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Chapter 1

Introduction

Plants being sessile in nature have to deal with various environmental cues during its
growth and development. These environmental cues reduce their growth and yield
below the optimum levels. These stresses are broadly classified into two types; biotic
and abiotic stress. Abiotic stress includes drought, salinity, temperature, heavy metals,
nutrient, light, ozone, etc. whereas biotic stress includes insect pests and pathogens.
Together, these constraints significantly reduce crop production and productivity.
Among the abiotic stresses, drought and salinity together are the more severe ones
affecting more than 10% of arable land, which result in more than 50% decline in the
average yields of major crops worldwide (Bray et al. 2000). Salinity affects more than
800 million hectares of land across the world (Munns and Tester 2008). The annual
global losses in agricultural production from salt-affected soils are more than US$12
billion (Flowers and Colmer 2008; Qadir et al. 2008) and are as expected rising.
Salinization of agricultural lands is increasing due to intensive farming practices and
frequent use of ground water for irrigation. Saline soils can be reclaimed either by the
use of soil amendments like gypsum, which is rich in calcium; or by leaching down
the excess salts from the rooting zone to the deeper layers or by growing salt tolerant
crops (Ashraf 1994; Flowers et al. 1997; Grieve and Shannon 1999). In line with the
scarcity of arable land across the globe, global food production needs to be increased
by 70% by the year 2050 to meet the food demands of the estimated 9.3 billion human
population (Shabala 2013; Tester and Langridge 2010). In the present scenario, plant
biologists face a challenge to develop new technologies and approaches that will

increase the global food production under these environmental conditions.

During the course of evolution, plants have evolved several adaptive mechanisms,
which enable them to survive under the ever-changing external environment.
Understanding these adaptive responses could play a significant role in engineering or
breeding crops that can make better use of limited resources in a sustainable manner.
Plant adaptations to most abiotic stresses involve a range of changes at the
physiological, biochemical, and molecular levels which contributes towards their
survival under the variable environmental conditions. Physiological responses include
stomatal closure to reduce the transpiration rate, reduction in leaf area, stunted
growth, root growth, leaf abscission, wilting, change in relative water content,

electrolyte leakage. On the other hand, biochemical changes include generation of
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reactive oxygen species, accumulation of osmoprotectants like proline, soluble sugars,
glycine betaine, etc., changes in chlorophyll and lipid peroxidation. Molecular
responses include signal perception, activation of signaling cascade to activate
transcription factors which further induce a set of genes. These genes synthesize the
compatible molecules or regulate the downstream signaling for signal transduction
(Agarwal et al., 2006). The general plant signaling pathway in response to the stresses
has been shown in Figure 1.1. Plant adaptive strategies to stress are coordinated and
fine-tuned by adjusting growth, development, cellular and molecular activities (Ahuja
et al. 2010) . Recent research has made efficient use of transcriptomic, proteomic and
molecular approaches to identify the complex networks linked to stress perception
and response in the model and crop plants (Alvarez et al. 2008; Coolen et al. 2016;
Nakabayashi and Saito 2015; Shulaev et al. 2008).

Conventional breeding technologies have been vital in the introgression of QTLs
associated with the desired trait to develop tolerant crops. However, in certain
situations, it brings about certain undesirable agronomic characteristics from the
donor parents. Traditional breeding methods fail to introduce the desired genes due to
pollination barrier across the species and distant relatives or from non-plant sources.
In such condition, insertion of the specific genes through genetic engineering provides
a potential solution for the development of stress tolerant crops. Further, genetic
engineering allows control over the expression of a particular gene in specific time
and tissue for their optimal function. Constitutive expression of a stress-induced gene
or transcription factor often leads to deleterious effect due to the accumulation of the
gene product or continuous energy consumption and is desired only under stress. To
cope up with such problems, stress inducible promoters have been identified and
fused with the desired gene to develop stress tolerance in plants (Chen et al. 2015;
Kasuga et al. 2004; Lee et al. 2003; Pino et al. 2007).

With the completion of several genome sequencing projects, it has become possible to
study the genes responding to abiotic stress in a comprehensive manner. Comparative
transcriptome studies between the tolerant and the susceptible cultivars helped in the
identification of the stress related genes and their relationship with the cis- regulatory
elements (Kilian et al. 2007; Ma and Bohnert 2007; Weston et al. 2008). Stress-

induced genes are regulated by complex signaling networks.

Page 2


file:///E:/Thesis/REVISED/new/Introduction.docx%23_ENREF_9
file:///E:/Thesis/REVISED/new/Introduction.docx%23_ENREF_9

Chapter 1

Salinity
High Light
- b Extreme
nvironmen Temperatures
UV Light Stress
Regulatory
Networks  Stress Perception
H
(o}
h R
‘Signalling M
ROS _Cascades. 0
Signalling : x N
E
S
= Sumoylation
TFs || . POST-TRANSLATIONAL
N MODIFICATIONS g

““Phosphorylation Ubiquitination

Stress response genes

EPIGENETIC REGULATION

POST-TRANSCRIPTIONAL =
MODIFICATIONS

& o A EFFECTORS

e w

Multiple-gene approaches

Current Opnion in Biotechnology

Source: Cabello et al. (2014)

Figurel.l: Plant abiotic stress response and intervention points for genetic

engineering strategies

Broadly, the translation products of stress-induced genes are classified into two
categories (a) protein with known functions that are directly involved in abiotic stress
tolerance (eg LEA proteins, HSP, transporters etc) and the other group includes (b)
regulatory proteins involved in intracellular signaling and stress-induced gene
expression (eg. protein kinases, phosphatases and transcription factors). Single action
genes such as those involved in the synthesis of osmoprotectants, ROS detoxification

and transport were the initial targets for plant transformation. Several reports are
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available where single gene overexpression increased the stress tolerance of the plants
(Abebe et al. 2003; Cortina and Culianez-Macia 2005; Gao et al. 2000; Garg et al.
2002; Holmstrom et al. 2000; Pilonsmits et al. 1995; Sakamoto et al. 1998; Shen et al.
1997). ROS are produced as a result of abiotic stresses and need to be detoxified to
protect the cells from oxidative injury. Engineering plants with the expression of
ROS-detoxifying genes such as such as glutathione peroxidase, superoxide dismutase,
ascorbate peroxidases and glutathione reductases (Lee et al. 2007; McKersie et al.
1996; Murgia et al. 2004; Sarowar et al. 2005; Sengupta et al. 1993; Wang et al. 1999;
Yoshimura et al. 2004) alleviates oxidative stress in transgenic plants. Another
strategy to cope up with the salt stress is the reestablishment of the ionic homeostasis
in cells. This can be achieved either by sequestering the excessive ions inside the
vacuoles or effluxing out from the roots to the outer environment. Overexpression of
NHX1, SOS1 and HKTs resulted in salt tolerance in the transgenic plants (Apse et al.
1999; Hauser and Horie 2010; Horie et al. 2009; Shi et al. 2003; Sunarpi et al. 2005;
Yang et al. 2009b).

Regulatory proteins like protein kinases, phosphatases, and transcription factors
regulate signal transduction and gene expression in the stress response (Jang et al.
2003; Mizoi et al. 2012; Nakashima et al. 2009; Osakabe et al. 2013; Qin et al.
2011a). In field condition, plants are exposed to a combination of stresses
simultaneously, and their responses are governed by multi genes. This has led to the
manipulation of the regulatory genes, which regulate the expression of several
downstream stress responsive genes. In many signal transduction pathways, the
external stimuli are perceived by the membrane localized receptors that initiates a
signaling cascade of phosphorylation and dephosphorylation and finally activate or
suppresses a transcription factor. Among the kinases, mitogen activated protein kinase
(MAPK) and calcium dependent protein kinase (CDPK) are widely studied. MAPK
signaling cascade is composed MAPKK kinase (MAP3K), MAPK kinase (MAP2K)
and MAP kinase (MAPK). Arabidopsis genome contains of than 80 MAP3Ks, ten
MAP2Ks, and 20 MAPKSs. The sequential activation of MAPK finally phosphorylates
some transcription factors or other signaling components that elicit the response to the
external stimuli (Andreasson and Ellis 2010; Danquah et al. 2014; Popescu et al.
2009).
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Transcription factors constitute ~ 7% of the Arbidopsis genome and are classified into
different families such as WRKY, bZIP, MYB, AP2/EREBP, and NAC (Udvardi et
al., 2007; Golldack et al., 2011). A transcription factor binds to the cis acting elements
present in the regulatory regions of the stress responsive genes and thus, regulates
their expression. Manipulation of plants with genes coding for the transcription
factors confers multiple stress tolerance (Agarwal and Jha 2010; Gao et al. 2011;
Hossain et al. 2010; Mao et al. 2012; Orellana et al. 2010).

Calcium is the most important intracellular secondary signaling molecules. Abiotic
stresses cause a rapid rise in the intracellular calcium; mostly cytosolic [Ca**]¢,t but in
some cases nuclear [Ca®*]n.c or organellar [Ca2+]org. The change in the calcium levels
are stimuli specific and differ in terms of the location (cytosolic, nuclear or
organellar), magnitude, duration and frequency (Allen et al. 2001; Allen et al. 2000;
Johnson et al. 1995; Mazars et al. 2009; McAinsh and Pittman 2009; Tracy et al.
2008). These spatial and temporal patterns of cellular Ca** changes are termed Ca?*
signatures. These Ca* signatures are specific stimuli and are sensed by Ca®* binding
proteins, which program the cell to generate a specific response by activating the
downstream signaling cascades (Batistic and Kudla 2004; Kudla et al. 2010; Luan et
al. 2002; McCormack et al. 2005). The change in calcium fluxes is mediated by
membrane-localized calcium channels and transporters. Plants regulate the calcium
fluxes across the membranes through three major classes of calcium transporters:
channels, pumps (ATPases) and Ca**/ H" antiporters. Apart from these, some other
proteins are also involved in transporting Ca**, which include Cyclic nucleotide gated
channels (CNGC), Glutamate receptor homologs (GLR) and annexins (Chin et al.
2009; Kudla et al. 2010; Singh et al. 2014; Steinhorst and Kudla 2013; Swarbreck et
al. 2013; Vincill et al. 2012).

