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POTASSIUM-INDUCED ANTIOXIDANT DEFENSE AND REGULATION OF
PHYSIOLOGICAL PROCESSES TOWARDS DROUGHT STRESS
TOLERANCE IN WHEAT

ABSTRACT

Drought imparts injuries in plant through elevated production of reactive oxygen species viz.
(Oz', OH', H,0O; and '0,). Potassium (K) triggers numerous ameliorative functions against
oxidative damages caused by drought. To investigate K attenuating oxidative damage and
promotion of antioxidant defense in wheat (Triticum aestivum L. cv. BARI Wheat-21), an
experiment was carried out at the Laboratory of Plant Stress Responses, Faculty of Agriculture,
Kagawa University, Japan, under controlled environment of green house during June, 2017 to
December, 2017. A total number of nine treatments were combined considering three K doses
viz. 0 mM (-K), 6 mM (+K) & 12 mM (+2K) in Hoagland nutrient solution exposed to 3 distinct
water regimes viz. 100% FC, 50% FC, and 20% FC for 9 days. The experiment was designed
in CRD model. Imposed drought stress notably reduced Plant height, fresh weight (FW), dry
weight (DW), leaf relative water content (RWC %) along with chlorophyll content in dose
dependent manner. Increased drought stress elevated the amount of oxidative markers viz.
malondialdelyde (MDA), hydrogen peroxide (H20-), methyl glyoxal (MG) and proline (Pro).
Wheat seedlings treated with drought stress resulted in notable decrease of ascorbate (AsA),
reduced glutathione (GSH) and increase of glutathione disulphide (GSSG). Enzymatic
activities of AsA-GSH cycle enzymes were declined except the ascorbate peroxidase (APX),
which was increased under drought stress combination. On the contrary, potassium (K) supply
resulted in improved Chlorophyll contents, and water status along with increased GSH content
and reduced the GSSG content which ultimately improved GSH/GSSG ratio. However, K
reduced MDA, H,0,, Proline contents and up regulated the antioxidant enzymes activities.
Exogenous K reduced the ROS production through increasing AsA. Additionally, In K treated
plant activities of glyoxalase I and glyoxalase Il enzymes reduced the levels of MG and overall
increased the activity of glyoxalase system. However, plant showed better physiological
performances under 50% drought stress with 12 mM K was observed in the overall study.
Therefore it can be concluded that K confers drought stress tolerance in wheat seedlings through
up regulating antioxidant defense and glyoxalase system which helped in better seedling

establishment.
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CHAPTER 1

INTRODUCTION

Wheat (Triticum aestivum L.) is considered as one of the predominant cereal
crop under the Poaceae (Gramineae) family that occupies global rank one in
aspect of worldwide production and consumption. It is the staple food of more
than 36% of world population that supplies nearly 55% of the carbohydrates and
20% of the food calories consumed as human diet globally (Lobell and Gourdiji,
2012; Hasanuzzaman et al., 2017). Around the world, about 30% area is covered
by wheat cultivation (Lobell and Gourdji, 2012). In 2016, world wheat
production was 749 million tons, which made it the second most produced cereal
after maize (1.03 billion tons) (FAOStat, 2016). In Bangladesh it is the second
most significant grain crop after the staple grain Rice. The national wheat
production during the year 2016-2017 was 1.422 million metric tons from 0.429
million hectares of cultivated land with an average 3.32 metric t/ha while in
2015-2016 it was 1.348 million metric tons from 0.445 million hectares of
cultivated land with an average 3.03 metric t/ha (DAE, 2018). However, the
wheat yield of Bangladesh is much lower comparing the rest other wheat
producing countries in the world due to the fact of growing wheat under rainfed
condition (Bazzaz, 2013).

Estimated world population by 2050 will be around 9-10 billion which will
require double the existing food production in order to feed this vast population
(Waraich et al., 2011). The food productivity is seriously hampered due to the
effect of various abiotic and biotic stresses. Survival, biomass production and
crop yield are drastically reducing due to the negative impact of these stresses
(Amtmann et al., 2004; Agarwal et al., 2006). Global climate changes due to
unpredictable environmental conditions now become one of the most disastrous
threat to the current and future agriculture. The deleterious effect of climate

change impact on global agriculture in terms of both biotic and abiotic stresses,



which ultimately reduces plant growth followed by declined yield attributes
(Hasanuzzaman et al., 2012a). Among various abiotic stresses, drought stress
encompass a significant position due to its nature of destruction and losses to
crops (Kusvuran et al., 2011). To encounter this challenge, increase of yield
potential is a must through reducing the yield losses caused by different kinds of
biotic and abiotic stresses including drought (Tuteja et al., 2012). Plants
frequently have to experience a number of environmental adversities like
drought, salinity, temperature extremes, toxic metals etc. more or less every year
which accounts up to 50% vyield reduction annually. These forms of abiotic
factors imparts detrimental effect on plant survival, biomass production and yield
(Mantri et al., 2012; Hasanuzzaman et al., 2017).

Drought or water deficit stress is an edaphic stress which is considered as the
most pernicious from of abiotic stress (Cattivelli et al., 2008; Pennisi, 2008;
Farooq et al., 2009;) and may limit more than 50% of world agricultural
productivity (Reynolds et al., 2007; Comas et al., 2013) by considerable
reduction of plant growth and shoot production (Ehdaie et al., 2008, 2012).
Drought stress cumulatively effects on all plant tissues through impairing the
agronomic, morphological, physiological, biochemical and metabolic traits and

eventually decreases the yield attributes (Cochard et al., 2002).

Water stress drastically reduces the leaf respiration and stomatal conductance,
photosynthetic efficiency, carboxylation and water-use efficiency (WUE),
carbon dioxide (CO3) diffusion and transpiration rate, enzymatic activities etc.,
(Demirevska et al., 2010; Hasanuzzaman et al., 2013). Considering the facts,
increasing plant tolerance against the drought is a big challenge to future

agricultural productivity (Chaves et al., 2003).

Production of reactive oxygen species (ROS) is a naturally occurring process in
plants that associates both photosynthetic and respiratory metabolism in cells

(Miyake, 2010). Cumulative interactions of these ROS radicals imparts oxidative



damage to fundamental biomolecules viz., nucleic acids, proteins, lipids along
with cell membrane damages (Ahmed et al., 2010). While plant subject to
drought stress, the balance between production and utilization of ROS is altered
thus effect the antioxidant system (Gao et al., 2008; Pandey and Sukla, 2015).

To check the oxidative damages, plant has developed a strong and complex chain
of antioxidant defense mechanism comprising the up regulation of both
enzymatic and non-enzymatic components (Gupta et al., 2009; Hasanuzzaman
and Fujita, 2013). Each compartment of cell contains one or more antioxidants
that acts on detoxifying a particular ROS (Mittler, 2002; Ahmed et al., 2010).
Furthermore, methylglyoxal (MG) is another oxidative stress indicator that
causes damage to plant under stress (Hasanuzzaman et al., 2011, 2012b).
However, plant tolerant to drought is entirely dependent on the amount of excess
ROS scavenged by plant antioxidant system (Parida and Das, 2005;

Hasanuzzaman et al., 2011 and Alam et al., 2013).

Potassium is one of the most essential nutrient element for plant growth and
development. In plant cell, potassium plays the irreplaceable role of enzyme
activation and water content hence maintaining the turgidity for each cell. It
plays an important role in survival of crop plants under water stress condition.
Potassium application under water stress moderates the adverse effects of water
shortage on plant growth (Sangakkara et al., 2001). Yield limiting effects of
water deficit could be overcome by increasing potassium supply (Damon and
Rengel, 2007). During stress conditions, reactive oxygen species (ROS)
formation was induced and oxidative damage to cells was nullified by potassium
application (Foyer et al., 2002). Potassium influences the water economy and
crop growth through its effects on water uptake, root growth, maintenance of
turgor, transpiration and stomatal regulation (Nelson, 1980). Potassium helps the
plant to adjust to low soil water potential under drought stress (Bukhsh et al.,
2012). For example, the contribution of K+ to changes of the osmotic potential
in wheat caused by drought was in the range of 40-80% (Morgan, 1992).

Drought is one of the most detrimental abiotic factors causing serious plant



injuries and alteration in growth and development. Potassium (K) as a macro
nutrient plays a vital role in mitigating drought stress by increasing nutrient
translocation and improving water balance in plants. Therefore, we investigated
the ameliorative effect of K on water stress induced oxidative damage in wheat
by excess production of reactive oxygen species and methylglyoxal, which
resulted in high lipid peroxidation and disordered antioxidant defense system.
Moreover, stunted growth, dehydration and chlorosis were evident at different
extent under drought. Potassium supplementation resulted in increased
antioxidant defense and upregulation of glyoxalase system with special notation

in, osmolyte synthesis and maintenance of redox balance.

Considering these strategies the present study was undertaken keeping in mind
the following objectives:
1. To study the effect of drought on growth, physiological and biochemical
traits of wheat
2. To investigate the role of potassium and its reflection in alleviating
drought stress in wheat
3. To study the underlying mechanism of potassium induced drought stress

In improving plant growth, physiological and biochemical parameters.



CHAPTER 2

REVIEW OF LITERATURE

2.1 Wheat

The genus Triticum is composed of a number of wheat species among which
about 95% of the world wheat produced from the species Triticum aestivum
popularly known as bread wheat. Among other cereals, wheat is the most widely
grown cereal with the highest monetary yield. Wheat belongs to the grass family
poaceae is probably the first domesticated cereal crop which is now recognized
worldwide as the most important cereal based on grain acreage and is ranked

third position considering the global volume of production.

2.2 Global wheat scenario

Around 17 percent of worldwide arable land occupied with wheat cultivation and
nearly 35 percent of world population consumes wheat beside rice (FAOStat,
2013). Currently, about 65 percent of the wheat crop is used for food, 17 percent
for animal feed, and 12 percent in industrial applications, including biofuels
(FAOStat, 2018). Wheat largely grown in cold region of the world as it was
originated from temperate region. However, cultivars adaptable to diverse
climatic conditions including subtropical regions are successfully developed by
the scientists through modern and conventional breeding techniques with high
potential yield. The global wheat production came to about 755 million metric
tons in crop year 2016-2017 (Statista, 2017) while the total wheat production in
2016 was around 724 million metric tons, down 1.4% or 10 million tons, from
the 2015 record (FAO, 2016). However, Global wheat production in 2017 has
been forecast to 752.8 million tons (FAO, 2017). In 2015/2016, the global

production volume of wheat amounted to approximately 735.3 million metric



tons. In that year, European Union was the leading global wheat producer. In
2016/2017, among the 10 leading global wheat producing countries European
Union remain the same in position by producing around 145.7 million metric
tons of wheat. The rest of the leading wheat producer is China, India, Russia,
USA, Australia, Canada, Ukraine, Pakistan and Turkey (Statista, 2018).
According to USDA (2018), the world wheat production was 750.44 million tons
in 2016. Among which EU alone accounted for 19.36% production, whereas
Asia shares 33.08%, former soviet union, south America, Middle east, Africa,
produced 20.73%, 7.50%, 5.76%, 2.23% accordingly (USDA, 2018).

2.3 Wheat production and consumption dynamics: Bangladesh

Although Bangladesh is the world’s fourth largest rice-producing and the largest
rice- consuming country, Wheat consumption is increasing here over the
decades. Wheat consumption has doubled from 1961 to 2013 in Bangladesh and
now stands at 17.5 kg per capita, which is nearly a ninth of the rice consumption
and 12% of total cereal consumption. Whereas, global wheat consumption has
increased by 19 per cent from 54.9 kg yearly per capita in 1961 to 65.43 kg in
2013. Bangladesh has achieved self sufficiency in rice production, but still to go
a long way to boost up domestic wheat production (Mottaleb et al., 2017). While
Bangladesh has been highly successful in achieving self-sufficiency in rice
production (Mottaleb and Krupnik, 2015), the increasing wheat consumption is
met mainly by import. Bangladesh meets 75% of its wheat consumption needs
through imports, sourcing lower quality wheat from Russia and Ukraine, and
higher quality wheat from Canada, Australia and the United States. The inflow
of wheat food aid to Bangladesh has been decreasing since the 1990s. In 2015-
2016, it was estimated that the domestic production of wheat in the country
would be 1.40 MT, and from July 2015 to February 2016, the country imported
an additional 2.58 MT from abroad to meet consumption demands (GOB, 2016).
According to trade sources, during the current MY 2016/17 about 40% of wheat
imported is sourced from Russia and 30% from Ukraine (USDA, 2017).



Currently, domestic production can meet only less than 35% of the total wheat

consumption in Bangladesh.

Wheat cultivation in Bangladesh was sporadic before liberation.0.126 million
hectares area was under wheat cultivation with 0.103 million metric tons
production in 1971 (Hasan, 2006). In 1975, the government imported high-
yielding wheat seed from India and Mexico to expand wheat production in the
country (Ahmed and Meisner, 1996). Introduction to modern agricultural
practices, stress tolerant and high yielding varieties, lower production cost
compared to others crops facilitates increasing wheat growing area and
production over time. In 2016, 1.422 milion metric tons wheat produced from
0.429 milion hectares of cultivated land with 3.32 metric t/ha of average yield
(DAE, 2018). While in 2015-2016 it was 1.348 million metric tons from 0.445
million hectares of cultivated land with an average 3.03 metric t/ha (DAE, 2018).

2.4 Abiotic stress

Abiotic and biotic factors immensely hamper crop growth and yield. Among
abiotic stress, drought, salinity, heat extreme, nutrient imbalance, metal toxicity
Is so common. In Bangladesh, winter crop frequently experience scarcity of
water, as a result drought is a common phenomenon at that time. Although wheat
Is moderately drought tolerant, but severe drought results in great yield loss (Ali
et al., 2013). Water scarcity at spike forming stage results in reduced grain
number per spike, per plant yield and finally yield loss occurred (Ali et al., 2013).
Due to salinity, the Southern region of Bangladesh is facing huge problem in
wheat production and is almost no wheat production in this region due to lack of
salt tolerant variety. Attimes, late sowing of wheat experience severe heat stress.
Reduced above-ground biomass is attributed due to heat stress. While demand is
increasing day by day, Wheat production is limiting due to these environmental
stress factors. There is scope and urgent needs to develop resistant varieties to

counter these environmental stresses. Diseases resistant and heat sensitive



wheat varieties like BARI Gom-27, BARI Gom 28, BARI Gom-29 and
BARI Gom-30 are released by Bangladesh Agricultural Research Institute
(BARI) but yet no drought tolerant, salt tolerant and other stress tolerant wheat
varieties are released. However, Fellow lands need to bring under cultivation to
gear up the national wheat production according to its ever increasing diverse

demand.

