PSII activity

PSII activity was appreciably improved in Aiswarya and Kanchana rice
seedlings with the effect of UV-B priming. An increasing trend in PSII
activity was found in primed seedlings (Ps & Ps) not subjected to any stress
conditions.Maximum increase was observed in Kanchana Ps & Ps not exposed
to any stress i.e., an increase of 44% over the control. In the case of primed
seedlings (Ps & Psi) subjected to stress conditions showed an increasing trend
in PSII activity. Among various stressors, highest increase was recorded in
the case of primed Aiswarya and Kanchana rice seedlings subjected to NaCl
(Ps & Psi+N) condition followed by UV-B (Ps & Ps+U) and PEG (Ps & Psi+P).
However, on exposure of non-primed rice seedlings of both varieties (NPs &
NPs) to NaCl, UV-B and PEG stresses, PSIl activity was reduced
dramatically and the reduction was highest in Aiswarya exposed to PEG
stress, followed by UV-B and NaCl stresses (Fig. 7).

4.3.1.1.3. Chlorophyll a fluorescence

Various Chl a fluorescence parameters were analyzed in the leaves of
Aiswarya and Kanchana rice varieties to study the effect of priming and stress
conditions on the PSII photochemistry. Pronounced changes were observed in

the Chl a fluorescence parameters of both varieties compared to the control.
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Primed (Ps & Ps)) and non-primed (NPs & NPs) seedlings of both varieties
subjected to stress conditions showed a reduction in plant vitality as assessed
by performance index calculated on absorption basis [Plw@ss]. The rate of
decrease was more prominent in non-primed seedlings (NPs & NPs) subjected
to NaCl, PEG and UV-B stresses. Among these three stresses the reduction
was highest in NPs & NPg+P of both varieties and it was to the extent of 42-
79%, of which Aiswarya NPs+P showed maximum reduction. Although Pl abs)
reduced in both varieties of primed seedlings (Ps & Psi) subjected to stress
conditions, the rate of decrease was moderate in primed seedlings of
Kanchana rice variety (Ps & Psi) subjected to NaCl, PEG and UV-B stresses
and the reduction was in the range of 17-31%. However, in Aiswarya the

reduction was much higher than Kanchana i.e. 34-55%.

In non-primed state of both varieties (NPs & NPs) subjected to NaCl,
PEG and UV-B stresses a noticeable enhancement of minimal fluorescence
(Fo) was recorded and the percentage of increase was 21-55%. In the case of
primed seedlings of Aiswarya and Kanchana (Ps & Ps) subjected to different
stress conditions also F, was enhanced but comparatively lesser than non-
primed seedlings i.e. 12-46%. A prominent reduction of maximum
fluorescence (Fm) was recorded in non-primed seedlings of both varieties (NPs
& NPy)) subjected to NaCl, PEG and UV-B stresses and the rate of reduction
was 22-62%. Whereas in primed seedlings (Ps & Ps) subjected to stress
conditions the Fm was reduced but the reduction was not significant as that of
non-primed stress condition in both varieties and it was in the range of 14-
50%. Highest reduction was shown by Aiswarya Ps+P than primed seedlings
exposed to other stress conditions. In primed seedlings (Ps & Psi) not subjected

to any stress conditions, the reduction in Fr, was insignificant.

A significant increase in the relative variable fluorescence at J step (V;j)

was noticed in primed seedlings (Ps & Ps)) subjected to stress conditions. A
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remarkable increase of Vj was recorded in non-primed seedlings of Aiswarya
rice variety (NPs & NPs) subjected to NaCl, PEG and UV-B stresses (35-
68%) than Kanchana (20-39%). Whereas, in primed seedlings of both
varieties (Ps & Ps) subjected to NaCl, PEG and UV-B stress conditions a
moderate enhancement of Vj was noticed, except Ps & Pg+P of Aiswarya,
where in a higher enhancement (55 and 52%) was recorded. Negligible
change in Vj was seen in primed seedlings (Ps & Ps) but not subjected to any

stress conditions.

The time taken to achieve maximum fluorescence value (Tm) was
noticeably enhanced in non-primed seedlings (NPs & NPs|) subjected to stress
conditions. The enhancement was maximum in NPs & NPg+P (38-54%) of
both varieties. Trm was also enhanced in primed seedlings of both varieties (Ps
& Pg)subjected to stress conditions (18-40%) but the enhancement was not to
the extent recorded in non-primed seedlings (NPs & NPs) subjected to stress
conditions. As compared to control, negligible variation of T was observed
in primed seedlings (Ps & Psi) but not subjected to any stress conditions. Area
over the fluorescence curve was significantly decreased in non-primed
seedlings of both varieties (NPs & NPs) subjected to different stresses and the
rate of decrease was 20-47%. In primed seedlings ofboth varieties (Ps & Psi)
subjected to stresses the area was also declined to the extent of 13-40% than
the control. Insignificant variation in area was noticed in primed seedlings of
both varieties (Ps & Ps)) not exposedtoany stress conditions. The activity of
the water-splitting complex on the donor side of PSII (Fv/Fo) was reduced in
non-primed seedlings of both varieties (NPs & NPs)) subjected to NaCl, PEG
and UV-B stresses than the control and it was to the extent of 20-54% with an
exception NPs+P, where drastic reduction was recorded (73%) than other
stress conditions. Although F./Fo was reduced in primed seedlings of

Aiswarya and Kanchana (Ps & Psi) subjected to stress conditions, the reduction
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was only <31% leaving alone Aiswarya Pst+P, which showed a radical
reduction (64%) than control (Fig. 8, 9, 10, 11).

The energy pipeline leaf model of the photosynthetic apparatus was
used to visualize the phenomenological energy fluxes per cross section of
PSII in leaves of primed, non-primed seedlings of both varieties subjected to
different stresses and without any stress condition. The density of active
reaction centers (RC/CSm) was reduced in both varieties of seedlings
emerged from primed and non-primed seeds (Ps & NPs) subjected to NacCl,
PEG and UV-B stress conditions and reduction was to the extent of 7-34%.
Whereas in primed and non-primed seedlings of both varieties (Psi & NPs))
subjected to stress conditions the RC/CSm was enhanced by 27-59% than
control. Primed (Ps & Ps) and non-primed (NPs & NPs) seedlings of both
varieties subjected to stress conditions showed a similar pattern of reduction
in specific energy fluxes for ABS/CSm and the reduction was 14-59%.
Seedlings which were primed (Ps & Ps;) and not subjected to any stress
conditions also showed a reduction in ABS/CSm than the control. Similarly,
energy trapping per cross section (TRo/CSm), electron transport per cross
section (ET./CSm) and the ratio of total dissipation per cross section
(DIlo/CSm) decreased in primed (Ps & Ps) and non-primed (NPs & NPs)
seedlings of both varieties subjected to stress conditions. The decrease was in
the range of 6-25% for TRo/CSm, 4-21% for ETo/CSm and 3-22% for
DI1o/CSm in primed rice seedlings and 28-49% for TR./CSm, 25-50% for
ETo/CSm and 32-60% for DIo/CSm in non-primed rice seedlings than the
control. Except NPs+U of Kanchana showed insignificant increases in
Dlo/CSm. In the case of primed seedlings of both varieties (Ps & Ps) not
subjected to any stress conditions TRo/CSm, ETo//CSm and DIo//CSm were
also reduced than control but the reduction was insignificant (Fig. 12, 13, 14,
15).
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An alteration of PSII energy fluxes per reaction center (RC) of PSII in
response to UV-B priming in both rice varieties (Ps & Ps)) subjected to stress
conditions was visualized by specific membrane models of photosynthetic
apparatus. It was found that the flux of absorption (ABS/RC), trapping per
reaction center (TRo/RC) of PSII, electron transport flux (ETo/RC) and
dissipated energy (DIo/RC) was increased in primed (Ps & Ps))and non-primed
(NPs & NPg) seedlings of both varieties subjected to stress conditions and the
extent of increases was up to 40% for ABS/RC, 50% for TRo/RC, 42% for
ETo/RC and 30% for DIo/RC than their control. These parameters were also
enhanced in primed (Ps & Psi) seedlings of both varieties not subjected to any

stress conditions but to a lower extent (Fig. 16, 17, 18, 19).
4.3.1.2. Leaf gas exchange parameters
4.3.1.2.1. Net photosynthetic rate (Pn)

The leaf gas exchange parameters such as Pn, gs and Ci were
significantly augmented in rice seedlings subjected to both modes of priming.
The maximum Pn was recorded in primed seedlings i.e., 110 and 112% in
Kanchana Ps & Ps over the control. The primed seedlings of Aiswarya and
Kanchana (Ps & Ps) subjected to NaCl, UV-B and PEG stresses exhibited
enhanced Pn and the rate of enhancement was higher in Ps & Pg+N than Ps &
Psi+U and Ps & Ps+P of Aiswarya and Kanchana. In the case of non-primed
seedlings of both varieties (NPs & NPq) subjected to three stress conditions,
Pn was significantly reduced. Superlative reduction was observed in primed
Aiswarya seedlings (Ps & Psi) exposed to PEG stress i.e., 76 and 73% and in
Kanchana seedlings the reduction was 70 and 69% in Ps & Ps respectively as
compared to control. In seedlings (NPs & NPs) exposed to NaCl and UV-B
stresses, the reduction of Pn was lesser than that observed in the case of PEG
stress (Fig. 20).
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4.3.1.2.2. Stomatal conductance (gs)

Stomatal conductance (gs) was significantly augmented in seedlings
subjected to both modes of priming. The highest gs was noticed in primed
Kanchana seedlings (Psi)), not exposed to any stress conditions i.e., 218%
increase over the control. Aiswarya and Kanchana primed seedlings (Ps & Ps)
subjected to NaCl, UV-B and PEG stresses exhibited enhanced gs and the rate
of enhancement was maximum in Ps & Pg+N than Ps & Ps+U and Ps & Pg+P
of both varieties. In the case of Aiswarya and Kanchana non-primed seedlings
(NPs & NPs)) subjected to three stress conditions gs was significantly reduced.
Drastic reduction was observed in Aiswarya and Kanchana primed seedlings
(Ps & Ps)) subjected to PEG stress condition and the extent of reduction was 73
and 62% in Aiswarya and 61 and 60% in Kanchana seedlings respectively as
compared to control. In the case of primed seedlings (Ps & Psi) subjected to
NaCl and UV-B stresses, the reduction of gs was negligible in comparison to
PEG stress (Fig. 20).

4.3.1.2.3. Intercellular CO> concentration (Ci)

Intercellular COzconcentration (Ci) was significantly increased in
primed seedlings (Ps & Ps). The maximum Ci was reported in primed
Aiswarya and Kanchana seedlings (Ps & Ps) and not exposed to any stress
conditions i.e., 59% increases over the control. The primed seedlings of
Aiswarya and Kanchana (Ps & Ps) subjected to NaCl, UV-B and PEG stresses
exhibited enhanced Ci and the rate of enhancement was higher in Ps & Ps+N
than Ps & Pg+U and Ps & Pg+P. In the case of Aiswarya and Kanchana non-
primed seedlings (NPs & NPs) subjected to three stress conditions, Ci was
significantly reduced. Maximum reduction was observed in primed seedlings
of both varieties (Ps& Ps)) exposed to PEG stress compared to control. In
seedlings exposed to NaCl and UV-B stresses, the reduction of Ci was

negligible in comparison to PEG stress (Fig. 20).
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4.3.1.3. Mitochondrial activity

The mitochondrial activity was reduced in Aiswarya and Kanchana
rice seedlings subjected to different stress conditions, whether primed or non-
primed. While in the primed seedlings of Aiswarya and Kanchana (Ps & Ps))
and not subjected to any stress conditions, the mitochondrial activity was
increased up to 17% as compared to control. In the case of non-primed
seedlings of Aiswarya and Kanchana (NPs & NPs)) subjected to three different
stress conditions, a major reduction of mitochondrial activity was recorded.
Even though primed Aiswarya and Kanchana seedlings (Ps & Psi), showed a
decrease of mitochondrial activity in primed and stress state, it was very
negligible (Fig. 21).

4.3.1.4. Leaf osmolality

Primed Aiswarya and Kanchana seedlings exposed to stress conditions
showed an enhancement in leaf osmolality. Prominent increase in osmolality
was seen in seedlings of Ps & Pgy+N condition in both varieties and it was in
the range of 76-78%. Primed seedlings of both varieties subjected to PEG
stress (Ps & Psi+P) also showed enhanced osmolality to the extent of 55-61%.
But in Ps & Pg+U of Aiswarya and Kanchana, the osmolality was moderately
enhanced than their control. Similar pattern of increased leaf osmolality but to
a lower extend was observed in Aiswarya and Kanchana non-primed
seedlings (NPs & NPs) subjected to different stresses (NaCl, PEG and UV-B).
Primed seedlingsof both varieties (Ps & Ps) not exposed to any stress

conditions showed increased osmolality but it was insignificant (Fig. 21).

4.3.2. Biochemical parameters

4.3.2.1. Primary metabolites

Different primary metabolites such as total protein, total soluble sugar

and total free amino acids were analyzed in primed and non-primed Aiswarya
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and Kanchana rice seedlings subjected to NaCl, PEG and UV-B stress
conditions. These metabolite accumulations was enhanced significantly in
UV-B primed rice seedlings subjected to three stress conditions. The
increases were higher in UV-B primed Kanchana rice seedlings subjected to

NaCl stress conditions than other stress conditions.
4.3.2.1.1. Total protein content

Protein content in UV-B primed rice seedlings of both rice varieties (Ps
& Pg) showed significant variations under the influence of three stresses.
Compared with control, the protein content of primed rice seedlings exposed
to NaCl (Ps & Ps+N) was found to be higher by 151 and 159% in Kanchana
and by 137 and 143% in Aiswarya rice varieties respectively. The protein
content in primed seedlings of both varieties (Ps & Ps) subjected to other
stress conditions such as Ps & Ps+U and Ps & Pg+P recorded an increase of
102-147%. However, the protein content in non-primed seedlings (NPs &
NPsi) subjected to stress conditions was reduced than primed seedlings
exposed to stress conditions. But in comparison to the control the non-primed
seedlings exposed to stress conditions had higher protein content. In non-
primed seedlings of both varieties (NPs & NPs|) subjected to stress conditions
lowest protein content was registered in seedlings exposed to PEG stress
conditions. The seedlings of Aiswarya showed least increase in protein
content i.e., 47% in NPs+P and 55% in NPg+P than the control. In the case of
seedlings of both varieties subjected to both priming (Ps & Psi) modes and not
exposed to any stress conditions showed a slight increases of protein content
than the control (Fig. 22).

4.3.2.1.2. Total soluble sugar content

A significant increase of sugar content was recorded in primed (Ps &

Psi)) and non-primed (NPs & NPg) rice seedlings grown under three different

92



Klesults

stress conditions. The highest accumulation of this metabolite was observed
in primed seedlings subjected to NaCl stress (Ps & Ps+N of Kanchana and
Aiswarya i.e., 321-328% increase), followed by Ps & Pg+U and Ps & Pg+P
conditions of Aiswarya and Kanchana as compared to control. However,
sugar content accumulation was also enhanced in non-primed seedlings of
Aiswarya and Kanchana (NPs & NPs) exposed to NaCl stress, followed by
UV-B and PEG stresses but to a lesser extent than observed in the case of
primed seedlings (Ps & Ps)) exposed to these stress conditions. In the case of
primed seedlings (Ps & Ps) not exposed to any stress conditions this

metabolite accumulated negligibly as compared to the control (Fig. 23).
4.3.2.1.3. Total free amino acids

Total free amino acids content was enhanced significantly in primed
seedlings of both Kanchana and Aiswarya (Ps & Ps) under stress conditions.
Highest rate of enhancement was recorded in Aiswarya Ps+N (140%), which
was followed by Ps+N (132%) and 130% of increase in Ps+N and 120% of
increases in Psg+N of Kanchana than the respective controls. 99-121%
increase in total free amino acids content was recorded in Ps & Ps+U and 83-
101% increase in Ps & Ps+P of both varieties. Likewise in non-primed
seedlings exposed to stress conditions, total free amino acids content was
enhanced in NPs & NPg+N and NPs & NPg+U of Kanchana and Aiswarya
seedlings. Although the total free amino acids content was also increased in
non-primed seedlings subjected to PEG stress (NPs & NPg+P) but the increase
was not prominent as that of other non-primed stress conditions. In Ps & Ps of
Kanchana and Ps of Aiswarya not subjected to any stress conditions the total
free amino acids content was enhanced significantly, but the increase was

insignificant in Aiswarya (Pg) (Fig. 22).
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4.3.2.1.4. Proline

A significant increase of proline content was recorded in primed (Ps&
Ps1)) and non-primed (NPs & NPg) rice seedlings grown under three different
stress conditions. The highest accumulation of this imino acid was observed
in primed Aiswarya and Kanchana seedlings subjected to NaCl stress (104%
in Ps & Pg+N of Aiswarya and 94% in Ps & Ps+N of Kanchana respectively)
as compared to control. Although in primed seedlings of Aiswarya and
Kanchana varieties (Ps & Ps) subjected to other stresses (UV-B & PEG)
conditions the accumulation rate of this metabolite was appreciably enhanced,
the rate of enhancement was only about 69-84% than their control. However,
proline content accumulation was enhanced in non-primed seedlings of
Aiswarya and Kanchana (NPs & NPs) subjected to all three stress conditions,
but it was lower than the primed seedlings exposed to three different stresses.
In the case of primed (Ps & Ps) seedlings not exposed to any stress condition,

this metabolite accumulated negligibly as compared to control (Fig. 23).
4.3.3. ROS production

ROS such as superoxide and hydrogen peroxide content was increased
in non-primed rice seedlings subjected to three stresses. UV-B primed rice
seedlings subjected to stress conditions showed enhanced ROS production but
the enhancement was less than non-primed ones. However, UV-B primed rice
seedlings not subjected to any stress conditions showed reduced ROS

production than the control.
4.3.3.1. Superoxide content

Areduced accumulation of superoxide was noticed in primed seedlings
of both varieties (Ps& Psi) not subjected to any stress conditions as compared
to control plants. On the other hand, in non-primed seedlings (NPs) subjected

to three different stresses the rate of superoxide accumulation was
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tremendously increased. The highest increase of superoxide was observed in
non-primed seedlings subjected to PEG stress (NPs & NPg+P) i.e. 92 and
81% increase in Aiswarya and 70 and 59% increase in Kanchana respectively
as compared with control. Similarly, in non-primed seedlings subjected to
UV-B stress (NPs & NPg+U), the superoxide content increased to 46-64%
whereas in NaCl stress (NPs & NPs+N) condition, the increase was found to
be only 42-56% respectively. In primed seedlings (Ps & Psi) subjected to stress
conditions the accumulation of superoxide content increased as compared to
control but the rate of increase was very less as compared to non-primed
seedlings (NPs & NPs) subjected to different stress conditions. The primed
seedlings subjected to NaCl stress (Ps & Ps+N) of Aiswarya and Kanchana
showed minimal increase (<23%) of superoxide as compared with other

treatments (Fig. 24).
4.3.3.2. Hydrogen peroxide content

Exposure of non-primed Aiswarya and Kanchana rice seedlings (NPs &
NPs)) to NaCl, UV-B and PEG stresses significantly increased the hydrogen
peroxide content in them. The increase of hydrogen peroxide was maximum
in non-primed seedlings of Aiswarya subjected to PEG stress i.e. 224%
increase over the control. In non-primed seedlings of Aiswarya and Kanchana
subjected to other stress conditions, the hydrogen peroxide content was
increased in the range of 156-196%. However, the priming treatment of
Aiswarya and Kanchana rice seedlings with UV-B (Ps & Ps), significantly
assuaged the damaging effects of all three stress conditions. Compared with
control plant, the hydrogen peroxide content was increased in primed
seedlings (Ps & Ps) subjected to stress conditions but the increases was not as
high as in non-primed seedlings (NPs & NPsj) subjected to stress. The least
increment of hydrogen peroxide content (<30%) was observed in UV-B

primed seedlings of Aiswarya and Kanchana subjected to NaCl stress (Ps &
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Ps+N). Even the control plants had a noticeable level of hydrogen peroxide
content and in primed Aiswarya and Kanchana rice seedlings (Ps & Ps)) not
subjected to any stress conditions, the level of ROS species was reduced as

compared to the control (Fig. 24).
4.3.4. ROS induced membrane damage

ROS induced membrane damages were analyzed by assessing the
electrolyte leakage and membrane stability index. Electrolyte leakage was
increased in non-primed stress conditions than UV-B primed rice seedlings
subjected to stress condition. Reduction of membrane stability index was
lesser in UV-B primed rice seedlings subjected to stress conditions and higher

in non-primed rice seedlings subjected to stress conditions.
4.3.4.1. Electrolyte leakage (EL%)