Annexins belong to a multigene family with wide taxonomic distribution across
different kingdoms including higher vertebrates, plants, fungi, and protists (Benz and
Hofmann 1997; Clark et al. 2012; Gerke and Moss 2002; Mortimer et al. 2008; Moss
and Morgan 2004). Mostly, these are soluble proteins but have the capacity to bind or
associate with the plasma or endomembranes in a calcium-dependent and independent
manner (Balasubramanian et al. 2001; Blackbourn et al. 1991; Gerke and Moss 2002).
Plant annexin expression is developmentally and tissue-specifically regulated (Clark
et al. 2001; Jami et al. 2008; Jami et al. 2009; Laohavisit et al. 2010; Mortimer et al.
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2008; Yadav et al. 2015). Expression profiling studies of annexins in different plant
species revealed that they are regulated by different signaling molecules and abiotic
stress inducers (Cantero et al. 2006; Jami et al. 2009; Lu et al. 2012; Xu et al. 2016;
Yadav et al. 2015; Zhou et al. 2013). Genetic manipulation of the plants with annexin
expression showed alterations in growth, development and stress response of the
plants (Jami et al. 2008; Divya et al. 2010; Konopka postupolska et al. 2009; Tang et
al. 2014). Recently, several reports suggest their involvement in plant defense
mechanisms against biotic and abiotic stresses.

Previously, six annexins (AnnBjl, AnnBj2, AnnBj3, AnnBj4, AnnBj6 and AnnBj7)
were identified in Brassica juncea (Jami et al. 2009; Jami et al. 2010). Among these,
role of AnnBj1 and AnnBj3 were studied in stresses. Ectopic expression of AnnBjl in
tobacco and cotton conferred multiple stress tolerance (Jami et al. 2008; Divya et al.
2010). Overexpression of AnnBj3 in Arabidopsis and Saccharomyces cerevisiae
alleviated methyl viologen induced oxidative stress (Dalal et al. 2014a; Dalal et al.
2014b). In the present investigation, we focused on the characterization of AnnBj2 in
salt stress by constitutive expressing it in the model plant tobacco (Nicotiana
tobacum) and in the native system (B.juncea). Further, we analyzed the expression of

Brassica rapa annexins in response to different signaling molecules.
Objectives:

1. Preparation of AnnBj2 overexpression construct and Generation of AnnBj2

overexpressing transgenic tobacco plants and its evaluation under salt stress

2. Genetic transformation of B.juncea with AnnBj2 and evaluation of its role in

salt stress

3. Expression analysis of annexin homologs in B.rapa in response to different

signaling molecules.
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2.1. Economic importance of Brassica juncea

Indian mustard (Brassica juncea, AABB; 2n = 36) is a natural amphiploid derived
from the interspecific hybridization between B. rapa (AA; 2n = 20) and B. nigra (BB;
2n = 16). It belongs to family Bracicaceae. It is one of the most important oilseed
crops of India. Its oil content varies from 35-45% oil and protein content 20-24%.
India is one of the biggest consumers of vegetable oil with more than half of its
demand being met mainly through imports. Mustard is the second most important
oilseed crop next to groundnut, contributing about 32% of the total oilseed production
in the country. In the year 2013-14, it was grown on an area of 6.6 million hectares,
producing 7.8 million tonnes with an average yield of 1185 kg/ha in the country. In
India, it is grown both as a rainfed and irrigated crop under different agro climatic
conditions. Rajasthan, Uttar Pradesh, Madhya Pradesh, Haryana, Gujarat and West
Bengal states accounted for nearly 86.5% area and 91.4% production of Rapeseed-
Mustard in the country during 2012-13.

Mustard is grown in temperate and subtropical climatic conditions. It needs cool and
dry weather conditions and hence in India, it is mostly cultivated as a rabi season crop
particularly in northern parts. It requires a temperature of 10-25°C and annual rainfall
in the range of 600-1000 mm. Well drained sandy loamy soil with pH 5.5 to 7.5 is
good for mustard cultivation.

2.2. Genomic relationship of Brassica species

Brassica is one of the most important genera within the family Brassicaeae. It is
closely related to the model plant Arabidopsis and comprises 38 species. Many of
these species are economically important oilseed crops, condiments and vegetables.
The genomic relationship between the important cultivated species is well explained
by the ‘U’ triangle as shown in Figure 2.1. It includes three diploid species, B. rapa
(AA genome, 2n=20), B. nigra (BB genome, 2n=16) and B. oleracea (CC genome,
2n=18). These three diploid species have undergone natural process of interspecific
hybridization followed by chromosome doubling to give rise to the amphidiploid
species B. juncea (AABB genome, 2n=4x=36),B. napus (AACC genome,
2n=4x=38), and B. carinata (BBCC genome 2n=4x=34). The relationship among
these species were confirmed by genomic in situ hybridization (lwabuchi et al. 1991,

Snowdon et al. 1997), comparative genome mapping (Lagercrantz and Lydiate 1996)
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and artificial synthesis of the amphidiploids by crossing the donor diploid parents
(Song and Osborn 1992).

Brassica nigra

Brassica juncea / \ Brassica carinata
AABB BBCC
2n=36 2n=34
|

P = TR
g \

Brassica rapa Brassica napus Brassica oleracea

Nature Reviews | Genetics

Source: Stewart et al. (2004)

Figure 2.1: Genomic relationships of Brassica species as represented by ‘U’ triangle.

2.3. Abiotic stress

Plants encounter a number of environmental stresses, which adversely affect their
growth and development and results in significant yield reduction. The most common
abiotic stresses affecting plant growth are drought, salinity, temperature, light and
heavy metals. Among the various abiotic stresses, drought and salinity together affect
more than 10% of total arable land resulting in 50% yield loss of the major crops
world-wide (Bray et al. 2000). It was estimated that the world population would reach
more than 9 billion and food production needs to be doubled to feed the growing
population by the year 2050 (Shabala 2013; Tester and Langridge 2010). To address
this problem, plant biologists need to develop stress tolerant varieties, which could
sustain their potential yields under these adverse conditions. Abiotic stresses induce a
series of changes at morphological, physiological, biochemical and molecular level in

plants. Plant adaptation to these stresses depends on their ability to perceive the
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external signal and transmitting it through signaling cascades to activate the adaptive
responses (Xiong et al. 2002). Understanding these changes is of utmost importance
for developing tolerant varieties. With the completion of genome sequencing projects
of several model and crop plants, it is now possible to study the change in the genome
wide expression of genes responsible for a particular stress or a combination of
stresses simultaneously. Such genome wide expression studies using microarray and
RNA seq techniques have helped in the identification of a repertoire of genes, which
are stress regulated (Hirayama and Shinozaki 2010) . These stress regulated genes
need to be functionally characterized for their role in stress tolerance. Although
several stress induced genes were characterized through reverse genetic approaches,
still a wide gap exists in understanding the complex signaling networks. Although
significant increase in the yield and total production has been achieved through
conventional breeding approaches, still a wide gap exists between the potential yield
and the actual yield realized at the farmer’s field. This gap in the actual yield attained
under field conditions is mainly due to various biotic and abiotic stresses. In the
present work, we focused on salt stress as it is one of the severe problems in the north
western agro climatic zone of India due to intensive agriculture and continuous use of

ground water for irrigation.
2.4. Salt stress
2.4.1. Effect of salt stress on plant growth and development

Salinity imposes two types of stresses which limit plant growth. Firstly, it increases
the osmotic potential of the soil and hampers water uptake by the roots. Secondly, in a
longer run, it may enter in the transpiration stream and accumulates in the tissues at
toxic levels. This is salt specific or ion excess effect of salinity (Blumwald 2000;
Deinlein et al. 2014; Munns 2005; Munns and Tester 2008). These two mechanisms

distinguish a biphasic growth response in plants.

Phase 1: This is the initial growth response of the plant to salt stress, which arises due
to an increase in osmotic potential of the soil. It results in a reduction in leaf and root

growth (Munns et al. 2005). These symptoms mainly arise due water stress.

Phase 2: This phase of response includes gradual deposition of Na and Cl ions to toxic
levels in the older leaves. The level of salt present in the cell cytosol is greater than
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their ability to compartmentalize it into vacuoles. This will alter the K*/Na" ratio and
Na and CI ion concentrations within the cytosol resulting in inhibition of enzymatic
activity, metabolic processes and photosynthesis. Higher levels of salt may deposit in
the cell wall and dehydrate the cell (Munns and Tester 2008).

2.4.2. Halophytes Verses Glycophytes

Based on their salt tolerance ability, plants are classified into two groups: halophytes
and glycophytes. Halophytes are plants which survive under high salt conditions
normally NaCl, but may also contain a variety of other salts such as Na,SO4, MgSQO,,
CaS0,4, MgCl,, KCI and Na,COgs. Glycophytes on the other hand, lack the mechanism
to survive under high salt conditions and are salt sensitive. Although these are two
distinct groups, most of the plant species follow a continuum in respect of salt
tolerance ranging from highly susceptible species such as rice and chickpea to the
most tolerant Tecticornia species in halophytes. The high salt tolerance adaptive
mechanisms of halophytes have been studied in detail and are attributed due to
differences in the physiological and molecular adaptive mechanisms. Several studies
have shown that halophyte genes share homology with their glycophytic counterparts,
but differ in terms of their expression and function (Barkla et al. 2013; Bartels and
Dinakar 2013; Yang et al. 2013). Halophytes have evolved better capacity to adjust
the osmotic potential, exclusion and sequestration of excess salts within the cellular
organelles, secretion of excess salts through secretary glands through the transporters
and maintenance of net K* to Na* selectivity (Adem et al. 2014; Ashraf and Ali 2008;
Bose et al. 2014; Ozgur et al. 2013; Shabala et al. 2014; Shabala and Pottosin 2014).

Gene homologs from halophytes have been expressed in the glycophytes, which
resulted in improved salt tolerance (Baisakh et al. 2012; Guan et al. 2011; Hamada et
al. 2001; Himabindu et al. 2016; Kobayashi et al. 2012; Nah et al. 2009; Oh et al.
2009; Ohta et al. 2002; Zhang et al. 2008; Zhao and Zhang 2006).