The current world population of 7.3 billion is projected to reach 8.5 billion by
2030, 9.7 billion in 2050 (Hasanuzzaman et al., 2017). Although population is
increasing, the crop productivity is not parallel to the amount of food demand it
creating. World agriculture has to produce 70% more food for an additional 2.4
billion people while fighting with poverty and hunger, consuming scarce natural
resources more efficiently and adapting to climate change (Hasanuzzaman et al.,
2014a). In nature plants are frequently exposed to different stress factor(s) due
to the incalculable nature of the environment and global climate change (Mittler
and Blumwald, 2010). Abiotic stress is the collective term of all the negative
impact exerted by environment on living organisms (Hasanuzzaman et al.,
2012a). The major abiotic stresses include salinity, drought, extreme temperature,
flooding, toxic metal/metalloids, ozone, UV radiation, high light, etc. Some
environmental factors, such as air temperature, can become stressful in just a few
minutes; others, such as soil water content, may take days to weeks, and factors
such as mineral deficiencies can take months to become stressful (Taiz and
Zeiger, 2006).

The reason behind the lower productivity of crop plants in most of the cases, are
the abiotic stresses (Shanker and Venkateswarlu, 2011). High concentrations of
toxic or antagonistic substances are sources of plant abiotic stress where scanty
supply of water (drought) or too much flooding can both impose stress on plants.
Tremendous plant metabolic changes results from stress, imparts multifarious
harmful effects on crop growth, development and productivity. When stress

becomes too high and/or prolong for an extended period it may lead to an



intolerable metabolic load on cells, reducing growth, and in severe cases, result

in plant death (Hasanuzzaman et al., 2012a, b).

According to Araus et al. (2002), abiotic stresses along with limiting crop
productivity can also influence the distribution of plant species in different types
of environment. Ahmad and Prasad (2012) reported that abiotic stress cause
changes in soil-plant-atmosphere continuum which is responsible for reduced
yield in several of the major crops in different parts of the world. Upto 50%
worldwide yield loss can be possible through abiotic stresses (Bray et al., 2000).
Mantri et al. (2012) also reported that the yield of food crops worldwide become
reduced severely because of drought, cold, high-salinity and heat which are
major abiotic stresses. Abiotic stresses greatly affect plant growth and
metabolism and ultimately disturbs plant life cycle (Ahmad and Prasad, 2012).
These stresses are associated with production of certain deleterious chemical
entities called reactive oxygen species (ROS), which include singlet oxygen
(!O2), hydrogen peroxide (H20), superoxide radical (O2), hydroxyl radical
(OH), etc. (Choudhury et al., 2013). ROS are highly reactive and may cause
cellular damage through oxidation of lipids, proteins, and nucleic acids. Besides
damaging, reactive oxygen species (ROS) produce signalling effects at
organellar and cellular levels (Apel and Hirt, 2004). Plants can respond and adapt
to various stress condition by altering their cellular metabolism and regulating
various defense mechanisms (Ghosh et al., 2011). Survival of plants under this
stressful condition also depend on their abilities to perceive the stimulus,
generate and transmit a signal, and initiate various physiological and biochemical
changes (EI-Shabrawi et al., 2010).

In their review, Macedo (2012) concluded that plant abiotic stress has been a
matter of concern for the maintenance of human life on earth and especially for
the world economy. The outcome of an environmental challenge highly depends
on the delicate balance between ROS production and scavenging by both

metabolic and enzymatic antioxidants. Traditional plant breeding approaches to



improve abiotic stress tolerance of crops had limited success due to multigenic
nature of stress tolerance. To meet these challenges, genes, transcripts, proteins,
and metabolites that control the architecture and/or stress resistance of crop
plants in a wide range of environments will need to be identified, in order to

facilitate the biotechnological improvement of crop productivity.

Collins et al. (2008) reported that the tolerance to abiotic stress is multigenic and
guantitative in nature and thus a massive challenge exists to understand the key
molecular mechanisms for advanced selective breeding purposes. Similarly,
Patakas (2012) reported that the understanding abiotic stress responses in plants
Is difficult due to the complexity, interrelationship, and variability of
mechanisms and molecules involved that consist their evaluation as an

challenging topic in plant research.

2.5 Abiotic stress-induced oxidative stress

Oxidative stress occurs when the antioxidant capacity of a living system during
normal metabolic courses is hampered by the excess generation of free radicals
or reactive oxygen species (ROS) (Zima et al., 2001). These ROS highly disrupt
the cellular homeostasis and are extremely harmful to organisms at high
concentrations (Hasanuzzaman et al., 2012a, b). Reactive oxygen species
produced in response to oxidative stress can cause permanent damage to the
cellular apparatus. Excess free radicals and ROS attack biomolecules such as
lipids, proteins, enzymes, DNA and RNA that lead to tissue or cellular injury
(Khan et al., 2010). The enhanced production of ROS during environmental
stresses can pose a threat to cells by causing peroxidation of lipids, oxidation of
proteins, damage to nucleic acids, enzyme inhibition, activation of programmed
cell death (PCD) pathway and ultimately leading to death of the cells (Mishra et
al., 2011). Antioxidants are free-radical scavengers that provide protection to
living organisms from ROS inducing cellular damage. Although almost all

organisms possess antioxidant defense and repair systems, these systems are
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insufficient to prevent the damage entirely.

According to Asada and Takahashi (1987), ROS are a group of free radicles,
reactive molecules, and ions that are derived from Oo. It has been estimated that
about 1% of O2 consumed by plants is diverted to produce ROS in various sub
cellular loci such as chloroplasts, mitochondria, depending on their

concentration in plants.

Chloroplast is the primary site of ROS production in plant. Insufficient energy
dissipation during photosynthesis lead to the formation of a Chl triplet state that
transfer its excitation energy onto O, to make 'O, (Logan, 2005). Although
mitochondrial ROS production is much lower compared to chloroplasts,
mitochondrial ROS are important regulators of a number of cellular processes,
including stress adaptation and PCD. In glyoxysomes, acyl-CoA oxidase is the
primary enzyme responsible for the generation of H2.0.. Plasma membrane-
bound NADPH oxidases (NADPHox) as well as cell-wall associated peroxidases
(POX) are the main sources of O2" (Mhamdi et al., 2010). Additional sources of
ROS in plant cells include the detoxifying reactions catalyzed by cytochromes

in both cytoplasm and the endoplasmic reticulum.

2.6 Drought stress

Drought is a meteorological term and is generally explained as a period without
significant rainfall. It is one of the most detrimental environmental stresses that
affects the growth and development of plants. Thus, reduction of crop production
by drought stress has been recognized as the most complex and devastating one
on a global scale (Pennisi, 2008; Mishra and Singh, 2010), and its frequency is
increasing as a consequence of climate change and a growing water crisis (Harb
et al., 2010; Ceccarelli et al., 2010). Due to continuous climate change the

extremity of drought stress is increasing day by day and global crop production
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will reduce up to 30% within 2025, compared with current yield if drought stress

increases in similar trend as like as present.

Generally drought stress occurs when the available water in the soil is reduced
and atmospheric conditions cause continuous loss of water by transpiration or
evaporation. Due to drought and desertification each year 12 million hectares are
lost, where 20 million tons of grain could have been grown (FAO, 2014). In
Bangladesh a strong drought can cause greater than 40% damage to broadcast
Aus, significant destruction to the T. Aman crop in Kharif season in 2.32 million
ha and about 1.2 million ha of land during Robi season. Past droughts have
naturally affected about 53% of the population and 47% of the country (Dey et
al., 2011).

Drought stress severely limits crop productivity and the expansion of crop
cultivation worldwide and thus a main barrier for crop production (Jaleel et al.,
2009, Hasanuzzaman et al., 2012a). However, the adverse effects of drought
stress on growth and development of crop plants are multidimentional in nature

(Hasanuzzaman et al., 2012 a, b).

2.7 Oxidative stress in plants under drought

Drought stress primarily reduces plant growth which rely on cell division, cell
enlargement, cell differentiation, and involves genetic, physiological, ecological,
and morphological events, and their complex interactions. Drought stress
seriously inhibits these events which adversely affects a variety of vital
physiological and biochemical processes in plants, including stomatal
conductance, membrane electron transport, carbon dioxide diffusion,
carboxylation efficiency, water-use efficiency, respiration, transpiration, water
loss, photosynthesis, and membrane functions. Disruption of these key functions
limits growth and developmental processes, and leads to reductions in final crop
yield. (Nahar et al., 2016)
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A principal sign of drought stress at the molecular level is the accelerated
production of ROS such as 102, O2’, H20,, OH" to levels that are often beyond
the plant’s scavenging capacity. This causes oxidative stress that damages cells
and cellular components, disrupts the physiological and biochemical life

processes, and even leads to plant death (Faize et al., 2011).

The excess production of ROS is common in drought and results from impaired
electron transport processes in the chloroplasts and mitochondria.
Photorespiration is one of the major causes of ROS production under drought
stress which accounts for more than 70% of the total H.O. produced. ROS
accumulation and oxidative stress increase under drought stress (Sorkheha et al.,
2011) and drought induced oxidative stress significantly increases lipid
peroxidation (Pandey et al., 2010). Plants have endogenous mechanisms for
adapting to ROS production and are thought to respond to drought stress by
strengthening these defense mechanisms. The mechanism of drought tolerance
includes ion homeostasis, biosynthesis of osmolytes, scavenging of harmful
radicals, water circulation and coordination of a long distance response system
(Reddy et al., 2004). Numerous research findings describe the ROS generation

and their successive damage effects under drought or water deficit stress.

With the increase of drought stress germination percentage, seedling fresh
weight, seedling dry weight, shoot length and root length were significantly
decreased whereas proline content increased as compared to control while an
experiment was conducted in rapeseed (Brassica napus L.) with different levels
of drought stresses (-4, -6, -8 and -12 bar) (Razaji et al., 2014).

Prasad and Staggenborg (2008) explained that morphological, physiological, and

metabolic events of plants are seriously affected by drought stress that entirely

reduces the grain yield and quality.
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Fang et al. (2012) conducted a study to evaluate the performance of Salix
paragplesia and Hippophae rhamnoides under three water regimes (80%, 40%
and 20% field water capacity, FC). The result demonstrated that drought stress
severely reduced the plant height, basal diameter, leaf number, biomass
production. Drought increased the below ground plant parts that renders the
increase of root/shoot ratio. However, the C, N and P of both species were

diminished due to imposed drought.

Yield of barley has been reduced due to imposed drought at 50% field capacity.
Compared to control (100% field capacity) yield reduction in Switir and Tlalit
cultivar was 40% and 34% respectively (Thameur et al., 2012).

Assefa et al. (2010) reported that water stress at the vegetative stage and
reproductive stage individually can reduce sorghum yield more than 36% and

55% respectively.

Study conducted by Alam et al. (2013) Showed that drought stress reduced tissue
water content, leaf RWC and total chlorophyll content in Brassica Sp. However,
growth reduction and reduced photosynthetic carbon assimilation is resulted

from drought stress.

Photosynthetic pigment contents are reduced under water stress which is another
vital reason for net photosynthesis reduction under drought stress. Reduced
photosynthetic pigment content including chl a, chl b, total chl, and carotenoid
under drought stress has been reported in several plant species, such as Avena
sp., Triticum sp., and Gossypium sp. (Pandey et al., 2012). Similarly, extreme
drought stress decreased net photosynthetic rate by 22% and 75%, respectively

compared to the control treatment (Xu et al., 2009).

In another experiment Xu et al. (2010) also reported that the leaf net

photosynthetic rate and stomatal conductance (gs) in Phillyrea angustifolia
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plants were decreased about 90% under drought stress.

Similar results were investigated in Albizia lebbeck and Cassia siamea seedlings
(Saraswathi and Paliwal, 2011), in canola (Din et al., 2011), in black gram
(Pratap and Sharma, 2010), in bean (Phaseolus vulgaris) (Abass and Mohamed,
2011) and in water lettuce (Singh and Pandey, 2011),

Mahmood et al. (2012) conducted a study with 5 canola cultivars by imposing
water stress at flowering and pod filling stages to observe the comparative
drought tolerance of the cultivars. The data exposed significant differences
among the various canola genotypes for leaf chlorophyll a, b and proline
accumulation. The chlorophyll a & b content of all the Napus genotypes reduced

due to drought stress at both the growth stages.

Pervez et al. (2009) conducted an experiment with tomato plants which was
subjected to drought stress at different stages of growth. Among the stages viz.,
control, early drought stress (when first truss has set the fruits), middle stress
(when fruits in first truss were fully matured and started changing their color),
and late drought stress (when fruits on first truss were ripened fully) germination
and emergence percentages were 99.36, 89.66, 91.67, 90 and 91.5, 77.5, 78.5,
81.0 respectively.

Uzilday et al. (2012) compared the differences between antioxidant responses to
drought in C3 (Cleome spinosa) and C4 (Cleome gynandra). Both
malondialdehyde (MDA), H2O> content was remarkably increased in Cleome
spinosa as compared to Cleome gynandra under drought stress because in C.
spinosa, antioxidant defence system was inadequate to suppress the increasing

ROS production under stress condition.

Al-Ghamdi (2009) reported that drought stress weakens antioxidant system
(reduced activities of SOD, APX and CAT and ascorbate contents, AsA) in
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Triticum aestivum L. which exhibited high H2O. and oxidized ascorbate levels
and leading to enhanced membrane damage during severe drought stress,
indicated by the accumulation of malondialdehyde (MDA). Between two
cultivars of wheat drought susceptible cultivar exhibited more oxidative stress,

compared to drought resistant

ROS cause severe damages to reproductive organ has been reported by many
studies. Reproductive organ development is extremely sensitive to drought stress
across different crop species (Liu et al., 2006). During the anther development
in rice, CAT, APX, DHAR enzymes were suppressed severely during the
meiosis stage which enhanced ROS production (Nguyen et al., 2009).

Drought (-0.2 MPa and —0.4 MPa) affects antioxidant system and oxidative
damage in melon seedlings. Significant rise of H20- level and MDA content was
directly correlated to the changes of antioxidant components of melon seedlings.
However, oxidative stress increased with the increase in severity of drought
stress and the melon cultivar Galia is more tolerant than Kirkagac (Kavas et al.,
2013).

2.8 Effects of drought stress on plant

Deficit water supply at any growth stage poses detrimental effects on crop
growth and development in general but varies depending on the severity of stress
and the crop growth stage. Effects of drought on morphological, physiological,

and biochemical processes in plants are discussed below.

2.8.1 Effect of drought on plant growth and productivity

Establishment of an early and optimum crop stand is important for harvesting

maximum productivity. However, if the crop experiences an early drought,
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thereby affecting germination, then the suboptimal plant population is the major
cause of low grain yield. Early season drought severely reduces germination and
stand establishment principally due to reduced water uptake during the
imbibition phase of germination, reduced energy supply, and impaired enzyme
activities (Taiz and Zeiger, 2010). Growth is an irreversible increase in volume,
size, or weight, which includes the phases of cell division, cell elongation, and
differentiation. Both cell division and cell enlargement are affected under
drought owing to impaired enzyme activities, loss of turgor, and decreased
energy supply (Farooqg et al., 2009). For example, drought decreases growth and
productivity of sunflower (Heliantus annuus L.) owing to reductions in leaf
water potential, rate of cell division, and enlargement primarily due to loss of

turgor (Hussain et al., 2009).