In non-primed seedlings (NPs & NPs)) subjected to different stresses
state, electrolyte leakage was significantly increased and that was highest in
seedlings subjected to PEG stress condition i.e. 32% for Aiswarya and 36%
for Kanchana respectively as compared to control. Compared with non-
primed seedlings (NPs & NPs) subjected to stress conditions, the electrolyte
leakage was reduced in primed seedlings (Ps & Psi) subjected to same stress
conditions. The increment of electrolyte leakage was recorded least in primed
seedlings of Aiswarya and Kanchana subjected to NaCl stress (Ps & Ps+N).
As compared with control, reduced electrolyte leakage was observed in

primed seedlings (Ps & Ps) not subjected to any stress conditions (Fig. 25).
4.3.4.2. Membrane stability index (MSI)

The three stress conditions were found to hamper the membrane
stability in Aiswarya and Kanchana rice seedlings. Compared with control,

the membrane stability index (MSI) in non-primed Aiswarya and Kanchana
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seedlings (NPs & NPs) subjected to NaCl, UV-B and PEG stresses were
reduced in the range of 14-35% respectively. An insignificant reduction of
MSI was observed in all primed seedlings of Aiswarya and Kanchana (Ps &
Ps1) subjected to stress conditions as compared to control. However, in primed
seedlings of Aiswarya and Kanchana (Ps & Ps) not subjected any stress there

was slight increase in MSI with respect to control (Fig. 25).
4.3.5. Free radical scavenging mechanism

Non-enzymatic antioxidants such as ascorbate, glutathione and total
phenolics and enzymatic antioxidants such as SOD, CAT, APX, POD, GR,
MDHAR and DHAR were analyzed to study the free radical scavenging
process. The accumulation of non-enzymatic antioxidants and activities of
enzymatic antioxidants were significantly enhanced in UV-B rice seedlings
subjected to NaCl, PEG and UV-B stress conditions, of which it was highest

in NaCl stress conditions.
4.3.5.1. Non-enzymatic antioxidants
4.3.5.1.1. Ascorbate

The UV-B primed (Ps & Ps) and non-primed (NPs & NPs)) seedlings of
Aiswarya and Kanchana rice varieties exposed to three different stress
conditions, showed significantly enhanced ascorbate content. Ascorbate
content was increased progressively up to 289 and 357% in Aiswarya and 202
and 224% in Kanchana, respectively in primed seedlings exposed to NaCl (Ps
& Ps+N). Likewise, in other primed seedlings (Ps & Psi) subjected to other
stress conditions also the ascorbate content got enhanced to the extent of 137-
329% in Ps & Py+U and Ps & Pg+P of Aiswarya and Kanchana as compared to
control. However, in the case of non-primed seedlings of Aiswarya and
Kanchana (NPs & NPs|) subjected to stress conditions, the ascorbate content
was increased only to the extent of 112-259% in NaCl, 83-177 % in UV-B
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and 65-111% in PEG stress, respectively. In primed seedlings of Aiswarya
and Kanchana (Ps & Ps) not subjected to any stress conditions the ascorbate

content was enhanced up to 44-70% as compared to the control (Fig. 26).
4.3.5.1.2. Glutathione

In comparison with control, primed seedlings (Ps& Psi) subjected to
NaCl stress showed significant increase in glutathione content and it was to
the extent of 485 and 461% in seedlings from primed seeds of Aiswarya and
Kanchanaand 416 and 349% in directly primed seedlings of Aiswarya and
Kanchanarespectively. In primed seedlings of Aiswarya and Kanchana
subjected to other stress conditions (UV-B and PEG), this non-enzymatic
antioxidant content was enhanced moderately but was lesser than that
observed in Ps & Ps+N condition. However, primed seedlings subjected to
UV-B stress (Ps & Psi+U) showed higher accumulation of this non-enzymatic
antioxidant as compared to PEG stress (Ps & Ps+P) condition in both
varieties. In the case of non-primed Aiswarya and Kanchana seedlings (NPs &
NPs) subjected to NaCl stress, glutathione content was enhanced to the extent
of 275 and 255% in NPs+N and 257 and 221% in NPs+N of Aiswarya and
Kanchana respectively and the accumulation of the glutathione was still lower
in non-primed Aiswarya and Kanchana seedlings subjected to UV-B stress
(NPs & NPg+U), followed by PEG stress (NPs & NPs+P). The increase in
glutathione content in seedlings from primed seeds (Ps) subjected to different
stress conditions was less than that observed in the case of Aiswarya and
Kanchana seedlings directly primed with UV-B (Ps). Even in the case of
Aiswarya and Kanchana primed seedlings (Ps & Ps) not subjected to any
stress, a moderate increase in accumulation of glutathione was observed and it

was not higher than 65% as compared with the control (Fig. 26).
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4.3.5.1.3. Total phenolics content

Total phenolics content was increased in primed seedlings (Ps & Psi)
subjected to three different stresses. The effects of UV-B priming with respect
to total phenolics accumulation was most effectively observed in primed
seedlings subjected to NaCl stress (Ps & Ps+N) and it was 288-350% higher in
Aiswarya and Kanchana over the control. There was increased accumulation
of total phenolics in non-primed seedlings of Aiswarya and Kanchana
seedlings (NPs & NPs)) subjected to different stresses than the control but was
at a reduced rate than in the primed seedlings (Ps & Ps)) subjected to stress
conditions. The increase of total phenolics was least in seedlings which were
non-primed and exposed to PEG stress (NPs & NPg+P) and there was ~120%
increase in Aiswarya and Kanchana respectively over the control. In the case
of primedseedlings (Ps & Ps)) not exposed to any stress, negligible increase of

total phenolics content was observed as compared to control (Fig. 26).
4.3.5.2. Enzymatic antioxidants
4.3.5.2.1. Superoxide dismutase (SOD, EC1.15.1.1)

The activity of SOD significantly enhanced in primed seedlings (Ps &
Ps1) subjected to stress conditions than non-primed seedlings (NPs & NPy))
subjected to stress conditions. The activity of SOD was found to be highest in
Ps & Pg+N condition i.e., 825 and 819% increase in Aiswarya as well as 913
and 896% increase in Kanchana, over that of the control seedlings. Similarly,
in the other primed stress conditions, SOD activity was significantly enhanced
in Aiswarya (689 and 618%) and Kanchana (717 and 715%) exposed to UV-
B stress (Ps & Ps+U) and 501 and 500% increase in Aiswarya and 665 and
648% increase in Kanchana exposed to PEG stress (Ps & Psi+P) respectively.
In non-primed Aiswarya and Kanchanaseedlings (NPs & NPs) under stress

conditions the activity of SOD was also found to be increased in NaCl, UV-B
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and PEG stresses but was at lower rate than the primed seedlings subjected to
stress. However, in the primed seedlings (Ps & Ps)) not subjected to any stress,
the activity of SOD was slightly increased with respect to the control
seedlings (Fig. 27).

4.3.5.2.2. Catalase (CAT, EC1.11.1.6)

The primed seedlings (Ps & Ps1) subjected to NaCl, PEG and UV-B
stresses resulted in enhanced activities of CAT. The higher activity of CAT
was seen in Ps& Pg+N state and the increase was 409 and 408% in Aiswarya
and 415 and 380% in Kanchana respectively over the control. Non-primed
seedlings subjected to PEG stress (NPs & NPg+P) showed lowest increment of
CAT activity (143 and 132% for Aiswaraya as well as 173 and 158% for
Kanchana respectively) than control. Very less increment in CAT activity was
observed in primed seedlings (Ps & Ps)) not exposed to any of the stresses as

compared to the control (Fig. 27).
4.3.5.2.3. Ascorbate peroxidase (APX, EC 1.11.1.11)

Significant enhancement of APX activity was observed in primed
seedlings (Ps & Psi) subjected to stress conditions as compared to control.
About 303-355% increase of APX activity was observed in Ps & Pg+N
condition of Aiswarya and Kanchana. Likewise, in Ps& Ps+U, the activity of
APX was enhanced to the extent of 253-302%. While in Ps & Ps+P condition,
164-245% increase of APX activity was recorded. On the other hand, the
increases of APX activity in primed seedlings (Ps & Psi) not subjected to any
stress condition were only <81%. However, in non-primed seedlings (NPs &
NPsi) exposed to stress conditions, the APX activity enhanced in Aiswarya
and Kanchana seedlings exposed to NaCl and it was in the range of 149-190%
and in UV-B increase was 253-302% and in PEG increase was 70-121%,

respectively as compared to the control seedlings (Fig. 27).
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4.3.5.2.4. Guaiacol peroxidase (GPOX, EC1.11.1.7)

The activity of GPOX showed an increasing trend in primed seedlings
of Aiswarya and Kanchana rice varieties (Ps & Ps) subjected to stress
conditions. Increased GPOX activity was observed in primed seedlings of
Aiswarya and Kanchana rice seedlings (Ps & Ps) subjected to stress
conditions. Highest activity of GPOX was shown by Kanchana Ps+N (865%)
and Ps+N (835%) followed by Aiswarya Ps+N (788%) and Ps+N (768%) than
their respective controls. Similarly, enhanced activity of GPOX was also
recorded in other primed stress conditions. There was enhanced GPOX
activity in Kanchana Ps+U (773%) and Ps+U (745%) as well as Aiswarya
Ps+U (686%) and Ps+U (667%) over their respective control. While in primed
seedlings subjected to PEG stress, the GPOX activity was increased in
Kanchana Ps+P (701%) and Ps+P (671%) followed by Aiswarya Ps+P (601%)
and Psi+P (538%). In non-primed seedlings of both rice varieties (NPs & NPs)
subjected to stress conditions the GPOX activity was also enhanced but it was
at a lower level than that observed in primed seedlings. Highest rate of GPOX
activity was recorded in Kanchana and it was to the extent of 540, 504 and
401% in NPs+N, NPs+U and NPs+P and 507, 461 and 369% of increase was
recorded in NPs+N, NPg+U and NPg+P respectively. While in Aiswarya
NPs+N, NPs+U and NPs+P the increased rate was only 506, 438 and 356%
and NPg+N, NPs+U and NPs+P was 499, 414 and 321% respectively. Even
in primed seedlings of Aiswarya and Kanchana (Ps & Psi), not exposed to any
stress conditions the GPOX activity was found to be increased in the range of
104-145% than the control (Fig. 28).
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4.3.5.2.5. Glutathione reductase (GR) (EC 1.6.4.2)

In Aiswarya and Kanchana primed seedlings (Ps & Ps) subjected to
stress conditions, GR activity was found to be upregulated. The highest GR
activity was recorded in Ps+N (497%) and Pg+N (461%) of Kanchana,
followed by Ps+N (455%) and Ps+N (435%) of Aiswarya respectively. In the
case of primed seedlings of Aiswarya and Kanchana exposed to UV-B stress
(Ps & Pg+U) the activity of GR was increased in the range of 326-428%, and
in Ps & Ps+P of Aiswarya and Kanchana rate of increase was 276-376%. In
non-primed seedlings of both rice varieties (NPs & NPs) subjected to stress
conditions, the GR activity was moderately enhanced. The moderate
enhancement of GR activity was in the range of 125-282% in non-primed
seedlings of Aiswarya and Kanchana (NPs & NPs) subjected to NaCl, UV-B
and PEG stresses. Least enhancement of GR activity was found in NPs &
NPsi+P of Aiswarya which were 142 and 125% only. In the case of primed
seedlings of Aiswarya and Kanchana (Ps & Psi) without any stress, the rate of
increase in GR activity was only in the range of 82-137% than their respective
control (Fig. 29).

4.3.5.2.6. Monodehydroascorbate reductase activity (MDHAR, EC
1.6.5.4)

MDHAR activity was remarkably enhanced by the influence of UV-B
priming in seeds/seedlings (Ps& Ps) subjected to stress conditions. The
highest MDHAR activity was recorded in Ps+N of Kanchana (466%)
followed by Kanchana Ps+N (455%), Aiswarya Ps+N (453%) and Pg+N
(426%) than the respective controls. In other primed stress conditions of
Kanchana and Aiswarya, the increase in activity of MDHAR was
comparatively lower and was in the range of 362-401% in Ps & Pg+U and
288-338% in Ps & Pg+P conditions. Whereas in non-primed seedlings of both
varieties (NPs & NPs)) subjected to stress conditions the MDHAR activity was
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enhanced only by a moderate level. In Kanchana and Aiswarya NPs & NPg+N
and NPs & NPg+U condition the rate of enhancement in MDHAR activity was
145-223%. But in NPs & NPg+P of both varieties only a slight increase of
MDHAR activity was noticed. An insignificant increase in MDHAR activity
was seen in primed seedlings of both varieties (Ps & Psi) not subjected to any

stress conditions (Fig. 29).
4.3.5.2.7. Dehydroascorbate reductase activity (DHAR, EC 1.8.5.1)

The activity of DHAR was significantly augmented in primed
seedlings of both varieties (Ps & Psi) subjected to stress conditions. The rate of
enhancement of DHAR activity was higher in Ps & Ps+N of both varieties, it
was 502-524% higher than their control. In Ps & Psi+U the rate of increase in
DHAR activity was 461-494% and in Ps & Ps+P the increase was 425-452%
in both Kanchana and Aiswarya. However, in non-primed seedlings of
Kanchana and Aiswarya (NPs & NPg) the activity of DHAR was only
reasonably enhanced. Only about 142-206% increase of activity was noticed
in NPs & NPs+N and NPs & NPg+U of both varieties. But, only very less
increase of DHAR activity was seen in NPs & NPg+P of both varieties. Slight
increase in activity of DHAR was recorded in both varieties of primed

seedlings (Ps & Ps1) not exposed to any stress conditions (Fig. 29).
4.3.6. Gene expression analysis

Gene expression of major antioxidant enzymes such as SOD (Cu/Zn
SOD), CAT (CatA) and APX (APx1) and stress responsive proteins like HSP
(HSP90) and LEA (group 3) were increased. UV-B primed rice seedlings
subjected to NaCl stress showed higher gene expression of antioxidant
enzymes. HSP90was higher in UV- B primed rice seedlings subjected to UV-
B.Group 3 LEA was higher in UV- B primed rice seedlings subjected to PEG
stress.
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4.3.6.1. Enzymatic antioxidants
4.3.6.1.1. Superoxide dismutase (Cu/Zn SOD)

In rice seedlings under the influence of both types of UV-B priming, a
drastic increase in expression of Cu/Zn SOD was observed in both Ps & Pg+N
condition and it was to the tune of 99 and 114% in seedlings from primed
seeds (Ps) of Aiswarya and Kanchana and 104 and 107% in primed seedlings
(Ps1) of Aiswarya and Kanchana respectively over the control plant. In primed
seedlings of Aiswarya and Kanchana subjected to other stress conditions like
Ps & Pg+U and Ps & Pg+P, the expression of Cu/Zn SOD was found to be
increased notably in seedlings subjected to both modes of priming but to a
lesser extent than that recorded in Ps & Ps+N. The augmentation in expression
of Cu/Zn SOD in seedlings from Aiswarya and Kanchana was 77 and 101%
for Ps+U and 84 and 86% for Pg+U. In the case of Ps & Pg+P, the increase in
gene expression levels of enzyme was still lower. The gene expression levels
in non-primed Aiswarya and Kanchana seedlings (NPs & NPs|) subjected to
different stress conditions were also increased but at a reduced level than that
of primed seedlings (Ps & Psi) subjected to stress conditions. However, the
seedlings subjected to both modes of priming (Ps & Ps)) and which was not
subjected to any stresses showed slight increase in expression of Cu/Zn SOD
and the increase was less than 27% (Fig. 30, 32, 33).

4.3.6.1.2. Catalase (CatA)

Expression of CatA was found to be significantly enhanced in primed
seedlings (Ps& Ps1) subjected to stress conditions. Superlative increase in
expression of CatA was noticed in Kanchana Ps+N (452%) than their control.
In Kanchana Ps+N, Aiswarya Ps & Pg+N the rate of enhancement in
expression of CatA was in the range of 371-390%. Similarly, in Ps & Pg+U
and Ps & Psi+P of Kanchana, the expression of CatA was also enhanced in the
range of 182-284%. In primed seedlings of Aiswarya subjected to UV-B (Ps &
Ps+U) and PEG (Ps & Ps+P) stresses as well as the non-primed seedlings of
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both varieties (NPs & NPs)) subjected to all three stresses, the expression of
CatA was moderately increased. An insignificant enhancement in expression
of CatA was noticed in primed Aiswarya and Kanchana rice seedlings (Ps &
Ps1), not exposed to any stress conditions (Fig. 30, 32, 33).

4.3.6.1.3. Ascorbate peroxidase (APx1)

Significant enhancement in expression of APx1 was noticed in primed
seedlings (Ps& Psi) subjected to stress conditions. The expression level was
higher in Ps & Psi+N condition of Aiswarya and Kanchana seedlings and the
rate of enhancement was 404-443%. In primed seedlings of Aiswarya and
Kanchana exposed to UV-B stress (Ps & Ps+U) the expression of APx1 was
also augmented by 229-287% at the same time the increase was only 194-
244% in Ps & Pg+P. However in Aiswarya and Kanchana primed rice
seedlings (Ps & Ps1) but not exposed to any stress conditions slight increase in
expression of APx1 was noticed. Whereas in non-primed seedlings of both
varieties (NPs & NPs) subjected to stress conditions the enhancement in
expression of APx1 was in the range of 92-230% (Fig. 30, 32, 33).

4.3.6.2. Stress responsive proteins
4.3.6.2.1. Heat Shock Proteins (HSP90)

Expression of HSP90 was significantly enhanced in the case of stress
responsive proteins such as HSP and LEA proteins in primed seedlings (Ps &
Psi)) subjected to different stress conditions. Remarkable enhancement in
expression of HSP90 was recorded in UV-B primed Aiswarya and Kanchana
seedlings subjected to UV-B stress (Ps & Ps+U) (337-413%) and the increase
in Ps & Pg*+N and Ps & Pg+P was only 140-203%. Only moderate
enhancement in expression of HSP90 was noticed in non-primed seedlings
subjected to NaCl (NPs & NPs+N) and PEG (NPs & NPg+P) stresses but in
those exposed to UV-B stress (NPs & NPs+U) an increase of 232-275% was
recorded. An insignificant enhancement of expression HSP90 was noted in
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non-primed seedlings of both varieties (NPs & NPs) subjected to stress
conditions than the control (Fig. 31, 32, 33).

4.3.6.2.2. Late Embryogenesis Abundant proteins (LEA — group 3)

Expression of group 3 LEA has been significantly influenced in primed
and non-primed seedlings of both Kanchana and Aiswarya varieties subjected
to PEG stress (Ps & Pg+P and Ps & Pg+P) conditions. Higher level of
expression of group 3 LEA was recorded in Aiswarya Ps+P (532%) followed
by Kanchana Ps+P (530%), Ps+P (521%) and Aiswarya Ps+P (508%). In NP
& NPg+P of both varieties the expression level of this gene was also
enhanced and the enhancement was 392-432%. Although in other primed
seedlings (Ps & Ps)) subjected to NaCl and UV-B stresses the expression of
group 3 LEA was increased, the increase was not to the extent as observed in
Ps & NPs+P, and it was only 202-325% of increase in Ps & Pg+N and Ps &
Ps+U of both rice varieties. While in NPs & NPs+N and NPs & NPg+U of
both varieties a moderate level of increase in expression of group 3 LEA was
noticed. An insignificant increase of expression of group 3 LEA was seen in
Kanchana and Aiswarya primed seedlings (Ps & Psi) not exposed to any stress
conditions (Fig. 31, 32, 33).

4.3.7. UV-B specific compounds

UV-B specific compounds such as anthocyanin, flavonoids and
cuticular wax content was higher in UV-B primed and non-primed rice
seedlings subjected to UV-B stress than other stress conditions.