2.4.3. Sensory mechanisms of salt stress

Plants have developed unique sensory mechanisms to sense hyperosmotic and ion
specific components of salt stress. Understanding these mechanisms of Na™ entry and
translocation to different tissues and within cell compartments is of vital importance

to improve crop resistance to salt stress. The overview of Na* transport mechanisms
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in the plant root cells have been shown in Figure 2.2. Na* can enter into roots through
multiple Na" influx pathways comparising of nutrient channels and transporters.
Under normal physiological condition, plants maintain a low cytosolic Na*
concentration (1-10 mM) (Binzel et al. 1988) and a negative electrochemical gradient
across the plasma membrane (Higinbotham 1973). Increase in the extracellular Na*
ion will establish large electrochemical potential gradient and favours passive

transport of Na" across the plasma membrane (Blumwald et al. 2000).

Proteins involved in uptake of Na* from and its subsequent transport within the the
plant cell are present within the plasma membrane. Under saline condition, rapid
influx of Na ion across the plasma membrane occurs through the Non-selective
cation channels (NSCCs) and later through the high affinity K* transporter (HKT1)
(Essah et al. 2003; Tester and Davenport 2003). Rice Na* transporter OsHKT2;1 has
been shown to mediate Na* influx into roots under K* starvation (Horie et al. 2007).

Sensing and Transcriptional
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Figure 2.2: Overview of cellular Na® transport mechanisms and important

components of the salt stress response network in plant root cells.
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Plants sense the low water potential outside the rhizosphere through membrane
transporters. Low water potential changes the turgidity of the cell. This is perceived
by the periplasmic domain of the AtHKT transporter and induces the MAPK signaling
cascade to alter the gene expression (Chefdor et al. 2006; Urao et al. 1999).
Alternatively, cell distortion causes the change in the geometry of mechano-sensitive
ion channels resulting in the depolarization of plasma membrane and finally incresase
in the cytoplasmic Ca®* levels to initiate further signaling to respond to the stimulus
(Maathuis 2014). Till date no Na* specific sensor has been identified in plants.

2.4.4. Transporters in salt stress

Plants maintain Na" ion homeostasis inside the cells through the involvement of ion
channels and transporters present across the plasma and endomembrane. In roots, Na*
enters the plant cell through passive transport due to enormous negative electric
potential across the membrane. It may enter through the calcium permeable non
selective cation channels (NSSC) and GLR. Most of the Na* that enters the root cells
is pumped back into the soil through ATP driven Na'/H" antiporters. The intracellular
Na'’ is sequestered to vacuoles by tonoplast Na'/H™ antiporters. Na* reaches the stellar
cells by symplastic movement. The net delivery of Na* in xylem depends on four
components of the transport system (a) influx of Na™ into outer half of the roots from
the rhizosphere (b) Efflux back into the soil solution through active transport (c)
Efflux of Na* into the inner half of the root to xylem and (d) influx back into these
cells from the xylem (Tester and Davenport 2003). HKT transporters are involved in
the retrieval of Na™ from the xylem vessels and appear to be the key players in root to
shoot Na* partitioning (Byrt et al. 2007; Davenport et al. 2005; Deinlein et al. 2014;
Hamamoto et al. 2015; James et al. 2006; Ren et al. 2005; Sunarpi et al. 2005).
Arabidopsis HKT1;1 null mutant plants show salt sensitive phenotype with
hyperaccumulation of Na* in shoots and reduced accumulation in roots (Berthomieu
et al. 2003; Maser et al. 2002; Rus et al. 2004). Tissue specific expression of
AtHKT1:1 in the stele tissue enhances salt tolerance (Moller et al. 2009). AtHKT1;1
expression has been suggested to stimulate the acquisition of K* in the xylem vessels
via outward-rectifying K channels, resulting in a high K*/Na" ratio in leaves (Ren et
al. 2005; Sunarpi et al. 2005). QTL analysis of wheat has identified Nax1, Nax2 and

Knal locus which confers salt tolerance (Munns and James 2003). Nax1 locus contain
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TaHKT1;4 gene which was found to contribute to Na* removal from xylem in the leaf

sheath to protect leaf blades from Na* accumulation (Huang et al. 2006).

HKT transporters are negatively regulated by cytokinins via type B response regulator
ARR1 and ARR2 (Mason et al. 2010). Exogenous application of cytokinins (CK)
reduces the expression of HKT transporters. Transcriptome analysis of a salt tolerant
mutant defective CK synthesis showed increased expression of HKT transporters
(Nishiyama et al. 2012). Recent studies have identified two transcription factors,
ABI4 and AtZIP24 as negative regulators of AtHKT1;1 expression. The loss of
function mutant abi4 shows salt tolerance and reduced Na accumulation. Reduced Na*
accumulation is correlated with enhanced expression of AtHKT1;1 expression in abi4
mutants. Overexpression of ABI4 decreases the expression of AtHKT1;1 and results in
salt sensitive phenotype (Shkolnik-Inbar et al. 2013). RNAI mediated suppression of
AtZIP24 enhances salt tolerance in Arabidopsis by enhancing the expression of
AtHKT1;1 (Yang et al. 2009a).

Class Il HKT transporters are known as Na'/K* symporters. This class of transporter
has been suggested to contribute to the salt tolerant phenotype due to maintenance of
K" acquisition through their K*/Na* co-transport under salinity stress. Maintenance of

K*/ Na" ratio under salt stress is crucial for plant salt tolerance (Deinlein et al. 2014).

SOS1 is plasma membrane localized Na* transporter, which is involved in efflux of
major portion of Na" ions that enters the cell. Upon entry of excess Na* ion inside the
cell, a rapid rise in the cytoplasmic calcium takes place. The rise in [Ca®*] oyt 1S Sensed
by calcineurin B like protein (CBL4), which was originally identified as SOS3. Ca-
SOS3 interaction leads to dimerization of SOS3 that further interacts with a CBL
interacting protein kinase (CIPK24) originally named as SOS2 (Halfter et al. 2000;
Liu et al. 2000; Liu and Zhu 1998). SOS3/SOS2 complex is targeted to plasma
membrane enabling the phosphorylation and activation of membrane bound SOS1

(Qiu et al. 2003; Quintero et al. 2002; Shi et al. 2000).

2.4.5. Compatible solutes

Accumulation of compatible solutes has been used as one of the strategies to survive
under abiotic stresses. Compatible solutes are low molecular weight, highly soluble

and non-toxic compounds that accumulate at higher concentration in response to
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stresses. These molecules help in osmotic adjustment, detoxification of ROS,
maintenance of membrane integrity and stabilization of enzymes/ proteins (Ashraf
and Foolad 2007; Bohnert and Jensen 1996; Chen and Murata 2002; Yang et al.
2008). These compatible solutes include betaine and related compunds; proline; sugar
and sugar alcohols such as trehalose, mannitol and sorbitol. Genetic transformation
with the candidate genes involved in the biosynthesis of the various compatible
solutes resulted in improved tolerance of the transgenic plants to the abiotic stresses
(Chen and Murata 2002; 2011; Hayashi et al. 1997; Karakas et al. 1997; Prasad et al.
2000; Sakamoto et al. 1998; Sakamoto and Murata 2000). Alternatively, exogenous
application of glycine betaine or proline has significantly increased drought, salt and
temperature stress tolerance (Agboma et al. 1997; Diaz-Zorita et al. 2001; Harinasut
et al. 1996; Ma et al. 2006; Makela et al. 1998).

2.4.6. Hormonal control of salt stress

Phytohormones play central roles in the ability of plants to adapt to changing
environments, by mediating growth, development, nutrient allocation, and source/sink
transitions (Peleg and Blumwald 2011). These compounds are synthesized by plant
biosynthetic pathways and may act either at their site of synthesis or are transported to
the distant part of the plant body to regulate its growth and development under normal
and stress condition. These compounds form an integral part of the plant signalling
network. The mechanisms by which these signals are generated and translated into
adaptations to counter the unfavourable environment are being intensively studied
(Wilkinson et al. 2012). Plant growth regulators include the five classical
phytohormones: abscisic acid (ABA), ethylene, cytokinin (CK), auxin (I1AA),
gibberellin (GA), jasmonate (JA), as well as brassinosteroids (BR), salicylic acid
(SA), nitric oxide (NO), and strigolactone (SL), and it is likely that additional growth
regulators are yet to be discovered. Studies revealed that phytohormones do not act in
isolation but are interrelated by synergistic or antagonistic cross-talks (Peleg et al.
2011).

2.4.6.1. Abscisic acid

Abscisic acid (ABA) is one of the most studied plant hormones, which regulates many

physiological and developmental processes including abiotic stress (Finkelstein et al.
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2002; Parent et al. 2009; Qin et al. 2011a; Raghavendra et al. 2010). Based on the
ABA deficient mutants, ABA biosynthesis pathway has been elucidated. It is now a
well known fact that ABA in higher plants is synthesized from Cg carotenoid
precursor following an indirect pathway (Schwartz et al. 2003; Seo and Koshiba
2002; Xiong and Zhu 2003). Carotenoids are synthesized from the Cs precursor,
isopentenyl pyrophosphate (IPP). IPP is converted to a Cy product, geranylgeranyl
pyrophosphate (GGPP). Conversion of GGPP to a Cyo carotenoid phytoene, catalyzed
by phytoene synthase (PSY), is the first committed and rate-limiting step in
carotenoid synthesis. Subsequently, phytoene is converted to -carotene, lycopene, -
carotene and then to a xanthophyll, zeaxanthin. Phytoene desaturase (PDS) catalyzes
the conversion of phytoene to {-carotene and is also one of the enzymes dedicated to
carotenoid synthesis.

The first step to ABA synthetic pathway from the carotenoids is the two-step
epoxidation of zeaxanthin to form all-trans-violaxanthin, a reaction being catalyzed
by zeaxanthin epoxidase (ZEP) which occurs in plastid (Marin et al. 1996). Next, the
xanthophylls, 9-cis-violaxanthin and/or 9'-cis-neoxanthin are oxidatively cleaved by
9-cis-epoxycarotenoid dioxygenase (NCED) and converted into xanthoxin (Schwartz
et al. 2003; Tan et al. 1997; Thompson et al. 2000). Further, xanthoxin is transported
into cytosol and is converted to ABA through a two-step reaction via ABA aldehyde
(Gonzalez-Guzman et al. 2002; Taylor et al. 2000). Conversion of xanthoxin to ABA
aldehyde is catalysed by a short-chain alcohol dehydrogenase/reductase (SDR) and
final step of ABA biosynthesis is mediated by ABA aldehyde oxidase (AAO) (Seo et
al. 2000).