Under drought, reduced dry matter accumulation occurs in all plant organs,
although different organs manifest varying degrees of reduction. For instance,
total growth duration of both bread wheat (Triticum aestivum L.) and barley
(Hordeum vulgare L.) decreased under drought (McMaster and Wilhelm, 2003),
which generally results in substantial yield reductions. The effect of drought is
phase specific in most cases. For example, drought at pre-anthesis delayed
flowering in quinoa (Chenopodium quinoa Wild.) and bread wheat plants
(Geerts et al., 2008). Likewise, drought at anthesis commonly delays flowering
in rice (Oryza sativa L.). In soybean (Glycine max L.), drought during grain
filling hastened maturity but yield was down due to smaller grains (Desclaux and
Roumet, 1996). Different crops respond to drought differently. For instance,
upon exposure to drought flowering is delayed in quinoa, whereas in soybean,

wheat, and barley drought hastened flowering and physiological maturity.

2.8.2 Effect of drought on vegetative and reproductive stage of plant

While drought occurs during the vegetative period of crop growth, it may

substantially decrease economic yield. Drought stress during reproductive and

17



grain filling phases is more devastating (Table 1; Lafitte et al., 2007). Drought
at flowering is critical as it can increase pollen sterility resulting in hampered
grain set. In sunflower, for example, under drought at flowering, achene yield
declined primarily due to less achenes (Hussain et al., 2008). In pearl millet
(Pennisetum glaucum L. Leeke), drought at flowering increased the rate of ear
abortion due to a decline in assimilate supply to developing ears (Yadav et al.,
2004). In drought-stressed maize, kernel set was lost leading to low grain yield.
Likewise, water deficit at anthesis increased pod abortion which reduced yield
in soybean (Liu et al., 2003).

Table 1. Decrease in grain yield in different crops by drought stress

Sl Growth Crop Stress type  Yield Reference
No. stages reduction
(%)
1. Reproductive Rice Mild stress 54 Lafitte et al.
(2007)
2. Reproductive Rice Severe 94 Lafitte et al.
stress (2007)
3. Flowering Rice Short severe 54 Lanceras et al.
stress (2004)
4.  Flowering Rice Prolonged 84 Lanceras et al.
and grain severe stress (2004)
filling
5.  Flowering Rice Prolonged 52 Lanceras et al.
and grain mild stress (2004)
filling
6. Pre-anthesis Wheat Prolonged 18-53 Majid et al.
mild stress (2007)
7. Post-anthesis Wheat  Prolonged 13-38 Majid et al.
mild stress (2007)
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Sl Growth Crop Stress type Yield Reference

No. stages reduction
(%)

8.  Flowering Wheat  Prolonged  58-92 Dhanda and
and grain mild stress Sethi (2002)
filling

9. Stem Wheat  Mild stress 18 Akram (2011)
elongation

10. Anthesis Wheat  Mild stress 8 Akram (2011)

2.8.3 Effect of drought on plant water relations

Relative water contents (RWC), leaf water potential, osmotic potential, pressure
potential, and transpiration rate are the major attributes of plant water relations
(Kirkham, 2005), which are significantly affected under water deficit owing to
decrease in water supply. Drought lowered RWC in tomato (Solanum
lycopersicum L.) and caper bush (Capparis spinosa L.) (Ozkur et al., 2009).
Water potential significantly declined in soybean roots, leaves, and pods under
drought in general; however, root water potential dropped much earlier than
leaves and pods (Liu et al., 2004). Effects of drought also depend on the intensity
and duration of drought. Tissue water contents decreased linearly with increased
severity of drought (Reddy et al., 2004). Transpiration not only helps to maintain
leaf temperature but also drives water and nutrient uptake and CO; influx. Rise
in leaf temperature of bread wheat and rice plants is reported under drought
owing to reduced transpiration rates (Siddique et al., 2001). de Campos et al.
(2011) reported reduced turgor pressure and transpiration rate in citrumelo
(Citrus trifoliata L.) rootstocks grown under drought. Dry matter produced per
unit of water consumed is termed WUE. WUE of genotypes and crops varies
under drought. Abbate et al. (2004) and Subramanian et al. (2006) reported
higher WUE in wheat and tomato under drought than well- watered controls

mainly due to reduced transpiration rates under drought. Crop stage is also
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important in defining the effect of drought on WUE. For instance, drought stress
decreased WUE in sunflower; however, the extent of the reduction was
significantly higher when stress was imposed at flowering than at budding
(Hussain et al., 2009).

2.8.4 Effect of drought on photosynthesis

A major effect of drought is reduction in photosynthesis, which arises by a
decrease in leaf expansion, impaired photosynthetic machinery, premature leaf
senescence and associated reduction in food production (Wahid and Rasul,
2005). When stomatal and non-stomatal limitations to photosynthesis are
compared, the former can be quite small. This implies that other processes
besides CO, uptake are being damaged. The role of drought-induced stomatal
closure, which limits CO. uptake by leaves, is very important. During the last
decade, stomatal closure was generally accepted to be the main determinant for
decreased photosynthesis under mild to moderate drought (Yokota et al., 2002).
When the amount of available soil water is moderately or severely limiting, the
first option for plants is to close stomata (Cornic and Massacci, 1996). This
decreases the inflow of CO: into the leaves and spares more electrons for the
formation of active oxygen species. As the rate of transpiration decreases, the
amount of heat that can be dissipated increases (Yokota et al., 2002). Comparing
results from different studies is complex due to interspecific differences in the
response of stomatal conductance and photosynthesis to leaf water potential
and/or relative water content; the parameters most often used to assess the degree
of. Itis clear that stomata close progressively as drought progresses, followed by
a parallel decline in net photosynthesis. However, stomatal conductance is not
controlled by soil water availability alone, but by a complex interaction of

intrinsic and extrinsic factors.

20



2.8.5 Effect of drought on mineral uptake and assimilation

Nutrients used for plant growth and biomass production generally come from the
internal cycling of reserve materials, which require water for their solubilization
and translocation. Limited nutrient uptake is a general phenomenon in crop
plants grown under water deficit. Subramanian et al. (2006) reported reduced
nitrogen (N) and phosphorous (P) contents in roots and shoots of tomato
seedlings grown under drought. In marigold seedlings, P content under drought
was severely reduced. Nutrient absorption is governed by interactions at the soil-
root interface, including (1) root morphology and growth rate, (2) nutrient
absorption kinetics of the roots; and (3) soil nutrient supply. Decreased soil water
availability affects the rate of diffusion in many plant nutrients and finally the
composition and concentration of soil solution (Singh and Pandey, 2011). With
limited water supply, nutrient uptake by roots decreases because a decline in soil-
water potential slows the diffusion rate of nutrients between the soil matrix and
root surface (Farooq et al., 2009). Lower transpiration rate and impaired active
transport, due to a lack of energy input and altered membrane permeability,
decreases root nutrient adsorbing power of crop plants under drought. Impaired
enzyme activity involved in nutrient assimilation under drought stress also
disturbs nutrient acquisition. The activity of nitrate reductase in leaves and
nodules of common bean (Phaseolus vulgaris L.) and dhainicha (Sesbania

aculeata L.) is substantially decreased under drought (Ashraf and Bashir, 2003).

2.9 Drought resistance mechanism in plant

Plants adaptation and survival under drought stress happens through various
morphological, biochemical and physiological changes. Drought tolerance is the
ability to grow and display economic yield under suboptimal water supply.
Drought stress affects the water relations of plants at cellular, tissue and organ
levels, causing specific as well as unspecific reactions, damage and adaptation

reactions (Beck et al., 2007). To cope with the drought, tolerant plants initiate

21



defense mechanisms against water deficit (Chaves and Oliveira, 2004). Plant
drought tolerance involves changes at whole-plant, tissue, physiological and
molecular levels. The morphological drought tolerance mechanism includes
drought escape, drought avoidance and phenotypic flexibility where
physiological mechanism involves Osmotic adjustment, osmoprotection,
antioxidation and a scavenging defense system responsible for drought tolerance
(Farooq et al., 2009). Available literature revealed that plants develop different
mechanisms like reduced growth, metabolic alteration, accumulation of
compatible solutes, activation of the antioxidant defense system, and suppression
of energy consuming pathways to cope with a water limited environment (Nahar
et al., 2016).

2.10 Effect of drought stress on growth and yield of wheat

Under drought stress or water deficit condition cell division reduces thus the
growth of plant also reduces (Hasanuzzaman et al., 2013). Drought stress
hampers critical physiological as well as biochemical mechanisms in plants
(Hasanuzzaman et al., 2012a), which ultimately reduces crop yield (Shahbaz et
al., 2011).

Generally the growing period of wheat is divided under: vegetative and
reproductive stages which are affected by drought stress (Shi et al., 2010).
Germination is the first step of plant establishment but drought reduces the
germination percentage and results poor seedling establishment (Kaya et al.,
2006). It was shown earlier that drought stress decreases root length (Nouri-
Ganbalani et al., 2009), relative water content, total chlorophyll content and
photosynthesis rate (Abdoli et al., 2013). In wheat, under drought stress length
and area of flag leaf decreases while the width did not significantly changes
(Lonbani and Arzani, 2011). Drought stress inhibits root and shoot growth,
increases transpiration rate and reduces CO. uptake during photosynthesis.

Water shortage at crown root initiation stage of wheat causes 27% yield loss. In
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the past few decades drought stress drastically reduced production of wheat in
many parts of Asia (IPCC, 2007). Crop yield is reduced by 70-80% due to a
drought spell during the reproductive stage (Kulkarni and Deshpande, 2007).
Spikelet of wheat became sterile due to water deficit at reproductive stage. Under
drought stress number of grain per spike decreased (Chandler and Singh, 2008).
Wheat yield reduced by 21.8 % and 40.7 % due to 25 and 50% reduction of water
consumption, respectively (Ramezanpoor and Dastfal, 2004). Watering at crown
root initiation, tillering, jointing and flowering stage gives good yield (Banker et
al., 2008). Upto 25% and 46% reduction of wheat grain yield was found if water
deficit respectively after anthesis period and stem elongation stage (Keyvan,
2010). Drought condition at tillering stage of wheat (when branching start)
decreased vyield loss up to 46%. Drought stress during booting stage of wheat
reduces up to 21% vyield loss (Schneekloth et al., 2012). Zhang et al. (2006)
concluded that drought stress should be avoided at the booting and heading of

wheat to reduce yield loss.

2.11 Drought induced oxidative stress in wheat

Under various abiotic stress conditions ROS production increased greatly which
hinders almost all feature of plants biochemistry and physiology (Hasanuzzaman
et al., 2012b). Like other abiotic stresses, drought stress increased the ROS
production manifold. Under normal conditions plants maintain a balance in ROS

productions.

Upon exposing to stress condition, there have an imbalance in ROS production.
ROS production beyond the plant’s quenching capability is often defined as a
disruption of redox signaling and redox control (Jones, 2006), which can cause
oxidative stress by damaging membrane lipids, proteins, photosynthetic
pigments, and nucleic acids through oxidation process, and these are
considerably increased under drought stress (Faize et al., 2011). Drought stress

impair plants water uptake. So under drought stress condition plants reduce the
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stomatal conductance. In that condition, abscisic acid carries stress signal from
root to leaves. When leaves accept the signal, it activates closure of stomata
(Cruz de Carvalho, 2008). Plants eventually achieved water saving approach by
regulating stomatal opening, which decreases transpiration rate but the entrance
of CO: also lessen and consequently internal CO. concentration decreased.
Therefore, the rate of CO- reduction by the Calvin cycle becomes slow down
which decrease regeneration of NADP+, thus provoking excess reduction of the
photosynthetic electron transport chain (Reddy et al., 2004 and Hasanuzzaman
et al., 2013). That means drought stress hinders carbon fixation by reducing the
availability of CO». Reducing CO> availability and inhibiting carbon fixation
results chloroplast to excessive excited energy from PS | and enhance the
production of different toxic ROS (Gill and Tuteja, 2010 and Hasanuzzaman et
al., 2013). Impaired electron transport procedures in the chloroplasts and
mitochondria of the plant cell generate excess ROS production throughout the
period of drought stress. On the other hand, decrease activity in PS 11 results in
a disproportion between the generation and utilization of electrons, resulting in
an alteration in yield of quantum. The resulted photochemial modification of the
chloroplasts in drought-stressed plants leaves harvested excess light energy in
the PS Il and produce various active free radicals or ROS like 02", 102, H20>
and OH’, which are very much hazardous for plants for generating oxidative
damages (Hasanuzzaman et al., 2013; Apel and Hirt, 2004). ROS are off very
active nature and harm to any organism when produced at a high concentration,
causing lipid peroxidation, protein oxidation, DNA damage, inhibition of vital
enzymes, activating programmed cell death (PCD) pathway, leading to cell
(Mishra et al., 2011). Presence of ROS as low/ moderate concentration can act
as a second messenger by stimulating antioxidant system and defending the
plants from injury casued by overproduced ROS. Plants are well equipped with
non-enzymatic (AsA, GSH; phenolic compounds; alkaloids; and a-tocopherol
non-protein amino acids) and enzymatic (SOD, CAT, APX, GR, MDHAR,
DHAR, GPX and GST) antioxidants which give protection against oxidative

stress (Hasanuzzaman et al., 2012a).
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Under various abiotic stress conditions, Methylglyoxal, a cytotoxic compound,
can also create oxidative stress by over production of O2" (Yadav et al., 2005).
Like other abiotic stresses, drought stress also increased the MG production
which ultimately increases the ROS production. Glyoxalase system in living
organism is well established always on the go to detoxify MG through two very

important enzyme glyoxalase | (Gly I) and glyoxalase 11 (Gly I1).

The antioxidant defense and glyoxalase systems cannot work properly to
detoxify ROS and MG that produces under drought stress condition. As a result
plants cell death. Different research findings demonstrated that drought stress
considerably increases oxidative damage by overproducing of ROS and altering
the antioxidant defense system based on drought intensity and plant growing

stages.

Tan et al. (2008) reported that imposition of 15% Polyethylene glycol (PEG-
6000) in wheat seedlings for 24 hours significantly increased oxidative stress by
increasing MDA content, O2" production and decreasing antioxidant enzymes
like SOD, CAT etc.

Not only short term water shortage but also long term water shortage can
significantly increase oxidative stress. According to Ibrahim (2014), withholding
irrigation from late tillering to the early flowering stage of T. aestivum L. (Giza
168) for 20 days increased oxidative stress markers MDA, H>O> content 194%
and 193% and decreased ROS scavenger enzymes activity(CAT, SOD). He also
observed that membrane stability index and root viability decreased by 40 and

58%, respectively.

Farooq et al. (2013) reported that maintenance of 35% water-holding capacity in

soil decreased the membrane stability index by 23% and increased MDA content
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by 37% compared to control wheat plants. They also observed that soluble

phenolics and leaf free Pro content increased by 30 and 57%, respectively.

