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Dissertation Summary

Abstract

The present studies were investigated the regulatory role of exogenous calcium (Ca) and manganese (Mn) in developing
abiotic stress tolerance in hydroponically grown rice seedlings. Exposure of Cd in rice seedlings caused disruption of
ion homeostasis, and the antioxidant defense and glyoxalase systems through over accumulation of Cd, ROS
production, and MG formation, respectively. Higher accumulation of Cd also caused water imbalance, chlorosis and
growth inhibition. The level of Cd-induced damage increased with increasing the dose of Cd. In contrast, exposure
of salt caused ionic and osmotic stress by higher accumulation of Na and water imbalance. Salt-induced ionic and
osmotic stress facilitate imbalance between ROS and antioxidants. Salt stress also caused higher formation of MG
Over accumulated Na and overproduced ROS and MG also cause oxidative stress, chlorosis and growth inhibition.
The level of salt-induced damage increased with increasing the duration of salt stress. However, exogenous
application of Ca and Mn mitigate Cd and salt-induced oxidative stress by increasing detoxification of ROS and MG
Applying Ca and Mn reduce Cd and salt toxicity by decreasing Cd and Na uptake, respectively, that partially
improve nutrient balance. Supplementation with Ca and Mn mitigate Cd and Salt-induced damage by the

coordinated actions of nutrient homeostasis, antioxidant defense and glyoxalase systems of rice seedlings.

Background of the study

Usually plants experience various kinds of environmental stresses (salinity, drought, heat, cold, flooding, heavy
metals, ozone, UV radiation, etc) which affect plant growth, yield and productivity. Abiotic stresses become the
major threat to crop production due to gradual change of climate and environment. The severity of environmental
stresses has been increasing day by day and it is reported that only 3.5% of the global land area remains unaffected

by environmental stress (Cramer et al. 2011; Hasanuzzaman et al. 2012). Abiotic stresses are serious and



unavoidable constraints to crop production as crop plants are sessile organism and most of them are grown under
field conditions. In addition, it is almost impossible to grow crop in completely abiotic stress free condition. If the
severity of stress becomes very high and continues for extended period it may lead to an intolerable metabolic load
on cells that consequently causes growth inhibition and even death of plant (Taiz and Zeiger 2006). Though it is
difficult to get accurate estimations of the effects of abiotic stress on crop production, it has been estimated that more
than 50% yield reduction is the direct result of abiotic stresses (Rodriguez et al. 2005; Acquaah 2007).

Among the abiotic stresses, toxic metals and/or heavy metals become serious environmental issues in
worldwide due to fast industrialization including the production and release of considerable amounts of toxic metals
into the environment (Sarma 2011; Hasanuzzaman and Fujita 2012). Growing of plants in toxic metal contaminated
soil resulted in higher accumulation of toxic metal and disruption of nutrient balance. Higher accumulation of toxic
metal alters physiological and biochemical functions of plant that destroys the normal growth of the plant by
disturbing absorption, translocation, metabolism and synthesis processes. Gradually, the normal growth of the plant
is prohibited and ultimately the plant is died (Wei and Zhou 2008; Hasanuzzaman and Fujita 2012). In addition,
heavy metal contamination is also a threat to health of wildlife and humans as toxic metal can easily enter into the
food chain and most of the toxic metals are carcinogens (Hasanuzzaman and Fujita 2012).

Of the environmental factors, salinity is one of the most brutal abiotic stress, because most crop plants are
sensitive to salt stress (Hasanuzzaman et al. 2012). The salt affected area has been increasing day by day and
assumed that 50 % of cultivable land will be salt affected by the middle of the twenty first century (Mahajan and
Tuteja 2005; Munns and Tester 2008). High salinity affects plant by both ionic and osmotic stresses that cause
membrane damage, nutrient imbalance, enzymatic inhibition, metabolic dysfunction, photosynthesis inhibition and
hamper other major physiological and biochemical processes that ultimately leads to growth inhibition or death of
the plant (Mahajan and Tuteja 2005; Ahmad and Sharma 2008; Hasanuzzaman et al. 2013; Nahar et al. 2016a).