ABA acts as an endogenous messenger in abiotic stress responses in plants and is
often called a ‘stress hormone’ (Danquah et al. 2014; Qin et al. 2011a). As the plant
perceives the stress signal, ABA synthesis is induced in the vascular tissues and is
exported to the distant parts by specific ATP-dependant transporters. The mechanism

allows rapid distribution of ABA into neighboring tissues (Raghavendra et al. 2010).

Early ABA signaling events depend upon the function and coordination of three
classes of proteins: PYR/PYL/RCAR proposed to function as ABA receptors; Protein
Phosphatase 2Cs (PP2Cs), which act as negative regulators, and SNF1-related protein
kinase 2 s (SnRKs), which are positive regulators (Danquah et al. 2014; Gosti et al.
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1999; Ma et al. 2009; Merlot et al. 2001; Mustilli et al. 2002; Park et al. 2009;
Schweighofer et al. 2004; Umezawa et al. 2009; Yoshida et al. 2014; Yoshida et al.
2006). In the absence of ABA, PP2Cs interacts with SnRK and dephosphorylate its
kinase activation loop. Dephosphorylation of SnRK2 inhibits it to transmit the signal
to downstream targets. Binding of ABA to its receptors PYR/PYL/RCAR promotes
the binding of receptors to the catalytic site of PP2C and inhibit its enzymatic activity
(Melcher et al. 2010; Miyazono et al. 2009; Nishimura et al. 2009; Santiago et al.
2009).This allows the SnRK2 to autophosphorylate and relay the ABA signal to the
downstream effector molecules (Cutler et al. 2010; Hubbard et al. 2010; Umezawa et
al. 2010).

ABA plays central role in abiotic stress signaling in plants. It controls the expression
of about 10% of the total genes in Arabidopsis (Hoth et al. 2002; Nemhauser et al.
2006) (Hoth et al., 2002; Nemhauser et al., 2006; Seki et al., 2002). Promoters of
ABA inducible genes contain cis regulatory element ABRE (ABA responsive
element) or a combination of ABRE with other elements such as CE1, CE3 and
DRE/CRT (Gomez-Porras et al. 2007; Lee et al. 2010; Mishra et al. 2014;
Yamaguchi-Shinozaki and Shinozaki 2005; Zhang et al. 2005). ABRE, which
contains an ACGT core is recognized by bZIP proteins such as AREB, which induce
the transcription of the downstream genes (Choi et al. 2000; Foster et al. 1994; Izawa
et al. 1993; Uno et al. 2000).

AREB/ABF are induced by ABA and abiotic stresses such as drought and salinity at
vegetative stage (Abdeen et al. 2010; Fujita et al. 2005; Kang et al. 2002; Kim et al.
2004; Uno et al. 2000; Yoshida et al. 2010). AREBS are phosphorylated by the
SnRK2, which activates the downstream genes. It has been shown that Ser-Thr
protein kinases such as calcium dependant protein kinases (CDPK) also phosphorylate
AREB/ABF and thus act as positive regulators in ABA signaling (Zhu et al. 2007).

2.4.6.2. Ethylene

Generally, ethylene biosynthesis and signal transduction enhance plant salt tolerance,
while its inhibition leads to increased plant sensitivity to salinity. Like other abiotic
stresses, salinity also promotes ethylene biosynthesis by modulating the expression of
ethylene biosynthesis genes (Achard et al. 2006; Dong et al. 2011). In plants, ethylene

is perceived by a group of membrane-located receptor proteins including ETR1
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(ETHYLENE RESPONSE 1), ERS1 (ETHYLENE RESPONSESENSOR 1), ETR2
(ETHYLENE RESPONSE 2), ERS2 (ETHYLENE RESPONSE SENSOR 2), and
EIN4 (ETHYLENE INSENSITIVE 4) (Zhao et al. 2011). In the absence of ethylene,
these receptors act as negative regulators of the signaling pathway, repressing the
ethylene response (Hua and Meyerowitz 1998; Merchante et al. 2013). Briefly,
ethylene signaling during abiotic stress starts with the binding of ethylene to the N-
terminal of its receptors which results in the deactivation of CONSTITUTIVE
TRIPLE RESPONSE1 (CTR1). In the absence of ethylene, CTR1 is involved in the
proteasome mediated degradation of EIN2, EIN3 and EIL1. Deactivation of CTR1
allows the cleavage of ETHYLENE INSENSITIVE2 (EIN2), which in turn moves to
nucleus and activates EIN3, EIN-3 likel (EIL1) and EIL2. Activation of EIN3 further
activates the downstream transcription factors such as WRKY, AP2/ERF AND NAC
s (Ji and Guo 2013; Ju et al. 2015; Kazan 2015; Salehin and Estelle 2015; Wang et al.
2002; Zhang et al. 2016). ERF represents a large family of transcription factors in the
plant genome. In Arabidopsis, 124 ERF genes were reported, which are largely
divided into two subfamilies (a) DREB and (b) ERF subfamily. Overexpression of
several ERF members in the heterologous systems conferred abiotic stress tolerance
(Seo et al. 2010; Zhang and Huang 2010; Zhang et al. 2012).

Ethylene signaling pathway has been shown to regulate salt tolerance either positively
or negatively. External application of ethylene and its precursor increases salt
tolerance by inducing the production of ROS scavengers (Peng et al 2014). Cao et al.
(2007) reported that ethylene insensitive mutants (etrl-1and ein2-1) were more
sensitive to salt stress suggesting ethylene signaling may be necessary for plant salt
tolerance. Recently, rice SALT TOLERANCEL (a lectin receptor like Kkinase)
positively regulates salt tolerance by stimulating the activity of the MAPK3/6 protein
kinase and ethylene production (Li et al. 2014). Some reports suggest a negative
correlation between ACC levels and salt tolerance. Arabidopsis acs mutant with
reduced levels of endogenous ethylene shows salt tolerance at seed germination stage
suggesting it as a negative regulator of salt tolerance. Arabidopsis plants
overexpressing wheat ACOL1 display elevated ethylene levels, but decreased salinity
tolerance (Chen et al. 2014). Ethylene signaling acts in close association in ROS
signaling during salt stress responses (Steffens 2014; Xia et al. 2015; Zhang et al.
2016).
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2.4.6.3. Jasmonic acid

The role of jasmonates has been well established in the induction of systemic
resistance in response to insect and pathogen attacks (Bari and Jones 2009; Mithofer
et al. 2014; Wasternack and Hause 2013). However, a lot of accumulating evidence
suggests its role in abiotic stress tolerance too. Under non stress condition, plants
maintain low levels of Ja-lle (bioactive form of jasmonic acid), which allows a
multimeric protein complex to inhibit JA signaling. But as it encounters an
environmental stress such as salinity, levels of JA-lle get elevated. JA-lle binds to
COI1 and this complex interacts with JAZ proteins leading to SCF mediated
ubiquitination. The ubiquitinated JAZ factors were degraded via 26S proteasome
pathway. As a result, MYC-type transcription factors were released from the
repression of JAZ factors inducing the transcription of early JA-responsive genes
(Ismail et al. 2014; Kazan and Manners 2008). High salinity enhances the levels of JA
in rice, tomato and Iris hexagona (Pedranzani et al. 2003; Tani et al. 2008; Wang et
al. 2001). Pretreatment of barley seedlings with methyl jasmonate before salt stress
imposition alleviates salt stress induced damage to growth, photosynthetic system and
RuBPC activity (Tsonev et al. 1998). Exogenous application of jasmonic acid
enhanced salt stress tolerance in wheat seedlings by improving the activities of
antioxidant enzymes (Qiu et al. 2014). Overexpression of the wheat (Triticum
aestivum) TaAOCL1 gene, encoding an allene oxide cyclase (AOC) enzyme involved
in JA biosynthesis, elevates JA levels and confers salt tolerance in wheat and

Arabidopsis, suggesting that JAs positively regulate salt tolerance (Zhao et al. 2014).
2.4.6.4. Brassinosteroids

Brassinosteroids (BRs) represent a group of natural steroid hormones that play critical
roles in a wide range of plant developmental processes including cell division and
elongation, photomorphogenesis, flower & fruit development, leaf senescence, and
various stress responses (Clouse and Sasse 1998; Divi and Krishna 2009; Fahad et al.
2015; Hayat et al. 2010; Khripach et al. 2000; Ozdemir et al. 2004; Vriet et al. 2012).
Although the positive role of BRs in promoting tolerance to a wide range of abiotic
stresses has been reported, the molecular mechanisms explaining how BRs control
stress responses and regulate stress-responsive gene expression in plants are largely

unknown.
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BRs reduced the salinity-induced inhibition of seed germination and seedling growth
in Oryza sativa (Anuradha and Rao 2003; Ozdemir et al. 2004). Seed soaking in 24-
epibrassinolide prior to germination enhances growth and attenuates the deleterious
effects induced by salt stress in pea (Shahid et al. 2011). Studies on det2-1 and bril-1
BR defective mutants display ABA hypersensitive phenotypes during early seed
germination raising the possibility of BR interaction with ABA signaling (Steber and
McCourt 2001). The salt stress tolerance mediated by brassinosteroids was found to
be associated with the induction of stress marker genes, such asHSP
genes, RD29A and ERD10 (Dhaubhadel et al. 1999; Kagale et al. 2007). BRs-
mediated stress tolerance in Arabidopsis was associated with ABA, SA, and ET
pathways (Divi et al. 2010). Recent molecular studies propose that BRs act as crucial
positive regulators in early seedling development by regulating the signaling outputs
of ABA signals (Ryu and Hwang 2013; Zhang et al. 2009).

2.4.6.5. Cytokinin

Over the past decade, the role of cytokinins in the regulation of environmental stress
response gained importance in plant biology research (Zwack and Rashotte 2015).
Increasing evidence has revealed that CKs play a significant role in the regulation of
environmental stress responses, involving intensive interactions and cross talk with
abscisic acid (ABA). Environmental stresses, such as drought and salinity, decrease
the production and transport of CKs from roots. Exogenous application of CKs
increases stomatal aperture and transpiration (Pospisilova et al. 2005) and influences
photosynthetic machinery (Chernyad'ev 2009). Cytokinins promote cell division,
which is an energy consuming process and is under tight regulation under stress. Mild
stress may be associated with a transient increase in the CK levels needed for
signaling (Havlova et al. 2008) but, prolonged drought and salt stress are associated
with the downregulation cytokinin contents to arrest the plant growth and so as to
redistribute the limited resources for defense mechanisms (Albacete et al. 2008;
Ghanem et al. 2008; Kudoyarova et al. 2007; Nishiyama et al. 2011; Rashotte et al.
2006). Nishiyama et al. (2011) reported that cytokinin deficient mutants exhibited
strong salt tolerant phenotype and ABA hypersensitivity. Constitutive downregulation
of CK levels by the overexpression of CKX (cytokinin dehydrogenases) genes or by
inactivation of IPT genes results in drought and salt stress-tolerant phenotypes.