4.3.7.1. Anthocyanin content

The rice seedlings of both sensitive and tolerant varieties subjected to
UV-B priming (Ps & Psi) and exposed to different stress conditions, positively
influenced the accumulation of anthocyanin content. A radical increase of
accumulation in anthocyanin content was observed in Ps & Ps+U of Aiswarya
(383 and 367%) and Kanchana (386 and 384% respectively). However, in
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other primed seedlings (Ps & Ps)) subjected to NaCl and PEG stresses, the
anthocyanin content was moderately increased, i.e., 55-62% of increase in Ps
& Pg+P and 37-60% of increase in Ps & Ps+N of Aiswarya and Kanchana
respectively than their control. In primed seedlings of Aiswarya and
Kanchana (Ps & Ps) not subjected to any stress conditions, the accumulation
of anthocyanin was only 27-42% more than the control. In the case of non-
primed seedlings exposed to stress conditions, a drastic enhancement in
anthocyanin accumulation was observed in both varieties subjected to UV-B
stress (NPs & NPs+U) only, which was to the extent of 255-284%. However,
least increment of anthocyanin content was recorded in seedlings from non-
primed seeds (NPs) and seedlings (NPsi) of both varieties subjected to NaCl
and PEG stresses (Fig. 34).

4.3.7.2. Flavonoid content

Flavonoid content was found to be significantly enhanced in seedlings
which were primed (Ps & Ps) and subjected to stress conditions. A drastic
increase in flavonoid content was noticed in Ps, Ps, NPsand NP of Aiswarya
and Kanchana subjected to UV-B stress. In Ps & Pg+U of the variety
Aiswarya, the increase in flavonoid content was 271 and 268%, whereas in
Kanchana it was 342 and 337% respectively. Similarly, flavonoid content was
enhanced upto 217% in NPs & NPs of Aiswarya and Kanchana subjected to
UV-B stress. Whereas, in the case of seedlings primed with UV-B (Ps & Ps)
and exposed to NaCl and PEG stress conditions, the flavonoid content was
moderately enhanced. The enhancement of flavonoid content was in the range
of 97-122% in Ps & Ps+N and Ps & Ps+P of Aiswarya and Kanchana. In non-
primed seedlings of Aiswarya and Kanchana (NPs & NPs) subjected to NaCl
and PEG stresses, the flavonoid content was mildly increased and it was to the

extent of 68-95% only. Similarly, in primed seedlings of Aiswarya and
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Kanchana (Ps & Psi)) not subjected to any stress conditions, the flavonoid

content was insignificantly increased than the respective controls (Fig. 34).
4.3.7.3. Phenylalanine ammonia lyase (PAL, EC 4.3.1.24)

PAL activity was significantly influenced by UV-B priming (Ps & Ps))
and stress conditions to which Aiswarya and Kanchana rice seedlings were
exposed. The PAL activity was prominent in Ps, Psi, NPsand NPs exposed to
UV-B stress and it was 210 and 116% higher in Kanchana Ps+U and NPs+U
and 202 and 118% higher in Ps+U and NPg+U than their respective controls.
Likewise, in Aiswarya the PAL activity was higher by 171 and 117% in Ps+U
and NPs+U and 164 and 115% higher in Ps+U and NPg+U over the respective
controls. However, in other UV-B primed seedlings (Ps & Psi) subjected to
NaCl and PEG stresses as well as non-primed seedlings exposed to stress
conditions, the activity of PAL was moderately enhanced. In primed seedlings
of Aiswarya and Kanchana (Ps & Psi) subjected to NaCl and PEG stresses, the
enhancement in PAL activity was to the extent of 74-107% only. Similarly in
the non-primed seedlings of Aiswarya and Kanchana (NPs & NPs) subjected
to NaCl and PEG stress conditions, the PAL activity was increased by 39-
63% only. However, in primed seedlings (Ps & Psi)) the PAL activity was
slightly increased in both rice varieties even when not exposed to any of the

stresses (Fig. 34).

4.3.7.4. Cuticular wax content and functional group analysis of the

epicuticular wax deposition

Due to the effect of UV-B stress, epicuticular wax accumulation was
higher in both rice varieties. In the case of primed seedlings (Ps & Psi) exposed
to UV-B stress, superlative increase in accumulation of epicuticular wax was
seen in Ps+U (402%) and 397% increase in Ps+U of Kanchana, 389% in
Ps+U and 383% in PstU of Aiswarya. In primed seedlings (Ps & Ps)
subjected to NaCl and PEG stresses, the rate of accumulation of epicuticular
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wax content was moderately enhanced which was in the range of 176-242%
in Ps & Pg+N and Ps & Ps+P of both rice varieties. Whereas in non-primed
seedlings subjected to UV-B stress (NPs & NPg+U), the epicuticular wax
deposition was increased and the accumulation was to the extent of 301-354%
in both varieties. In NPs & NPsg+N and NPs & NPg+P, a moderate
accumulation of epicuticular wax content (78-146%) was recorded. In UV-B
primed seedlings (Ps & Psi) but not exposed to any stress conditions, a slight
increase of epicuticular wax accumulation was seen in both varieties as
compared to control (Fig. 35).

In FT-IR spectra of the epicuticular wax in leaves of rice seedlings
subjected to UV-B priming (Ps & Ps) and exposed to different stress
conditions, major and minor peaks representing various functional groups
were observed. In the case of Aiswarya and Kanchana control, primed (Ps &
Psi) and non-primed (NPs & NPs) ones subjected to three different stress
conditions and without any stress conditions, the cuticular wax showed
different absorption peaks at 850-550 cm™ range. This was common in all
including control seedlings and it represents C-Cl of alkyl halides (Fig. 38,
39; Table 5).

When compared with the control, additional absorption peaks were
recorded mainly in seedlings of primed seedlings subjected to PEG and NaCl
stresses (Ps & Ps+P and Ps+N) and non-primed seedlings subjected to UV-B
stress (NPs & NPg+U). Four prominent peaks were seen in epicuticular wax
from Ps+P and this was in the range of 3000-2850 cm™ (specifically at 2914
cmt), 3300-2500 cmtrange (specifically at 2848 cm™), 1250-1020 cm™ range
(specifically at 1099cm™) and in the range of 1000-650 cm™ (specifically at
951cm™?), representing C-H alkanes, O-H carboxylic acid, C-N aliphatic
amines and C-H of alkenes respectively. Prominent peaks in the range of
3300-2500 cm? (specifically at 3017 cm?) and in the range of 1250-1020 cm*
(specifically at 1214 and 1096 cm™) were observed in Pg+P which stands for
O-H carboxylic acids and C-N aliphatic amines. However, in seedlings of
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Aiswaraya (Psi+N) extra peaks were observed in the range of 3000-2850 cm'?
(specifically at 2956 and 2953 cm™), 1250-1020 cm™ range (specifically at
1215 cm?) and in the range of 1000-650 cm*(specifically at 956 cm™),
corresponding to C-H of alkanes, C-N of aliphatic amines and C-H alkenes
(Fig. 38, 39; Table 5).

In Psi+U extra absorption peaks were noticed in the range of 3300-2500
cm? (specifically at 3018 cm™) and in the range of 1250-1020 cm
(specifically at 1214 and 1097 cm™) which represents O-H of carboxylic acid
and C-N of aliphatic amines respectively. Peak at the range of 1250-1020 cm™*
(specifically at 1214 and 1095 cm™) seen in NPg+U stands for C-N of
aliphatic amines. In NPs+U condition, two extra peaks at the range of 1250-
1020 cm (specifically at 1214 and 1095 cmt), which corresponds to C-N of
aliphatic amines was observed. In the case of seedlings of Aiswarya emerging
from UV-B primed seeds and not subjected to any stress conditions, four
additional absorption peaks in the range of 3000-2850 cm (specifically at
2953 and 2914 cmt), 3300-2500 cm™ range (specifically at 2848 cm™) and
the range of 1740-1720 cm*(specifically at 1733 cm™) representing C-H of
alkanes, O-H of carboxylic acid and C=0 of aldehyde saturated aliphatics
were observed (Fig. 38, 39; Table 5).

In the variety Kanchana, extra peaks were recorded only in UV-B
primed seedlings (Ps) without any stress and Ps+P condition and the peaks
were in the range of 3000-2850 cm* (specifically at 2954 and 2915 cm™),
3300-2500 cm™ range (specifically at 2848 cm™), 1740-1720 cm™ range
(specifically at 1733 cm™) and at 1376 cm™, which corresponds to C-H
alkanes, O-H carboxylic acid, C=0 aldehyde saturated aliphatics and CH3 of
4-methyl indole. Additional absorption peaks were observed in the range of
3300-2500 cm* (specifically at 3018 cm™) and 1250-1020 cm™ (specifically at
1096 cm™?) representing O-H carboxylic acid and C-N aliphatic amines when
primed seedlings (Psi )was exposed to UV-B stress (Fig. 36, 37; Table 5).
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Table 5: Functional group analysis of epicuticular wax in UV-B primed and
non-primed rice seedlings subjected to various stress conditions (NaCl, PEG
and UV-B). (P+C- Primed+Control; P(Ps & Psl)+N- Primed+NaCl; P(Ps &
Psl)+P- Primed+PEG; P(Ps & Psl)+U- Primed+UV-B).

Control
P+C

NacCl
P+N

PEG

P+P

UvVv-B
P+U

Control
P+C
NacCl
P+N
PEG
P+P

UV-B
P+U

Control
P+C

NacCl
P+N
PEG
P+P

UV-B
P+U

Control
P+C
NacCl
P+N

PEG
P+P

UV-B
P+U

Kanchana seed priming
1218.79, 772.35 cm*
2954.41, 2848.35, 1733.69,1376.93,
1214.93 cm?
742.46 cmt
742.46, 667.25 cm™
742.46 cmt
743.42,667.25 cmt
743.42,667.25 cm™t
743.42 cmt

Kanchana seedling priming

744.36 cmt
743.42 cmt
742.46 cmt
746.31 cm™
743.42,667.25 cmt
2952.48,2914.88, 2848.35, 1734.66,
1376.93 cm?
743.42 cmt
3018.05,743.42,667.25 cm™*

Aiswarya seed priming
744.38,667.25 cm!
2953.45,2914.88,2848.35,1733.69,759.81 cm™*

746.32 cm™
742.46 cm?t
743.42 cm™
2914.88,2848.35,1099.23,951.69,845.63,763.67 cm*

1214.93,1095.37,744.388,367.25 cm'™*
744.38,667.25 cm™

Aiswarya seedling priming
667.25 cm?
743.42 cm?t
750.17 cm?!
2953.45,2926.45,1215.9,963.26,757.88 cm'?

2909.09,750.17 cm'?
3017.09,1214.93,1096.33,744.38,667.25 cm’!

1214.93,1095.37,743.42,667.25 cm*
3018.05,1214.93,1097.3,746.31,667.25 cm™*
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Aliphatic amines, alkyl halides
Alkanes, aldehydes, 4-methyl
indole, aliphatic amines

Alky! halides

Alkyl halides

Alkyl halides

Alkyl halides

Alkyl halides

Alkyl halides

Alkyl halides

Alkyl halides

Alkyl halides

Alky! halides

Alkyl halides

Alkanes, aldehyde, 4- methyl
indole, alkyl halides

Alkyl halides

Carboxylic acids, Alkyl halides

Alkyl halides

Alkanes, carboxylic acids,
aldehyde, alkyl halides
Alkyl halides

Alkyl halides

Alkyl halides

Alkanes, carboxylic acids,
aliphatic amines, alkenes,
aldehyde Alkyl halides
Aliphatic amines, alkyl halides
Alky! halides

Alky! halides

Alkyl halides

Alky! halides

Alkanes, aliphatic amines,
alkenes, alkyl halides
Alkanes, alkyl halides
Carboxylic acid, aliphatic
amines, alkyl halides
Aliphatic amines, alkyl halides
Carboxylic acid, Aliphatic
amines, alkyl halides






5. DISCUSSION

Plants encounter various environmental stresses in their life cycle
which reduces the productivity of agricultural crops. The abiotic stresses such
as harmful level of radiations, salinity, drought, floods, extremes in
temperature, heavy metals, etc. are antagonistic to plant growth and
development, which causes great crop yield penalty worldwide. It is
becoming essential to equip crop plants with multi-stress tolerance to alleviate
the pressure of environmental changes so as to achieve maximum productivity
(He et al. 2018; Gull et al. 2019). Salinity is one of the major abiotic stresses
which affect more than 7% of land area in the entire world, which is further
increasing because of soil salinization by ground water. Salinity is the main
obstacle to increase the production of rice throughout the world. Among the
various stress condition, drought also constitutes severe stress on plants that
seriously affects plant growth. Drought affects the rice production in rain fed
systems, affecting 10 million hectares of upland rice and over 13 million
hectares of rain fed lowland rice in Asia alone (Jisha 2014). Another major
abiotic stress, UV-B radiation reaching the earth, has major deleterious effects
on plants. The dose of UV-B radiation is relatively higher in rice grown areas

which badly affects the production of rice (Thomas and Puthur 2019).

5.1. Determination of stress imparting concentrations of NaCl, PEG
and dosage of UV-B

In the present study six varieties of O. sativa were used, which differed
in their abiotic stress tolerance nature. The NaCl, PEG and UV-B stress
tolerance potential of all these varieties were studied to identify a particular
concentration/dosage which imparted ~50% growth retardation and it was
found to vary for each variety. Seedling growth difference of rice varieties

under each stress conditions depends on the tolerance potential of the
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varieties. The selection of stress imparting concentration of NaCl, PEG and
UV-B was done through the analysis of photosynthetic pigments and seedling
growth (shoot length) of rice seedlings exposed to three different stresses.
From six different concentrations of NaCl, PEG and six different dosages of
UV-B, around 50% reduction in the above parameters was observed in some
varieties of rice seedlings exposed to NaCl (100 mM), PEG (20%) and UV-B
irradiation (28 kJm2d?). And in other varieties of rice seedlings 50%
reduction occurred on exposure to NaCl (75 mM), PEG (15%) and UV-B
irradiation (21 kJm2d?). Among six rice varieties stress imparting
dosage/concentrations of three stress conditions were not the same because
the stress tolerance potential of each variety was different. From the studies of
Jisha and Puthur (2016b) and Sen and Puthur (2020), it was clear that the
stress imparting concentrations of NaCl and PEG for three rice varieties such
as Neeraja (75 mM NaCl and 15% PEG), Vaisakh (75 mM NaCl and 20%
PEG) and Vyttila-6 (100 mM NaCl and 20% PEG) were different.

When these six rice varieties were grown in higher concentrations/
dosages of NaCl, PEG and UV-B stress conditions, seedlings showed
reduction in shoot length. The reduction of shoot length was due to a
hindrance of cell division as well as suppression of cell expansion and cell
growth owing to the low turgor pressure (Jaleel et al. 2009; Taibi et al. 2016).
Moreover, plants under stress conditions are prone to growth reduction due to
the altered level of plant hormones (Hasanuzzaman et al. 2013). Physiological
and biochemical changes due to salinity can bring about a decrease in shoot
length in maize (Shtereva et al. 2015; Konuskan et al. 2017), legumes (Taibi
et al. 2016) and wheat (Kanwal et al. 2018). The reduction in vegetative
growth was generally due to the effect of changed metabolic processes,
restricted cell division and accumulation of different osmolytes and enhanced
activities of metabolic enzymes that play a crucial role in salinity tolerance

(Kanwal et al. 2018). UV-B stress reduces the shoot length in tomato plant
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because of the reduced photosynthetic activity (Bano et al. 2017). Rice
varieties such as Jyothi, Swetha and Kanchana showed 50% reduction in
shoot length on exposure to 100 mM NaCl, 20% PEG and Neeraja, Swetha
and Kanchana at 28 kJm=2d! of UV-B i.e. beyond these concentrations/dosage
the shoot length reduced drastically. Rice sensitive varieties such as
Aiswaraya, Samyuktha and Neeraja showed the same effect of 50% reduction
in shoot length at lower concentrations/dosages and it was at 75 mM NacCl,
15% PEG and Aiswaraya, Samyuktha and Jyothi at 21 kJm2d* of UV-B. In
the present study Neeraja and Jyothi showed differences in the stress
tolerance potential towards NaCl, PEG and UV-B. As the rice varieties
respond to different environmental conditions differently and the tolerance
mechanisms to individual stress factors are also different, it can be concluded
that the different rice varieties elicits different response towards stress
conditions. Earlier findings of Faseela and Puthur (2018), have shown that
Kanchana rice variety have differentially modulated response towards UV-B
and high light exposure, with more tolerance in UV-B and less tolerance in

the high light and this supports the findings of the present study.

NaCl, PEG and UV-B stressors leads to the reduction of total
chlorophyll content in all varieties of rice seedlings. The probable reasons for
the reduction of chlorophyll content could be due to the inhibition of enzymes
involved in chlorophyll biosynthetic pathways, and/or faster degradation of
pigment molecules. Chlorophyll content was reduced in osmotic as well as
other stressors as a result of inhibition of enzymes involved in chlorophyll
synthesizing pathway (Jisha and Puthur 2014b). Under osmotic stress the
chloroplast destruction and pigment protein complex instability were reported
by El-Samad et al. (2011). The reduction of chlorophyll content was also due
to the production of reactive oxygen species which lead to lipid peroxidation
of membranes and consequently leads to chlorophyll destruction

(Shivakrishna et al. 2018). The decrease in chlorophyll levels in plants was
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indicated as a typical symptom of oxidative stress and was attributed to the
inhibition of chlorophyll synthesis, together with the activation of its
degradation by the enzyme chlorophyllase. Reduction of chlorophyll contents
either due to slow synthesis or fast breakdown could be a part of
photoprotection mechanism by which light absorbance was reduced by
decreasing chlorophyll contents (Taibi et al. 2016). The reduction of
chlorophyll content in salinity stress condition was either due to the
accumulation of CI- and Na* or due to the changes in the lipid protein ratio of
pigment-protein  complexes, increased chlorophyllase activity, and
degradation and inhibition in synthesis of photosynthetic pigments
(Khoshbakht et al. 2018). The reduction of chlorophyll content in wheat
plants under salinity could be also attributed to the decreased nitrogen uptake

of plants (Kanwal et al. 2018).

Drought stress induced chlorophyll content reduction has been reported
in maize (Mohammadkhani and Heidari 2007), chickpea (Mafakheri et al.
2010), soybean (Makbul et al. 2011), wheat (Talebi 2011), rice (Chutia and
Borah, 2012) and bean (Mathobo et al. 2017). In peanut plant PEG stress
causes a reduction in total chlorophyll and carotenoid content. Drought stress
causes the production of reactive oxygen species (ROS) such as O2" and H-O»,
which consequently results in chlorophyll destruction (Mathobo et al. 2017).
The UV-B radiation causes the reduction of chlorophyll in lettuce (Esringu et
al. 2016), bell pepper (Ledn-Chan et al. 2017), wheat (Tripathi et al. 2017)
and rice (Faseela and Puthur 2018). UV-B radiations directly cause damage to
the photosystems and light harvesting systems in plants and to add to this,

UV-B induced ROS generation may also lead to the chlorophyll degradation.

Carotenoids act as antioxidants; have the potential to detoxify the cells
from the effects of reactive oxygen species. Carotenoids are known to

function as accessory pigment harvesting light energy for photosynthesis and
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also as quenchers of triplet chlorophyll and oxygen. Moreover, they dissipate
excess energy via the xanthophyll cycle and can act as powerful chloroplast
membrane stabilizers that gets partitioned between light-harvesting
complexes (LHCs) and the lipid phase of thylakoid membranes, reducing
membrane fluidity and susceptibility to lipid peroxidation (Taibi et al. 2016).
Carotenoids also act as photoprotector of chlorophyll molecules by
neutralizing singlet oxygen (*O2) produced in photosystems (Ledn-Chan et al.
2017). Salinity induces a reduction in carotenoid content in bean plants (Taibi
et al. 2016). Lettuce seedlings exposed with UV-B radiations exhibited a
significant reduction in carotenoid content (Esringu et al. 2016). Similarly,
NaCl, PEG and UV-B stressors negatively influenced the photosynthetic
pigments in Jyothi, Swetha and Kanchana rice varieties and 50% reduction of
the pigments in these varieties occurred at100 mM NaCl, 20% PEG and in
Neeraja, Swetha and Kanchana at 28 kim2d! UV-B. In the case of
Aiswaraya, Samyuktha and Neeraja 50% reduction of photosynthetic
pigments occurred on exposure to 75 mM NaCl, 15% PEG and in Aiswaraya,
Samyuktha and Jyothi at 21 kJm=2d* UV-B.