Nahar et al. (2016) reported that 15% PEG (PEG-6000) induced drought stress
rose the amount of MDA and H:0O>, and O>" production rate compared to control
mung bean plants. CAT which is well known as a ROS scavenger, also decreased
under drought stress condition. Besides these, drought stress also increased

cytotoxic MG production by decreasing gly Il enzyme activity.

2.12 Antioxidant defense system

Oxidative stress commonly occurs along with drought stress. Antioxidant
defense system is one of the drought response mechanisms. Aerobic metabolism
which provides energy for plant growth and development is often accompanied
by the generation of reactive oxygen species (ROS) as by-products such as 103,
H202, O2', and OH". The activity of ROS scavenging enzymes is highly
correlated with antioxidant stress defense and abiotic stress tolerance. However,
the activities vary with plant cultivar, stress duration and dose. The generation
of ROS and increased activity of many antioxidant enzymes during abiotic stress
have been reported in different plant studies with several reports indicating that
the activity of antioxidant enzymes of tolerant genotypes increased in response
to abiotic stress whereas the sensitive species failed to do so (Hasanuzzaman et
al., 2012a). Under normal circumstances, the intracellular generation and
removal of ROS is under dynamic equilibrium. When plants suffer from
exposure to drought stress conditions, the dynamic equilibrium is broken and the
excessive accumulation of ROS injures cells, and the oxidative deterioration may
ultimately lead to cell death (Cruz de Carvalho, 2008). The membrane
phospholipids and fatty acids which are sensitive to the over-accumulation of
ROS are damaged, resulting in the peroxidation of membrane lipids. Under ROS
stress, the spatial configurations of various membrane proteins or enzymes are

disturbed, leading to increased membrane permeability and ion leakage,
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chlorophyll destruction, metabolism perturbations, and even severe injury or
death of plants (Gill and Tuteja, 2010). Plants produce ROS in chloroplasts,
peroxisomes, mitochondria, endoplasmic reticulum, plasma membrane, and the
cell wall due to the imbalance between the generation and utilization of electrons
under drought stress conditions (Mittler, 2002). ROS attack the most sensitive
biological macromolecules in plant cells to induce lipid peroxidation, protein
carbonylation, and DNA damage, and impair their functions to result in a
catastrophic cascade of events (Moller et al., 2007). To protect cells against the
deleterious effects of excessive ROS, plants have evolved a series of
sophisticated enzymatic and non-enzymatic antioxidant defense mechanisms to
maintain the homeostasis of the intracellular redox state. The protective enzymes
include superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase
(APX), glutathione peroxidase (GPX), glutathione reductase (GR), glutathione
S-transferase (GST), dehydroascorbate reductase (DHAR),
monodehydroascorbate reductase (MDAR), thioredoxin peroxidase (TPX),
alternative oxidase (AOX), peroxiredoxin (PrxR/POD), etc. (Mittler et al., 2011).
SOD, the H,0 — H20 cycle, the AsA-GSH cycle, GPX, and CAT cooperatively
build up major ROS scavenging pathways (Miyake, 2010). The balances among
the SOD, APX, and CAT activities are pivotal to maintaining the H.O>
homeostasis in plants. The non-enzymatic antioxidant system is comprised of
several reducing substances, such as ascorbic acid (AsA), glutathione (GSH),
carotenoids (CAR), a-tocopherol (vitamin E), cytochrome f (Cytf), flavanones,
anthocyanins, and so on (Blokhina et al., 2003; Gill and Tuteja, 2010). To date,
quite a few instructive cases have been reported to achieve enhanced drought
tolerance by eliminating the excessive accumulation of ROS in cells or
promoting the ROS-mediated signal transduction in plants (Hou et al., 2009;
Reguera et al., 2012). Further characterization of genes controlling the
antioxidant defense system may also provide useful candidate genes for

improving drought tolerance by transgenic approach.
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Hossain and Fujita (2009) also observed short-term enhanced drought tolerance
with increased activities of APX, MDHAR, DHAR, GR, GPX, GST and CAT in

mungbean seedlings, confirmed by lower levels of H202, and MDA.

Mohammadkhani and Heidari (2007) observed a positive and strong correlation
between antioxidant enzymes and drought stress while investigating the
responses of Zea mays L. var. 704 (drought-tolerant) and var. 301 (drought

sensitive).

Shehab et al. (2010) reported an increase in the activity of various antioxidant
defense enzymes (SOD, APX, GR and CAT) in rice, representing protective

activity to counteract the oxidative injury caused by drought.

Selote and Khanna-Chopra (2010) demonstrated that drought acclimation
induces oxidative stress tolerance of wheat seedlings, attributed to a well-

coordinated induction of the ROS detoxification system.

2.13 Potassium

Potassium (K) is not only a constituent of the plant structure but it also has a
regulatory function in several biochemical processes related to protein synthesis,
carbohydrate metabolism, and enzyme activation (Hasanuzzaman et al., 2018).
Potassium is a mineral element taken up in large amounts by plants and
plays an important role in the regulation of water status (Mengel and Kirkby,
2001). Potassium is characterized by high mobility in plants at all levels (within
individual cells and tissues as well as in long-distance transport via the xylem
and phloem). Potassium is the most abundant cation in the cytoplasm. Its salts
make a major contribution to the osmotic potential of cells and tissues in
glycophyte species. It is accumulated passively by both the cytosol and
vacuole except when extracellular K+ concentrations are very low, in which

case it is taken up actively (Taiz and Zeiger, 2006).
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The potassium ion is involved in many physiological processes, such as
enzyme activation, protein synthesis, photosynthesis, osmoregulation, cell
extension, stomatal movement and other processes (Mengel, 2007; Farooq
et al.,, 2009). It iswell known that potassium activates various enzymes
that may also be activated by other univalent cationic species of similar size and
water mantle, such as NH4+, Rb+ and Cs+. These other cationic species,
however, play no major role under natural conditions, as their concentration
in the tis- sues is low and does not achieve the required activation
concentration. A likely function of potassium is in polypeptide synthesis in the
ribosome, since this process requires a high K+ concentration. It is not yet
clear, however, what particular enzyme or ribosomal site is activated by K+
There is indirect evidence that protein synthesis requires K+ (Mengel, 2007).
Water conditions in plants influence the K+ accumulation in leaves and
interact with K+ nutritional status in some plant species (Restrepo-Diaz et al.,
2008). The stomatal opening mechanism is governed by the K+
concentration (Larcher 2006; Taiz and Zeiger, 2006; Mengel, 2007). The
opening and closure of K+ channels are of particular importance to guard
cells and this action mechanism is controlled by the reception of red light, which
induces stomatal opening. Under mild water stress, plants tend to reduce the
stomata aperture (Silva et al., 2003) and when water stress becomes severe, the
stomata generally close. Mahouachi (2007) found reduced levels of K+ in banana
plants under drought conditions. Similar results were found by Restrepo-Diaz et
al. (2008) in the leaves of water-stressed olive plants, regardless of nutritional

status.

It has been demonstrated that water is the main factor determining the
availability of mineral nutrients such as K+ in the soil as well as absorption by
plants and translocation from the roots to the shoot. However, some studies

have shown that higher levels of K fertilization may allow plants such as maize
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(Premachandra et al., 2008) and potato (Khosravifar et al., 2008) to tolerate

water stress.

2.14 Role of Potassium in plant in response to abiotic stress

Potassium renders plant tolerance to different biotic and abiotic stress like
salinity, drought, waterlogging, high temperature and ion toxicity (Reddy et al.
2004). Potassium directly or indirectly engaged in transportation, assimilation
and development of storage tissue and thus it influences the plant growth and
yield in a positive manner (Cakmak, 2005). A diverge ranges of plant metabolic
functions like protein synthesis (Fernando et al., 1990), photosynthesis and
activation of several enzymes are regulated by potassium (Marschner, 2002).
Biotic and abiotic factors are responsible for plants to face different kinds of
stresses during its lifecycle. Higer production of reactive oxygen species (ROS)
frequently make plants suffer from severe oxidative damage. This ROS’s are
initially account for cellular impairment and growth under stress condition.
Cellular membrane damage and degradation of chlorophyll is a common While
K is deficit in plant. Net photosynthetic rate get lowered as a result of reduced
stomatal conductance due to potassium deficiency. This physiological barrier

under low K conditions is partially connected chloroplast.

inner membrane ATPase that controls the high stromal pH needed for efficient
energy conversion from light to chemical energy by pumping protons out
of the stroma into the cytosol while allowing K+ flux into the stroma
(Berkowitz and Peters, 1993). Optimal application of K increases protein content
of plants, carbohydrate content in tubers and grains. vitamin C, and the solid
soluble contents in fruits also increased by applying K in an extra amount Ktells
upon the quality of the produces due to decreased organic acids, that results in

an increased pH (Mpelasoka et al., 2003).

30



The crucial importance of K in promoting the production of photosynthates and
their transport to storage organs such as fruits, grains, and tubers and enhancing
their conversion into starch, protein, vitamins, and oil is inevitable (Mengel and
Kirkby, 2001). Shortage of K results in disregulation of many metabolic
processes such as, reduced rate of photosynthesis, translocation and enzyme
activities (Marschner, 2002).

2.14.1 Photosynthesis

Potassium plays an imperative role in the photosynthesis process and the
subsequent carbohydrate translocation and metabolism, which eventually
increase the crop yield and improve the grain quality (Lu et al., 2016). Both the
leaf number and the leaf size are reduced while the plant is deficient in K. The
leaf number and size reduction later hasten the diminished photosynthetic rate
per unit leaf area and thus account for an overall reduction in the amount of
photosynthetic assimilates available for growth (Pettigrew, 2008). Furthermore,

K controls photosynthesis through sunlight interception.

2.14.2 Stomatal regulation

One of the major functions of the stomata is to control plant water loss via
transpiration. During drought stress, quick stomatal closure and internal moisture
preservation are essential for plant adaptation to drought conditions. Potassium
plays a crucial role in turgor regulation within the guard cells during stomatal
movement (Marschner, 2012). As stomatal closure is preceded by a rapid release
of K+ from the guard cells into the leaf apoplast, it is reasonable to think that
stomata would be difficult to remain open under K-deficient conditions. Some
studies also stated that K deficiency may induce stomatal closure and inhibit
photosynthetic rates in several crop plants (Jin et al., 2011). Benlloch 2008,

explained that the low plant K status could inhibit water-stress-induced stomatal
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closure via ethylene synthesis, and stomatal conductance could be significantly
reduced in K+-starved plants after the adding of an ethylene synthesis inhibitor
(cobalt). During drought stress, the stomata cannot function properly in K+-
deficient plants, resulting in greater water loss. Drought stress did not decrease
water use efficiency, whereas it did increase WUE by rapid stomata closing
during water deficit. Adequate levels of K nutrition enhanced plant drought
resistance, water relations, WUE and plant growth under drought conditions
Egilla et al. (2005).

2.14.3 Water uptake

Potassium is engaged in nearly all the physiological processes of the plant which
require water. These processes include stomatal regulation, the translocation of
photoassimilates, enzyme activation, and heliotropic leaf movements. In
addition, K assists in water transportation and mineral compound translocation
for the entire plant through the xylem. In cases in which the K supply is not at
its optimum level, the translocation of mineral compounds such as nitrates
(NO3"), phosphates (POs*), calcium (Ca?*), magnesium (Mg?") uptake is
reduced (Tuma et al. 2004). Optimal K fertilization helped plants to mitigate the
effect of the water deficit through better water use efficiency, which was related
to the lower leaf ET. Martineau et al. (2017) reported the appearance of
pronounced leaf rolling under a water deficit condition after K addition, which
prevented water losses, and thus, they concluded that adding K to K-deficient

soils can help maize to cope with drought and could be a new management option.
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CHAPTER 3

MATERIALS AND METHODS

This chapter contains a precise description on experimental design and layout,
time and location of the experiment, climatic condition of experimental site, seed
or planting materials, plant growing procedure, nutrient and treatment doses, data

collection and statistical analysis of the experiment.

3.1 Experimental location

The experiment was performed in the greenhouse of Kagawa University,
Kagawa, Japan (134° 07' 60.00" E longitude and 34° 15' 60.00" N latitude)
during the time span of April 2017 to October 2017. Complete experiment
materials, both technical and biochemical analysis support was facilitated by the
Laboratory of Plant stress responses under the Department of Applied Biological

Sciences, Kagawa University.

3.2 Microclimate of greenhouse

Inside the greenhouse, a source of continued natural sunlight and ambient
photoperiod condition was thoroughly maintained with artificially controlled
airflow. The temperature set point was 24°C at day and night but the actual day
temperature varied between 20-C and 35°C at midday. On an average 70%
relative humidity (RH) was maintained during the entire period of experiment

by spraying water over the protective net shades around the experimental area.
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3.3 Materials

3.3.1 Plant materials

Wheat (Triticum aestivum) cv. BARI Gom-21 (Satabdi) seed was used as plant
material in conducting the entire experiment. The seed was collected from

Bangladesh Agricultural Research Institute, Joydebpur, Gazipur, Bangladesh.

3.3.2 Plant growth behavior

This variety is high yielding, early in maturity and having good level of tolerance
to terminal heat stress. It is semi-dwarf in nature with good tillering habit. The
average plant height ranges in between 90-100 cm containing 4-6tiller /plant.
The leaves are broad, recurved and light green in color whereas the flag leaves
are also broad, half-erect and droopy in nature. The crop duration of the cultivar

is around 105 days and yield is 3.6-5 t/ha on an average.

3.3.3 Wagner pot

Empty Wagner pot made of plastic white hay with a size specification of 10, 9,
11 inch; on diameter, bottom diameter, height accordingly; were used for
carrying out this experiment. Pots were frequently washed and sundried for two

days before pouring with sundried sand.
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Figure 1. Wagner pot
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3.4 Plant growth substrate

Sand was used as plant growth substrate for this experiment. Each Wagner pot

was filled with 5kg of sundried sand and were ready for seed sowing.

3.5 Pot preparation

The collected sand was submerged under water in a big sized plastic pot for two
days. Later, it was thoroughly washed in bulk for three times under running tape
water to remove inert matters and mineral constituents if were present. After that
it was sundried for two days in an open floor. Each Wagner pot was then filled
up with 5 kg of sundried sand and placed at the greenhouse of Kagawa
University, Japan. The pots were pre-labeled for each treatment and finally,

water was added to bring soil water level to field capacity.

3.6 Seed sowing

The healthy and mechanical injury free seeds were sorted manually prior to seed
soaking. 36 seeds were sown in 6 line maintaining equal line to line and seed to
seed distance in each pot. After germination 15 seedlings were remained and rest

are uprooted from each pot.

3.7 Plant protection measure

An iron framed structure covered by net were placed over the experimental unit
to cut down excessive sunlight also to maintain balanced micro-climatic

environment for the plants.
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3.8 Design and layout

The experiment was plotted in completely randomized design (CRD) with 03
replications. Nine (9) pots for each replication amounting 27 pots in total along

with control for each replication was allocated to complete the experiment.