Generally, CKs and ABA are known to have antagonistic effects (Chang et al. 2003;
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Cowan et al. 1999; Gan and Amasino 1995; Zdunek and Lips 2001), but recent
studies on CK mutants suggest the existence of an intensive interaction and cross talk
between them (Chang et al. 2013; EI-Showk et al. 2013). Decrease in the CK is
associated with increased sensitivity to ABA and the upregulation of ABA responsive
genes (Nishiyama et al. 2011). Exogenous application of ABA in plants leads to
downregulation of expression of CK metabolic genes (Nishiyama et al. 2011; Vaseva
et al. 2008). Although constitutive overexpression of genes in degradation CK is
associated with enlarged root system, it also shows stunted shoot growth. Root
specific or stress inducible promoter increased salt and drought stress tolerance in the
transgenic plants without affecting shoot growth (Qin et al. 2011b; Qiu et al. 2012;
Rivero et al. 2010).

2.4.6.6. Gibberellins

Gibberellins are involved in regulation of plant growth and development at seed
germination, leaf expansion, photomorphogenesis, stem elongation and flowering
stage (Daviere and Achard 2013; Richards et al. 2001; Sun and Gubler 2004). GA
metabolism and signaling pathway are tightly controlled by diverse internal and
external factors (Sun and Gubler 2004). Giberellin biosynthesis and signaling are
regulated by both biotic and abiotic stresses. Genetic studies with GA mutants have
identified DELLA family of proteins as the negative regulators of GA signaling (Sun
and Gubler 2004). GA signaling cascade starts with its binding to its receptor that
facilitates its interaction with the DELLA proteins. This protein complex then binds
SCF E3 ubiquitin ligase resulting in polyubiquitination and finally leading to
proteasome-mediated degradation of the DELLA proteins (Claeys et al. 2014; Dill et
al. 2004; Griffiths et al. 2007; Nakajima et al. 2006). Exposure to salt stress induced a
reduction in endogenous levels of bioactive GAs, which coincided with higher
accumulation of DELLA proteins (Achard et al. 2006; Colebrook et al. 2014).
Furthermore, a link between DELLA function and survival of salt stress has been
identified (Achard et al. 2006; Achard et al. 2008; Magome et al. 2004). Furthermore,
GA deficient biosynthetic or signaling mutants displayed enhanced survival of severe
salt stress, but the quadruple- DELLA loss-of-function mutant was more susceptible
to salt stress (Achard et al. 2006). Exogenous GA3 application, a bioactive GA, in

tomato enhanced plant water availability at low salt stress conditions (Maggio et al.
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2010). Application of GA3 alleviates the effects of salt stress in chickpea, soybean and

maize seedlings (Hamayun et al. 2010; Kaur et al. 1998; Tuna et al. 2008).
2.5. Glucose tolerance:

Sugars play an important role in plant growth and development by acting as carbon
source or as signaling molecules ((Rolland et al., 2006; Ramon et al., 2008; Bolouri-
Moghaddam et al., 2010; Smeekens et al., 2010; Miao et al 2013). Over the past
decade, integrated genetic, cellular, chemical, proteomic and genomic approaches in
the reference plant Arabidopsis thaliana have begun to unravel the surprisingly broad
range of functions and actions of three glucose-modulated master regulators,
hexokinasel(HXKZ1), the energy sensor kinases KIN10/ 11 and the glucose activated
target of rapamycin (TOR). Arabidopsis thaliana (HXK1), which is a glucose
phosphorylating enzyme, has been identified as the glucose sensing protein too. The
role of HXK1 as a glucose sensor and signal transducer is independent of its
enzymatic function (Jang et al., 1997; Xiao et al., 2000; Harrington and Bush, 2003;

Moore et al.).

Glucose plays a negative role in seed germination and early seedling development. It
works in close association with plant hormones, particularly ABA (Gibson 2004,
Yuan and Wysocka-Diller 2006, Rook et al. 2006, Finkelstein et al. 2008). High
levels of exogenous glucose cause ABA accumulation, which delays seed germination
and early seedling growth (Arenas-Huertero et al. 2000). Glucose induced ABA
accumulation can be induced either by enhancement of ABA biosynthesis genes or
suppression of genes involved in its catabolism. In Arabidopsis, glucose induced
ABA accumulation has been reported to induce ABA biosynthesis genes such as
ABA2 and NCED3 (Cheng et al. 2002, Chen et al. 2006) whereas in rice it was
mainly due to the suppression of ABA catabolic gene encoding ABA 8 ' -hydroxylase
(Zhu et al 2009). Moreover ABA deficient mutants are found to be glucose insensitive
(Arenas-Huertero et al. 2000; Laby et al. 2000). A key link between sugars and ABA
perception is exemplified by ABI4, which encodes an AP2 domain transcription
factor and is required for normal sugar response during germination and seedling
growth (Arenas-Huertero et al., 2000; Huijser et al., 2000; Laby et al., 2000; Rook et
al., 2001).
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2.6. Annexins

Annexins represent a multigene family capable of Ca®* dependent and independent
membrane binding property. The name of this family of proteins is derived from a
Greek word “annex” meaning “bringing/hold together” to describe their principal
property of membrane lipid binding. The name also has some historical relevance as
some groups working independently discovered them in search of scaffolding or
bridging proteins (Gerke and Moss 2002). Initially, several unrelated names were
used to describe these proteins like synexin (Creutz et al. 1978), chromo bindins
(Creutz et al. 1987), calcimedins (Moore 1984), lipocortin (Flowers 1984) and
calpains (Glenny 1987). But subsequent research identified key biochemical,
structural and sequence similarities among these independently identified proteins.
This led to postulate that proteins identified by several groups in fact belong to a same
multigene family who expanded by gene duplications during evolution, and a

common name annexin was introduced to describe these proteins.

Annexins have diverse taxonomic distribution covering plants, fungi, protists and
invertebrates ( Greke and Moss 2002; Hofmann 2004, Moss and Morgan 2004,
Mortimer 2008). The first report of plant annexin was made by Boustead et al. (1989)
in tomato. Since then, many annexins were reported from different plant species.
With the completion of several genome sequencing projects, it becomes clear that
annexins represent a multigene family with a variable number of genes encoding for
these proteins in different plant species. Arabidopsis genome contains contain eight

annexins, ten in rice, thirteen in Brassica.rapa.
2.6.1. Plant annexin structure

Plant annexins represent 0.1% of the total protein (Delmer and Potikha 1997) . These
proteins have a molecular weight in the range of 32-42 kDa. Structurally, an annexin
protein consists of a conserved a helical core and a variable N-terminal region. The
core annexin region consists of four domains (I-1V), each domain comprised of 70
amino acids (Fig. 2.3). Each domain consists of five a helices connected by loops.
These endonexin sequence K-G-X-G-T-38 - D/E present on each domain confers
Ca®* binding ability to annexins. During membrane association, Ca®* ions forms a
bridge betwwen the annexin domains and the negatively charged phospholipids.

Although plant and animal annexins share a common evolutionary ancestor, there are
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some structural differences among them. Crystal structures reveal that unlike animal
counterparts, plant annexins can bind Ca?* only in | and IV annexin domains
(Hofmann et al 2000; 2003 and Hu et al 2008).Mammalian annexins represent great
variability in the N-terminal region, which is involved in the regulation of
conformational stability and protein- protein interactions (Greke and Moss 2002). It
is the site of post-translational modifications like phosphorylation, nitrosylation, S-
glutathionylation and N-myristoylation (Konopka-Postupolska et al. 2009;
Lindermayr et al. 2005; Mortimer et al. 2008). Crystal structure of plant annexins
revealed that N-terminal region is  conserved in plant annexins and interacts with
the annexin core region. Although, the N-terminal region of plant annexins is shorter

¢ 10 amino acids ) compared to their animal counterparts.
2.6.2. Ca®* dependent and independent membrane binding of annexins

Annexins (both plants and animals) show Ca?* dependant binding to negatively
charged phospholipids such as phosphatidylserine, phosphatidylinositol, and
phosphatidic acid (Blackbourn et al., 1991; Balasubramanian et al., 2001). Calcium
mediated membrane binding of annexins was attributed by the endonexin sequence
(K-G-X-G-T-38 variable residues-D/E) and type 11l Ca®* binding site. Annexins
binding to membranes can be reversed by the addition of Ca?* chelators.

Calcium-bound crystal structure of cotton annexin revealed that it can bind three
calcium ions in canonical fashion in the repeats | and IV (Hu et al 2008).
Conformational flexibility in the 1AB loop region due to presence of a conserved Trp-
35 residue which is present in the first repeat plays a crucial role in calcium

independent membrane binding of annexins.

Annexins are capable of Ca?* independent membrane binding at neutral pH
(Blackbourn et al. 1991; Breton et al. 2000; Hofmann et al. 2000a, 2002; Dabitz et al.
2005). Site directed mutagenesis study in Capsicum annum has identified two lysine
residues and one tryphtophan residue in the convex side of annexin disc responsible
for Ca®* independent binding (Dabitz et al. 2005). Ca®* independent membrane

binding suggests it role at membranes under normal condition too.
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Figure 2.3: Annexin structure (A) Primary structure of a typical annexin protein
with four tandem repeats (I-1V), each containing 70-80 amino acids. (B) A simple
diagram showing typical characteristics of one of the annexin repeats. Each repeat has
five a- helices (A-E) with loop regions connecting each. The endonexin sequence,
type Il Ca®*- and type Il Ca®*-binding sites are approximately shown in black, red
and blue respectively. (C) A simplistic drawing of annexin tertiary structure. Annexin
repeats (light blue) form a slightly curved disc-like core domain. The Ca**-binding
sites are exposed at the convex side of the molecule (shown in red), allowing the
molecule to attach to a membrane through bound Ca?* ions (dark blue).