The response of plant to abiotic stresses is very complex and it is both plastic and elastic (Cramer et al.
2011). The general responses of plant to abiotic stresses are alteration of morphological, physiological,
biochemical, and molecular functions that adversely affect plant growth and productivity (Wang et al. 2001).
Production of reactive oxygen species (ROS) in plant is unavoidable. Plants have antioxidant defense system to
maintain ROS level in cell. However, the most common consequences of abiotic stresses are overproduction of ROS
including singlet oxygen ('O,), superoxide radical (O,"), hydrogen peroxide (H,0,), and hydroxyl radicals (OH)
due to excitation or incomplete reduction of molecular oxygen. Though lower concentration of ROS act as signaling
molecules for the activation of defense responses under stresses but higher concentration of ROS are toxic and cause
oxidative stress. Reactive oxygen species can pose a threat to cells by oxidative stress through the peroxidation of
lipids, oxidation of proteins, damage to nucleic acids, enzyme inhibition, activation of the programmed cell death
pathway and ultimately cell death (Mittler 2002; Sharma and Dubey 2005, 2007). In addition, the cytotoxic
compound methylglyoxal (MG) also causes oxidative damage through degradation of protein synthesis under



abiotic stress condition (Yadav et al. 2005).

Detoxification of ROS and MG maintenance of nutrient homeostasis, and reduction of salt and toxic metal
uptake comprise some stress tolerance mechanisms within the plant (Hasanuzzaman et al. 2013; Nahar et al.
2015a,b; Ahmad et al. 2015; Rahman et al. 2016). In addition, the plant produces proline (Pro) or other compatible
solutes to maintain proper water balance and stabilize the protein complex for ionic and osmotic homeostasis to
alleviate abiotic stress (Igbal et al. 2015; Reddy et al. 2015).

Plants have well equipped antioxidative system composed of non-enzymatic and enzymatic antioxidants
for scavenging ROS. Non-enzymatic antioxidants include glutathione (GSH), ascorbate (AsA), carotenoids,
tocopherols, and flavonoids which are crucial for detoxification of ROS (Gill and Tuteja 2010). The antioxidant
enzyme include superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), glutathione reductase
(GR), monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR), glutathione peroxidase
(GPX), and glutathione S-transferase (GST) located in different sites of cell and work together to detoxify ROS (Gill
and Tuteja 2010; You and Chan 2015). The equilibrium between ROS and antioxidative capacity determine the fate
of plant under oxidative stress condition (Hasanuzzaman et al. 2012). Simillarly, glyoxalase system composed of
glyoxalase I (Gly I) and glyoxalase II (Gly II) enzymes that act coordinately with GSH to detoxify overproduced
MG under abiotic stress condition (Yadav et al. 2005).

To cope with adverse environmental condition, regulation of the antioxidant defense and glyoxalase
systems, improvement of nutrient homeostasis, and reduction of Na', CI” and toxic metal uptake by applying
exogenous phytoprotectants may be important strategies for abiotic stress tolerance (Hasanuzzaman et al. 2013;
Ahmad et al. 2015; Rahman et al. 2016). To regulate antioxidant defense and glyoxalase systems and nutrient
homeostasis, the essential plant element calcium (Ca) and manganese (Mn) are important candidates for alleviating
abiotic stress (Ahmad et al. 2015; Srivastava et al. 2014; Millaleo et al. 2010; Sebastian and Prasad 2015).

As an essential macronutrient, Ca plays important roles including stabilizing cell walls and membranes,
improving the metabolic processes of other nutrients, regulating enzymatic and hormonal processes, and other
essential functions. Calcium also acts as a secondary messenger that mediates many aspects of cell and plant
development, as well as the stress-resistance response (White and Broadley 2003; Jaleel et al 2007a,b; Jaleel et al.
2009). In addition, several studies have also revealed that exogenous application of Ca in plant growth medium
helps to develop abiotic-stress tolerance by maintaining ion homeostasis (Wu and Wang 2012), enhancing the
antioxidant defense system and other physiological and biochemical attributes (Manivannan et al 2007; Talukdar
2012; Srivastava et al 2014; Ahmad et al 2015).

The essential trace element Mn plays crucial role in several metabolic process including photosynthesis,
respiration, synthesis of ATP, fatty acid, amino acids, lipids, proteins, flavonoids and hormone activation (Lidon et al.
2004; Millaleo et al. 2010). Besides these, Mn also plays a vital role as co-factor including Mn-SOD, Mn-CAT

which participates in the plant defense against oxidative stress. In addition, several studies also revealed that,



supplemental Mn plays an important role in the adaptive responses of plant under various environmental stresses.
Simultaneous application of Mn improves stress tolerance and alleviates oxidative stress by reducing metal
accumulation, Na uptake, lipid peroxidation and improving biomass, chlorophyll content, carotenoid content and
antioxidant defense system under salt and toxic metal stress (Cramer and Nowak 1992; Pandey et al. 2004;
Pal’ove-Balang et al. 2006; Peng et al. 2008; Sebastian and Prasad 2015).
Considering the strategies discussed, the present studies were conducted
i.  To investigate the response of rice seedlings in terms of physiological and biochemical changes under
abiotic stress (Salt stress and toxic metal) conditions
ii.  To investigate the regulatory role of supplemental Ca and Mn-induced abiotic stress tolerance in rice
seedlings
iii.  To understand the coordinated actions of antioxidant defense, glyoxalase systems and nutrient