Rice varieties showed 40-50% of growth retardation when grown in
100 mM NaCl and 20% PEG for tolerant varieties and 75 mM NaCl and 15%
PEG for sensitive varieties on 9™ day of germination (Jisha and Puthur
2014a). According to Faseela and Puthur (2018), UV-B tolerant rice variety
‘Kanchana’ showed tolerance towards UV-B at a dosage of 28 kJmd* on 9™
day of germination. From the analysis of shoot length and photosynthetic
pigments in rice varieties, it was clear that the varieties Swetha and Kanchana
showed more tolerance potential than Aiswarya and Samyuktha. Neeraja was
sensitive towards NaCl and PEG stressors but tolerant towards UV-B stress.
Similarly the variety Jyothi showed tolerance towards NaCl and PEG

stressors but was sensitive towards UV-B stressor. For further studies four
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varieties were selected, of which Kanchana and Swetha were designated as

tolerant varieties and Aiswarya and Samyuktha as sensitive varieties.
5.2. Preliminary screening for selecting UV-B priming concentration
5.2.1. Growth parameters

Growth reduction occurred in the seedlings of rice which were
subjected to NaCl, PEG and UV-B stressors but interestingly, due to the
influence of UV-B seed priming treatments, this reduction in growth
characters such as shoot length and dry weight of UV-B primed seedlings
were lesser than non-primed ones. The reduction of shoot length in all the
above mentioned cases was due to the inhibition of cell division and also due
to inhibition in cell expansion and cell growth because of low turgor pressure
(Dash et al. 2017). Plants under stress conditions trigger the physiological and
biochemical features which will finally enable them to cope up with the stress

situations but with reduced growth.

Four rice varieties such as Kanchana, Swetha, Samyuktha and
Aiswarya responded differentially to the UV-B seed priming. Generally, the
seedlings raised from UV-B primed seeds of tolerant rice variety showed
more enhancements in the seedling growth parameters when the seedlings
were grown under stress (NaCl, PEG and UV-B) conditions. In UV-B primed
rice seedlings, increased respiration rate and higher ATP production could be
supporting the growth of seedlings under NaCl, PEG and UV-B stresses
(detailed in section 5.3.1.2.). Comparing among four rice varieties, maximum
growth parameters was noticed in UV-B primed Kanchana rice seedlings
subjected to NaCl, PEG and UV-B stress conditions and lowest in Aiswarya
rice seedlings. This indicated that Kanchana rice variety was more tolerant
and Aiswarya variety was more sensitive towards NaCl, PEG and UV-B

stressors.
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The increase in growth parameters of the rice seedlings emerged from
UV-B primed seeds was the result of increased cell division, cell elongation,
cell expansion and increase of the seedling vigour. Seed priming decreases the
resistance of the endosperm envelope, which is an impediment for the
expansive growth of the embryo (Luttus et al. 2016). This condition permits
the turgor threshold for germination to be attained at a faster rate in primed
seeds than in non-primed seeds, thereby helping the seedlings from primed
seeds to achieve greater root and shoot length. The enhanced shoot and root
length in plants emerged from primed seeds also owes to the alterations in
germination events such as reducing the lag time between imbibition and
radical emergence (Jisha 2014). All these events support UV-B priming
mediated increase in shoot length and dry weight in rice seedlings under

different stresses.

Various researchers have already reported various positive effects of
seed priming in stress tolerance potential of different crops. Salinity stress
imparted to tomato plant reduce the dry weight, shoot length as compared to
control plant but on subjecting the tomato seeds to NaCl/osmo priming the
dry weight/shoot length of tomato plant was increased as compared to that
without priming (Zhang et al. 2012; Iseri et al. 2014). Similarly in alfalfa the
shoot length and dry weight was reduced during salinity stress but NaCl
priming, osmopriming and hydro-priming of seeds leads to the increases of

shoot length and dry weight (Amooaghaie 2011).

Positive effects of salicylic acid priming was seen on increased shoot
growth and dry weight in maize (ur Rehman et al. 2012), in rice (Pouramir-
Dashtmian et al. 2014) and in safflower plant (Mohammadi et al. 2017).
Similar effects were noticed in this study, the negative effects of stress
condition were partially mitigated with UV-B seed priming treatments in four

rice varieties. The shoot length and dry weight were increased in seedlings
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emerged from UV-B primed Kanchana followed by Swetha, Samyuktha and
Aiswarya under NaCl, PEG and UV-B stress conditions. The increased shoot
length and dry weight of Kanchana and Swetha seedlings was observed at a
dosage of UV-B 6kJm and for Samyuktha and Aiswarya at 4kJm. Beyond
these priming concentrations the shoot length and dry weight was reduced

probably because higher dosages acted as stress.
5.2.2. Photosynthesis

As compared to control condition, the photosynthetic pigments were
increased in UV-B primed rice seedlings under stress conditions. The priming
of seeds with low dose of UV-B would have accelerated the synthesis
processes of photosynthetic pigments. Similar effects of UV-B seed priming
was found in wheat (Li et al. 2010), maize (Wang et al. 2010) and rice
(Inostroza-Blancheteau et al. 2016), wherein it was observed that the UV-B
seed priming enhances the leaf chlorophyll content in these crops. Total
chlorophyll and carotenoids was increased in leaves of wheat emerged from
seeds primed with spermine and further subjected to drought stress condition
(Hassan et al. 2020). Total chlorophyll and carotenoid contents were
decreased in leaves of salt treated tomato plants but it was enhanced by NaCl
priming (iseri et al. 2014). Silicon priming of seedlings increases total
chlorophyll and carotenoids in wheat under drought stress condition
(Maghsoudi et al. 2016).

Seed priming has a role in the synthesis of chlorophyll pigments by
triggering some signalling pathways like that of cytokinins. The cytokinins
are already known to enhance the photosynthetic efficiency of plants under
adverse conditions by triggering signalling pathways (Jisha 2014). Similarly,
the UV-B seed priming significantly improved the activation of
carotenogenesis and the resulting carotenoids synthesized have the capacity to

neutralize the reactive oxygen species and thus, protect the photosynthetic
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apparatus and the pigments associated with it from oxidative reactions.
Carotenoids act as photoprotectors which protect the chlorophyll molecules
from singlet oxygen and excess energy harvested by chlorophylls (Badridze et
al. 2016). The enhancement of carotenoid content in the rice seedlings
emerged from UV-B primed seeds, subjected to stress conditions facilitate the
seedlings to cope with the adverse effects of stresses to which they were
subjected. Protective role of carotenoids was already well defined in terms of
quenching triplet chlorophyll and reducing the peroxidation of chloroplast

membrane.

Among all the varieties of rice, maximum enhancement of chlorophyll
pigments and carotenoid content due to UV-B seed priming treatments was
observed in Kanchana rice seedlings which were grown under stress (NacCl,
PEG and UV-B) conditions and least in Aiswarya. This indicated that the UV-
B seed priming effects in Kanchana rice seedlings was more prominent and
effective under stress conditions. It is clear that, the UV-B seed priming
enhances the photosynthetic pigment content in three stress conditions as
compared to non-primed seedlings and it could be partially on account of the
reduced chlorophyll degradation seen in the former as compared to later and
also uninterrupted fresh synthesis of photosynthetic pigments would be
ensuring the reduced loss of pigments in leaves of seedlings emerging from

UV-B primed seeds.

Of the four varieties the effective UV-B seed priming dosage was
found to vary depending upon the stress tolerance potential of the rice
varieties. In Kanchana and Swetha, which was found to be with higher stress
tolerance potential towards three different stressors was found to accumulate
high level of pigment content when imparted with a dosage of 6kJm=2. The
highest increases of photosynthetic pigment as a result of UV-B seed priming

in Aiswarya and Samyuktha occurred on priming with a lower dose of 4kim.
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5.2.3. Lipid peroxidation

Primed rice seedlings raised from UV-B primed seeds exhibited
reduced rate of lipid peroxidation, especially under stress conditions. The
MDA produced from the peroxidation of unsaturated fatty acids in
phospholipids indicated cell damage by free radicals under stress condition.
The lipid peroxidation disturbs different metabolic activities by altering
physiochemical properties of cell membranes via interruption of lipid bilayers
which cause leakage of solutes leading to cell death. MDA act as an indicator
of stress in plants and it changes the cell membrane properties, such as
fluidity, 1on transport and enzyme activity (Faseela and Puthur 2018).
Researchers have reported that the lipid peroxidation was significantly
reduced in maize (Javadmanesh et al. 2012), in sorgum (Zhang et al. 2015), in
rice (Zheng et al. 2016) and in alfalfa (Mouradi et al. 2016) under drought
conditions as a result of seed priming (hydro-priming, KNOs and PEG
priming). Seed priming with UV-B reduced lipid peroxidation and electrolyte
leakage (detailed in section 5.3.4.) and thus enhanced the stability of the cell

membrane, resulting in decreased stress effects.

In the present study, rice seedlings on exposure to NaCl, PEG and UV-
B stressors showed increased MDA content in the seedlings, because these
stressors cause lipid peroxidation of biomembranes in the rice seedlings and
UV-B seed priming decreases the MDA content in the seedlings of all rice
varieties exposed to stress conditions. One of the major reasons for the
reduction of MDA content in primed seedlings subjected to stress condition
was the decreased ROS production by the effect of UV-B seed priming
(detailed in section 5.3.4.). Moreover, UV-B seed priming effectively
enhances the antioxidation potential in primed rice seedlings than non-primed
rice seedlings subjected to stress conditions. This was achieved by an

effective antioxidant mechanism, scavenging the ROS and thus reducing the
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MDA content in UV-B primed rice seedlings exposed to stress conditions
(detailed in section 5.3.4.). Another reason for the reduction of MDA content
achieved through seed priming would be by initiating the repair of the
damaged membranes and ensuring uninterrupted functioning of the metabolic
processes (Vijayakumari 2015). In primed seedlings subjected to stress
conditions, the MDA content was reduced in tolerant rice varieties such as
Kanchana and Swetha at 6 kJm=2and in sensitive varieties such as Samyuktha

and Aiswarya it was at 4 kJm-,

5.3. Detailed analysis of most tolerant and sensitive varieties towards
NaCl, PEG and UV-B

After screening of four rice varieties, (Kanchana, Swetha, Samyuktha
and Aiswarya), Kanchana (tolerant variety) and Aiswarya (sensitive variety)
was selected for further detailed analysis. Based on the above screening
analysis, UV-B priming dosage of tolerant variety was fixed as 6 kJm2 and
for sensitive variety as 4 kJm?. The same dosage of UV-B was provided for
directly priming the seedlings, so that the priming dosage was same for
priming at two different stages of growth. For stress sensitive variety the UV-
B priming dose as well as stress dosage of UV-B, concentration of NaCl and
PEG imparted as stress was less than Kanchana rice variety. The stress dosage
of UV-B for Aiswarya was 21 kJmd*and for Kanchana it was 28 kim2d.
In the case of NaCl stress concentration, it was 75 mM for Aiswarya and 100
mM for Kanchana, PEG stress was imparted at 15% for Aiswarya and 20%
for Kanchana. This makes it very clear that the priming dosage of UV-B
varies with the stress tolerance potential of the variety. Even the stress
imparting dosage/concentrations of various stressors (UV-B, NaCl and PEG)
varies depending upon the stress tolerance potential of the variety. As priming
dosage of UV-B varies for each variety of rice, standardization studies to

identify the optimal dosage becomes more important because anything more
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than the optimal can turn out to be stress and anything less would not bring

about the priming effects.
5.3.1. Physiological parameters
5.3.1.1. Photosynthesis

In rice seedlings, the decrease of photosynthesis was analyzed in terms
of PSI and PSII activities and significant changes in various Chl a
fluorescence related parameters during NaCl, PEG and UV-B stresses. The
reduction of these parameters indicated that a reduction in photochemistry
occurred in seedlings subjected to these stresses. The effects of these stresses
in rice seedlings was noticed as reduction in photosynthetic oxygen evolution
and performance index and this was the whole some of the decreases in
various other photosynthetic parameters (total chlorophyll and carotenoid
content, area above fluorescence curve, maximal fluorescence [Fm], ratio
between variable fluorescence to minimal fluorescence [Fv/Fo], density of
reaction centres, light energy absorbed, rates of light energy trapped and
electron transport per cross-section) or increases in certain other parameters
(like minimal fluorescence [Fo], variable fluorescence intensity at the J_step
(Vj), time to reach the maximum fluorescence (Tm) and the light energy

dissipated (DI) directly related to photosynthesis.

Various abiotic stresses may cause a serious damage to photosynthetic
machinery, of which PSII is the most vulnerable component that bears the
major brunt of abiotic stresses. Over produced ROS damages the
photosynthetic apparatus especially PSII which results in photoinhibition by
an imbalance in photosynthetic redox status and the inhibition of PSII repair
(Sasi et al. 2018). The degradation of chlorophyll content, decrease in
chlorophyll synthesis and partial breakdown of thylakoid membrane causes

the reduction of PSII activity during stress conditions in rice seedlings. In rice
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seedlings subjected to NaCl, PEG and UV-B stressors, the activity of PSII
was more reduced because the reduction of oxygen evolution in PSII was
related with the extensive accumulation of ROS in thylakoid membranes,
which hinders the oxygen evolution at the oxygen evolving complex (OEC)
of PSII. The excessive peroxidation and de-esterification of thylakoid
membrane lipids was caused by ROS. ROS production also leads to the
protein denaturation and disrupt the functionality of various proteins of
thylakoid membrane system and enzymes essential for photosynthetic
machinery (Gill and Tuteja 2010). Under stress conditions lipid peroxidation
was increased which radically reduces the photosynthetic pigment content
(detailed in section 5.2.3.). Plants have various stress countering measures to
prevent the damages of photosynthetic machinery during stress conditions and
it comprises of early closing of stomata, increased synthesis of carotenoids
and prevention of chlorophyll degradation etc. Compared to PSII activity the
stress effects on PSI activity was less in rice seedlings, due to the capacity of

PSI to withstand the stress more effectively (Thomas and Puthur 2019).

In previous studies, it was shown that the NaCl treatment inactivates
the PSII centers in wheat and results in decline of PSII activities (Singh-
Tomar et al. 2012). In plants under UV-B stress condition, PSII was more
prone to degradation due to the vulnerability of D1 and D2 proteins, wherein
changes occur in between the double bonds of amino acids. Moreover, the
oxygen evolving complex, reaction centre proteins D1/D2 and various
components in the acceptor and donor side of PSII were mainly affected by
UV-B. The enzymatic activity of the water-splitting manganese complex on
the PSII electron donor side was inhibited partially or completely under
strong light which causes incomplete oxidation of water to hydrogen
peroxide. ROS generation suppress the synthesis of proteins which are
involved in the repair mechanism of photodamaged PSIIl. Plants under

drought stress had enhanced production of superoxides on acceptor side of
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PSI, which finally reduced the activity of PSI (Oukarroum et al. 2009). But in
contrast PSI activity was highly increased in rice seedlings under UV-B
stress, the increased PSI activity was related to the increased demand for ATP
through cyclic photophosphorylation so as to cope up with UV-B stress
condition (Faseela and Puthur 2018).

In UV-B primed rice seedlings exposed to NaCl, PEG and UV-B stress
conditions, the reduction of PSI and PSII activities were comparatively lesser
than non-primed stress condition. This was due to the lesser oxidative
damages in chloroplasts of UV-B primed leaves which diminishes chlorophyll
degradation and the ROS induced injury on thylakoid membranes and other
protein complexes related to photosystem functioning. In UV-B primed
Aiswarya and Kanchana rice seedlings subjected to stress conditions, the PSI
and PSII activities were higher in Kanchana rice seedlings. As a result of seed
priming the PSI and PSII activities were significantly enhanced by the virtue
of increase in number of photosystem reaction centers and/or by the
enhancement of efficiency of existing reaction centers (Jisha and Puthur
2016a,b). The PSI activity was more efficiently enhanced due to UV-B
priming treatment, so that the ATP generated out of the cyclic
phosphorylation would aid the seedlings to overcome the stress condition.
Plants activate the cyclic electron flow in order to generate additional ATP
required for sufficing energy requirement for stress related metabolism
(Roach and Krieger-Liszkay 2014).

In this study, lesser reduction of PSI and PSII activities was recorded
in Aiswaraya and Kanchana rice seedlings emerged from seeds subjected to
UV-B priming and exposed to three stress conditions, because of the efficient
activity of antioxidant machineries, which reduces the photodamages of

reaction centers.
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Rice seedlings encountered with NaCl, PEG and UV-B stresses
showed a decrease of Chl a fluorescence parameters such as Fm, Fv/Fo, area,
Pleabs), ABS/CSm, TRo/CSm, DIo/CSm and ET/CSm. The decreased Fm was
due to the inhibition of electron transfer rates from reaction centers to
quinone, resulting in excess of excitation energy which gets dissipated as heat
(Faseela et al. 2019). In dry bean the F, was increased under drought stress
condition, because of PSII inactivation and the resulting increase in reduced
plastoquinone acceptor, which was unable to be oxidized completely because
of the electron flow retardation through PSII (Mathobo et al. 2017). Fo
increases may also be due to the detachment of light harvesting complex from
PSII. Increase of Fo and decreases of Fn indicate a block in the electron
transport to Qa (Hassannejad and Ghafarbi 2018). In general Fo increased and
Fm decreased in plants under environmental stresses reflects the destruction of

PSII reaction centers, or disruption of electron transport (Zhu et al. 2010).

Decreased F./Fo and increased minimum fluorescence (Fo) were
observed due to enhanced UV-B intensities in grapevine (Schoedl et al. 2013)
and in cucumber (Skorska 2011; Skdrska and Murkowski 2012). The increase
of Fo points towards the photoinhibition correlating RCs damage at the
acceptor side of PSIl. Decrease of the F./F, parameter can result from
increase of Fo, and concomitant decrease of Fm. Exposure to NaCl, PEG and
UV-B stresses causes a severe damage to PSII through the primary
inactivation of oxygen-evolving complex (OEC) activity inhibiting the
electron transfer at the donor side. The F./F, ratio suggests the efficiency of
the water-splitting complex on the donor side of PSIlI and photosynthetic
electron transport at acceptor side of PSII, which was decreased in these three
stress conditions. The decrease in Fu/Fo also suggests a decrease in the ratio
between the rate constants of photochemical and non-photochemical

deactivation of excited Chl molecules.

127



%meulon

The area over the fluorescence induction curve (between Fo and Fm) is
relative to the pool size of the electron acceptor Qa on the reducing side of
PSII and considerable decreases in area denoted the decrease in electron
transfer from reaction center to quinone pool (Mehta et al. 2010). So the
reduction in Fm, FW/Fo and area above fluorescence curve in rice seedlings
subjected to stress was either owing to the inhibition of electron transport at
the donor side of the PSII or owing to a reduction in the pool size of Qa. In
UV-B primed rice seedlings, the decrease in F./F, and area above
fluorescence curve caused by NaCl, PEG and UV-B stressors was
significantly lesser. This indicates that UV-B priming positively regulated the
inhibition of electron transport at donor side and/or acceptor side of PSII in

rice seedlings subjected to NaCl, PEG and UV-B stresses.

Under UV-B stress conditions Fn was decreased which was
accompanied by an enhancement of relative variable fluorescence intensity at
the J-step (Vj). The increased V; denoted the increases in the proportion of
closed PSII RCs and the proportion of reduced Qa at J step. V;j increases in
salt stressed canola plant because of the reduction of total Qa and the lower
value of reoxidation of the Qa (Jafarinia and Shariati 2012). The decreased Fm
indicated an increase in the proportion of the closed PSII RCs, not
participating in electron transport. In UV-B primed rice seedlings, the
increases of Vj and decreases of Fm caused by NaCl, PEG and UV-B stressors
was significantly lesser. This was due to the increases of active reaction
centres seen in PSII, which was successively enhances the photosynthetic

efficiency in primed rice seedlings.

Performance index [Plabs)] decreased and the functional antenna size
(ABS/RC) increased during UV-B stress condition. These results indicate that
even though the absorption per RC increased it could not turn out into

effective photochemistry. The increased Fo in rice seedlings under UV-B
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stress was due to the decreased efficiency of energy transfer from the antenna
chlorophyll a to the RCs and/or the inactivation of PSIl RCs. A significant
increase of ABS/RC, ETo/RC, TRo/RC and DI,/RC was seen in UV-B stress
conditions. The increases in DI,/RC recommend that PSII RCs are
transformed into dissipative sinks for excitation energy under UV-B stress.
ETo/RC is related to the reoxidation of reduced Qa via electron transport in an
active RC (Pan et al. 2011). The increased ETo/RC is the representation of just
a single reaction centre. Therefore, it need not indicate overall enhancement in

electron transport because major proportion of RC’s are turned to be inactive.