2.6.3. Post translational modifications

Annexins undergo post translational modifications depending on the surrounding
conditions. They undergo homo- and hetero-dimerization when associated with the
membranes (Hofmann et al. 2002). AnnAtl isolated from Arabidopsis (native system)
showed higher peroxidase activity than the purified recombinant protein isolated from
a heterologous expression system suggesting that the post translational mechanism
necessary for the its function is absent in the heterologous system (Gidrol et al. 2005).
Annexins N-terminal chain is the site for post translation changes. Phosphorylation of
annexins by kinases has been reported in Brassica napus, rice and cotton (Agrawal
and Thelen 2006; Rohila et al. 2006; Wang et al. 2013). S-nitrosylation, S-
glutathionylation and N-myristoylation of the cysteine residues of annexin indicates
its role in distinct signaling pathways (Konopka-Postupolska et al. 2009; Lindermayr
et al. 2005; Mortimer et al. 2008).
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2.6.4. Peroxidase activity

The first report of peroxidase activity of plant annexins came from a study of
Arabidopsis AnnAtlannexin. Heterologous expression of AnnAtl in H,O, -sensitive
Escherichia coli AoxyR mutant and mammalian cells provides protection under
oxidative stress (Gidrol et al 1996; Kush and Sabapathy 2001). Gorecka et al. (2005)
expressed AnnAtl in E.coli and Nicotiana benthamiana and found a difference in the
peroxidase activity of the recombinant proteins. Peroxidase activity of AnnAtl
purified from N. benthamiana showed three times higher activity than that of the
E.coli expressed protein. This finding suggested the possible role of post-translational
modifications in peroxidase activity of AnnAtl. Purified soluble annexin proteins
display peroxidase activity in vitro (Konopka postupolska et al. 2009; Gidrol et al
1996; Gorecka et al. 2005, Jami et al. 2008). Earlier peroxidase activity of plant
annexins was attributed due to the presence of a conserved His40 residue present in
the first annexin domain, which is highly similar to the~30 amino acid of the horse
radish peroxidase (Clark et al. 2001; Gorecka et al 2005). Mutation of His40 to Ala40
abolishes the associated peroxidase activity of AnnAtl (Gorecka et al 2005). Animal
annexins lack this residue and does not possess peroxidase activity. But later on
Konopka-Postupolska et al (2009) re-examined of peroxidase activity of native
AnnAtl and mutated His40 annAtl protein and found comparable peroxidase activity

in both forms of protein.
2.6.5. ATPase and GTPase activity

Plant annexins possess ATP and GTP-hydrolysing activity (Calvert et al. 1996; Lim et
al. 1998; Mcclung et al. 1994; Qiao et al. 2015; Shin and Brown 1999). Nucleotide
binding and hydrolysing property of annexin is proposed to be due to the presence of
Walker A motif (GXXXXGKT/S) and GTP binding motif (DXXG). These motifs are
present in the fourth domain of annexins and deletion of the fourth domain abolishes
its GTPase activity (Shin and Brown 1999). Studies on cotton annexin AnxGhl
revealed that there are two predicted GTP-binding sites in the fourth domain and one
of them overlaps with the Ca** binding site. Thus, there is a possibility that Ca** and
GTP compete with each other for binding to this particular overlapping site. In
tomato, Ca®* mediated phospholipid binding impairs GTP hydrolytic activity (Calvert
et al. 1996). But, its GTP binding ability persists in actin bound state, suggesting a
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role in relocation of annexins within the cell (Calvert et al. 1996). In zucchini
(Cucurbita pepo), two PM-associated annexins also bind to F-actin in vitro (Hu et al.
2000), which could mean that annexins are part of the apparatus connecting the PM to
the cytoskeleton. In vitro ATPase/GTPase activity of plant annexins was found to be
higher than that of their animal counterparts (Bandorowicz-Pikula, 2003). In a study
with maize root protoplasts, Carroll et al. (1998) demonstrated that annexins, Ca>* and

GTP together modulate polysaccharide secretion from the cells.
2.6.6. Annexins and abiotic stress

Plant annexins are emerging as the important members involved in stress signaling.
This is mainly attributed to their inherent peroxidase activity, Ca** channel regulating
activity and ROS induced expression. Recently, an annexin AnnAtl was shown to be
involved in OH mediated Ca** flux changes in the root epidermal cells (Laohavisit et
al. 2012; Richards et al. 2014). Changes in the Ca** flux generate a stimulus-specific
Ca®* signature that activates the downstream signaling cascade to elicit stimuli-
specific response (Batistic and Kudla 2004; Kudla et al. 2010; Luan et al. 2002;
McCormack et al. 2005). Transcriptomic and proteomic studies have identified
annexins as one of the highly expressing/abundant proteins during environmental
stresses. Salt stress upregulates the expression of AnnAtl, AnnAt4-8 in Arabidopsis
(Cantero et al. 2006), Os08g32970 and 0s09g23160 in rice (Jami et al. 2012),
GmAnNnn1, GmAnn11-12 in soybean (Feng et al. 2013). A proteomic study of NaCl
treated soybean hypocotyl tissues revealed the abundance of annexin under salt stress
(Sobhanian et al. 2010). In an another root proteomic study with barley cultivars
differing in salt tolerance, annexin was found to be one of the abundant protein in the
tolerant cultivar (Mostek et al. 2015). Low temperature stress induced the
accumulation of rice and wheat annexins (Breton et al. 2000; Hashimoto et al. 2009).
Drought stress upregulates the expression of annexins in Arabidopsis (Bianchi et al.
2002), Indian mustard (Jami et al. 2008), Rice (Gorantla et al. 2005; Jami et al. 2012),
and Medicago (Buitink et al. 2006). Comparative proteome profiles of two rootstock
cultivars of citrus with contrasting drought tolerance identified two annexins abundant
in the tolerant cultivar (Oliveira et al. 2015). Heat stress enhanced the abundance of
annexins in Aabidopsis and Nelumbo nucifera (Chu et al. 2012; Wang et al. 2015). A
role of these proteins can be postulated in nutritional stress, as boron deficiency

upregulated the expression of an annexin in Brassica napus (Wang et al. 2010).
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Similarly, low potassium stress upregulated the expression of four annexin genes in
tobacco seedlings (Lu et al. 2015).AnnAtl transcripts accumulate in response to
phosphate deprivation (Muller et al., 2007). Metal stresses induce the expression of
annexins. Zinc affects the expression of ZmAnx1 and ZmAnx5 (Zhou et al. 2013);
copper affects AnnAt3 and AnnAt4 (Weber et al. 2006); cadmium upregulates the
expression of AnnAtl and pea root annexin abundance (Konopka-Postupolska et al.
2009; Repetto et al. 2003).

Expression profiling of annexin gene families from Arabidopsis, Brassica juncea,
Brassica rapa , tomato, maize, soybean and peanut has been studied in detail in
response to different abiotic inducers and hormones (Cantero et al. 2006; Jami et al.
2009; Yadav et al. 2015; Lu et al. 2012; Feng et al 2013; Zhou et al. 2013; He et al.
2015). This family of proteins is differentially regulated by various abiotic inducers
and signaling molecules. Functional characterization of few annexins from model and
crop plants proved their role in environmental stress mitigation. Arabidopsis annexin,
AnnAtl overexpression lines confers drought tolerance, while the loss of function
(AannAtl) mutant showed sensitive phenotype (Konopka-Postupolska et al. 2009).
Later, it was found that that AnnAtl and AnnAt4 interact with each other in a Ca?* -
dependent manner and function to regulate responses to drought and salt stress (Huh
et al. 2010). Ectopic expression of an annexin AnnBj1 from B.juncea in tobacco and
cotton conferred multiple stress tolerance (Divya et al. 2010; Jami et al. 2008).
Overexpression of AnnBj3 attenuated the methyl viologen induced oxidative stress in
transgenic Arabidopsis (Dalal et al. 2014a). Further, expression of this gene in
Saccharomyces cerevisiae (ADY1) cells counteracted the thiol-specific antioxidant
(TSAL) deficiency in S. cerevisiae. AnnBj3 protects yeast cells from oxidative stress
either by directly detoxifying ROS or positively modulating the endogenous
antioxidant system, thereby affecting ROS accumulation (Dalal et al. 2014b).
Similarly, Zhang et al. (2015) demonstrated that GhAnnl plays an important role in
mitigating drought and salt stress by generating overexpression and suppression lines
of GhAnn1. Constitutive expression of a rice annexin OsAnnl imparted heat stress
tolerance to the transgenic plants by modulating the production of hydrogen peroxide
(Qiao et al. 2015). Potato annexin StAnnlwas shown to be involved in mitigating

drought stress in transgenic plants (Szalonek et al. 2015). Although, these reports are
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available on the role of annexins in stress tolerance, the mechanism underlying the

tolerance phenomenon is still not clear.

2.6.7. Role of annexins in plant growth and development

Annexins are ubiquitous proteins. Expression analysis of this family of proteins in
different plant species shows their expression is regulated based on the tissue type and
developmental stage of the plant (Clark et al.,2001, 2005a; Hoshino et al. 2004;
Cantero et al. 2006; Jami et al. 2009: Feng et al. 2013). A. thaliana annexins express
during seed germination stage (Cantero et al. 2006). Nelumbo nucifera annexin
AnnNnltranscripts were predominantly present at seed development and germination
stage; and its ectopic expression in Arabidopsis conferred thermotolerance and
germination vigor (Chu et al. 2012). Several annexins show high level of transcripts
at the growing tips such as root hairs, pollen tubes, and fern rhizoids (Battey and
Blackbourn 1993; Blackbourn et al. 1992; Clark et al. 2005; Clark et al. 2012).
Functional characterization of AnnAt5 through RNAI led to the pollen abortion before
maturity (Zhu et al. 2014a; Zhu et al. 2014b). Abundance of some annexins like p35
(maize) and AnnAtl & AnnAt2 ( Arabidopsis) in root elongation zone points towards
their role in root growth (Bassani et al. 2004; Carroll et al. 1998) and Arabidopsis
(Clark et al. 2005). Immunological studies with Pea and maize annexins revealed that
they have high abundance in the young developing vascular tissue and outer cells of
root caps producing slime (Clark et al 1992; 1994). This supports the hypothesis
postulated by Blackbourn et al. (1991) that annexin like proteins may be involved in
the Golgi mediated secretion. Several studies in cotton suggest their role during fiber
development (Arpat et al. 2004; Huang et al. 2013; Shin and Brown 1999; Tang et al.
2014; Wang et al. 2010a). Zhao et al. (2010) identified four annexin iso-variants,
which get downregulated in the Ligon lintless mutant in comparison to wild type of
upland cotton. GhAnn2 preferentially expresses during fiber elongation and functional
characterization of this by RNA silencing resulted in thin and shorter fibers in
transgenic plants (Tang et al. 2014). Another annexin member from cotton, AnxGhb6
regulates fiber elongation through its interaction with actinl (Huang et al. 2013).
AnnGh3 overexpression in Arabidopsis promotes initiation and elongation of leaf
trichomes, suggesting its role in fibre cell initiation and elongation in cotton (Li et al.
2013). Certain annexins showed differential expression during fruit development and

ripening. Transcriptome studies revealed that transcript levels of a strawberry
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(Fragaria ananassa) annexin significantly increases during ripening and is regulated
by calcium and phytohormones (Chen et al. 2016; Wilkinson et al. 1995).