homeostasis in conferring  abiotic stress tolerance in plants

To fulfill these objectives, a series of experiments were conducted and the findings are described in four
different titles as follows:
i.  Exogenous calcium alleviates cadmium-induced oxidative stress in rice (Oryza sativa L.) seedlings by
regulating the antioxidant defense and glyoxalase systems
ii.  Calcium supplementation improves Na'/K' ratio, antioxidant defense and glyoxalase systems in
salt-stressed rice seedlings
iii.  Manganese supplementation reduces cadmium toxicity in rice seedlings by maintaining nutrient
homeostasis and antioxidant defense
iv.  Manganese-induced salt stress tolerance in rice seedlings: regulation of ion homeostasis, antioxidant

defense and glyoxalase system

Experiment-1

Exogenous calcium alleviates cadmium-induced oxidative stress in rice (Oryza sativa L.) seedlings by
regulating the antioxidant defense and glyoxalase systems

Materials and Methods

Plant materials, growing Condition and treatments

Rice (Oryza sativa L. cv. BRRI dhan29) seeds were surface sterilized with 70 % ethanol for 15 min followed by
washing several times with sterilized distilled water and soaked in distilled water in a dark place for 48 h. The
imbibed seeds were then sown on plastic nets floating on distilled water in 250 ml plastic beakers and kept in the
dark at 28 £ 2 °C for 48 h. Uniformly germinated seeds were then transferred to a growth chamber (light, 350 wmol



photon—m s, temperature, 25 + 2°C; relative humidity, 6570 %) with the same pot providing a diluted (7500
times) commercial hydroponics solution (Hyponex, Japan). The nutrient solution contained 8 % N, 6.43 % P,
20.94% K, 11.8 % Ca, 3.08 % Mg, 0.07 % B, 0.24 % Fe, 0.03 % Mn, 0.0014 % Mo, 0.008 % Zn, and 0.003 % Cu.
The nutrient solutions were renewed twice a week. Fourteen-day-old rice seedlings were exposed to Ca (2.5 mM
CaCly) and Cd (0.25 mM and 0.5 mM CdCl,) separately and in combination. Control plants were grown in
Hyponex solution only. Therefore, our experiments consisted of six treatments as follows: control, 2.5 mM CaCl,
(Ca), 0.25 mM CdCl,(Cd1), 0.25 mM CdCL+2.5 mM CaCl,, 0.5 mM CdCl, (Cd2), and 0.5 mM CdCL+ 2.5 mM
CaCl,. The experiment was repeated three times under the same conditions. Data were taken after 3 days of
treatment.

Determination of Physiological and Biological Parameters

Different physiological and biochemical parameters including Fresh weight (FW), Dry weight (DW), relative water
content (RWC) of leaf, Ca Content, Cd content, chlorophyll (chl) content, Pro content, MDA content, H,O, content,
Histochemical detection of ROS in leaf, lipoxygenase (LOX) activity, non-enzymatic antioxidants (ASA and GSH
content), enzymatic antioxidants (activities of APX, MDHAR, DHAR, GR, SOD, CAT, GPX and GST),
glyoxalase components (MG content, activities of Gly I and Gly II) were measured following standard methods.
Statistical analysis

The data were subjected to one way analysis of variance (ANOVA) and the mean differences were compared by
Fisher’s LSD using XLSTAT v. 2013 software (Addinsoft 2013). Differences at P<0.05 were considered significant.
Results and summary

Exposure to Cd caused chlorosis, leaf rolling symptoms, and growth inhibition. A higher concentration of Cd in the
growth medium resulted in higher Cd accumulation, which induced oxidative stress through overproduction of
ROS by disrupting the antioxidant defense system. Cadmium treatment increased the MG level. Calcium
supplementation in the Cd-treated growth medium reduced Cd uptake. Application of Ca also significantly
increased the AsA content, increased the activities of SOD, CAT, GST, MDHAR and DHAR in the antioxidant
system, and increased the Gly I and Gly II activities in the glyoxalase system in rice seedlings exposed to both
levels of Cd. Exogenous Ca regulates the antioxidant defense and glyoxalase systems, which reverses overproduced

ROS and detoxifies methylglyoxal, which in turn reduces Cd toxicity.