Pleabs) reveals the three steps of photosynthetic activity which occur in
PSII RC, such as absorption and trapping of excitation energy and transfer of
it through electron transport and thus the Plw@ns) is regarded as a multi-
parametric expression for monitoring and evaluating overall photosynthesis
(Strasser et al. 2000). In Aiswarya and Kanchana rice leaves under NaCl,
PEG and UV-B stressors significant decrease occurs in Plass) on absorption
basis which can be linked to the plant vitality. The reduction is due to inactive
reaction centers and reduction in the electron transfer from Qa~. Reduction in
Pl@bs) act as a major indicator of drought and salt stresses. In wheat plants the
Pl@absy was decreased due to drought and salt stresses. These stresses may
causes stomatal closure which eventually leads to reduction in dark
(biochemical) reaction of photosynthesis and initiates photoinhibition and
photodamage of light reaction centres and membranes (Maswada et al. 2020).
Plabs) was decreased in sesame plant under drought stress (Boureima et al.
2012). The time of the induction curve to reach the maximum fluorescence
(Ttm) was increased in lettuce under drought stress (Cocetta et al. 2016).
While in the case of UV-B primed rice seedlings subjected to stress
conditions, the reduction of Pl@ss) and increase of Trm was lesser because of
the increased efficiency of active reaction centres. Similar to this result Plbs)

decreased and Tsm increased in mung bean under salt stress but the salicylic
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acid priming altered the stress effect in mung bean by enhancing Plabs) and

decreasing Trm (Ghassemi-Golezani and Lotfi 2015).

Chl a fluorescence parameters revealed that seedlings of Aiswarya and
Kanchana varieties subjected to stress conditions had negative impact on the
photochemistry similar to that of photoinhibition. It has been already
explained that photoinhibition caused by unfavourable conditions activates
photoprotection mechanisms in plants. In such a situation the cyclic electron
flow (CEF) between photosystems can be activated by stress and UV-B
priming treatment can lead to proper reduction and oxidation of the PSI
acceptor side. The stress conditions also activate other photoprotection
mechanisms like non-photochemical quenching (NPQ, xanthophylls cycle)
and water-water cycle (WWC) (Maswada et al. 2020). The activation of
photoprotection mechanisms can be elevated in rice seedlings subjected to

UV-B priming treatment.

The UV-B seed priming significantly increased the distribution of
reaction centers in a unit area and also enhanced the activity of existing
reaction centers in the leaves of the rice seedlings. The increased count of
open reaction centers enhanced the efficiency of absorption, trapping, and
transport of electrons per cross-section. But in stress condition the trapped
energy was highly dissipated due to the increase in number of closed reaction
centers. On the other hand, the UV-B priming maximized the potential of
reaction centers by increased trapping and utilization of energy in seedlings
subjected to stress condition and thus reducing the dissipation energy. Similar
positive effects of seed priming with increased count of active RCs and with
increased efficiency of RCs were reported in rice (Li and Zhang 2012) and
Vigna radiata (Jisha and Puthur 2015).

The leaf model of Chl a fluorescence related parameters revealed that

under normal condition (without any stress and any priming), the density of
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active reaction centers was higher in the tolerant variety than in the sensitive
variety. The density of active reaction centers was reduced by the closing of
various active reaction centers during NaCl, PEG and UV-B stresses in both
rice varieties. During stress condition reduction in RC/CS ratio reflects that
few of the efficient RCs are converted into inactive RCs and inactivation or
‘silencing’” of RCs is a protective mechanism in plants during stress
conditions to prevent the photooxidative damage in thylakoids (Strasser et al.
2000). The density of inactive RCs in rice leaves was relatively lesser in UV-
B primed rice seedlings exposed to NaCl, PEG and UV-B stresses. In
supportive to this it was found that just with UV-B priming the density of

active/open reaction centers were high as compared to control.

In energy ‘leaf model” which demonstrated phenomenological energy
fluxes, the ABS/CSm denoted the total absorption of light energy by total
number of RC of an excited cross-section of leaf and TR./CSm was related to
the total energy trapped by the whole RCs of a leaf cross-section. In energy
membrane model that portray specific energy fluxes, the ABS/RC established
the total absorption of light energy by PSII antenna chlorophyll molecules of
a single RC and TRo/RC was related to the maximal trapped energy by a RC

causing the reduction of Qa.

The specific activities per reaction centre (RC); ABS/RC, ET./RC,
DIo/RC and TRo/RC were increased and phenomenological fluxes per cross
section (CSm); ABS/CSm, TRo/CSm, DIo,/CSm and ET./CSm were decreased
respectively in rice under drought stress condition (Wang et al. 2016). The
phenomenological energy fluxes of absorption and trapping per leaf cross-
section [(ABS/CSm) and (TRo./CSm) respectively] decreased during NaCl,
PEG and UV-B stresses in rice seedlings. While the energy fluxes of
absorption and trapping per reaction centers [(ABS/RC) and (TRo/RC)]

increased during NaCl, PEG and UV-B stresses in rice seedlings. Because of
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the closing of most of the RCs in rice seedlings density of active RCs in an
excited cross-section of rice leaves decreases which was reflected in reduced
total absorption and trapping flux per cross-section of leaves. Since the total
numbers of active RCs were fewer in excited leaf area, each of the active RCs
exhibited increased rate of absorption and trapping that resulted in the
increase of ABS/RC and TRo/RC. The inactivation of some RCs reduces the
total number of active RCs and the functional antenna size of remaining
active RCs was augmented causing an increase in ABS/RC and TRo/RC
(Gururani et al. 2015). Wheat leaves under salt stress condition, the flux ratios
ABS/RC and TRo/RC were found to be increased and it may be due to
inactivation of few active RCs (Mehta et al. 2010; Mathur et al. 2011).

Due to inefficiency in energy trapping some of the absorbed energy
was non-utilized which resulted in the increase of dissipated energy per CSm
and dissipated energy per RC ((DIo/CS and DIo/RC, respectively) in rice
leaves under NaCl, PEG and UV-B stresses. ETo/RC reduced in rice seedlings
under NaCl, PEG and UV-B stresses, which in turn inhibited the re-oxidation
of reduced Qa- via electron transport in an active RC owing to damages at
donor/acceptor side of PS Il. Enhancement in the TRo/RC and reduction in the
ETo/RC in rice seedlings during NaCl, PEG and UV-B stresses denoted that
the trapped energy was not utilized efficiently for electron transport. OEC of
PSII was damaged owing to ROS attack, reducing the flow of electrons to the
RCs of PSII and thus declining the concentration of oxidized Qa molecules
which was the major reason for reduced electron transport in reaction centers

during stress conditions (Mathur et al. 2011).

In UV-B primed rice seedlings, the stress-induced increase of
ABS/RC, TRJ/RC and DIo//RC were relatively lesser. The reduction of
ABS/RC, TRo/RC and DIo/RC in plants due to the regulation of the light

captured by RCs is a means of tolerance in stress tolerant cultivars (Strasser et
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al. 2004). The stress-induced reduction in energy fluxes of ABS/CSm,
TRo/CSm and DIo/CSm were relatively lesser in UV-B primed rice seedlings
and this shows efficient protection of photosynthetic apparatus in primed
states of rice seedlings on encountering with NaCl, PEG and UV-B stresses.
Due to the effect of UV-B priming, the stress-induced reduction of ETo/RC
and ETo/CSm was reduced in both rice varieties and this resulted in enhanced
photochemical quenching, which reflected in relatively higher performance
index [Plabs)] in primed rice seedlings when compared to non-primed rice

seedlings.

The priming-induced responses in UV-B primed rice seedlings shows
regulation at different steps of photosynthesis which was established through
different fluorescence and phenomenological energy flux linked parameters
measured in leaves of rice seedlings. The reduction in stress-induced
absorption and trapping energy fluxes and significantly enhanced electron
transport per excited cross-section in leaves of primed rice seedlings clearly
denoted that under NaCl, PEG and UV-B stresses, UV-B primed seedlings
utilize photosynthetic energy more effectively and with minor negative

Impacts on photosynthetic performance.

The photosynthetic efficiency in crop plants is highly influenced by
different stresses. Although Pn, gs and Ci was reduced in seedlings subjected
to three stress conditions, the major reduction was observed in seedlings
subjected to PEG stress. The highly reduced gs influence the Pn and Ci and
accordingly both gets reduced (Vincent et al. 2015; Wang et al. 2016). The
reduction of stomatal aperture and increased stomatal resistance results in
lowered gs and lowering of CO> levels inside leaf tissues. Salinity may cause
the closure of stomata, thus decreasing the partial CO. pressure and Ci and
consequently resulting in a decreased Pn (Khoshbakht et al. 2018). Not only

stomatal factors but non-stomatal factors also cause the reduction in
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photosynthetic rates. Reduction of photosynthetic rates due to stomatal
closure has been reported in bean under drought stress (Mathobo et al. 2017).
The decrease in Ci points out the dominance of stomatal limitations for
effective photosynthesis, with intensification of drought stress in plants
(Mathobo et al. 2017). Moreover, the reduction in gs prevents CO2 from
entering the leaf and thus favours photorespiration (Mathobo et al. 2017).
Although net photosynthesis rate (Pn), transpiration rate (E) and stomatal
conductance (gs) were significantly decreased under drought conditions, these
parameters were increased in wheat plants subjected to silicon priming
(Maghsoudi et al. 2016). As a result of UV-B priming Pn, gs and Ci were
increased in rice seedlings confirming that UV-B priming could reduce the
inhibition on stomatal/non-stomatal factors imposed due to stresses. In
Aiswarya and Kanchana rice seedlings subjected to both modes of priming,
the stomatal conductance was optimized to ensure ambient intercellular CO>
concentrations as well as the photosynthetic rate. UV-B priming effectively
enhances the photosynthesis and accelerates the PSIlI photochemistry
(detailed in above paragraphs of this section) in rice seedlings subjected to
stresses. The same priming also could increase stomatal conductance,
enhancing the gaseous exchange in seedlings which ultimately results in
enhanced carbon fixation in UV-B primed rice seedlings subjected to NacCl,
PEG and UV-B stresses.

5.3.1.2. Respiratory activity

Normally abiotic stresses are known to trigger mitochondrial functions
in terms of enhanced respiratory electron transport. According to Atkin and
Macherel (2009), mitochondria have a role in maintaining energy and redox
balance of the cell. In the present study, the mitochondrial activity was
reduced significantly in rice seedlings subjected to NaCl, PEG and UV-B

stresses. The production of ROS (detailed in section 5.3.4.) damages the
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membranes and mitochondrial proteins and thus the mitochondrial activity
gets reduced in non-primed rice seedlings subjected to NaCl, PEG and UV-B
stresses. Mitochondria are important sites of ROS production so the
mitochondrial membranes are easily prone to ROS attack (Sharma et al.
2012).

During stress condition, stomatal closure takes place which narrows
down the CO: entry finally resulting in the reduction of photosynthate
synthesis. This affects the rate of mitochondrial activity due to decreased
availability of respiratory substrate. The derailing of respiratory process will
result in the over production of ROS in mitochondria causing disturbance in
electron transport activities and ultimately leads to lipid peroxidation (Chen et
al. 2009). Such a condition was observed in stress condition and reduction of
mitochondrial activity was maximum in seedlings subjected to PEG stress.
UV-B priming enhances the mitochondrial activity by maintaining the
intactness of the membrane through the reduction of lipid peroxidation
(detailed in section 5.2.3.) and increased rate of mitochondrial development.
There are two types of mitochondrial developments, such as repair and
reactivation of pre-existing mitochondria as well as biogenesis of new ones
(Chen and Arora, 2013). Priming induces efficient development of
mitochondria and thus facilitates energy metabolism, essential for high stress

tolerance potential.

UV-B priming of rice varieties decreases the impact of NaCl, PEG and
UV-B stresses on mitochondrial activity; therefore rate of mitochondrial
oxygen consumption was enhanced as compared to non-primed seedlings at
stress conditions. The enhanced production of ascorbate content (detailed in
section 5.3.4.) in primed seedlings also denoted the relatively enhanced
efficiency of mitochondrial functioning in withstanding the NaCl, PEG and

UV-B stresses. Normal mitochondrial functioning is important for cellular
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antioxidant defence, because the final step of ascorbate synthesis takes place
in inner mitochondrial membrane (Bartoli et al. 2000). Moreover, in priming,
mitochondria were protected by the accumulated LEA and HSP. Also the re-
pair and reactivation of mitochondria and biogenesis of new ones contributes
towards enhanced activity. Also the maintenance of integrity of inner and
outer membranes of mitochondria was retained by priming (Chen and Arrora
2013).

UV-B priming effectively enhances the antioxidant mechanism so as to
scavenge ROS and thereby reduces the lipid peroxidation in rice seedlings.
The low availability of redox equivalents in mitochondria under stress
conditions causes the decrease of mitochondrial functioning in non-primed
rice seedlings. In the case of primed seedlings the enhanced photosynthetic
efficiency (detailed in section 5.3.1.1.) assured the availability of redox
equivalents resulting in enhanced mitochondrial activity. Different seed
priming treatments (hydro, halo, chemical priming) augments the
mitochondrial functions which was earlier reported in pea (Benamar et al.
2003) and Vigna and rice (Jisha 2014; Jisha and Puthur, 2014a, 2014b, 2015,).

The UV-B priming efficiently enhances the ATP production for
accomplishing the energy requirements of post-germination stages especially
during stress conditions. This is being ascertained by the work of Chen and
Arora (2013), wherein they established that the priming had the potential for
up-regulating the genes of key enzymes involved in glycolysis, Krebs cycle
and anaerobic respiration (Chen and Arora 2013). In response to stress
conditions, the mitochondria act as a key hub for the signalling to other parts
of the cell (Huang et al. 2016).
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5.3.2. Leaf osmolality

Increase in osmolality may be due to the water loss in plants and
simultaneous synthesis of osmo-solutes (Miller et al. 2012). Increased leaf
osmolality resulted in better osmotic adjustment (Abdolahpour and Lotfi
2014). Osmolality takes a major role in the inward and outward movement of
water from plant cells (Mohammed and Ibrahim 2017). The biophysical
properties of the cell plasma membrane are affected by high osmolality not
accompanied with water intake. This can induce cell shrinking, causing a
decrease in cell membrane tension. Osmolality was enhanced by drought
stress condition in various crop plants such as rape seed (Mdller et al. 2012)
and rice (Li et al. 2015). Salinity also enhances the osmolality in wheat (Cuin
et al. 2010), barley (Vysotskaya et al. 2010), pea (Pandolfi et al. 2012),
quinoa (Shabala et al. 2013), barley and wheat (Puniran-Hartley et al. 2014),
maize (Kaya et al. 2015) and rice (Mohammed and Ibrahim 2017). Osmolality
increases by an increase in the solutes content and/or by decrease in the
amount of water uptake into the cell (Fathali et al. 2017). In mustard plant the
osmolality was increased due to the increased exposure to UV-B (Pandey et
al. 2012). To overcome the UV-B stress conditions different osmolytes were
accumulated in plant cells that result in the enhancement of the leaf

osmolality.

Various researchers have reported the influential role of priming in
bringing about osmotic adjustment in different crops. Different priming
techniques such as hydro, KNOsz and silicon seed priming enhance the
osmolality in rice (Ming et al. 2012), chickpea (Abdolahpour and Lotfi 2014)
and wheat (Azeem et al. 2015) respectively under salt stress. Hydro, halo,
osmo and solid matrix priming significantly influence the osmolality in okra
plant (Sharma et al. 2014). Similarly UV-B priming plays a major role in

increasing the leaf osmolality in both varieties under NaCl, PEG and UV-B
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stress conditions. Such a situation paves way for the increased uptake of water

and hydration of the cell.

When the stressors PEG and NaCl were provided the accumulation of
osmo-solute was at high level as compared to seedlings exposed to UV-B
stress. It is a well-known fact that both PEG and NaCl impart osmotic stress
and to counter this situation plants synthesize osmo-solutes to a higher extent
which will result in increase of leaf osmolality (Mohammed and lbrahim
2017). Osmolality is generally built up by the accumulation of various osmo-
solutes comprising of various soluble sugars and amino acids like proline.
UV-B priming induces the synthesis of these metabolites, which may have
primarily the task in antioxidative function (detailed in section 5.3.3.) and the
accumulation of these osmo-solutes will simultaneously add up to the leaf

osmolality.
5.3.3. Primary metabolites

Total proteins, sugars, amino acids and proline content were
significantly enhanced in primed rice varieties under stress conditions.
Sugars, amino acids and proteins act as compatible osmolytes in plants. The
primed rice seedlings subjected to NaCl, PEG and UV-B stresses showed
increased proteins content contributed by increased accumulation of some
stress responsive proteins such as LEA and HSP (detailed in section 5.3.5.)
and also the proteins/enzymes involved in photosynthetic reactions,
mitochondrial respiration and synthesis of secondary metabolites in defence
reactions. Protein content was increased in rice under NaCl stress up to 100
mM NaCl concentration (Hakim et al. 2014). In rice under stress condition
several osmo-responsive proteins were accumulated to mitigate the stress
effects. The accumulated proteins under stress conditions may act as a storage
form of nitrogen which gets re-utilized in post-stress recovery and also has a

key role in osmotic adjustment (Sunita et al. 2011; Parida and Jha 2013). The
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proteins, amino acids and sugars act as a osmolytes under stress condition,
which protect the cellular macromolecules and also protects subcellular
structures by regulating cellular osmotic potential and/or by scavenging
reactive oxygen species (ROS) (Deivanai et al. 2011; Garcia-Morales et al.
2014). Multiple functions of proteins involve osmotic pressure regulation,
protection of membrane integrity, stabilization of enzymes/proteins, retaining
appropriate NADP*/NADPH ratios and scavenging free radicals (Khoshbakht
et al. 2018).

UV-B priming in rice seedlings showed an increased accumulation of
protein content than non-primed seedlings. Because of UV-B priming, the
accumulation of inactive defence metabolite-conjugates occurs and these
precursors undergo a secondary post translational level modification when
sensing the stresses; which assist the faster action/response of primed plants
during the stress with minor wastage of metabolic energy (Pastor et al. 2013).
This may cause the increased accumulation of proteins in UV-B primed rice
seedlings subjected to NaCl, PEG and UV-B stresses. The enhanced content
of proteins in UV-B primed seedlings subjected to stresses denoted that the
priming can influence the protein composition in the cells of rice seedlings by
enhancing the absorption of growth nutrients for protein synthesis, signalling
the post translational modification of inactive proteins and reducing the rate
of ROS stimulated damages to proteins and protein synthesizing machinery.
UV-B priming enhances the protein accumulation and reduces the rate of
protein degradation probably by the action of accumulated HSP in rice

seedlings.

Seed priming with spermine increases the protein content in wheat
under drought stress condition (Hassan et al. 2020). Total protein content was
also enhanced in rice varieties under NaCl and PEG stress conditions on

BABA priming. Additional protein synthesis may occur in plants under
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abiotic stress condition to mitigate the stress effects. These additional proteins
synthesized include heat-shock proteins, molecular chaperones and late
embryogenesis abundant proteins, which have the potential to induce
tolerance in plants (Jisha and Puthur 2016b). Protein regulates the osmolytic
action and osmotic pressure (Garcia et al. 2012). BABA seed priming
enhanced the accumulation of total protein content in Vigna radiata under
NaCl and PEG stress condition. Increased protein content in primed plants
subjected to stress indicated the accumulation of stress proteins and
transcription factors specifically involved in synthesis of proteins, having role
in stress tolerance (Jisha and Puthur 2016a,b). UV-B priming of Aiswarya and
Kanchana subjected to stresses prominently enhances the total protein content
because of the enhanced production of stress responsive proteins, proteins

involved in photosynthesis reactions and mitochondrial respiration.