3.9 Treatment

3.9.1 Protectant treatment

Potassium (K) was used as a protectant in this experiment. Three different
concentration viz., 0 mM, 6 mM and 12 mM of K were mixed in Hoagland’s
nutrient solution (Table 2) considering nil, medium and high dose. 3 days after
seed germination nutrient solution was provided for the first time. There after 3
days interval for 2 times water was provided and balanced up to the 100% field
capacity level. According this sequence nutrient solution was provided 3 times
at 3 DAS, 12 DAS, and 21 DAS.

Table 2. Hoagland's Nutrients Solution composition

SI  Chemicals Stock Half Strength Full Strength
No. Working Solution ~ Working Solution
g/100 mL Stock mL/L Stock mL/L
Macro nutrients
1 NH;H2PO4 11.5 0.5 1
2 KNO; 10.11 3 6
3 Ca(NOs),.4H,0 16.405 2 4
4 MgS0,4.7H,0 12.035 1 2
5 Micro nutrients
5.1 H3;BO; 0.28 0.5 1
5.2 MnCl,.4H,0 0.18
5.3 ZnS0O..7H,0 0.02
5.4 CuS045H0O 0.008
5.5 H;Mo04+.H;O 0.0025
6 Fe Stock Solution
6.1 EDTA.2Na 3.08 0.5 1
6.2 FeSO4.7H20 0.78
6.3 KOH 0.81
6.4 HO 100
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3.9.2 Stress treatments

Afterwards the 21 days old seedlings treated with or without protectant were
subjected to artificially imposed drought stress by limiting water at two
different water regime. Water amount was lowered to 50% and 20% of field
capacity and maintained throughout the stress period and the effect was observed
under above conditions for 9 days. Control plants were grown in 100% FC
condition. Data were taken after 9 days stress period was finished when plants
are of 30 day old seedlings. Biochemical assessment was done after this 9 days

of stress treatment.

3.9.3 Treatment combinations

+ The experiment consisted of eight treatments as follows:
+ Well-watered (100% FC) + 0 mM K

+ Well-watered + 6 mM K

+ Well-watered + 12 mM K

+ 50% FC+ 0 mM K

+ 50% FC+ 6 mM K

+ 50% FC+ 12 mM K

+ 20% FC+ 0 mM K

+ 20% FC+ 6 mM K

+ 20% FC+ 12 mM K

3.10 General observation of the experimental pots

Day and night temperature and humidity were regularly observed and regulated
as crop demand. The control plants looked normal green while K deprived plants

showed slight yellowing and sporadic tip burn at the leaves.
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3.11 Data collection

Growth parameters were collected two times at 10 DAS and 20 DAS where
morphological and biochemical analysis of the parameters was recorded after the
end of stress treatment period at 30 DAS.

Data were collected on following sequences:

3.11.1 Crop growth parameters
+ Mortality rate

+ Plant height

+ Fresh weight plant?

+ Dry matter weight plant

3.11.2 Physiological parameters
+ Relative water content (RWC)
+ Photosynthetic pigments

+ Determination of mineral contents

3.11.3 Oxidative stress indicators

+ Lipid peroxidation

+ H>0, content

+ Proline content

+ Methylglyoxal content

+ Ascorbic acid content

+ Glutathione content

+ Protein estimation

+ Activities of antioxidant enzymes (APX, CAT, MDHAR, DHAR, GR,
GPX, Gly I and Gly II)
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3.12 Sampling procedure for growth study during the crop growth
period
3.12.1 Plant height

Wheat plant height was recorded two times at equal intervals. First height was
recorded at 15 days of seedlings age and second height was recorded at 30 days
of seedlings age which was after the end of the stress duration. From the ground
level to the highest tip of the leaf was measured by a measuring scale and counted
as the plant height. 10 plants from each pot was randomly selected for measuring
height. The average height of 10 plants was considered as the height of the plant

for each pot.

3.12.2 Fresh weight plant

Plant fresh weight was recorded after the end of estimated stress treatment
period. Ten plants as sample from each treated pot was uprooted randomly and
thoroughly washed in running tape water. After that the samples were weighed
in a digital balance and averaged. The average data were counted as fresh weight

plant,

3.12.3 Dry weight plant

After recording the fresh weight, the samples were dried in an electric dryer
(ADVANTEK, SP-450, and Japan) at 80°C for 48 h. Then they were weighed in
an electric balance and finally averaged to derive the dry weight plant*. The data

were collected after completion of treatment duration.
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3.13 Sampling procedure for physiological parameter

3.13.1 Determination of leaf relative water content

According to Barrs and Weatherly (1962) leaf laminas of fully developed leaves
were separated from randomly selected plants to measure the leaf relative water
content. Leaf discs from randomly chosen plants were taken. At first, laminas
were weighed as fresh weight and then immediately floated on distilled water in
a petri dish for 8 h and kept in the dark condition of the incubator. Excess surface
water was removed with paper towels and leaf turgid weights were obtained by
weighing in a digital balance. Dry weights of leaves were measured after drying
at 80°C for 48 h. finally, RWC was calculated using the following formula:
RWC (%) = [(FW-DW)/ (TW-DW)] %100

3.13.2 Determination of photosynthetic pigments

To determine the photosynthetic pigments method of Arnon (1949) was
followed. Firstly, 0.5g fresh leaf sample was taken randomly from each
treatments. The samples were homogenized with 10 ml of acetone (80% v/v)
using pre- cooled pestle and mortar. Later on, the homogenate was centrifuged
at 2000xg for 10 min. After diluting the supernatant the absorbance of the
supernatants was measured with a UV-visible spectrophotometer at 663, 645 and

470 nm for Chl a, chl b and carotenoid contents, respectively.

3.13.3 Determination of mineral contents

To determine the Na+ and K+ contents following the method of Rahman et al.
(2016). Ten seedlings were uprooted from each treated pot after estimated stress
period was finished. Samples were thoroughly washed with tap water and
thereafter with distilled water to remove surface contaminants like soil,

sand, dust and inert materials. The samples were then separated into root and
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shoot. Later the samples were placed in an oven (ADVANTEK, SP-450, Japan)
for drying at 80°C for 48 h. To determine mineral content 0.1 g dry sample were
taken in a test tube and digested with 5 mL acid mixture [HNO3:HCIO4 (5:1
v/v)] at 70°C in a digestion chamber for 48h. During this operation Opening of
test tube were closed by cotton to avoid volatilization. After that, 200 pL digested
sample were taken in a test tube and volume up to 5 mL by 10% HNOs. Finally
the absorbance was observed in atomic absorption spectrophotometer by flame

method and compare with the respective series of standards.

3.14 Sampling procedure of measuring oxidative stress indicators

3.14.1 Determination of lipid peroxidation

The level of lipid peroxidation was measured by estimating malondealdehyde
(MDA) content according to Heath and Packer (1968) with slight modification
by Hasanuzzaman et al. (2012b). The randomly sampled (0.5 g) leaves were
homogenized by 3 mL 5% (wi/v) trichloroacetic acid (TCA). The homogenate
was then centrifuged at 11,500 x g for 15 min. thereafter, 1 mL supernatant was
mixed with 4 mL of thiobarbituric acid (TBA) reagent (0.5% of TBA in 20%
TCA). The reaction mixture was heated at 95 °C for 30 min in a water bath and
then quickly cooled in an ice bath and centrifuged again at 11,500 x g for 10
min. The absorbance of the colored supernatant was measured at 532 nm and
was corrected for non-specific absorbance at 600 nm. MDA content was
calculated by using extinction coefficient 155 mM~'cm™ and expressed as nmol
g FW.

3.14.2 Determination of H.O, content

H20. was assayed according to the method described by Yu et al. (2003). 1/2 ¢
of leaf samples was homogenized with 3 ml of 50 mM potassium-phosphate (K-
P) buffer (pH 6.5) at 4°C. The homogenate was centrifuged at 11,500x g for 15
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min. 3 ml of supernatant was mixed with 1 ml of 0.1% TiCls in 20% H2SO4 (v/v)
and kept in room temperature for 10 min. After that, the mixture was again
centrifuged at 11,500x g for 12 min. The optical absorption of the supernatant
was measured spectrophotometrically at 410 nm to determine the H2O> content
using extinction coefficient 0.28 pM'cm™' and expressed as nmolg fresh

weight.

3.14.3 Determination of proline content

Free proline in leaf tissues was measured according to the protocol of Bates et
al. (1973). Fresh leaf tissue (0.25 g) was homogenized well in 5 ml of 3% sulfo-
salicylic acid with pre-cooled mortar and pestle on ice. After homogenization the
homogenate was centrifuged at 11,500xg for 15 min. 1 ml of the supernatant was
than mixed with 1 ml of acid ninhydrin (1.25 g ninhydrin in 30 ml glacial acetic
acid and 20 ml 6 M phosphoric acid) and 1 ml of glacial acetic acid. The mixture
was placed at 100°C in water bath for 60 minutes, and then the reaction was
terminated by placing the tube in ice bath for 15 min, after the reaction mixture
get cooled, 2 ml of toluene was added with the reaction mixture and thoroughly
vortexed for 20-30sec. The upper aqueous layer (toluene layer) was immediately
transferred to new test tube and kept in room temperature for next 10 minutes.
Finally, the optical density of the chromophore containing toluene was read
spectrophotometrically at 520 nm using toluene as a blank. The amount of

proline was calculated from the standard curve using laboratory grad Proline.

3.14.4 Determination of methylglyoxal content

Method described by Wild et al. (2012) was followed to estimate Methylglyoxal.
0.5g Leaves were homogenized in 5% perchloric acid and then centrifuged at 4
°C for 10 min at 11,000xg. The supernatant was decolorized by adding charcoal.
The decolorized supernatant was neutralized by adding a saturated solution of

sodium carbonate at room temperature. The neutralized supernatant was used to
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estimate MG by adding sodium dihydrogen phosphate and N-acetyl-L-cysteine
to a final volume of 1 mL. Formation of the product N-a-acetyl-S-(1-hydroxy-
2-oxoprop-1-yl) cysteine was recorded after 10 min at a wavelength of 288 nm,
and the MG content was calculated using a standard curve of known

concentration.

3.14.5 Extraction for ascorbate and glutathione content

Three mL ice-cold 5% meta-phosphoric acid containing 1 mM ethylene-
diaminetetraacetic acid (EDTA) solution was used as extraction buffer to
homogenize 0.5 g fresh wheat leaves using a pre-cooled mortar and pestle. The
homogenate was centrifuged at 11,500 x g for 12 min at 4 °C. Later the

supernatant was collected to analyze for AsA and GSH.

3.14.6 Determination of ascorbate content

Ascorbate content was determined following the method of Huang et al. (2005)
with some modifications. The supernatant was neutralized with 0.5 M K-P buffer
(pH 7.0), and the oxidized fraction was reduced by 0.1 M dithiothretitol. AsA
was assayed spectrophotometrically at 265 nm in 100 mM K-P buffer (pH 7.0)
with 0.5 units of ascorbate oxidase (AO). A specific standard curve of AsA was

used for quantification.

3.14.7 Determination of glutathione content

The GSH pool was assayed according to a previously described method (Yu et
al., 2003) with modifications as described by Paradiso et al. (2008). Aliquots
(0.2 mL) of supernatant were neutralized with 0.3 mL of 0.5 M K-P buffer (pH
7.0). Based on enzymatic recycling, GSH is oxidized by 5,5-dithio-bis (2-

nitrobenzoic acid) (DTNB) and reduced by nicotinamide adenine dinucleotide
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phosphate (NADPH) in the presence of GR, and GSH content was evaluated by
the rate of absorption changes at 412 nm of 2-nitro-5-thiobenzoic acid (NTB)
generated from the reduction of DTNB. Oxidized glutathione (GSSG) was
determined after removing GSH by 2-vinylpyridine derivatization. Standard
curves with known concentrations of GSH and GSSG were used. The content of
GSH was calculated by subtracting GSSG from total GSH.

3.14.8 Determination of protein

BSA (Bovin Serum Albumin) was used as standard and protein concentration of

each sample was measured following the method of Bradford (1976).

3.15 Enzyme extraction and assays

Freshly sampled 0.5 g of wheat leaf tissue was homogenized in 1 ml of 50 mM
ice-cold K-P buffer (pH 7.0) containing 100 mMKCI, 1 mM ascorbate, 5 mM -
mercaptoethanol and 10% (w/v) glycerol with the ice-cooled mortar and pestle.
The homogenates were centrifuged at 11,500% g for 15 min and the supernatants
were used for determination of enzyme activity. 0—4°C temperature was

maintained throughout the whole procedure.

3.15.1 Ascorbate peroxidase (APX, EC: 1.11.1.11)

APX (EC: 1.11.1.11) activity was determined following the method of Nakano
and Asada (1981) containing 50 mM K-P buffer (pH 7.0), 0.5 mM AsA, 0.1 mM
H20,, 0.1 mM EDTA, and enzyme extract that finally volumed to 700 pl. The
reaction was started by the addition of H.O> and the activity was measured by
observing the decrease in absorbance at 290 nm for 1 min using an extinction

coefficient of 2.8 mMcm™.
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3.15.2 Catalase (CAT, EC: 1.11.1.6)

CAT (EC: 1.11.1.6) activity was assayed following the method described by
Hasanuzzaman et al. (2012b). A reaction mixture contained 50 mM K-P buffer
(pH 7.0), 15 mM H20», and enzyme solution in a final volume of 700 uL was
used where the decrease in absorbance at 240 nm was observed for 1 min
happened due to the defragmentation of H>O». The reaction was initiated with
the enzyme extract and activity was calculated using an extinction coefficient of
39.4 M 'em™,

3.15.3 Monodehydroascorbate reductase (MDHAR, EC: 1.6.5.4)

MDHAR (EC: 1.6.5.4) activity was determined by the method described by
Hossain et al. (1984). The reaction mixture contained 50 mM Tris-HCI buffer
(pH 7.5), 0.2 mM NADPH, 2.5 mM AsA, and 0.5 unit of AO and enzyme
solution in a final volume of 700 pl. The reaction was started by the addition of
AO. Change in absorbance was recorded at 340 nm for 1 min calculation was

conducted with an extinction coefficient of 6.2 mM-1cm.

3.15.4 Dehydroascorbate reductase (DHAR, EC: 1.8.5.1)

DHAR (EC: 1.8.5.1) activity was determined by the procedure of Nakano and
Asada (1981). The reaction buffer contained 50 mM K-P buffer (pH 7.0), 2.5
mM GSH, and 0.1 mM EDTA and 0.1 mM dehydroascorbate (DHA). The
reaction was started by adding the sample solution to the reaction buffer solution.
The activity was calculated from the change in absorbance at 265 nm for 1 min

using extinction coefficient of 14 mM-—tcm™.
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3.15.5 Glutathione reductase (GR, EC: 1.6.4.2)

GR (EC: 1.6.4.2) activity was measured by the method of Hasanuzzaman et al.
(2011b). The reaction mixture contained 0.1 M K-P buffer (pH 7.0), 1 mM
EDTA, and 1ImM GSSG, 0.2 mM NADPH, and enzyme solution in a final
volume of 1 ml. The reaction was initiated with GSSG and the decrease in
absorbance at 340 nm was recorded for 1 min. The activity was calculated using

extinction coefficient 6.2 mM-1cm-1.