Experiment-11:
Calcium supplementation improves Na'/K' ratio, antioxidant defense and glyoxalase systems in
salt-stressed rice seedlings
Plant materials and treatments
Rice (Oryza sativa L. cv. BRRI dhan47) seeds were surface sterilized with 70 % ethanol for 8-10 min followed by
washing several times with sterilized distilled water and soaked in distilled water in a dark place for 48 h. The



imbibed seeds were then sown on plastic nets floating on distilled water in 250 ml plastic beakers and kept in the
dark at 28 + 2°C for 72 h. Uniformly germinated seeds were then transferred to a growth chamber (like as
Experiment I) with the same pot providing a diluted (5000 times) commercial hydroponics nutrient solution
(Hyponex, Japan; nutrient composition was like Experiment I). The nutrient solutions were renewed twice a week.
Each pot contained approximately 60 seedlings. Thirteen-d-old rice seedlings were exposed to salt stress (200 mM
NaCl) in the presence and absence of Ca (2 mM CaCl,) with nutrient solution to verify the role of Ca under
salt-stress conditions. We also applied the Ca scavenger ethylene glycol tetraacetic acid (C4HxN,Oy0) (EGTA)
(Ammoaghaie and Moghym, 2011) together with NaCl+CaCl, and alone to determine the role of Ca under salt
stress conditions. Control plants were grown in Hyponex solution only. Therefore, our experiment consisted of six
treatments as follows: control, 2 mM CaCl, (Ca) 2 mM EGTA (EGTA), 200 mM NaCl (Salt), 200 mM NaCl + 2
mM CaCl, (Salt+Ca), and 200 mM NaCl + 2 mM CaCl,+ 2 mM EGTA (Salt+Ca+EGTA). The experiment was

repeated three times under the same conditions. Data were taken after 3 days of treatment.

Determination of Physiological and Biological parameters
Along with the parameters, those were observed in Experiment I, plant height, Na and other mineral (K, Mg, Mn
and Zn) contents and histochemical staining of root for revealing loss of plasma membrane integrity and lipid

peroxidation were also observed following standard methods.

Statistical analysis
The data were subjected to analysis of variance (ANOVA) and the mean differences were compared by Fisher’s

LSD using XLSTAT v.2015 software (Addinsoft 2015). Differences at P < 0.05 were considered significant.

Results and summary

The salt stress caused growth inhibition, chlorosis and water shortage in the rice seedlings. The salt-induced stress
disrupted ion homeostasis through Na® influx and K" efflux, and decreased other mineral nutrient uptake.
Salt-induced stress caused oxidative stress in rice seedlings through lipid peroxidation, loss of plasma membrane
integrity, higher ROS production and MG formation. The salt-stressed rice seedlings supplemented with exogenous
Ca recovered from water loss, chlorosis and growth inhibition. Calcium supplementation in the salt-stressed rice
seedlings improved ion homeostasis by inhibition of Na" influx and K" leakage. Exogenous Ca also improved ROS
and MG detoxification by improving the antioxidant defense and glyoxalase systems, respectively. On the other
hand, applying EGTA along with salt and Ca again negatively affected the rice seedlings as EGTA negated Ca
activity. It confirms that, the positive responses in salt-stressed rice seedlings to exogenous Ca were for Ca mediated

improvement of ion homeostasis, antioxidant defense and glyoxalase system.



Experiment ITI

Manganese supplementation reduces cadmium toxicity in rice seedlings by maintaining nutrient

homeostasis and antioxidant defense

Plant materials and treatments

Rice (Oryza sativa L. cv. BRRI dhan29) seeds were surface sterilized with 70 % ethanol for 8-10 min followed by
washing several times with sterilized distilled water and soaked in distilled water in a dark place for 48 h. The
imbibed seeds were then sown on plastic nets floating on distilled water in 250 ml plastic beakers and kept in the
dark at 28 + 2°C for 72 h. Uniformly germinated seeds were then transferred to a growth chamber (like Experiment
I) with the same pot providing a diluted (5000 times) commercial hydroponics nutrient solution (Hyponex, Japan).
The nutrient solutions were renewed twice a week. Each pot contained approximately 60 seedlings.
Fourteen-day-old seedlings were exposed to Cd stress (0.3 mM CdCl,) in presence and absence of supplemental
Mn (0.3 mM MnSQO,) with nutrient solution to verify the role of exogenous Mn under Cd stress condition. Control
plants were grown in Hyponex solution only. Therefore, our experiment is consisted of four treatments as follows:
control, 0.3 mM MnSO4 (Mn), 0.3 mM CdCl,(Cd), 0.3 mM CdCl,+ 0.3 mM MnSO;, (Cd+Mn). The experiment

was repeated three times under the same conditions. Data were taken after 3 days of treatment.