2.6.8. Reactive Oxygen Species

Plants continuously produce ROS as byproducts of several metabolic processes in
different cellular compartments (Apel and Hirt 2004). Excessive production of ROS
results in oxidative damage to cellular components, which eventually leads to cell
death. However, when produced in a controlled manner, ROS acts as a secondary
messenger in signaling (Miller et al. 2008; Suzuki et al. 2012). Under physiological
contains, ROS homeostasis is being maintained by different antioxidative defense
mechanisms. These antioxidative mechanisms restrict the excessive accumulation of
ROS within cell while maintaining an optimum level required for signaling.
Environmental stresses such as drought and salinity, increase ROS production in an
uncontrolled manner, which perturbs ROS homeostasis and brings an oxidative burst
within the cell (Miller et al. 2010; Suzuki et al. 2012). The highly active organelles in
the cells with active metabolic pathways like chloroplast, mitochondria and
peroxisomes are the major ROS production sites within plant cells (Asada 2006;
Mittler et al. 2004). In chloroplast, O, is produced by Mahler reaction and antenna
pigments. In addition, singlet oxygen (*O.) can be produced in PSII by the electron
transfer of the excited triplet state of chlorophyll to *0,, mainly under high light
intensities. Peroxisomes generate large quantity of H,O, by the enzymatic activity of
glycolate oxidase reaction, fatty acid B-oxidation, and disproportionation of O
((Bose et al. 2014; Foyer and Noctor 2003; Mittler et al. 2004). Mitochondria are
considered the main source of ROS production (H,0,) in the non-green tissues such
as roots by electron transport chain involving complex | and Ill. Apart from these
major organelles, ROS are also produced at the apoplastic space by NADPH oxidases

and cell wall-associated peroxidases (Sagi and Fluhr 2006).

Excessive ROS produced during metabolic pathways are detoxified by various
enzymatic and non-enzymatic mechanisms. Enzymatic ROS scavenging enzymes
include ascorbate peroxidase (APX), glutathione peroxidase (GPX), superoxide
dismutase (SOD), catalase (CAT) and peroxiredoxin (Apel and Hirt 2004; Mittler et

al. 2004)). Non-enzymatic ROS detoxification processes comprise antioxidants such
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as ascorbic acid, glutathione, carotenoids, tocopherols and compatible solutes (Gill
and Tuteja 2010; Ozgur et al. 2013). (Gill and Tuteja 2010; Ozgur et al. 2013)

Salt stress results in increased ROS production due to its osmotic and ionic effect
(Miller et al. 2010; Xie et al. 2011). Upon abiotic stresses, ROS scavenging enzymes
are induced to decrease the concentration of toxic intracellular ROS levels. Annexins
have been reported of having an inherent peroxidase activity (Gorecka et al. 2005;
Jami et al. 2009a; Konopka-Postupolska et al. 2009). Hence, the annexin-peroxidase
connection raises the possibility that annexins exhibit a role in limiting the duration of
a plant's exposure to ROS or preventing the accumulation of damaging levels of these
agents during stress-induced oxidative burst in plants (Konopka-Postupolska et al.
2009).

2.6.9. ROS and Ca** signaling

Reactive oxygen species (ROS) and calcium (Ca?*) are connected together to lead to a
specific and adaptive response to a given biotic or abiotic stimulus (Gilroy et al. 2014;
Mazars et al. 2010; Potocky et al. 2012; Rodriguez-Serrano et al. 2009; Steinhorst and
Kudla 2013; Van Breusegem et al. 2008). Several reports suggest a cooperative
relation between ROS and Ca”* signal. ROS activates Ca?* channel in the guard and
root cells (Demidchik et al. 2007; Mori and Schroeder 2004; Murata et al. 2001; Pei et
al. 2000). Alternatively, Ca®* induces cellular ROS accumulation (Kobayashi et al.
2007; Takeda et al. 2008). In plants, respiratory burst oxidase homolog (RBOH)
proteins are the most studied ROS-producing enzymes (Suzuki et al. 2011; Marino et
al. 2012). These enzymes are integral membrane proteins capable of generating
superoxide anions and are rapidly converted in H,O,. RBOH proteins possess two
Ca?*-binding EF-hands and multiple phosphorylation sites in their N-termini (Baxter
et al. 2014; Dubiella et al. 2013; Suzuki et al. 2011). RBOH proteins are activated by

Ca®* binding and subsequent phosphorylation of their N terminal region.

In past few years, ROS waves coupled with Ca®* signaling has been highlighted in
initiating a rapid systemic signaling in response to abiotic stress (Gilroy et al. 2016;
Gilroy et al. 2014; Miller et al. 2009; Mittler et al. 2011).. An external stimulus
perceived by a tissue or organ is communicated to the distant parts via cell to cell

communication. This signal passes through the different cells in the form of a ROS
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wave and spreads through the entire plant at a rate of 8.4 cm/min (Miller et al. 2009).
In response to external stimuli, a Ca®* flux is generated in the cytosol, which triggers
a signaling cascade to activate the downstream Kkinases; these kinases in turn
phosphorylate the N termini of membrane localized RBOH proteins. Ca®* binding and
phosphorylation of RBOH proteins activate them generating ROS in the cell
apoplastic region. ROS in the apoplastic region triggers a calcium flux in the nearby
cells, which in turn activates their RBOH proteins. This phenomenon of ROS induced
calcium flux and calcium induced activation of RBOHs leads to the auto-propagation

of the signal to induce a systemic response in the whole plant (Gilroy et al. 2014).

2.6.10. Role of annexins in calcium mediated signalling in plants

Annexins are emerging as one of the important members of calcium signaling in
plants. It is mainly due to their calcium binding and channel properties. Plants use
[Ca2+]cyt flux as the crucial component of signaling. Increase in the [Ca2+]cyt triggers a
signal transduction cascade through the activation of kinases. Proteins involved in
generating the Ca®* flux are poorly understood in plants. Much attention has been
focused on GLRs and CNGC as the major calcium permeable channels (Dietrich et al.
2010; Dodd et al. 2010; Hedrich 2012). Recently, plant annexins are proposed as one
of the key players in Ca®" signaling pathway. The channel property of animal
annexins has been studied widely (Gerke et al. 2005; Huber et al. 1990; Kourie and
Wood 2000; Rojas et al. 1992), but its counterparts in plants are in the emerging
phase.

Plant annexins are able to form Ca** permeable channels in membrane lipid bilayers
(Laohavisit et al. 2010; Laohavisit and Davies 2009; Laohavisit et al. 2012) . These
soluble proteins are capable of membrane binding and insertion (Laohavisit and
Davies 2011). The most abundant annexin in Arabidopsis, AtANN1, can exist as a
plasma membrane protein (Lee et al. 2004). The first report on the ability of annexins
to form Ca?* permeable channels came from the study on Capsicum annexin, where
they are found to generate Ca®* flux across the liposomes (Hofmann et al. 2000).
Later, purified Zea mays annexins ZmANN33/35 were found to generate a Ca>* flux
across the root protoplast plasma membrane of Arabidopsis (Laohavisit et al. 2009).
In vitro lipid bilayer experiments demonstrated that maize annexins, ZmANN33/35

could generate Ca®* influxes in slightly acid condition (pH 6.0). Pre-incubation of
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ZmANNB33/35 with a calcium channel blocker lanthanides such as Gd** or La**
completely inhibited elevation of [Ca2+]cyt in the protoplasts (Laohavisit et al. 2009).
Recently, Richards et al. (2013) have reported that AnnAtlis involved in root [Ca2+]cyt
elevation in response to hydrogen peroxide (H,O,). Laohavisit et al. (2013)
demonstrated that Arabidopsis AtANNL is involved in mediating ROS induced
changes in [Caz"]cyt in response to NaCl across the plasma membrane of root
epidermal protoplasts. Electrophysiological analysis showed absence of NaCl
activated Ca”* influx currents in loss of function mutant Atann1. Modification of lipid
bilayers by ROS has been found to influence the Ca** transport function of annexin
(Laohavisit et al. 2009).
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3.1 Plant Materials

Seeds of Brassica juncea (L.) Czern & Coss variety Pusa Jai Kisan and Brassica
rapa var. Pusa gold were procured from National Research Centre for Plant
Biotechnology, New Delhi. For tobacco transformation, Nicotiana tabacum L. cv

Xanthi were used for the present study.
3.2. Chemicals

All the general chemicals used in the present study were procured from Sigma-
Aldrich, USA; Himedia, India; Qualigens fine chemicals, India

3.3. Restriction enzymes and markers
All restrictions enzymes and ladders were obtained from Fermentas, Germany.
3.4. Plasmid DNAVectors

e pTZ57R/T was used for cloning the PCR products.

e pRT100 was used for the incorporation of CaMV35S promoter and polyA

termination signal in the overexpression construct.
e pCAMBIA2300 binary vector was used for plant transformation.
3.5. Preparation of competent cells of Escherichia coli

Competent cells of E. coli DH5a were prepared by CaCl, method. A loop full of
frozen cells of E. coli DHSa strain was streaked on Luria Agar (LA) plate and
incubated at 37 °C for overnight. Single colony of overnight grown E. coli DH5a was
inoculated in 10 ml of LB medium and was incubated overnight at 37 °C on a rotary
shaker at 200 rpm. Next day, 200 ul of the overnight grown culture was reinoculated
in 100 ml of fresh LB broth and incubated at 37 °C on a rotary shaker at 200 rpm until
the O.D reached to 0.3 at 600 nm. Then the E. coli culture was cooled by keeping on
ice for 20 minutes and transferred to prechilled 50 ml Oakridge tubes. The culture was
pelleted down by centrifuging at 4000 rpm for 5 min at 4 °C. After centrifugation, the
supernatant was discarded carefully without disturbing the pelleted cells. The pellet
was resuspended by adding 20 ml of chilled 0.1 M CaCl; and incubated on ice for 20

min. After incubation the cells were again pelleted down by centrifuging at 4000 rpm
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for 5 min at 4 °C. Again the supernatant was discarded and the pelleted cells were
resuspended in ice cold solution of 0.1M CaCl, and 15% glycerol. The cells were
mixed by gentle pipetting and kept in 200 pl aliquots in 1.5 ml sterile tubes. The tubes

were immediately frozen in liquid nitrogen and stored in -70 °C deep freezer.