Sugars have a role in carbon storage, osmoprotection, osmotic
homeostasis and free radicals scavenging. Sugar accumulation also activates
the antioxidant enzymes such as SOD, APX and CAT (Sami et al. 2016). In
different stress conditions sugars contribute towards osmotic adjustment,
protection to membranes and ROS scavenging (Keunen et al. 2013; Singh et
al. 2015). In plants, sugars and phenolic compounds interaction had a role in
integrated redox systems, ROS scavenging and increasing tolerance against
various stresses (Keunen et al. 2013). The synergistic interaction of sugars
and phenolic compounds act as an integrated redox system in plants,
scavenging of ROS, enhancing the tolerance mechanisms against stress
(Faseela and Puthur 2018). In line with this study, previous studies have also
reported that seed priming significantly activated the total soluble sugar
content in rice seedlings (Nawaz et al. 2013; Jisha and Puthur 2014a; Zheng et
al. 2016). UV-B primed rice seedlings subjected to stress accumulated more
sugar content than non-primed seedlings subjected to stresses. The increase of

sugar accumulation in rice seedlings subjected to stresses was due to the
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degradation of starch. Total soluble sugar content was increased significantly
as a result of starch degradation in black pepper plants under non-primed PEG
stress condition (Vijayakumari 2015). The increased content of sugar was due
to the breakdown of larger carbohydrate molecules that retain the turgidity of
the cell (Kanwal et al. 2018). UV-B priming may directly or indirectly
involve in sugar metabolism of rice seedlings. UV-B priming would activate
the signalling molecules regulating the gene expression and metabolism of
various stress related molecules for the faster and timely accumulation of

sugars to encounter the stresses.

Accumulation of amino acids is an important feature in plants enabling
to overcome environmental stresses. Amino acids also act as compatible
osmolytes and reduce the osmotic potential of the cell so that turgor pressure
and turgor-related processes may be maintained during abiotic stress
conditions (Gomes et al. 2010). The increased accumulation of amino acids
protects the cellular macromolecules maintaining the osmotic balance and
scavenges the free radicals (Paul and Roychoudhury 2016). Increased
concentration of proline and amino acids maintains stabilization and
osmoregulation of proteins and other macromolecules (Sneha et al. 2013).
Moreover amino acids are considered as a source of nitrogen in plants and are
major components for the process of protein synthesis. Still another major
role of amino acids is their participation in the biosynthesis of a large variety
of non-protein nitrogenous materials, i.e. pigments, vitamins, co-enzymes,
purine and pyrimidine bases (Sadak and Abdelhamid 2015). Another major
role of amino acids is to regulate ion transport and stomatal opening, and
affect the synthesis and activity of enzymes, gene expression, redox
homeostasis and also help to tolerate harmful effects of osmotic stress
(Kovécs et al. 2012). During stress conditions the amino acids biosynthesis
was increased which are not only acting as building blocks of proteins but

also for the other metabolic activities (Ali et al. 2019).
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Free amino acids and proline are compatible solutes which get
increased in Panicum sumatrense subjected to drought stress (Ajithkumar and
Panneerselvam 2014). The increased accumulation of amino acids and proline
plays a vital role in osmotic balance of plants imparting tolerance towards
salinity and drought stress (Azooz et al. 2013; Ajithkumar and Panneerselvam
2014). Various seed priming treatments have been found to enhance the
amino acids content in different crop plants. Zn priming increases the free
amino acids and total soluble sugars in rice under salt stress (Ashraf et al.
2014). Seed priming with spermine enhances the amino acids and proline
accumulation in rice under salt stress (Paul and Roychoudhury 2016). In
present study, the amino acids accumulation was increased as a result of UV-
B priming of rice seedlings subjected to different stresses and this could aid in
osmotic adjustment. UV-B priming induced higher accumulations of amino
acids could be mainly from the increased biosynthesis of various amino acids
under stress condition and not due to the protein degradation. Because it was
observed that the protein content was increased in UV-B primed rice
seedlings exposed to stress conditions. This enhanced amino acids
accumulation contributes towards protein biosynthesis and also acts as an

osmolyte as well as nitrogen and carbon reserve.

The proline content increased in UV-B primed and non-primed rice
seedlings subjected to various stress conditions. The proline accumulation
was enhanced by the synthesis of proline from glutamic acids and/or
preventing the proline oxidation to other compounds (Salama et al. 2011).
Proline has strong potential for free radical scavenging mechanism in plants
under stress condition. Accumulation of proline is a well-known strategy
adopted by plants to cope with drought or salinity stresses. It also takes a key
role in protecting the sub-cellular structures and arbitrating osmotic
adjustment in stressed conditions. In addition, it plays an adaptive role like

protection of cellular functions by scavenging ROS, acting as storage form of
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carbon to supply energy required during recovery from stress and also acts as
a signal molecule regulating reproductive development (Chunthaburee et al.
2016). Moreover, under osmotic stress conditions proline act as osmolyte
maintaining membrane stability and protein machinery (Pandey and Shukla
2015; Hussain et al. 2016).

Various studies reported that the seed priming enhances the proline
content in different plants subjected to different stresses (Jisha and Puthur
2014 a, b, 2016). In earlier studies, the proline content was enhanced by UV
priming of seeds in Vigna mungo (Das and Roychoudhury 2014) and wheat
(Badridze et al. 2015, 2016). Higher accumulation of proline was reported in
rape seeds during osmopriming and post-priming germination (Kubala et al.
2015). In this study the UV-B priming enhances the proline accumulation in
Aiswarya and Kanchana rice seedlings, but more enhancement was noticed in
seedlings emerged from seed priming, especially in tolerant Kanchana rice
variety. UV-B priming induced proline accumulation takes a role in
mitigation of stress effects in rice seedlings. Increased accumulation of
proline act as an osmoregulator as well as a free radicals scavenger in rice
seedlings. ROS scavenging capacity of proline getting accumulated in UV-B
primed seedlings reduces the lipid peroxidation under stress conditions.
Thereby proline maintains membrane stability and protein synthesis

machinery in UV-B primed seedlings.

Various metabolites discussed above gets highly accumulated in plants
in response to stress tolerance/adaptive mechanism. UV-B priming
significantly enhances the total proteins, sugars amino acids and proline
content so as to cope up with various stresses. Higher accumulation of these
metabolites was noted in UV-B primed rice seedlings than non-primed
seedlings exposed to three different stresses. Similar, to this observation,

enhanced accumulation of total proteins, sugar, amino acids and proline was
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reported in seedlings of various plants as a result of different seed priming
techniques (Nouman et al. 2012; Espanany et al. 2016; Khaliq et al. 2015;
Zhang et al. 2015).

5.3.4. Oxidative stress and antioxidative mechanism

Reactive oxygen species are partially reduced or activated forms of
oxygen. The increased concentration of ROS may cause oxidative damage to
membranes (lipid peroxidation), proteins, RNA and DNA molecules
(Choudhury et al. 2017; McGrann and Brown 2018). ROS production is a
common process in plant metabolism under normal physiological condition.
The accumulation of ROS in different sites of plant cell (viz chloroplast,
mitochondria, plasma membrane, peroxisomes, apoplast, endoplasmic
reticulum and cell wall) increases during NaCl, PEG and UV-B stresses.
Enhanced ROS generation in plants during stress conditions owes to the
closing of stomata and reduced rate of carbon fixation which cause reduction
of NADP™* via Calvin cycle (Vijayakumari 2015). NADP* scarcity cause
decline in the electron transport chain and leakage of electrons to O, and this
can culminate in the formation of ROS. Accumulation of ROS (viz. Oz, H20>
and *OH) occurs when the oxygen molecules accept leaked electrons from the
overloaded PSI. It causes the production of superoxide radicals or singlet
oxygen that reacts with metals ions and other cellular compounds (Choudhury
etal. 2017).

The present study revealed that exposure of primed and non-primed
rice seedlings exposed to different stresses led to higher accumulation of
ROS. NaCl, PEG and UV-B stresses will result in over accumulation ROS in
seedling tissues, owing to ion imbalance and hyperosmotic stresses. Over
production of ROS is a major indicator of the oxidative stress in rice
seedlings. The phenomenon of oxidative injury modifies the structures of the

membranes by the lipid peroxidation resulting in electrolyte leakage and
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ultimately results in loss of cell viability (Espanany et al. 2016; Chunthaburee
et al. 2016; Choudhury et al. 2017). Lipid peroxidation is an ascribed
symptom to oxidative damage and it is used as a marker of oxidative stress
(Taibi et al. 2016). MDA is the main cytotoxic product of lipid peroxidation
and is a major indicator to assess the level of free radical production
(Espanany et al. 2016). Although hydrogen peroxide is comparatively stable
ROS, its higher levels causes oxidative stress causing modifications in
membrane permeability (Khoshbakht et al. 2018).

In rice seedlings subjected to UV-B priming and exposed to different
stress conditions, it was observed that the production of ROS content was
significantly reduced as compared with seedlings subjected to non-primed
stressed conditions, which denotes that oxidative stress and seedling damage
were effectively assuaged after priming both at seed or seedling stage. The
over produced ROS in stress conditions resulted in damaging the cell
components whereas in the case of seedlings subjected to UV-B priming
either at seed or seedling stage, the content of ROS produced was in limits
and could even serve as a positive regulator of signalling cascade. A minor
quantity of ROS could initiate a signalling cascade ultimately equipping the
plant to effectively counter the stress. Researchers have reported that the
moderate accumulation of ROS can act as signalling molecule for plant
growth and development and various stress tolerance mechanisms (Hossain et
al. 2015). Compared with seedling priming, seedlings emerged from UV-B
primed seeds showed lesser production of ROS and MDA and therefore the
positive regulation of ROS would be higher in the latter case. Similar results
were obtained in maize (Javadmanesh et al. 2012) and rice (Zheng et al.
2016), where the accumulation of ROS was diminished significantly by the

effect of treatment with low dose of UV-B.
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In primed rice seedlings subjected to stress conditions, the hydrogen
peroxide and superoxide contents were reduced which was directly
proportionate to the reduced MDA content (detailed in section 5.2.3.) and
electrolyte leakage in rice seedlings. These reductions points out that the
stress induced oxidative damages were effectively alleviated by priming of
the rice seedlings with UV-B. Also the efficient photosynthetic machinery in
UV-B primed seedlings ensures smooth electron flow and will control the
production of ROS. Previous researchers have concluded that the positive
effects of various seed priming treatments under various abiotic stresses occur
presumably due to the protection against oxidative damages (Abid et al. 2018;
Dillon et al. 2018; Fang et al. 2018; Irani and Todd 2018; Noorhosseini et al.
2018). Similar positive effects were reported as a result of seed priming with
low dose of UV-B radiation, hydro-priming, KNO3 and PEG and the positive
effects include averting lipid peroxidation, electrolyte leakage and ROS
production as noted in maize (Javadmanesh et al. 2012), black cumin
(Espanany et al. 2016) and rice (Hussain et al. 2016; Zheng et al. 2016).

Retention of membrane integrity and stability under abiotic stress is a
major component of stress tolerance in plants. The membrane stability index
(MSI) is a physiological index that has been widely used to evaluate stress
tolerance. Disruption of membrane integrity due to oxidative damages causes
increased ion conductivity (Iseri et al. 2014; Khoshbakht et al. 2018). Various
stress conditions affect membrane stability through lipid peroxidation, leading
to the production of peroxide ions and malondialdehyde (MDA). Thus,
changes in the concentration of MDA and electrolyte leakage are good
indicators of membrane structural integrity under stress conditions (Li et al.
2011; Sanchez-Reinoso et al. 2014). Drought stress negatively affects the
membrane integrity and electrolyte leakage in borage leaves and durum wheat
(Ahmadizadeh 2011; Dastborhan and Ghassemi-Golezani 2015). NaCl stress

increases the electrolyte leakage and lipid peroxidation, and decreases the
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membrane stability index (MSI) in Vigna radiata (Hayat et al. 2010), rice
(Farhoudi et al. 2012) and cucumber (Khan et al. 2013). Elevated UV-B
radiation increases oxidative stress leading to the destruction of phospho- and
glycolipids in the cell membrane, thereby resulting in electrolyte leakage of
membranes, and thus decreases membrane stability (Mohammed and Tarpley
2010). UV-B priming primarily reduced the ROS generation and thus
enhanced the membrane stability index and lowered electrolyte leakage in rice

seedlings.

Various researchers have studied the significant influence of seed
priming on MSI and electrolyte leakage. Although drought stress elevated the
electrolyte leakage of membranes in wheat leaves, seed priming with
spermine was found to be effective in reducing electrolyte leakage (Hassan et
al. 2020). Similarly, increasing salinity damaged the cell membrane stability
and electrolyte leakage in alfalfa and the osmo- and hydropriming of seeds
retained the cell membrane stability and thus reduces the electrolyte leakage
(Amooaghaie 2011). Abiotic stresses leads to various malfunctions at cellular
level that damage the membrane, one of which is increased membrane
permeability, which was reduced by salicylic acid priming in rice (Pouramir-
Dashtmian et al. 2014). These previous reports supported the results of this
study wherein seed/seedling priming with UV-B positively influenced to
reduce the electrolyte leakage. Electrolyte leakage was decreased during
seed/seedling priming of Kanchana and Aiswarya rice varieties under NaCl,
PEG and UV-B stress conditions and this was due to the retention of
membrane integrity in stress conditions. Although priming does not have a
direct influence on membrane integrity it may be averting the damage of ROS

on membrane due to reduced rate of ROS synthesis.

Plant’s antioxidant defence mechanism aids the plants to overcome the

cascades of uncontrolled oxidation and protect the cells from ROS induced
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oxidative damage (Anjum et al. 2015; Chen et al. 2016). In plants, non-
enzymatic antioxidants play a key role in stress tolerance and are mainly
involved in many cellular processes under stress by directly detoxifing the
ROS and thus contributing to non-enzymatic ROS scavenging (Gill and
Tuteja 2010; Palma et al. 2015). It was observed that rice seedlings from both
modes of priming with UV-B hasten the total phenolics, ascorbate and
glutathione accumulation. The reduced rate of non-enzymatic antioxidants
accumulation was observed in seedlings subjected to stress conditions in
comparison with primed seedlings subjected to stress conditions denoting that
UV-B priming by two different modes can positively influence the
biosynthesis of non-enzymatic antioxidants process. The hastening of non-
enzymatic antioxidants accumulation was principally elevated in seedlings

from primed seeds than seedlings directly primed with UV-B.

Ascorbate is a water soluble antioxidant and act as an enigmatic
component of plant defence mechanism. Ascorbate has multiple functions in
plants, influencing growth and development by metabolizing ROS and its
products (Anjum et al. 2014). It is a non-enzymatic antioxidant which serves
as electron donor in various enzymatic and non-enzymatic reactions.
Ascorbate also plays major role in plant development such as regulation of
cell division, cell cycle and cell elongation. It can also act as an alternative
electron donor to PSII, when the oxygen evolving complex (OEC) is damaged
during stress condition (Toth et al. 2011). This enhancement in ascorbate
accumulation provides an explanation of better PSII activity in UV-B

irradiated seedlings (Faseela and Puthur 2018).

The increased content of ascobate and glutathione in rice seedlings
raised from UV-B primed seeds shows a clear cut indication of their capacity
to adapt to environmental stresses. The ascorbic acid directly scavenges the

10, and OH" and in addition removes the H2O: through Asada-Halliwell
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pathway and this antioxidant was over accumulated in Vigna species on
exposure to UV-B radiation (7.2 kJm2) (Dwivedi et al. 2015). The increased
level of antioxidants confers the ability to plants for scavenging ROS and thus
to effectively withstand the NaCl, PEG and UV-B stresses. The protective
role of ascorbate, glutathione and total phenolics against oxidative stress was
well evident in many crop plants (Gill and Tuteja 2010). Ascorbate and
glutathione were involved in scavenging H20. in combination with activities
of monodehydroascorbate reductase and glutathione reductase, which
regenerates ascorbate. Glutathione (GSH) is non-enzymatic antioxidant and it
is involved in various cellular processes under stress and it also acts as a
substrate for glutathione S-transferase and glutathione peroxidase. Moreover,
it can detoxify superoxide and hydroxyl radical and also function as non-
enzymatic ROS scavenger (Foyer 2018). According to Hussain et al. (2016)
respiration take a major role in the synthesis of GSH. At the time of
respiration, different metabolites such as glycine are produced, that could be
used for the synthesis of GSH. GSH also act as a substrate of the enzyme GR,
so that the augmented GSH content in UV-B primed rice seedlings can be

correlated with enhanced GR activity in stress conditions.

Phenolic compounds function as strong scavenger of free radicals. UV
treatment activates the phenolic biosynthetic pathways and enhances the
accumulation of phenolic compounds (Bravo et al. 2012). According to Bravo
et al. (2012), the UV treatment improved the accumulation of phenolic
compounds in tomato plants because of the activation of phenolic biosynthetic
pathway as compared with the untreated samples. Similar results was
observed in lettuce plants, which shows that the UV seed priming enhanced
the total phenolics content as compared with non-primed plants (Ouhibi et al.
2014). Phenolics compounds take multiple roles in plants such as structural
components of cell walls, involved in the modulation of growth and

developmental processes as well as in the mechanisms of defence against
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abiotic stresses (Taibi et al. 2016). Phenolic compounds protect the cells from
oxidative damages, increase the cell membrane stability and mitigate the
stress effects in seedlings primed with UV-B. This was predominantly
observed in UV-B primed rice seedlings as compared to non-primed seedlings
subjected to different stresses. In response to UV-B stress, plants accumulate
phenolic compounds and antioxidants which is an attribute of PAL activation

in plants (Esringu et al. 2016).

In this study, the UV-B priming induced enhanced synthesis of
ascorbate, glutathione and total phenolics in Aiswarya and Kanchana rice
seedlings. The enhanced accumulation of ascorbate, glutathione and total
phenolics content aid in the detoxification of the ROS and thus play a major
role in effectively controlling lipid peroxidation and electrolyte leakage by

retaining the membrane stability.

The SOD, CAT, APX, GPOX are the most important enzymes
involved in free radical scavenging process in plants. GR, MDHAR and
DHAR were indirectly involved in the ROS scavenging mechanisms in
plants. In earlier studies, it was well illustrated that the activities of these
enzymes were enhanced, aiding in scavenging of the free radicals and thus
reducing the lipid peroxidation during UV-B radiation stress (Dwivedi et al.
2015), NaCl and PEG stresses (Ma et al. 2016). The elevated gene expression
of these enzymes during stress indicates that plants attained the potential to
efficiently control the ROS and thus attain stress tolerance potential (He et al.
2014). SOD activity accelerated the conversion of superoxide to hydrogen
peroxide, whereas CAT and APX dismutated hydrogen peroxide into water
and oxygen (Wang et al. 2010; Li et al. 2017). In antioxidant enzymatic
defence system APX have major role in averting oxidative membrane damage
and this was due to its higher affinity to hydrogen peroxide, converting it to

water by utilizing thylakoid lumen ascorbate as electron donor (Sofo et al.
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2015; Vuleta et al. 2016). According to Faseela and Puthur (2018), the
antioxidant enzymes such as SOD, CAT and APX efficiently got elevated in
Kanchana rice variety under UV-B treatments. The UV-B radiations trigger
the de novo synthesis of SOD as well as other antioxidant enzymes (Wang et
al. 2015). GPOX is a heme containing enzyme and removes excess hydrogen
peroxide during stress conditions. GPOX prefers guaiacol and pyragallol as
electron donors. GPOX activity was higher in lettuce plants during UV-B
stress condition (Esringu et al. 2016) and rice seedlings under drought stress

conditions (Das and Roychoudhury 2014).

Previous studies have reported that various seed priming methods
positively influenced the antioxidant mechanism in different crops under
various stress conditions. The osmo-priming treatment enhanced the activities
of GPOX and CAT reduced the malonyldialdehyde (MDA) content and the
electrolyte leakage in alfalfa under drought conditions (Mouradi et al. 2016).
Polyethylene glycol priming increases the antioxidant activities of APX,
CAT, GPOX and SOD in sorghum under drought condition (Zhang et al.
2015). The UV seed priming significantly improved the SOD, CAT and APX
activities in lettuce (Ouhibi et al. 2014), fenugreek (El-Shora et al. 2015),
maize (Rudnoy et al. 2015), wheat (Badridze et al. 2015; 2016), rice
(Inostroza-Blancheteau et al. 2016). The previous studies have reported that,
during the hydropriming and hormonal priming, synthesis of new CAT
isoforms were initiated in wheat under drought stress condition (Eisvand et al.
2010). In this study the APX activity was higher in UV-B primed rice
seedlings subjected to various stresses than GPOX activity and has a greater
role in detoxication of hydrogen peroxide. APX shows higher affinity towards
hydrogen peroxide than CAT and GPOX enzymes (Ali et al. 2019).