Determination of experiment parameters
In addition to the physiological and biochemical parameters that were measured in Experiment I and 1I, total

phenol contents also measured in present experiment following the standard method.

Statistical analysis

Data were analyzed following Experiment 11

Results and Summary

Exposure of 14-d-old seedlings to 0.3 mM CdCl, for three days caused growth inhibition, cholorosis, nutrient
imbalance, and higher Cd accumulation. Higher amounts of Cd uptake caused oxidative stress through lipid
peroxidation, loss of plasma membrane integrity, and overproduction of reactive oxygen species (ROS) and
methylglyoxal (MG). Exogenous application of 0.3 mM MnSO, to Cd-treated seedlings partly recovered
Cd-induced water loss, chlorosis, growth inhibition, and nutrient imbalance by reducing Cd uptake and its further
translocation to the upper part of the plant. Supplemental Mn also reduced Cd-induced oxidative damage and lipid
peroxidation by improved antioxidant defense and glyoxalase systems through enhancing ROS and MG

detoxification, respectively.



Experiment-IV

Manganese-induced salt stress tolerance in rice seedlings: regulation of ion homeostasis, antioxidant defense
and glyoxalase system

Plant materials and treatments

Rice (Oryza sativa L. cv. BRRI dhan47) seeds were surface sterilized with 70 % ethanol for 8-10 min followed by
washing several times with sterilized distilled water and soaked in distilled water in a dark germinator for 48 h at 28
+ 2 °C. The imbibed seeds were then sown on plastic nets floating on distilled water in 250 mL plastic beakers and
kept in the dark at 28 + 2 °C for 72 h. Uniformly germinated seeds were then transferred to a growth chamber with
the same pot providing a diluted (500-times) commercial hydroponics nutrient solution (Hyponex, Japan). The
nutrient solutions were renewed after 3 days. Each pot contained approximately 60 seedlings. Twelve-day-old rice
seedlings were exposed to 150 mM NaCl in the presence and absence of 0.5 mM MnSQO, with nutrient solution to
verify the role of exogenous Mn under a salt-stress condition. Control plants were grown in Hyponex solution only.
Our experiment consisted of four treatments as follows: control, 0.5 mM MnSO, (Mn), 150 mM NaCl (Salt), and
150 mM NaCl + 0.5 mM MnSO; (Salt + Mn). Data were taken after 3 days and 6 days of treatment. The

experiment was repeated three times under the same conditions.

Determination of different physiological and biochemical parameters
Different physiological and biochemical parameters were measured following Experiment I, IT and II1. In addition,

flavonoid contents and osmotic potential were also measured following standard methods.

Statistical analysis

Data were analyzed following Experiment 11

Results and Summary

Salt stress resulted in disruption of ion homeostasis by Na' influx and K" efflux. Higher accumulation of Na" and
water imbalance under salinity caused osmotic stress, chlorosis and growth inhibition. Salt-induced ionic toxicity
and osmotic stress consequently resulted in oxidative stress by disrupting antioxidant defense and glyoxalase
system through overproduction of ROS and MG respectively. The salt-induced damage increased with the
increasing duration of stress. However, exogenous application of Mn partially recovered growth inhibition,
chlorosis by improving ionic and osmotic homeostasis through decreasing Na™ influx and increasing water status,
respectively. Exogenous application of Mn increased ROS detoxification by increasing phenolic, flavonoid and
AsA contents and increasing MDHAR, DHAR, SOD and CAT activities in salt-treated seedlings. Supplemental
Mn also reinforced MG detoxification by increasing the activities of Gly I and Gly Il in salt-affected seedlings. Thus,

exogenous application of Mn conferred salt stress tolerance by coordinated action of ion homeostasis, antioxidant



defense and glyoxalase system in salt-affected seedlings.

Overall summary

Our results suggest that, exposure of Cd in rice seedlings causes oxidative stress, ionic stress and growth inhibition.
The level of Cd-induced damage increased with increasing the dose of Cd. In contrast, exposure of salt causes ionic
stress, osmotic stress, oxidative stress and growth inhibition. The level of salt-induced damage increased with
increasing the duration of salt stress. However, supplementation with Ca and Mn mitigate Cd and Salt-induced
damage by the coordinated actions of nutrient homeostasis, antioxidant defense and glyoxalase systems of rice

seedlings.
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