3.15.6 Glutathione peroxidase (GPX, EC: 1.11.1.9)

GPX (EC: 1.11.1.9) activity was assayed using the method of Elia et al. (2003).
The reaction mixture contained 100 mM K-P buffer (pH 7.0), 1 mM EDTA, 1
mM sodium azide (NaNs), 0.12 mM NADPH, 2 mM GSH, 1 unit GR, 0.6 mM
H2O> (as a substrate), and 20 pL of sample solution. NADPH oxidation was
recorded at 340 nm for 1 min. The activity was calculated using extinction
coefficient 6.62 mM—1cm—1.

3.15.7 Glyoxalase | (Gly I, EC: 4.4.1.5)

Glyoxalase | (EC: 4.4.1.5) activity was recorded following the protocol of
Hasanuzzaman et al. (2011a). The assay mixture contained 100 mM K-P buffer
(pH 7.0), 15 mM magnesium sulphate, 1.7 mM GSH and 3.5 mM MG in a final
volume of 700 pL. The reaction was started by the addition of MG. Increase in
absorbance was recorded at 240 nm for 1 min. The activity was calculated using

the extinction coefficient of 3.37 mM-tcm™.
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3.15.8 Glyoxalase 11 (Gly 11, EC: 3.1.2.6)

Glyoxalase Il (Gly II; EC: 3.1.2.6) activity was determined according to the
method of Principato et al. (1987) by monitoring the formation of GSH at 412
nm for 1 min. The reaction mixture contained 100 mM Tris—HCI buffer (pH 7.2),
0.2 MM DTNB and 1 mM S-D-lactoylglutathione (SLG) in a final volume of 1
ml. The reaction was started by the addition of SLG and the activity was

calculated using the extinction coefficient of 13.6 mM-*cm™.

3.16 Statistical analysis

Data accumulated from different parameters were subjected to analysis of
variance (ANOVA) using the software XLSTAT 2018 (AddinSoft, 2018). Mean

separation was done by Fisher’s LSD at 5% level of significance.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Growth parameters of wheat seedlings
4.1.1 Plant height

Significant reduction of plant height was observed in wheat seedlings due to
imposed drought stress at two different water regimes compared with control
(well watered). However, plant treated with K in stressed plant increased plant
height under all three water regimes with an exception in 20% FC. 6 mM K
application increased plant height by 15% & 18% under 50% and 20% FC
accordingly, respect to their control. However, with 12 mM K application
increased plant height 29% as well in 50% FC while in 20% FC it increased only

3% comparing to control (Table 3).

4.1.2 Shoot fresh weight and dry weight

Drought stress sharply decreased shoot FW at 50% and 20% water stress
compared to control (well watered) seedlings. Similarly, DW of shoot were also
reduced when exposed to drought stress. However, DW and FW of seedlings
increased in drought-stressed plant while potassium applied as a protectant. A
highest increase in FW was 16% at 50% FC with 12 mM K supply compared to
control. Where in 20% FC 12 mM K showed less increase than 6 mM K apply
in respect to individual’s control. Similar trend of increase and decrease was

observed in shoot DW due to K supplementation at 50% and 20% FC (Table 3).
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Table 3. Effect of potassium on plant height, fresh weight and dry weight of

wheat seedlings under different water regimes.

Treatments Plant height FW (mg DW (mg seedling™?)
(cm) seedling™)

Well watered -K  32.21+1.66d 1.38+0.07c 0.18+0.010de
Well watered +K  39.88+1.40b  1.50+0.06b 0.22+0.008b
Well watered +2K 42.32+1.63a  1.66%0.04a 0.24+0.006a
50%FC -K 30.43+1.79e  1.23%0.04d 0.17%0.009ef
S50%FC +K 35.07+2.14c  1.35+0.04c 0.19+0.011cd
50%FC +2K 39.13+£1.61b  1.42+0.06bc 0.19+0.008c
20%FC -K 29.14+2.01f  1.11+0.06e 0.15+0.007g
20%FC +K 34.26£1.93¢c  1.23+0.06d 0.17£0.005ef
20%FC +2K 29.90+1.42ef 1.21+0.05de 0.16+0.004f
LSD (0.05) 1.08 0.09 0.01

CV (%) 1.80 4.28 3.25

Here, 3 water regimes defined as well watereded, 50% FC and 20% FC while 3
potassium doses were represented as —K, +K and ++K that stands for 0 mM K,
6 mM K and 12 mM K accordingly. Means (£SD) were calculated from three
replications for each treatment. Values with different letters are significantly
different at P<0.05 applying the Fisher’s LSD test

49



‘ Well watered (0 mM K, 6mM K, 12 mM K) | | 50% FC (0 mM K, 6mM K, 12 mM K)

| 20% FC (0 mM K, 6mM K, 12 mM K) |

Plate 1. Effect of potassium (0 mM, 6 mM and 12 mM) on plant growth under
(A) control, (B) 50% FC and (C) 20% FC condition in wheat seedlings

Cell is basic components of all living organism and water is the basic
requirement for cell growth and development. Drought stress hinders cell
expansion and reduces stomatal opening and carbohydrate supply ultimately
affects growth and development of plants (Kang et al., 2012). Plant growth is
characterized by some morphological traits like plant height, Plant FW and DW,
shoot length, root length etc. In the following experiment drought affected wheat
seedlings exhibited growth retardation in terms of plant height, seedlings FW
and DW. Many research publications have been reported the FW and DW of
plants in response to drought are reduced significantly (Al Hassan et al., 2017).
In some cases due to water deficit condition at early vegetative stage the root
biomass of plants increased relative to that of well-water controls which were
reported by Sharp and Davies (1979) in maize and Malik et al. (1979) in cotton
seedlings. However, the present study indicated the improvement of plant growth

in terms of seedling length, FW, DW by seed potassium treatment under drought
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stress. This results is consistent with the previous findings in which potassium
treatment improved growth of plants under different abiotic stress condition
(Patade et al., 2009).

4.2 Physiological parameters of wheat seedlings

4.2.1 Relative water content

Drought stress significantly decreased relative water content of wheat seedlings
compared to well watered condition. Whereas, supplemented K increased plant
RWC in a significant manner. 6 mM K supply increased plant RWC by 21% and
35% under 50% and 20% FC compared to respective controls. However, in 20%
FC, 12 mM K showed no significant increase in RWC as compared to control (0

mM K) while in 50% FC it showed 19% increase in RWC due to 12 mM K
supply (Figure 2).
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Figure 2. Effect of potassium doses on RWC of wheat seedlings under 3 water
regimes. Here the treatments, well watered= 100% field capacity (control), 50%
FC, 20% FC and -K, +K and +2K indicate 0 mM potassium, 6 mM potassium
and 12 mM potassium respectively. (LSDo.os = 10.47 )
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Water is the most important component for the survival of all living organism.
Under drought stress condition, water lost from the cell of plants that result in
decreased RWC. Relative water content of plants is an indicator to measure the
relative tolerance levels of plants under stress conditions. Drought reduces the
soil water potential surrounding the root zone of plants, therefore water uptake
from soil through roots was interrupted to maintain the turgor pressure (Pandey
and Shukla, 2015). Leaf RWC is inversely correlated with drought stress
(Hasanuzzaman et al., 2013). For evaluating plants for tolerance to drought
stress, leaf RWC is considered as an effective parameter. Potassium treatment
helped in balancing and increasing RWC in the leaf tissue under drought stress

condition. Similar results also observed by Atreya et al. (2009).

4.2.2 Chlorophyll content

Chlorophyll a and chl b contents of leaves were significantly decreased in wheat
seedlings under drought stress compared to control, which in terms contributed
to reduction of total chl (a+b) content also. However, seedlings exposed to
drought stress with K treatment showed significantly higher amount of chl a, chl
b and chl (a+b) content (Table 4). In both chl aand chl b, at 20% FC plant treated
with 12 mM K showed 107% and 66% increase compared to their control (0 mM
K). However in chl (a+b), 91% increase was observed with 12 mM K treated at
20% FC than control. Interestingly in chl b, no significant difference was
observed at 50% FC either treated with 6 or 12 mM K.
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Table 4. Effect of potassium on chl a, chl b and chl (a+b) content of wheat

seedlings under control and 2 water regimes (50% FC and 20% FC) condition.

Treatments Chla Chib Chl (at+b)
Well watered -K ~ 0.72+0.020c 0.38+0.012c 1.09+0.02d
Well watered +K  0.85+0.076ab 0.47+0.01b 1.32+0.08b
Well watered +2K  0.91+0.020a 0.52+0.04a 1.43+0.06a
50%FC -K 0.49+0.035e 0.25+0.03e 0.74+0.06f
50%FC +K 0.56+0.046d 0.36+0.04c 0.93+0.06e
50%FC +2K 0.79+0.020bc 0.40+0.04c 1.2040.06¢
20%FC -K 0.30£0.025f 0.18+0.02f 0.47+0.04g
20%FC +K 0.43+0.062e 0.29+0.03de 0.72+0.03f
20%FC +2K 0.61+0.035d 0.29+0.03d 0.90+0.05e
LSD (0.05) 0.07 0.04 0.08

CV (%) 6.79 7.33 4.84

Here, 3 water regimes defined as well watereded, 50% FC and 20% FC while 3
potassium doses were represented as —K, +K and ++K that stands for 0 mM K,
6 mM K and 12 mM K accordingly. Means (£SD) were calculated from three
replications for each treatment. Values with different letters are significantly

different at P<0.05 applying the Fisher’s LSD test

Plants produce their own food and later converted this food into energy by the
process of photosynthesis. Afterall for survival of plants photosynthesis is the
most important factor. Water deficit conditions caused a marked suppression in
plant photosynthetic efficiency, which has been found to be mainly due to
closing of stomata which limits CO> diffusion into the leaf, or due to inhibition
in rubisco, a non-stomatal factor (Rapacz et al., 2010). Water stress also causes
a decline in photosynthetic pigments contents including chl, carotenoid,

anthocynanin, etc. in various types of crop plants which is due to the oxidation
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of pigments, impaired pigment biosynthesis and so on (Abbaspour et al., 2011,
Pandey et al., 2012). Findings of the present study are also evident by reduced
chl a, chl b and total chl (a+b) under drought stress. Addition of potassium with
drought stress improved the photosynthetic pigment levels in studied species
which might be due to the higher biosynthesis of these pigments. Present findings
Is corroborated with the results of previous studies on other stresses including

drought stress (Hasanuzzaman et al., 2014a; Hoque et al., 2008).

Effect of water stress (low, mild and severe) and K supply (0.2, 2.0 and 6.0 mM)
on net photosynthesis rate in wheat leaves was studied by Gupta et al. (1989).
Result showed under water stress, the photosynthetic efficiency of plants was
reduced drastically (61%) as a consequence of chloroplast dehydration. Also, in
drought stress conditions, spraying plants with K application in three levels 0.2,
2.0 and 6.0 mM, photosynthesis rate increased 17.3%, 75% and 92.8%,
respectively. In wheat experiments, Pier and Berkowitz (1987) observed 66-
113% higher photosynthetic rates in plants fertilized with above normal K+ than
those under standard fertilization, indicating that leaves of plants grown in very
high internal K+ levels have partially reversed the dehydration effects on

photosynthesis.

4.2.3 Root-shoot mineral content

4.2.3.1 Shoot mineral content

Drought stress highly effect on the shoot mineral contents (K, Ca, Mg). In this
study, increasing drought severity reduced all three mineral contents
significantly. However, potassium supply increased the shoot mineral contents.
The maximum shoot K content 26% was increased at 50% FC while plant treated
with 12 mM K compared to control. Maximum shoot Ca content was observed
at 20% FC while plant was exposed to 12 mM K. on the contrary, at 50% FC
both the doses of K reduced Ca content in shoot and there was no significant

difference between them. Meanwhile, highest Mg content 69% was accumulated
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in 20% FC with 6 mM K supply compared to control (0 mM K) where the
minimum 10% was observed at 50% FC with same dose of K application (Table
5).

Table 5. Effect of potassium supply on shoot mineral (K, Ca, Mg) content of

wheat seedlings under three water stress condition.

Treatments Shoot mineral content
Potassium (K) Calcium (Ca) Magnesium (Mg)
Well watered -K  547.20£32.50b 197.73+16.72b  143.50+6.84b
Wellwatered +K  635.20+12.69a 245.40+12.61a 155.22+10.33b
Well watered +2K 644.60+17.39a 281.25+2.00a  180.93+14.58a
50%FC -K 466.40+35.73c  180.78+9.13bc  143.5849.37b
50%FC +K 562.80+30.42b  173.59+38.80bc 157.90+13.70b
50%FC +2K 586.95+51.82b 177.00+45.10bc 161.23+12.34ab
20%FC -K 363.38+24.06e  133.52+8.25d  38.35+10.52d
20%FC +K 439.65+£18.87cd 146.21+16.89cd 64.96+7.90c
20%FC +2K 395.72+26.61de 162.03+5.66bcd 58.26+12.26¢d
LSD (0.05) 4.35 7.96 3.25
CV (%) 5.35 11.70 9.38

Here, 3 water regimes defined as well watereded, 50% FC and 20% FC while 3
potassium doses were represented as —K, +K and ++K that stands for 0 mM K,
6 mM K and 12 mM K accordingly. Means (£SD) were calculated from three
replications for each treatment. Values with different letters are significantly

different at P<0.05 applying the Fisher’s LSD test
Wei et al. (2013) showed the response of two wheat cultivars in response to

drought with potassium application. External K>COs significantly increased

internal K+ contents of both cultivars under well-watered conditions. PEG6000
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drastically reduced K+ contents in both shoot and root of two cultivars. Adequate
K2COs application increased K+ content in both shoot and root, with the extent
being larger in root than in shoot in both cultivars. The K+ content in shoot
peaked at 7.5 mM K>CQOz in both cultivars, while the maximum values in roots

were noted in 10 mM K 2COs3 treatment.

4.2.3.2 Root mineral content

Compared to control, increasing drought severity highly reduced the root mineral
contents (K, Ca, and Mg). Due to drought, significant root mineral content
reduction was visible in this study. Whereas, potassium supply increased the root
mineral contents in different ways. The maximum root K content 46% was
increased at 50% FC while plant treated with 12 mM K compared to control.
Where in 20% FC with same K treatment it reduced 18% root K content
compared to control. Besides, Maximum root Ca content was observed at 50%
FC while plant was exposed to 12 mM K. on the contrary, at 20% FC with same
K dose shoed the lowest increase of K content in the root. . Meanwhile, highest
Mg content 79% was accumulated in 20% FC with 12 mM K supply compared
to control (0 mM K) (Table 6).
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Table 6. Effect of potassium supply on root mineral (K, Ca, Mg) content of

wheat seedlings under three water stress condition.