The activities of various enzymes coming under AsA-GSH cycle was

effectively influenced by UV-B priming that results in increased
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accumulation of ascorbate and glutathione content which also supported the
APX enzymatic activity in successive manner. Over-produced ROS was
removed by the activity of these antioxidants that reduces the lipid
peroxidation and electrolyte leakage in rice seedlings and thereby the
membrane stability was retained. The effective functioning of antioxidant
system was ensuring the protection of the photosynthetic apparatus and
thereby increases the photosynthetic activities in UV-B rice seedlings under
stress conditions. In present study, it was observed that the UV-B priming
Improved antioxidant activities in rice seedlings; the elevation was higher in
primed rice seedlings subjected to NaCl stress condition followed by UV-B
and PEG stresses than control. By the enhanced action of antioxidants, the
MDA content was reduced in primed than that of non-primed seedlings
exposed to stresses condition. The increased antioxidant activity in UV-B
primed rice seedlings improves the growth, enhanced ROS scavenging

capacity and better tolerance to NaCl, PEG and UV-B stresses.

APX, MDHAR, DHAR and GR are major enzymes involved in AsA-
GSH cycle which controls ascorbate and glutathione regeneration. APX
utilize two molecules of ascorbate to reduce H20. and generate two molecules
of monodehydroascorbate (MDHA). MDHA is converted to ascorbate
through the action of MDHAR consuming NADPH as the electron donor or it
gets converted non-enzymatically to ascorbate and dehydroascorbate (DHA).
DHA is recycled to ascorbate through the action of DHAR. GSH was
regenerated from GSSG by the action of GR (Sharma et al. 2015; Sofo et al.
2015). Previous researchers have reported the enhanced activity of MDHAR,
DHAR and GR under salinity stress in maize roots (AbdElgawad et al. 2016),
in wheat under drought stress (Devi et al. 2012) and in rice under UV-B stress
(Faseela and Puthur 2018).
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The MDHAR, DHAR and GR activity was positively influenced by
UV-B priming. This was also evident from the increased ascorbate and
glutathione content in primed rice seedlings. Increased MDHAR, DHAR and
GR activity was responsible for the higher accumulation of ascorbate and
glutathione content (detailed discussion in earlier paragraphs of this section)
and also the higher activity of APX in UV-B primed rice seedlings under
stress condition. Although in non-primed seedlings subjected to stress
condition, the MDHAR, DHAR and GR activity was also enhanced but it was

much lower than in the UV-B primed rice seedlings under stress conditions.

The mRNA level expression of SOD, CAT and APX genes was
significantly augmented in rice seedling by the influence of priming with UV-
B and also on exposure to NaCl, PEG and UV-B stresses. The isoforms of
SOD, CAT and APX such as Cu/Zn SOD, CatA and APx1 got enhanced under
the influence of oxidative, cold and drought stresses to detoxify the ROS (Li
et al. 2017; Rossatto et al. 2017). The results clearly indicated that the UV-B
priming has specifically influenced the expression of genes of very important
antioxidant enzymes so that the rice seedlings could cope with the three

different stresses.

According to Paul and Roychoudhury (2017), rice seedlings raised
from seed priming showed higher expression levels of genes encoding SOD,
CAT and APX under NaCl stress. Under salinity conditions, increased
activities of APX, CAT and SOD as well as enhanced expression levels of
APX, CAT and SOD genes have also been shown in osmoprimed Brassica
napus seedlings and in chemical primed Arabidopsis plant (Kubala et al.
2013; Irani and Todd 2018). APX gene expression was increased in seedlings
of Physalis angulata from osmoprimed seeds under salt stress condition
(Souza et al. 2016). Similarly various reports have suggested that the Cu/Zn

SOD, CatA and APx1 have a greater role in enhancing the tolerance against
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oxidative, cold and drought stresses through improving ROS scavenging
capability (Li et al. 2017; Rossatto et al. 2017). According to Sen et al.
(2020), UV-B seed priming activated the expression of genes Cu/Zn SOD,
CatA and APx1 in rice seedlings. These genes were also highly expressed in
polyethylene glycol primed rice seedlings subjected to nano-ZnO stress
(Salah et al. 2015). Similarly in this study, UV-B primed seedlings showed
slight increase in the expression of SOD, CAT and APX without any stress
conditions and this was because of the base level activation of antioxidant
enzymes by the action of UV-B priming and this signifies the importance of
priming for initiation of enhanced expression of genes encoding antioxidant

enzymes.

In the present study Cu/zZn SOD, CatA and APx1 were highly
expressed in UV-B primed rice seedlings subjected to NaCl stress than PEG
and UV-B. In the case of SOD, Cu/ZnSOD and other isozymes such as
MnSOD and FeSOD are co-expressed so that the activity of SOD was sum
total of all these and it was higher in UV-B primed rice seedlings subjected to
stress condition. But the gene expression studies were restricted to Cu/ZnSOD
and therefore the SOD activity analyzed based on gene expression would be
less than the activity studied. The results discussed above clearly indicated
that the UV-B priming beneficially influenced at genetic level modification of
rice seedlings. These highly expressed genes contributed to higher
accumulation of antioxidant enzymes such as SOD, CAT and APX (detailed
in section 5.3.4.) in rice seedlings. Thereby in UV-B primed seedlings
subjected to stress conditions the antioxidant activity was efficient so as to

take care of the stress to which the rice seedling was exposed to.
5.3.5. Stress responsive proteins

UV-B priming also significantly altered the mRNA level expression of

stress responsive proteins such as HSP and LEA in rice seedlings. HSPs act as
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molecular chaperones, also a key factor contributing to cellular homeostasis
in cells under both normal and adverse growth conditions. HSPs and LEA are
known stress proteins and priming with UV-B involves a mild dose of stress
triggering the enhancement of gene expression of these two prominent stress
proteins. According to Al-Whaibi (2011), when plants were exposed to UV-
B, the gene for HSPs was highly expressed in their aerial tissues (shoot). In
rice plants the HSP genes were over expressed as a response towards
tolerance mechanisms against UV-B stress (Xu et al. 2011). The role of HSPs
extends beyond their chaperone activity, by reducing the damage that result
from ROS accumulation. In rice, salinity (NaCl), desiccation (PEG), high pH
and high temperature stresses induces the expression of Hsp90 gene as part of
a stress tolerance mechanism (Al-Whaibi 2011). Liu et al. (2006) reported
that expression of gene for Hsp90 was significantly increased in rice under
salt stress. HSPs stabilize protein and membrane structures, and are induced
during priming in various plants (Catusse et al. 2011; Chen and Arora 2013).
In tomato plants the HSP gene activation was induced by osmopriming of
seeds (Gupta et al. 2008). The HSP gene was highly expressed in both primed
and non-primed rice seedlings of Kanchana variety under UV-B stress than
those subjected to other stress conditions. The accumulated HSP would
contribute towards the increased protein accumulation in seedlings subjected
to UV-B priming. Moreover the HSP would also prevent the degradation of
protein under stress and therefore there is increased protein accumulation in
primed seedlings subjected to stress. Heat-shock proteins prevent UV-B
related protein damage and directly inhibit the DNA damage and/or improve
DNA repair by interacting with repair enzymes (Jantschitsch and Trautinger
2003).

LEA proteins have been implicated in various stress response of plants.
High level accumulation of LEA proteins were reported in drought, osmotic,

salt and cold stresses (Lutts et al. 2016). LEA proteins retains cell structure
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and macromolecules upon cell dehydration as a result of preventing
inactivation and aggregation of proteins and the loss of membrane integrity.
In rice, a group 3 LEA protein gene was over-expressed under drought, salt
and abscisic acid (Xiao 2007). The enhanced expression of LEA transcript in
rice seedlings by UV-B priming improves the stress tolerance potential of
seedlings. Various seed priming techniques were reported to induce the
expression/accumulation of LEA transcript/protein in association with
improved stress tolerance of primed seedlings (Chen et al. 2012; Kubala et al.
2015). It was found that due to seed osmopriming in Spinacia oleracea (Chen
et al. 2012) and Brassica napus (Kubala et al. 2015), the expression/
accumulation of LEA transcript/protein were significantly altered under
drought stress. LEA retains cell structure and macromolecules upon cell
dehydration as a result of preventing inactivation and aggregation of proteins

and the loss of membranes integrity.

Both primed and non-primed rice seedlings subjected to PEG stress
radically induced the expression of LEA proteins than NaCl and UV-B. This
observation can be justified as LEA proteins are well known to be involved in
stress tolerance process associated with drought/osmotic stress tolerance.
Various reports have conclusively showed that drought stress significantly
alters the expression/accumulation of LEA transcript/protein in different
plants (Wojtyla et al. 2016).

5.3.6. Synthesis of UV-B absorbing compounds

Seed as well as seedling priming with UV-B in both rice varieties
significantly enhances the PAL activity, flavonoid and anthocyanin content in
rice seedlings predominantly under UV-B stress condition. UV-B is well
known to have the potential to enhance these features to counter the UV-B
specific stress encountered by the plants. Priming with UV-B have further

enhanced this potential and all these features were seen to enhance further

156



%meulon

making the plant still more tolerant towards UV-B stress. Dual function of
flavonoids and anthocyanins as UV-B protector and ROS scavenger
remarkably enhances the stress tolerance potential more intensively in both
varieties of UV-B primed rice seedlings subjected to UV-B stress, followed
by NaCl and PEG stresses.

Various other cases of priming inducing the activities of PAL and
accumulation of flavanoids and anthocyanins enabling the plants to encounter
various types of stresses have been reported earlier. Biopriming enhances the
flavonoid content in pea plants under salt stress condition (Ghezal et al.
2016). Anthocyanin and flavanoids content was increased due to the hydro
and osmo-priming effects in rice under salt stress (Chunthaburee et al. 2016;
Paul and Roychoudhury 2016). Yicel and Heybet (2016) reported that the
salicylic acid and calcium seed priming enhances the PAL activity and
flavonoid content in wheat under high salinity. Similar results were also
reported in salicylic acid priming of safflower and Vigna mungo wherein PAL
activity, flavanoid and anthocyanin accumulation was increased as a result of
salinity stress and these secondary metabolites act as a free radical scavengers
(Shaukat et al. 2013; Shaki et al. 2018). UV-B radiation exposure causes
flavonoid accumulation in bell pepper. Anthocyanin accumulation in plants,
imparts protection against high salt concentration through the osmo-protective
responses. NaCl priming enhances the anthocyanin content in tomato plants

under saline stress condition (Iseri et al. 2014).

PAL acts as a key enzyme in phenylpropanoid pathway, which is
involved in the synthesis of secondary compounds such as flavonoids (Shaki
et al. 2018). Flavonoids are secondary metabolites that are synthesized
through the phenylpropanoid pathway which act as antioxidant agents by
scavenging ROS and have a key role in stress protection. Water-soluble

pigments derived from flavonoids via the shikimic acid pathway are
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anthocyanins and have a protective role in plants under stress conditions
(Shaki et al. 2018).

Flavonoids and anthocyanins acts as powerful antioxidants and
antiradical agents. UV-B irradiation can hasten the biosynthesis of flavonoids
and anthocyanins, which serve to protect the cells from UV-B radiations
(Shaukat et al. 2013). Increased flavonoid content can reduce the UV-B
penetration and protect the photosynthetic apparatus. Stress-responsive
flavonoids have the potential to inhibit the generation of ROS and reduce the
levels of ROS through its antioxidation capacity. Flavonoids have indeed the
capacity to absorb UV-B radiation, inhibit the generation of ROS and once
they are formed it quench the ROS (Ravindran et al. 2010).

Cuticular wax is a complex mixture of a homolog series of very-long
chain aliphatic lipids, triterpenoids and minor secondary metabolites, such as
sterols and flavonoids. Cuticular waxes protect the aerial parts of plant from
uncontrolled water loss and UV radiations (Bourdenx et al. 2011). Cuticular
waxes act as a protective sunscreen in plants which provides a shielding
ability in leaves for attenuation of UV-B radiation. Increased wax on leaf
surfaces reduces the penetration of UV due to increased reflection from the

surfaces (Kumari and Agrawal 2010).

In this study the epicuticular wax accumulation was highest in UV-B
stress condition than other stress conditions. These deposited wax content
attenuates the harmful effects of UV-B stress in rice seedlings. Wax
deposition was higher in tolerant Kanchana rice variety and this could impart
enhanced tolerance against UV-B. UV-B induced wax deposition was
remarkably reported by various researchers in different plants. Epicuticular
wax deposition was increased in Cymbopogon citrates under UV-B stress

condition (Kumari and Agrawal 2010). The epicuticular wax accumulation
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was positively altered in seedlings from primed seeds as well as directly

primed seedlings exposed to UV-B stress.

In Kanchana and Aiswarya rice varieties the epicuticular wax
deposition was also enhanced under PEG stress condition. This wax
accumulation was to assist in preventing the excess water loss from rice
seedlings, due to the presence of alkanes in wax content. Cuticular wax
contains alkanes which are important for plant water status control and water
stress response (Bourdenx et al. 2011). Wax accumulated in drought stress
condition has a connection with tolerance mechanisms of plants (He et al.
2018). Kanchana variety being a tolerant variety showed a higher
accumulation of wax content than Aiswarya rice seedlings exposed to PEG
stress and this would enable the former variety to counter water loss more
effectively. This result was supported by earlier reports, wherein enhanced
deposition of epicuticular wax on the surface of leaves of several plants has
been reported to shield them from excess water loss through transpiration and
act as an effective constituent of drought resistance (Wijewardana et al. 2016).
PEG induced drought stress enhances the leaf epicuticular wax content in
Phoenix dactylifera (Al-Mayahi 2016). Besides UV-B, priming with silicon
was reported to enhance the epicuticular wax content in wheat subjected to
drought (Ahmed et al. 2016).

The present study clearly revealed the efficacy of UV-B priming in
Imparting abiotic stress tolerance in tolerant and sensitive rice varieties under
three stress conditions. The UV specific characters such as UV absorbing
compounds and cuticular wax deposition have been prominent in UV-B
primed seed as well as seedlings subjected to UV-B stress conditions than
NaCl and PEG stresses.
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5.3.7. UV-B priming bring about tolerance towards multiple stresses also

shows cross tolerance and stress memory

The findings of this study also gave information on two very important
aspects such as the stress memory or priming imprints as well as the cross-
tolerance mechanisms operational in rice seedlings which were directly
exposed to UV-B priming and those that emerged from primed seeds. The
treatment with low dose of UV-B act as key factor for priming induced stress
memory or developing priming imprints in rice seedlings. This imprints gets
hoarded and later rejuvenates when the seedlings were exposed to stress
conditions and thus triggers the stress tolerance mechanisms. In this study,
although the priming was carried out with UV-B, the imprints get activated
and functional not only in UV-B stress but also in NaCl and PEG stress and
thus exhibits cross tolerance. The priming imprints developed as a result of
UV-B priming, has also the potential to induce cross tolerance mechanisms in
rice seedlings. It was reported in previous studies that NaCl priming induces
the stress tolerance towards drought stress in sugarcane and heat tolerance in
barley, H>O> priming induces the tolerance towards salt and heat in wheat and
maize respectively; hydro, CaCl> and ABA priming helps to tolerate salt and
PEG stresses in Indian mustard (Wahid et al. 2007, 2008; Mei and Song 2008;
Patade at al 2009; Srivastava et al. 2010). Initial mild stress exposure during
UV-B priming helps the plants to acquire stress tolerance capacity which gets
stored as priming memory. This priming memory induces quick stress
responses when seedlings are encountered with stress conditions at anytime of

its life span.

Bandurska and Cieslak (2013) reported that the cross tolerance effect
of UV-B pre-treatments in barley results in stress tolerance particularly under
drought conditions. Same scenario was observed in this study, the UV-B pre-

treatments with low dose prominently enhanced the stress tolerance in NaCl
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stress rather than UV-B and PEG stresses. Photosynthesis and respiration
rates were prominent in UV-B primed seed and seedlings subjected to NaCl
stress condition by the effect of augmented activities of antioxidative
machineries, which act as a shield for photosynthetic and respiratory
machineries from ROS toxicity and lipid peroxidations. The study indicated
that the UV-B priming imprints and cross tolerance mechanisms was more
prominent and more efficient in NaCl stress conditions rather than UV-B and
PEG stress.

Priming memories of one stress make plant respond to another stressor
(Hilker et al. 2016). UV-B primed rice seedlings subjected to NaCl stress in
rice varieties showed more efficient PSI and PSII functioning as well as the
increase in gs, Pn and Ci was higher than seedlings exposed to other stressed
conditions due to the priming induced cross-tolerance mechanisms becoming
more successful in NaCl stress conditions. UV-B primed Kanchana rice
seedlings subjected to NaCl stress showed increased metabolite accumulation.
These metabolites also help the rice seedlings to undergo osmotic adjusment

under three stress conditions especially under NaCl stress.

The effective and efficient action of enzymatic and non-enzymatic
antioxidants was observed in UV-B primed Kanchana rice seedlings exposed
to NaCl stress than in the case of UV-B and PEG stresses. Under the
influence of UV-B priming of rice seedlings, the antioxidant machinery was
activated right in the seed stage itself. In Aiswarya and Kanchana rice
seedlings raised from primed seeds on exposure to stress condition, the
antioxidant machinery was seen to be robust due to the retention of ‘stress
memory’ induced as a result of priming. This stress memory plays a key role

in priming induced cross-tolerance (Chen and Arora 2013).

UV-B priming activates stress-responsive system in rice seedlings to

resist NaCl, PEG and UV-B stresses as a result of effective stress imprints.
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Molecular alterations such as gene expression changes by chromosomal
modification like DNA methylation and histone alterations imparts stress
memory in plants (Chen and Arora 2013). These modifications are inheritable
that mediate trans-generation memory in seedlings. The priming gives stress
memory in plants, this past event memory shape the response to future
environmental stimuli. Priming efficiently alters the future plant performance
when the plant was exposed again to stress conditions. While experiencing
mild stress, plants are warned of future stress, which was reviewed as a
priming stimulus that strengthens plant’s response to forthcoming stresses.
Priming equips the organism for an enhanced response to an imminent future

stress.
5.3.8. Cost effectiveness of UV-B priming towards three different stresses

UV-B priming triggers a set of metabolic adaptation leading to stress
memory and allowing plants to adapt more efficiently to stress conditions.
Antioxidation related innate tolerance potential was kept in an alert mode in
‘primed’ seedlings, rather than the continuous accumulation of antioxidants

(Thomas et al. 2019, 2020).

In rice seedlings primed with UV-B but not subjected to any stress, the
activities of both enzymatic and non-enzymatic antioxidants were marginally
increased, while the rate of ROS production and lipid peroxidation was
slightly reduced in comparison with the control. The slight increase in
antioxidants even when the ROS production is less than control shows the
alertness of the system in primed state with the synthesis process of the
antioxidants becoming already functional even when the ROS production was
moderate and unharmful. It does not have any additional energy cost for the
plants until and unless a stress is initiated. This ensures that a cost effective
mechanism of stress tolerance is operational in plants subjected to UV-B

priming.
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The cost effective stress tolerance mechanism is one of the biggest
advantage of priming induced abiotic stress tolerance (Chen and Arora 2013;
Wojtyla et al. 2016). The term cost effectiveness is not in the economic
aspects, but in the aspects of energy utilization. Priming initiates stress
tolerance mechanisms especially antioxidation process and permits the
processes to continue in an alert mode, without exerting any additional energy

cost for the plants until and unless a stress is initiated.

Priming enables future plant fitness with desirably lesser investment of
resources. Therefore, priming is likely to diminish the costs of responding to
future stressful situations. In a primed plant response towards stress stimulus
gets displayed in a quick mode than non-primed plants. Thereby, the
biosynthesis rate of defensive compounds is elevated, and efficient levels are
reached faster. It was found that defence machinery gets activated in a cost
effective manner i.e. the defence process gets activated in tune with the
intensity of the stress. Such a strategy would ensure that the plant does not
allocate more reserves for stress tolerance process and thus the productivity
does not gets compromised to a higher extend when plants are exposed to

stress.

Priming with low dose of UV-B has the potential to equip the plant, by
over synthesizing various antioxidants depending on the intensity of the stress
encountered by it. Priming is basically alerting the existing defence
machinery of a plant and the utilization of the same depends on the stress
encountered by the plants. Therefore, mere priming would in no way tax extra
to the plants, which is cited as one of the greatest advantages of priming by
many authors (Jisha and Puthur 2015; Badridze et al. 2015, 2016; Inostroza-
Blancheteau et al. 2016; Vijayakumari and Puthur 2016).