Treatments Root mineral content

Potassium (K) Calcium (Ca) Magnesium

(Mg)

Well watered -K  165.99+6.35¢c  3396.37+166.48c  121.0+9.0bc
Well watered +K  240.70+27.00b  3959.00+189.43b  131.2+5.8ab
Well watered +2K 286.50+30.28a 4434.94+199.44a  143.2+6.4a
S0%FC -K 159.33+£11.68cd 479.29+69.41f 111.3+5.8c
S0%FC +K 164.95+29.70cd 2393.07+199.02d  123.1+14.5bc
50%FC +2K 233.24+15.41b  2486.13+124.57d  131.7£12.2ab
20%FC -K 128.09+21.92de 545.96+80.98f 74.9£11.3d
20%FC +K 154.98+12.67cd 1280.93+72.66e 85.1+12.6d
20%FC +2K 105.18+21.82e  1093.86+44.88e 133.7+15.6ab
LSD (0.05) 3.25 1.21 3.64
CV (%) 11.90 6.66 8.64

Here, 3 water regimes defined as well watered, 50% FC and 20% FC while 3
potassium doses were represented as —K, +K and ++K that stands for 0 mM K,
6 mM K and 12 mM K accordingly. Means (£SD) were calculated from three
replications for each treatment. Values with different letters are significantly
different at P<0.05 applying the Fisher’s LSD test
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4.3 Biochemical parameters of wheat seedlings
4.3.1 Oxidative stress markers
4.3.1.1 Levels of lipid peroxidation (MDA content)

Drought stress results in excessive production of ROS that interrupts cellular
redox homeostasis and ultimately imparts serious oxidative damages to plants.
A sharp increase in MDA content (the product of lipid peroxidation) was
observed under drought stress which ultimately results in membrane damage. In
this study, the highest lipid peroxidation was observed in 20% FC comparing to
control. However, potassium treatment significantly reduced MDA content in all
three water conditions. At 50% and 20% FC, 26% and 36% MDA content was
reduced due to 6 mM K apply in respect to their control (0 mM K), accordingly.
Meanwhile, 12 mM K addition reduced MDA content to 41% where in 20% it

reduced only 24% from respective controls (Figure 3).

K- s K+ mK++

Well watered 50% FC 20% FC

Figure 3. Effect of potassium on MDA content of wheat seedlings under
control and 3 water regimes. Here the treatments, well watered= 100% field
capacity (control), 50% FC, 20% FC and -K, +K and +2K indicate 0 mM
potassium, 6 mM potassium and 12 mM potassium respectively. (LSDo.os
=7.36)
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MDA is a major cytotoxic compound which is produced through lipid
peroxidation. MDA act as an indicator of oxidative damage due to increasing
production of ROS (Mittler and Blumwald, 2010). ROS production increases
under various abiotic stresses including drought stress. In our study, levels of
MDA content increased markedly under drought stress condition where
decreased levels of MDA content was observed in seedlings which were supplied
with potassium at different concentrations and grown in drought stress condition.
Similar protective effect of K was observed by (Fayez and Bazaid, 2013; Yan et
al., 2015). Improving membrane repairing and inducing responses of antioxidant
enzymes (SOD, APX) helps to decrease the MDA content, which helps to

provides protection against oxidative damage.

4.3.1.2 Levels of hydrogen peroxide

Hydrogen peroxide, an oxidative stress marker results in increased production
due to various abiotic stresses including drought stress. In present study, under
increasing drought stress the levels of H202 was increased in wheat seedlings
compared to control (well watered) condition. However, potassium (K)
treatment significantly decreased H.O. content as compared to their respected
control in all three water regimes. Notable decrease was found in plants treated
with 6 mM K, where 21% and 23% H-O. reduced under 50% FC and 20% FC
accordingly, compared to their control (Figure 4). On the contrast, plants treated
with 12 mM K reduced H.O> content 27% under 50% FC, whereas only 7%
reduced under 20% FC with same K treatment, compared to their respective

controls.
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Figure 4. Effect of potassium on H.O> content of wheat seedlings under control
and 3 water regimes. Here the treatments, well watered= 100% field capacity
(control), 50% FC, 20% FC and -K, +K and +2K indicate 0 mM potassium, 6
mM potassium and 12 mM potassium respectively. (LSDo.os = 1.30)

Hydrogen peroxide is a ROS, which is formed when oxygen acknowledges two
electrons. Its metabolism determines formation of exceptionally toxic species;
nonetheless, at the physiological concentration it is not dangerous. H20:>
converted to cytotoxic HO® by the fenton or Haber—Weiss reactions. H>O>
content increased remarkably when plants falls under various abiotic stresses
(Tian and Lei, 2007 and Hasanuzzaman et al., 2014b). Higher H:0>
concentration may cause oxidative stress. However, during abiotic stresses the
accumulation of H20- increased in plants cell and increased oxidative damage in
cell membrane (Nahar et al., 2015; Rahman et al., 2016). Similarly, Nxele et al.
(2017) were reported from their study that salinity and drought stress increased
the H>O> content significantly in sorghum plant. In the following experiment,
drought stress caused a surprising increase of H>O> which is clear sign for
oxidative stress. Potassium treatment reduced the generation of H2O> in stressed
plants by upregualting the enzymes such as APX, CAT and GPX. This result is
well agreed with Alam et al. (2013).
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4.3.1.3 Proline (Pro) content

Compared to control (well watered) proline content was notably increased in
wheat seedlings while exposed to increased drought severity. Plant treated with
K as protectant under 50% FC and 20% FC showed significant reduction in
proline content. For example, 50% and 20% stressed plant treated with 6 mM K
results in declined Pro content by 25% and 35% accordingly, respect to their
controls (0 mM K). On the contray, 12 mM K in 50% stress reduced pro content
by 51% while only 21% reduction was observed in 20% FC with same K

treatment comparing each controls (Figure 5).
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Figure 5. Effect of potassium on proline content of wheat seedlings under
control and 3 water regimes. Here the treatments, well watered= 100% field
capacity (control), 50% FC, 20% FC and -K, +K and +2K indicate 0 mM

potassium, 6 mM potassium and 12 mM potassium respectively. (LSDo.05=0.11)

Proline plays very important role under abiotic stress conditions including
drought stress. Proline has vital roles in osmotic adjustment, stress signal
transduction and it also acts as an antioxidant. Increase of Pro level under

physiological stresses including drought stress conditions were documented
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previously (Nahar et al., 2013). Similarly profound increases of Pro levels under
drought stresses were observed in wheat seedlings. In present study, Potassium
treatment with drought stress reduced Pro levels in wheat seedlings. Proline
biosynthesis due to potassium treatment under drought stress did not increase the
Pro levels further. These results are corroborated to previous studies (Nounjan et
al., 2012).

4.3.2 Antioxidant defense system
4.3.2.1 Ascorbate content

Ascorbate content was significantly reduced under increasing drought stress
condition compared to control. On the contrast, K treatment ameliorated AsA
content under drought stress condition. A highest 64% of AsA content increased
was observed at 12 mM K treated plant in 20% FC compared to control (0 mM
K). Whereas, at 50% FC condition the increasing content of AsA was 20% and
26% with 6 mM and 12 mM K supply respectively, compared to control (Figure
6).
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Figure 6. Effect of potassium treatment on ascorbate (AsA) content of wheat
seedlings under 3 water regimes. Here the treatments, well watered= 100% field
capacity (control), 50% FC, 20% FC and -K, +K and +2K indicate 0 mM

potassium, 6 mM potassium and 12 mM potassium respectively. (LSDo.os=2.12)
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As a non-enzymatic antioxidant ascorbate (AsA) is one of the most important
antioxidant for plant tissues to maintain the cellular redox state and protecting
the plants from oxidative damage (Smirnoff, 2000), thus AsA content acts as a
salinity and drought stress tolerance marker in plants (Hasanuzzaman et al.,
2011a). Moreover, among all antioxidative pathways the ascorbate-glutathione
(AsA-GSH) cycle is one of the most important because in this cycle H20O: the
most long lived ROS converted into H>O by ascorbate peroxidase (APX) along
with the generation of monodehydroascorbate (MDHA), where AsA used as an
electron donor (Smirnoff, 2000). After that MDHA is converted into AsA or
disproportionate into AsA and dehydroascorbate (DHA). In previous study
Rahman et al. (2016) suggested the AsA content and the AsSA/DHA ratio are
crucial for the maintaining of wheat seedlings redox homeostasis. Therefore, in
this study we investigated the AsA, DHA and AsA/DHA ratio in wheat cultivars
seedlings drought.

4.3.2.2 Reduced glutathione (GSH) content

In contrast to the well watereded condition, plant GSH content was drastically
reduced under water deficit condition. However, Potassium supplementation
increased GSH content under drought stress. Although in 50% FC, 6 mM and 12
mM K increased 24% and 28% GSH content accordingly. But there was no
significant difference observed due to K supply at this water level. On the
contrary at 20% FC, 11% GSH content increased due to 6 mM K, whereas 12
mM K increased only 1% content that is non-significant compared to control.
(Figure 7).
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Figure 7. Effect of potassium treatment on glutathione (GSH) content of wheat
seedlings under 3 water regimes. Here the treatments, well watered= 100% field
capacity (control), 50% FC, 20% FC and -K, +K and +2K indicate 0 mM

potassium, 6 mM potassium and 12 mM potassium respectively. (LSDo.os = 7.96)

4.3.2.3 Oxidized glutathione (GSSG) content

GSSG content was immensely increased under deficit condition compared to
control (well watered). Oppositely, K treatment decreased GSSG level in
drought-stressed seedlings. The highest GSSG content reduction, 36% and 27%
was observed at 20% FC with 6 mM K and 12 mM K supply repectively,
comparing the control (0 mM K). However, in 50% FC this decrease rate was

12% and 25& due to same K treatment accordingly (Figure 8).
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Figure 8. Effect of potassium treatment on oxidized glutathione (GSSG) content
of wheat seedlings under 3 water regimes. Here the treatments, well watered=
100% field capacity (control), 50% FC, 20% FC and -K, +K and +2K indicate
0 mM potassium, 6 mM potassium and 12 mM potassium respectively. (LSDo.os
=5.76)

4.3.2.4 GSH/ GSSG ratio

The GSH/GSSG ratio was reduced significantly compared to control due to
stress severity. However, potassium treatment recovered GSH/GSSG ratio in
drought-stressed seedlings. A sharply increased ratio was observed at 50% FC
with 6 mM K and 12 mM K supply compared to control. Although, there was no
significant difference between them. On the contray, at 20 % FC, the ratio
increased by 74% with 6 mM K supply but only 39% with 12 mM K supply
(Figure 9).
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Figure 9. Effect of potassium treatment on GSH/ GSSG ratio of wheat seedlings
under drought and control condition. Here the treatments, well watered= 100%
field capacity (control), 50% FC, 20% FC and -K, +K and +2K indicate 0 mM

potassium, 6 mM potassium and 12 mM potassium respectively. (LSDo.05 =0.58)

GSH is another important nonezymatic antioxidant which involves in the
reduction of most ROS (Noctor and Foyer, 1998). GSH also plays a key role by
regenerating AsA via AsA-GSH cycle. To scavenge ROS, GSH is a substrate for
GPX; as GPX is well known ROS scavenger enzyme (Noctor et al., 2002). In
this study, the endogenous GSH level increased under drought stress in wheat
seedlings which in accordance with earlier studies Nahar et al. (2015). However
plant treated with potassium further increased GSH levels which might be
possible reason for quenching free radicals that’s produced under various abiotic

stress condition.

Reduced Glutathione is oxidized to GSSG and increased the level of GSSG
during the scavenging reaction of ROS (Rahman et al., 2015). The results of this
study showed that drought stress markedly increase GSSG content. Similar
reports were also found in Alam et al. (2013), Nahar et al. (2015). Potassium

treated seedlings decreased GSSG content under drought stress conditions.
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GSH/GSSG ratio has immense functions in cell redox potential and stress
signaling processes (Forman et al., 2009). Higher GSH/GSSG ratio is an
indicator for higher stress-tolerances. Under drought stress condition, the
GSH/GSSG ratio was greatly reduced compared with control. However
potassium treated seedlings under drought stress showed increased GSH/GSSG

ratio.

4.3.2.5 Ascorbate peroxidase (APX) activity

Increasing drought severity increased the APX activity in wheat seedlings
compared to control. APX activity further increased in drought-stressed
seedlings with Potassium application. However, the highest APX activity 70%
was observed 50% FC with 12 mM K treatment compared to control (0 mM K).
Similar increasing trend was followed in 20% FC with 17% and 35% increase in

6 mM and 12 mM K apply respectively (Figure 10).
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Figure 10. Effect of potassium treatment on APX activity of wheat seedlings
under three water regimes. Here the treatments, well watered= 100% field
capacity (control), 50% FC, 20% FC and -K, +K and +2K indicate 0 mM

potassium, 6 mM potassium and 12 mM potassium respectively. (LSDo.os=0.11)
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APX is one of the most important enzymes of AsA-GSH cycle which converts
H20- into water. APX used AsA as a reducing equivalent during conversion of
H>O> into water. In this study, under drought stress APX activity increased
compared to control seedlings. Similar trends were also observed by Alam et al.
(2013) and Nahar et al. (2016). APX activity increased under drought stress
might be due to higher H2O> and lower AsA content. However APX activity
further increased while drought stressed seedlings treated with potassium. These

results are supported by Hameed et al. (2013), Islam et al. (2015).