UV-B priming has got the capacity to amplify and tune the stress
tolerance mechanism in Aiswarya and Kanchana rice seedlings based on the
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stress to which it is exposed to. That could be the reason why after providing
a low dosage of UV-B for priming, the stress tolerance mechanisms gets
activated in rice seedlings of var. Kanchana and Aiswarya and performs in a
big way based on the stress to which it is exposed to. This finding
corroborates with the earlier outcome of GABA/BABA priming in rice, Vigna
and black pepper exposed to NaCl or PEG stresses (Jisha and Puthur 2014b,
2015; Vijayakumari and Puthur 2016).

5.3.9. Seed priming vs seedling priming

The antioxidative potential and photosynthetic activities were effective
in seed priming rather than seedling priming. Accordingly, the priming
imprints and cross tolerance was efficiently expressed in seed priming than
seedling priming. In seed priming, the specific transcription factors or
protective metabolites as well as epigenetic modifications are accumulated at
seed stage (Chen and Arora 2013). These pre-germinative mechanisms
efficiently accelerate stress tolerance when seeds were later subjected to stress
conditions. Whereas, in the seedling priming, stress tolerance mechanisms
gets activated at a later stage and the resources would be shared between other
processes required for the establishment of the seedling (Bruce et al. 2007).
From this study it can be concluded that the cross-tolerance and priming
imprints were more prominent in seed priming than seedling priming.

Compared with seedling priming the effective priming imprints due to
seed priming leads to the increased accumulation of enzymatic and non-
enzymatic antioxidants which imparts an enhanced protection to the
photosynthetic machinery, which is reflected in increased PSI and PSII
activities in seedlings raised from primed seeds. Studies have reported that
enhanced activities of antioxidants during priming, assisted rice seedlings to
overcome the stress-induced challenges (Khaliq et al. 2015; Zheng et al.
2015; Hussain et al. 2016). When the seedlings subjected to priming were
exposed to stress condition, the priming imposed a rapid and efficient
response towards the stress through activation of antioxidant machineries by
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taking advantage of stress memory and hastily acclimatizing to the subsequent
episodes of stress and this was predominant in seedlings from UV-B primed
seeds than seedlings directly primed with UV-B.

Compared to the seedling priming, seed priming resulted in significant
enhancement of enzymatic and non-enzymatic antioxidants activities in
seedlings, which results in the reduction of ROS and MDA content. UV-B
priming accelerated the antioxidant activities of SOD, CAT, APX and GPOX
as well as upholds the production of proline, soluble sugars, free amino acids
and proteins contents. In seedling priming, there are greater chances for the
priming imprints to be frequently interrupted and negotiated by the active
plant growth. However in the seed priming, the preparative stage for
antioxidants synthesis becomes active in seed stage itself before the initiation
of germination and this would ensure that priming imprints and the associated
functions would progress uninterrupted into the seedlings. Superior growth
features as well as antioxidant machinery were observed in seedlings emerged
from primed seeds over seedlings growing after seedling priming and this
could be possible because of efficient germination process and unfaded
priming imprints in the former. The seedlings emerged from primed seeds
tackle the abiotic stresses by vigorous head-start or/and by exhibiting cross
tolerance (Chen and Arora 2013).

UV-B primed rice seedlings shows enhanced stress tolerance potential
through the over-expression of defence related components including
osmolytes (proline and sugars), heat shock proteins (HSPs) and late
embryogenesis abundant (LEA) proteins for encountering unpredictable
negative effects of stress conditions on growth and development of seedlings.
It can be considered that UV-B priming minimized the negative effects
through timely management of osmotic balance inside cells. Like in the case
of seed priming, seedling priming also stimulated the expression of LEA and
HSP genes and also enhances the accumulation of osmolytes in rice seedlings.
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UV-B priming not only influences seeds but also the whole plant
system itself. It equips the plants to reacts more quickly and efficiently to a
stress. An efficient stress tolerance adaptation of primed seedlings could be
related to a direct impact of pre-treatment on cell cycle regulation and cell
elongation processes occurring right at the embryo development stage. Seed
priming mediated stress tolerance could be noted in the seedling vigour which
was developmentally more advanced than seedling priming.

5.3.10. Tolerant variety vs sensitive variety

Tolerant Kanchana rice seedlings showed more efficiency in
photosynthesis than sensitive Aiswarya rice seedlings in both modes of
priming on exposure to stress conditions. In Kanchana rice variety UV-B
priming could generate efficient antioxidation process for scavenging ROS
and thereby reduces the lipid peroxidation and electrolyte leakage retaining
membrane stability and photosynthetic efficiency when rice seedlings were
subjected to stress conditions. The respiratory activity was more prominent in
seedlings from primed seeds and of the two varieties and it was prominent in
Kanchana. The higher influence of priming in ensuring optimal respiratory
activity was observed in primed seedlings subjected to NaCl stress as
compared to other stresses. When compared to Aiswarya rice variety the
priming effect was more prominent in Kanchana rice variety, because it has
an innate tolerance potential, which gets accelerated further by UV-B
priming.

HSP and LEA gene expression was higher in tolerant rice variety
Kanchana than Aiswarya variety. The HSP gene expression was higher in
UV-B primed Kanchana rice seedlings subjected to UV-B stress condition of
Kanchana while the LEA gene expression was more in UV-B primed
Kanchana rice seedlings subjected to PEG stress. This is a clear indication
that enhancement of flavanoid and anthocyanin content is more responsible
for countering UV-B stress than NaCl and PEG stresses. On the basis of PAL
activity, flavanoid and anthocyanin content the stress tolerance effect of
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priming was mainly noticed in Kanchana than Aiswarya. The genetic
potential of Kanchana, a tolerant variety would be responding to UV-B stress
in a better way than Aiswarya, which is a well-known stress sensitive variety.
Although UV-B stress is known to induce more PAL activity as well as
flavanoid and anthocyanin accumulation, the other stresses like NaCl and
PEG too could induce these factors but at a lower rate than UV-B. This could
be primarily because these features listed above impart greater tolerance
potential under UV-B stress than any other stresses.

This clearly indicates that the seed priming effects in the tolerant
varieties are more prominent when they are encountered with different stress
conditions. Compared with seed and seedling priming, seed priming was more
effectively influencing the rate of enhancement of these parameters mainly in
tolerant Kanchana rice seedlings than Aiswarya sensitive variety. Priming is
more effective in rejuvenating the less expressed stree tolerance features and
that is what precisely occurring in a tolerant variety.
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6. SUMMARY AND CONCLUSIONS

Studies on six commonly cultivated high vyielding rice varieties
(Aiswarya, Jyothi, Kanchana, Neeraja, Samyuktha and Swetha) was carried
out for analyzing the stress tolerance potential towards NaCl, PEG and UV-B
stresses. Each variety of rice seeds were imparted with six different
concentrations of NaCl (25, 50, 75, 100 and 125 mM) and PEG (5, 10, 15, 20
and 25%) and six different dosages of UV-B irradiations (7, 14, 21, 28 and 35
kim=2dt). From this study the stress imparting concentrations/dosages of
NaCl, PEG and UV-B were identified and also the two tolerant and sensitive
varieties were identified based on their NaCl, PEG and UV-B stress tolerance
potential. The two stress tolerant (Swetha and Kanchana) and two stress
sensitive (Aiswarya and Samyuktha) varieties were imparted with four
different dosages of UV-B priming such as 2, 4, 6 and 8 kJm to find out the
effective priming dosage. UV-B primed seeds as well as seedlings were
imparted with NaCl, PEG and UV-B stresses and the effect of UV-B priming
on various morphological, physiological, biochemical and molecular

processes in rice varieties was studied.

The major conclusions derived from the present study are summarized

below:

. Based on the analysis of various morphological and physiological
parameters, Aiswarya and Samyuktha were identified as stress
sensitive varieties and Swetha and Kanchana as stress tolerant rice
varieties towards NaCl, PEG and UV-B stresses. The stress imparting
concentration of NaCl (75/100 mM), PEG (15/20%) and dosage of
UV-B irradiations (21/28 kJm2d?') were also identified. Stress
sensitive varieties had lower concentrations/dosages as the stress
imparting concentration (75 mM NaCl, 15% PEG and 21kJm2d* UV-



5umm.m3, aml donaﬁuiom

B). Stress tolerant varieties had higher concentrations/dosages as the
stress imparting concentration (100 mM NaCl, 20% PEG and
28 kim2d* UV-B)

The four varieties selected were imparted with different UV-B dosages
to identify the priming dosages. Based on the morphological and
physiological parameters most tolerant rice variety Kanchana and
sensitive variety Aiswarya was selected. The selected seed priming
concentrations was 6 kJm2 UV-B radiations for tolerant Kanchana and
4 kJm? for sensitive Aiswarya variety. The priming dosage for

seedlings was also same as that of seeds.

Photosynthetic efficiency was assessed in terms of PSI, PSII activities,
Chlorophyll a fluorescence analysis and gas exchange parameters in
UV-B primed and non-primed rice seedlings subjected to stress and
without stress conditions. Photosynthetic efficiency was higher in UV-
B primed rice seedlings not subjected to any stress conditions as
compared to non-primed ones. Even though photosynthetic efficiency
decreased in both UV-B primed and non-primed rice seedlings on
being exposed to different stresses, the decrease recorded in primed

seedlings was comparatively less.

In Aiswarya and Kanchana rice seedlings subjected to both modes of
priming (seed/seedling priming), but not exposed to any stress
conditions, the mitochondrial activity was slightly increased and this

could also alert various systems involved in stress tolerance.

UV-B primed rice seedlings subjected to stress conditions recorded
higher accumulation of various metabolites such as total protein, total

free amino acids, total sugar and proline content.
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Enhanced high tolerance of UV-B primed rice seedlings toward three
stresses was also due to the enhanced activities of enzymatic (SOD,
CAT, APX, GPOX, GR, MDHAR and DHAR) and non-enzymatic

(ascorbate, glutathione and total phenolic content) antioxidants.

The mRNA level expression of SOD, CAT and APX genes was
enhanced in UV-B primed rice seedling under NaCl, PEG and UV-B

stresses.

Highly efficient antioxidant machinery scavenge the over accumulated
ROS (superoxide and hydrogen peroxide) and thereby protect the
photosynthetic and mitochondrial machineries in rice seedlings under

stress exposure.

Enhanced antioxidant mechanism retains the membrane stability and

thereby reduces the electrolyte leakage in UV-B primed rice seedlings.

UV-B absorbing compounds such as anthocyanin and flavonoids as
well as phenylalanine ammonia lyase activity and cuticular wax
deposition and its functional group modifications (revealed by FT-IR
spectrometry) were highly significant in UV-B primed rice seedlings

exposed to three stress conditions.

The enhanced accumulation and greater modifications in functional
groups of epicuticular wax in leaves of UV-B primed rice seedlings

protected the rice seedlings from UV-B irradiation.

The enhanced epicuticular wax deposition in UV-B primed rice
seedlings subjected to PEG stress could assist in preventing excess

water loss.

The mRNA level expression of stress responsive protein HSP was

greatly enhanced in UV-B primed rice seedlings subjected to UV-B
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stress conditions. The accumulated HSP would prevent the protein

degradation in UV-B primed rice seedlings subjected to stresses.

Increased expression of genes for LEA protein synthesis was seen to be
higher in UV-B primed rice seedlings subjected to PEG stress,
followed by other stresses. LEA proteins retain cell structure and
macromolecules upon cell dehydration in rice seedlings under stress

condition.

The enhanced gene expression of HSP and LEA is an indication that
UV-B priming can influence at the genetic level and this priming

imprint could carried over from seeds to the seedlings.

UV-B primed Kanchana rice seedlings showed enhanced stress
tolerance potential towards NaCl, PEG and UV-B stresses than
Aiswarya rice seedlings. UV-B priming is technique which can
transform a tolerant variety more tolerant and a sensitive variety to a

tolerant one.

On comparison between seed and seedling priming, seed priming with
UV-B efficiently enhances the stress tolerance potential of both
Kanchana and Aiswarya rice seedlings towards three stress conditions.
In rice seedlings the stress memory/priming imprints were successively

retained in seed priming than seedling priming.

In the case of three stress conditions, the priming effects were
predominantly showed up in rice seedlings subjected to NaCl stress
rather than PEG and UV-B as a result of priming induced cross
tolerance mechanisms. Also the stress memory was successively
recollected in UV-B primed rice seedlings subjected to NaCl stress
condition than UV-B and PEG stresses.
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. UV-B priming only alerts the defence mechanism towards various
stresses and swings into complete action only when encountered with
stress and therefore no energy drain occurs unnecessarily for the
activation of defence mechanisms in controlled conditions. This is
referred to as cost effectiveness of UV-B priming technique for

inducing abiotic stress tolerance.

» Rice variety Kanchana is a known tolerant variety, till now there are no
studies carried out to make it more tolerant. Earlier studies revealed
Kanchana as a tolerant variety yet its maximum tolerance potential was
not tapped. And through this study, UV-B priming could scale up the
tolerance potential of Kanchana variety to a maximum level.

Thus from the above facts it can be concluded that UV-B priming of
seeds is an effective technique for enhancing abiotic stress tolerance in rice

seedlings subjected to different stresses.
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Fig. 1: Shoot length (A) and dry weight percentage (B) of rice seedlings raised from
UV-B primed (different doses) rice seeds and subjected to NaCl stress condition.
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Fig. 2: Total chlorophyll (A), carotenoid (B) and malondialdehyde (C) content of rice
seedlings raised from UV-B primed (different doses) rice seeds and subjected to NaCl
stress condition.
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Fig. 3: Shoot length (A) and dry weight percentage (B) of rice seedlings raised from
UV-B primed (different doses) rice seeds subjected to PEG stress condition.
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Fig. 4: Total chlorophyll (A), carotenoid (B) and malondialdehyde (C) content of rice
seedlings raised from UV-B primed (different doses) rice seeds subjected to PEG
stress condition.
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Fig. 5: Shoot length (A) and dry weight percentage (B) of rice seedlings raised from
UV-B primed (different doses) rice seeds and subjected to UV-B stress condition.
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Fig. 6: Total chlorophyll (A), carotenoid (B) and malondialdehyde (C) content of rice
seedlings raised from UV-B primed (different doses) rice seeds and subjected to UV-
B stress condition.
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Fig. 7: PSI (A) and PSII (B) activities in leaves of rice seedlings from UV-B primed
and non-primed seeds (Ps) as well as seedlings (Psi) directly primed with UV-B and
subjected to various stress conditions (NaCl,
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& Psi)+U- Primed+UV-B).
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Fig. 8: Radar plot of selected Chl a fluorescence parameters recorded in leaves of rice
seedlings from UV-B primed Kanchana seeds subjected to various stress conditions
(NaCl, PEG and UV-B). (P+C- Primed+Control; P(Ps & Psi)+N- Primed+NaCl; P(Ps
& Psi)+P- Primed+PEG; P(Ps & Psi)+U- Primed+UV-B).
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Fig. 9: Radar plot of selected Chl a fluorescence parameters recorded in leaves of rice
seedlings from UV-B primed Kanchana seedlings subjected to various stress
conditions (NaCl, PEG and UV-B). (P+C- Primed+Control; P(Ps & Ps)+N-
Primed+NaCl; P(Ps & Psi))+P- Primed+PEG; P(Ps & Ps))+U- Primed+UV-B).
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Fig. 10: Radar plot of selected Chl a fluorescence parameters recorded in leaves of
rice seedlings from UV-B primed Aiswarya seeds subjected to various stress
conditions (NaCl, PEG and UV-B). (P+C- Primed+Control; P(Ps & Psi)+N-
Primed+NaCl; P(Ps & Psi)+P- Primed+PEG; P(Ps & Psi)+U- Primed+UV-B).
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Fig. 11: Radar plot of selected Chl a fluorescence parameters recorded in leaves
of rice seedlings from UV-B primed Aiswarya seedlings subjected to various stress
conditions (NaCl, PEG and UV-B). (P+C- Primed+Control; P(Ps & Ps))+N-
Primed+NaCl; P(Ps & Psi)+P- Primed+PEG; P(Ps & Ps1)+U-Primed+UV-B).
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Fig. 12: Energy pipeline leaf model of phenomenological energy fluxes per cross
section (CSm) in leaves of rice seedlings from UV-B primed Kanchana seeds
subjected to various stress conditions (NaCl, PEG and UV-B). (P+C- Primed+
Control; P(Ps & PsI)+N- Primed+NaCl; P(Ps & Psi)+P- Primed+PEG; P(Ps & Psi)+U-
Primed+UV-B).
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Fig. 13: Energy pipeline leaf model of phenomenological energy fluxes per cross
section (CSm) in leves of rice seedlings from UV-B primed Kanchana seedlings
subjected to various stress conditions (NaCl, PEG and UV-B). (P+C- Primed+
Control; P(Ps & Ps)+N- Primed+NaCl; P(Ps & Psi)+P- Primed+PEG; P(Ps & Psi)+U-
Primed+UV-B).
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Fig. 14: Energy pipeline leaf model of phenomenological energy fluxes per cross
section (CSm) in leaves of rice seedlings from UV-B primed Aiswarya seeds subjected
to various stress conditions (NaCl, PEG and UV-B). (P+C- Primed+Control; P(Ps &
Ps))+N- Primed+NaCl; P(Ps & Ps1)+P- Primed+PEG; P(Ps & Psi)+U- Primed+UV-B).
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Fig. 15: Energy pipeline leaf model of phenomenological energy fluxes per cross
section (CSm) in leaves of rice seedlings from UV-B primed Aiswarya seedlings
subjected to various stress conditions (NaCl, PEG and UV-B). (P+C- Primed+
Control; P(Ps & Psi)+N- Primed+NaCl; P(Ps & Psi))+P- Primed+PEG; P(Ps & Psi)+U-
Primed+UV-B).
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Fig. 19: Specific membrane model energy fluxes per reaction centre (RC) in leaves
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Fig. 20: Pn (A), gs (B) and Ci (C) in leves of rice seedlings from UV-B primed and
non-primed seeds (Ps) as well as seedlings (Psiy directly primed with UV-B and
subjected to various stress conditions (NaCl, PEG and UV-B). (P+C- Primed+
Control; P (Ps & Psi)+N- Primed+NaCl; P(Ps & Psi))+P- Primed+PEG; P(Ps & Ps1)+U-
Primed+UV-B).
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Fig. 21: Mitochondrial activity (A) and osmolality (B) in leaves of rice seedlings from
UV-B primed and non-primed seeds (Ps) as well as seedlings (Ps!) directly primed with
UV-B and subjected to various stress conditions (NaCl, PEG and UV-B). (P+C-
Primed+Control; P(Ps & Psi)+N- Primed+NaCl; P(Ps & Ps1)+P- Primed+PEG; P(Ps &
Psi)+U- Primed+UV-B).
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Fig. 22: Total protein (A) and total free amino acids (B) in rice seedlings from UV-B
primed and non-primed seeds (Ps) as well as seedlings (Psi) directly primed with UV-
B and subjected to various stress conditions (NaCl, PEG and UV-B). (P+C-
Primed+Control; P(Ps & Psi)+N- Primed+NaCl; P(Ps & Ps1)+P- Primed+PEG; P(Ps &
Psi)+U- Primed+UV-B).
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Fig. 23: Total sugar (A) and proline (B) content in rice seedlings from UV-B primed
and non-primed seeds (Ps) as well as seedlings (Psi) directly primed with UV-B and
subjected to various stress conditions (NaCl, PEG and UV-B). (P+C- Primed+
Control; P(Ps & Ps))+N- Primed+NaCl; P(Ps& Psi)+P- Primed+PEG; P(Ps & Psi)+U-
Primed+UV-B).
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Fig. 24: Super oxide (A) and hydrogen peroxide (B) content in rice seedlings from
UV-B primed and non-primed seeds (Ps) as well as seedlings (Ps1) directly primed
with UV-B and subjected to various stress conditions (NaCl, PEG and UV-B).
(P+C- Primed+Control; P(Ps & Psi))+N- Primed+NaCl; P(Ps & Ps))+P-Primed+PEG,;
P(Ps & Psi)+U- Primed+UV-B).



Fig. 25: Electrolyte leakage (A) and membrane stability (B) in rice seedlings from
UV-B primed and non-primed seeds (Ps) as well as seedlings (Psi) directly primed with
UV-B and subjected to various stress conditions (NaCl, PEG and UV-B). (P+C-
Primed+Control; P(Ps & Ps))+N- Primed+NaCl; P(Ps & Psi)+P- Primed+PEG; P(Ps &
Psi)+U- Primed+UV-B).