4.3.2.6 Mono dehydroascorbate reductase (MDHAR) activity

Deficit water condition reduced MDHAR activity in drought stressed seedlings
compared to control (well watered) condition. However, drought plant treated
with potassium showed increased activity of MDHAR enzyme. Although in
50% FC the enzyme activity was increased by 18% to 34% with 6 mM and 12
mM K supply, accordingly. On the contrary, in 20% FC this trend reduced while
plant treated with 12 mM K. in 20% FC, 6 mM K increased MDHAR activity by
30% where 12 mM K increased only 9% activity which was non-significant

compared to control (Figure 11).
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Figure 11. Effect of potassium supply on MDHAR content of wheat seedlings
under three water regimes. Here the treatments, well watered= 100% field
capacity (control), 50% FC, 20% FC and -K, +K and +2K indicate 0 mM

potassium, 6 mM potassium and 12 mM potassium respectively. (LSDo.0s = 3.34)

Monodehydroascorbate reductase (MDHAR) is another important enzyme of
AsA-GSH cycle. The univalent oxidation of AsA leads to the formation of
MDHA. If MDHA is not reduced again to AsA by MDHAR, it will
spontaneously disproportionate into AsA and DHA. The regeneration of AsA
could be regulated in this cycle mainly by NADPH-dependent MDHAR activity
(Mittova et al., 2000) and thus it is crucial for AsA regeneration and essential for
maintaining a reduced pool of AsA (Martinez and Araya, 2010) . Although there
are also a few reports about MDHAR activity in other physiological processes
that are related to oxidative stress, research on different crops under
environmental stresses revealed the regulatory role of MDAHR during oxidative

stress tolerance and acclimation (Hasanuzzaman et al., 2012a).
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4.3.2.7 Dehydroascorbate reductase (DHAR) activity

To adjust the level of AsA and its redox state under stress condition, DHAR is
an equally important enzyme as MDHAR (Eltayeb et al., 2007). DHAR activity
was notably reduced while plant exposed to drought at different magnitude
comparing with control (well watered) condition. Potassium treatment increased
DHAR activity in a significant manner. The highest increase was observes at
20% FC with 12 mM K supply but not significantly different from the increase
with 6 mM K compared to their control (0 mM K). However at 50% FC, the
increase rate was 45% and 55% with 6 and 12 mM K apply, respectively

comparing their control (Figure 12).
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Figure 12. Effect of potassium supply on DHAR activity of wheat seedlings
under three water condition. Here the treatments, well watered= 100% field
capacity (control), 50% FC, 20% FC and -K, +K and +2K indicate 0 mM

potassium, 6 mM potassium and 12 mM potassium respectively. (LSDo.os =4.61)

4.3.2.8 Glutathione reductase (GR) activity

Reduced GR activity compared to control was highly visible in drought stressed

seedlings. Potassium apply increased GR content in drought stressed plant to an
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extent. At 50% FC, 6 mM and 12 mM K increased GR content by 28% and 31%
respectively without no significant differences compared to control (0 mM K).
Whereas in 20% FC, 6 mM K increased GR level by 59% but 12 mM K increased
only 38% GR content compared to control (Figure 13).
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Figure 13. Effect of potassium supply on GR activity of wheat seedlings under
three water condition. Here the treatments, well watered= 100% field capacity
(control), 50% FC, 20% FC and -K, +K and +2K indicate 0 mM potassium, 6
mM potassium and 12 mM potassium respectively. (LSDo.os = 5.17)

Glutathione reductase (GR) is an important NADPH-dependent enzyme in AsA-
GSH cycle because it plays a vital role in defense system against overproduction
of ROS in various stress conditions (Romero-Puertas et al., 2006). In plants GR
catalyses the NADPH-dependent reduction of disulphide bond of GSSG into
GSH, thus it is essential for maintaining the GSH status, GSH/GSSG ratio and
for accelerating the H202 scavenging pathways under abiotic stress conditions
(Pang and Wang, 2010).

71



4.3.2.9 Catalase (CAT) activity

Catalase is considered as a vital enzyme for ROS detoxification. CAT activity
has been reduced under increasing drought stress compared to control seedlings
(well watered). Potassium treatment increased CAT activity both in 50% and
20% FC. Although the increase has no significant difference in 50% FC with 6
mM and 12 mM K application. But in 20% FC it showed the highest increase of
CAT activity with 6 mM K supply which is 59% compared to the respective
control (OmM K (Figure 14).
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Figure 14. Effect of potassium supply on CAT activity of wheat seedlings under
three water condition. Here the treatments, well watered= 100% field capacity
(control), 50% FC, 20% FC and -K, +K and +2K indicate 0 mM potassium, 6
mM potassium and 12 mM potassium respectively. (LSDo.os = 2.34)

Catalase is one of the major enzymes that convert excess H>O> into water.
Several earlier reports suggested that higher activity of this enzyme helps to
reduce excess level of H.O> (Hasanuzzaman et al., 2012a). In this study, under
exposure to drought stress CAT activity decreased. Increased production of H.O>
or ineffective synthesis of enzyme under drought stress may result decreased
activity of CAT (Gupta et al., 2009). However, potassium treated drought
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stressed seedlings showed enhance CAT activity than those under drought stress
without. This trend was supported by Ahanger and Agarwal (2016) and Sharma
et al. (2006) who reported that potassium treatment enchance the CAT activity

under abiotic stress conditions.

4.3.2.10 Glutathione peroxidase (GPX) activity

Compared with the control seedlings GPX activity decreased in the drought
stressed seedlings. However seedlings which were treated with potassium
showed an increase in GPX activity both in 50% and 20% FC with 6 mM and 12
mM K. However the highest increase 64% was observed at 20% FC with 6 mM

K. At 50% FC with K supply no significant difference was observed (Figure 15).
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Figure 15. Effect of potassium supply on GPX activity of wheat seedlings under
three water condition. Here the treatments, well watered= 100% field capacity
(control), 50% FC, 20% FC and -K, +K and +2K indicate 0 mM potassium, 6
mM potassium and 12 mM potassium respectively. (LSDo.os = 4.74)

The GPX is another vital enzyme of antioxidant defense system and due to

substrate specifications and stronger affinity for H20- it can efficiently scavenge,
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especially, H-O> and thus provide protection against stress (Hasanuzzaman and
Fujita, 2011b). Drought stress significantly decreased GPX activities in wheat
seedlings, compared to untreated control seedlings. Similar observations of
increased GPX under drought stress were reported by several researchers (Liu et
al., 2010). But compared to drought stress potassium supplemented drought
treatment improved GPX activity further. Similarly, it was found that application
of potassium increased GPX activity in Brassica sp. under drought Blackgram

and mungbean under drought stress (Singh et al., 2002; Asgar et al., 2006).

4.3.3 Glyoxalase system and methylglyoxal detoxification

The Glyoxalase system, comprising the Gly | and Gly Il enzymes, effectively

eliminates cytotoxic MG.

4.3.3.1 Methylglyoxal content

Plant exposed to drought stress significantly elevated the MG content compared
to control seedlings. However, plant treated with potassium drastically reduced
the MG content in stressed plant. At 50% FC and 20% FC, 6 mM K reduced MG
content by 15% and 27% accordingly, compared to their control (0 mM K). On
the contrary, with 12 mM K supply at both water stress condition reduced MG
content by 20% individually, compared to control (Figure 16).
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Figure 16. Effect of potassium supply on MG content of wheat seedlings under
three water condition. Here the treatments, well watered= 100% field capacity
(control), 50% FC, 20% FC and -K, +K and +2K indicate 0 mM potassium, 6
mM potassium and 12 mM potassium respectively. (LSDo.os = 3.08)

4.3.3.2 Gly I activity

Gly I activity was considerably reduced under drought stress condition compared
with control seedlings. However, potassium treatment increased Gly | activity in
20% FC condition while in 50% it slightly reduced the Gly | content.
Furthermore, no significant difference was observed due to K supply at 50% FC

compared to control. (Figure 17).
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Figure 17. Effect of potassium supply on Gly | content of wheat seedlings under
three water condition. Here the treatments, well watered= 100% field capacity
(control), 50% FC, 20% FC and -K, +K and +2K indicate 0 mM potassium, 6
mM potassium and 12 mM potassium respectively. (LSDo.os = 0.04)

4.3.3.2 Gly Il activity

Gly Il activity was reduced while plant exposed to drought stress compared to
control. Potassium supplementation further decreased or increased the Gly Il
content in different stressed plant. In 50% FC, 6 mM and 12 mM K further
decreased the Gly Il content to 10% and 18% respectively compared to control.
However in 20% FC, 6 mM K reduced 15% Gly Il content but 12 mM K

increased the content 32% in a significant manner (Figure 18).
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Figure 18. Effect of potassium supply on Gly Il content of wheat seedlings under
three water condition. Here the treatments, well watered= 100% field capacity
(control), 50% FC, 20% FC and -K, +K and +2K indicate 0 mM potassium, 6
mM potassium and 12 mM potassium respectively. (LSDo.os = 2.83)

Under abiotic stress condition cytotoxic MG production aggrevated which can
enhance the ROS production. Rapid accumulation of endogenous MG has been
observed in plants under various abiotic and biotic stresses condition. MG
detoxification is one of the potential systems for actuating tolerance in plants
against various abiotic and biotic stresses (Yadav et al., 2005). To detoxify MG,
Glyoxalase system plays pivotal roles which is includes Gly | and Gly Il
enzymes. Upregulation of Gly | and Gly Il can limit the over accumulation of
MG. In our study, it was observed that drought stress increased MG production
but decreased activity of Gly I and Gly I1. Similar results were reported by Alam
et al. (2013) and. However, stressed plant treated with potassium considerably

further reduces the activities of Gly | and Gly Il under drought stress condition.
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CHAPTER 5

SUMMARY AND CONCLUSION

The present study was conducted in the Laboratory of Plant Stress Responses,
Kagawa University, Japan, to evaluate the relative effectiveness of the three
potassium doses (OmM, 6 mM and 12 mM) in alleviating the detrimental effects
caused by drought stress on wheat seedlings. The experiments were arranged in
completely randomized design (CRD) with three replications. Seedlings were
grown in controlled environment of greenhouse where drought stress was
Imposed by withholding water at 50% FC and 20% FC and the Data were taken
by sampling the leaves of 9 days stressed seedlings after 21 days of normal
growing period. Different data of growth, physiology and biochemical
parameters were measured. Plant height, fresh weight and dry weight were

measured.

Physiological parameters includes leaf chl contents, relative water content
(RWC) where biochemical parameters includes lipid peroxidation (MDA
content), H20z, pro, AsA, GSH, GSSG, MG and antioxidant enzyme like CAT,
APX, MDHAR, DHAR, GR, Gly I and Gly Il activities were observed
thoroughly to investigate the drought effect and ameliorative role of K during

drought in wheat seedlings.

In the present study drought stress significantly reduced plant height, fresh and
dry weight plant®. However, exogenous K application improved the above
mentioned growth parameters. Among three doses of potassium, 12 mM K at
50% FC was the most effective in alleviating the drought induced growth

reduction and in promoting seedling growth under water stress conditions.

Drought stress results in significant reduction of leaf RWC and chl content.

However, exogenous supplementation of potassium restored the tissue water
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status as well as the photosynthetic pigments. Here, 6 mM and 12 mM showed
almost the similar effects in restoring the water status and Chl contents under
50% FC while in 20% FC, 6 mM K showed the best result in storing leaf

pigments and cell water content.

Drought induced oxidative damage result in a drastic increase in MDA and H20-
and proline contents. Potassium application reduced the oxidative damage by
reducing the MDA, H20> and Proline contents was studied in drought stressed
wheat seedlings. This proved that potassium possess some adaptive mechanisms

against drought.

Drought stress also found to enhance MG content, decreased GSH/GSSG ratio
and alters the antioxidant defense system in wheat seedlings which we can
describe that drought leds to a severe oxidative damage due to inappropriate
induction of ROS and MG detoxification systems. Antioxidant defense system
comprises non-enzymatic antioxidants such as AsA and GSH and enzymatic
antioxidants such as CAT, APX, MDHAR, DHAR, GPX etc. Most importantly,
potassium treatment modulated the activities of CAT, APX, MDHAR, DHAR,
GR, GPX, Gly I and Gly Il and higher GSH/GSSG ratio with an associated
decrease in oxidative stress parameter like MDA and H20 as compared to the
seedlings subjected to drought stress without K treatment. Finally, we may
conclude with remarks that potassium as an essential plant nutrient works as a
plant protectant that impart a diverse ranges of beneficial effect in plant while
exposed to drought. Application of K during drought stress recovered plant
growth and reduces water loss and thus increases the photosynthesis rate.
Potassium also imparts drought stress tolerance by reducing ROS and MG
production through upregulationg antioxidant and glyoxalase system,
respectively. At 50% water stress, plant treated with 12 mM potassium showed
better plant physiological performances than control and other treatment
combination by reducing ROS production and lipid peroxidation while

upregulating antioxidant defense and glyoxalase system.
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APPENDICES

Appendix I. Mean square values of plant height, shoot fresh weight, shoot dry
weight, chl a, chl b, chl (a+b) of BARI Wheat-21 seedlings as influenced by K
treatment at 0 mM, 6 mM and 12 mM under three (well watereded, 50% FC and 20%

FC) water regimes

Mean square values

of

Sources of o Plant Shoot

o ) Shoot DW  Chla Chlb Chl (a+b)
variation height FwW

Replication 2 24412 0.000 2.51x10%  0.001 0.003 0.008
Treatment 8 68.699 0.087 2.16x10%  0.125 0.035 0.287
Error 16 0.391 0.003 3.59x10%  0.002 0.001 0.002

Appendix I1. Mean square values of MDA, H>0>, Proline, MG (Methyl Glyoxal),
GLY I, GLY Il of BARI Wheat-21 seedlings as influenced by K treatment at 0 mM,
6 mM and 12 mM under three (well watereded, 50% FC and 20% FC) water regimes

Mean square values

of
Sources of )
. df MDA H-0; Proline MG GLY I GLY 1l
variation
Replication 2 24711 0.497  0.002 0.438 0.002 5.538x100
Treatment 8 840.894 20.632 0.137 79.625 0.033 9.264x10%
Error 16 18.090 0.569  0.004 3.175 0.001 6.512x100¢

Appendix I11. Mean square values of antioxidant enzymes (CAT, APX, MDHAR,
DHAR, GR, GPX) of BARI Wheat-21 seedlings as influenced by K treatment at 0
mM, 6 mM and 12 mM under three (well watereded, 50% FC and 20% FC) water

regimes

Mean square values

of

Sources of
o df CAT APX MDHAR DHAR GR GPX
variation

Replication 2 12.680 0.011 22.395 32.795 80.677 46.870
Treatment 8 1736.420 0.223 136.781 949.010 198.911 2178.550
Error 16 95.860 0.004  3.745 7.116 8.932 33.760
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Appendix IV. Mean square values of AsA, DHA, AsA/DHA, GSH, GSSG,
GSH/GSSG of BARI Wheat-21 seedlings as influenced by K treatment at 0 mM, 6
mM and 12 mM under three (well watereded, 50% FC and 20% FC) water regimes

Mean square values
of

Sources of AsA/ GSH/
df AsA DHA GSH GSSG
variation DHA GSSG

Replication 2 102347 975695 0.029 17.840 55.880 0.167
Treatment 8 2001032 2610466 0.250 2804.210 1251.420 7.794
Error 16 89063 133124 0.009 95.170 11.090 0.114

Appendix V. Mean square values of Shoot and Root mineral content of BARI
Wheat-21 seedlings as influenced by K treatment at 0 mM, 6 mM and 12 mM under
three (well watereded, 50% FC and 20% FC) water regimes

Mean square values

of
Sources of Shoot Root
variation af K Ca Mg K Ca Mg
Replication 2 1961.80  558.17 57.70 303.50 861 258.25
Treatment 8 31872.30 6694.43 8490.86 10346.90 6523618 1596.5
Error 16 761.10 486.59 132.46 469.50 22063 102.64

df: degree of freedom
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Plates 2. Different phases of plant growth before stress treatment
R0 W . Pt =l

Step 4. Drought imposed in wheat seedlings with K as a protectant
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