3.6. Transformation of E.coli competent cells

Around 50 to 100 ng of the plasmid construct carrying the desired gene was added to
E. coli competent cells and the cells were incubated on ice for 10 to 30 min. A heat
shock was given at 42 °C in a water bath for 90 seconds and the culture was
immediately chilled on ice. The volume was made up to 1.0 mL by adding 800 ul of
sterile Luria-Broth (LB) medium. The tubes were then incubated on a rotary shaker at
37 °C for 1hr. After recovery and growth of the transformed cells, they were plated on
LA medium containing selection antibiotics. The plates were incubated for overnight
at 37 °C incubator for the appearance of colonies. Plates with visible colonies were
stored at 4 °C in a refrigerator. Plasmid DNA was isolated from the colonies to check

and confirm the transformation.
3.7. Plasmid isolation (miniprep) from E. coli (Sambrook and Russell, 2001)

A single colony of E. coli cells after transformation was incubated in 10 mL of LB
medium with appropriate antibiotics on a rotary shaker at 37 °C and 200 rpm for 12-
16 h. This overnight grown culture was taken in 1.5 mL micro-tube and was
centrifuged at 12000 rpm for 60 seconds at 4 °C. The supernatant was removed and
the pellet was suspended in 100 pl sterile ice cold Solution I [25 mM Tris CI (pH 8.0),
10 mM EDTA [Ethylene Diamine Tetra Acetic Acid (pH 8.0)], 50 mM Glucose,
stored at 4 °C] using a vortex mixer. To the suspension, 150 pl of Solution IT [0.2 N
NaOH, 1% SDS, freshly prepared and stored at RT] was added. The contents were
mixed thoroughly by inversion till the solution became clear. The tubes were
incubated on ice for 10 min. After the lysate got chilled, 200 pl of Solution III [3.0 M
potassium acetate (pH 4.8), autoclaved and stored at RT] was added. The solution was
mixed thoroughly by gentle inversion. The tubes were incubated on ice for a further 5
min. The contents of the tubes were centrifuged at 4 °C and 12,000 rpm for 10 min in
a cooling centrifuge. The supernatant was transferred to a fresh 1.5 mL microtube.
From a stock of 10 mg mL™ of RNase, 2-3 ul was added to the lysate and was

incubated at 37 °C in a water bath for 1 hr. The lysate was treated with phenol:
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chloroform: isoamyl alcohol (25:24:1) and chloroform: isoamyl alcohol (24:1)
successively and was centrifuged after each treatment at RT and 12,000 rpm for 15
min to separate the aqueous phase from the organic layer. The upper aqueous layer
was separated to a new tube without disturbing the middle protein layer. The purified
dsDNA was precipitated with two volumes of 100% chilled ethanol or an equal
volume of isopropyl alcohol. The mixture was allowed to stand at -20 °C for 30 min
and the DNA was collected at the bottom of the tube by centrifuging at 4 °C and
12,000 rpm for 10 min. The supernatant was decanted completely and the pellet was
rinsed with 1.0 mL of 70% ethanol. The pellet was air dried and dissolved in 30 to 50
ul TE buffer [10 mM Tris HCl and 1.0 mM EDTA (pH 8.0)]. The isolated plasmid
DNA was stored at -20 °C. Plasmid isolations were also carried out using kit (Sigma-

aldrich, USA) following the manufacturer’s instructions.

3.8. Preparation of Agrobacterium competent cells and transformation

Competent cells of Agrobacterium tumefaciens EHA105 was prepared as described
for E. coli except that cells were grown at 28 °C. Freeze thaw method (Holsters et al.,
1978) was used for Agrobacterial competent cells transformation. It was performed by
immediate freezing of competent cells in liquid nitrogen after adding plasmid DNA
and then followed by incubation in a 37 °C water bath for 5 min. To this, up to 1 mL
of LB medium was added and incubated at 28 °C for 3-4 h with continuous shaking.
The cells were pelleted at 5000 rpm for 5 min and plated on LB agar medium
supplemented with rifampicin and the corresponding selectable marker of the plasmid
DNA. For long-term storage of the transformed cells, liquid cultures of the cells were

stored at -70 °C after adding sterile 50% glycerol.
3.9. Agarose gel preparation and electrophoresis:

DNA fragments were resolved by using 0.8% agarose gel, prepared by melting 0.8 g
agarose (A-9539, Sigma-Aldrich, St. Louis, USA) in 100 mL of 1x TAE buffer [50x
TAE: 2.0 M Tris CI, 1.0 M Acetate, and 100 mM EDTA (pH 8.0)]. From the stock of
ethidium bromide (10 mg mL-1) solution, 2 ul was added in melted agarose and the
gel was cast in the tray fitted with a proper comb. After the polymerization, they tray
was kept inside the electrophoresis tank containing 1x TAE buffer so as to cover the
gel. The DNA mixed with 6x loading dye [0.15% bromophenol blue, 0.15% xylene

cyanol, 5.0 mM EDTA, 40% sucrose] to a concentration of 1x and was loaded in the
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wells created by the comb. The gel was electrophoresed at 70 V for 1 h or till the dye
front covered almost 3/4th of the length of the gel. A molecular weight marker was
loaded along with the samples for reference.

3.10. Purification of DNA fragments from the agarose gel

After the PCR amplification or restriction digestion of plasmid DNA constructs, the
identified DNA bands or plasmid inserts were cut out along with the gel slice,
weighed and taken in a micro-tube. GenElute Gel Extraction Kit (Sigma, USA) was

used for extracting DNA from agarose gel following manufacturer‘s instructions.

3.11. Ligation

T4 DNA ligase (Fermentas, Germany) was used in various independent experiments
during ligation. The reaction mixture was made up in a total volume of 20 pl
comprising 2 pl ligation buffer (10X), appropriate volumes (in pl) each of linear insert
DNA and digested plasmid DNA, and finally T4 DNA ligase (1-2 U for cohesive ends
and 5 U for blunt ends). For cohesive ends, the reaction mixture was incubated for 16
h at 16 °C and blunt end ligation at 22 °C overnight.

3.12. RNA isolation

Total RNA from different samples were isolated by using the TRI-Reagent (Sigma-

Aldrich, USA), following the manufacturer’s instructions.

3.13. Genomic DNA extraction

CTAB method (Murray and Thompson, 1980): Plant genomic DNA isolation was
done from the second or third leaf from the shoot tip of young plants. The leaves were
freshly collected, frozen in liquid nitrogen and stored at -70 °C. The leaf tissue (100-
500 mg) was homogenized to fine powder using liquid nitrogen along with a pinch of
PVPP (Polyvinyl Polypyrrolidone). About 1.0 mL of CTAB buffer (Cetyl/
Hexadecyltrimethyl Ammonium Bromide) extraction buffer [2% CTAB, 100 mM
Tris HCI (pH 8.0), 20 mM EDTA (pH 8.0), 1.4 M NaCl and 2% B- mercapto ethanol
(B-merc)] was taken in 2.0 mL micro tubes and homogenized powder was transferred
to the tube, and mixed well to suspend the powder uniformly by repeated inversion of
the tubes. The mixtures were incubated at 65 °C for 1 h with intermittent mixing.

After incubation, 0.5 mL of Chloroform: Isoamyl alcohol (24:1) mixture was added
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and mixed thoroughly by repeated inversion. The two phases were separated by
centrifugation at 14,000 rpm for 15 min. The upper aqueous layer was taken in a fresh
2.0 mL tube. The nucleic acid content was precipitated from the aqueous phase by
mixing well an equal volume of isopropyl alcohol and incubating the tubes at -20 °C
for a minimum of 30 min. The tubes were centrifuged at 12,000 rpm for 15 min to
sediment the nucleic acids. The solution was decanted completely and 1.0 mL of 75%
ethanol was added, and incubated for 10 min at RT. The tubes were centrifuged at
12,000 rpm for 5 min and ethanol was decanted. The pellet was air-dried and
dissolved in required volume of TE [10 mM Tris HCI and 1.0 mM EDTA (pH 8.0)]
buffer. For further purification, DNA was treated with DNase free-RNase (1mg/mL)
for 2 h at 37 °C. Once again, the sample was treated with phenol: chloroform: isoamyl
alcohol (25: 24:1) and twice with chloroform: isoamyl alcohol (24:1) for the removal
of any residual protein contamination. Each time the organic phase was mixed
thoroughly with the aqueous, centrifuging at 12,000 rpm for 15 min and collecting
carefully the upper clear aqueous phase in a fresh tube. Finally, the purified DNA was
precipitated by adding 1/10th volume of 3M sodium acetate, (pH 5.2) and one volume
of isopropanol followed by centrifugation at 12,000 rpm for 15 min at 4 °C. The pellet
was washed with 70% ethanol, dried and dissolved in TE. Genomic DNA samples

were stored at —20 °C for long-term use.
3.14. Quantification of DNA and RNA

The quality and concentration of DNA and samples were examined by agarose gel
electrophoresis (ethidium bromide stained) and Nanodrop spectrophotometer (Thermo

scientific).
3.15. Polymerase Chain Reaction (PCR)

Consumables from Sigma-Aldrich (USA) and Invitrogen (USA) were used in PCR
reactions. PCR reactions were performed on Biorad thermal cycler, USA or
Eppendorf Personal Thermal cycler, Germany. PCR conditions were optimized

according to the template and primer combinations.
3.16. Preparation of Murashige and Skoog (MS) Media stocks

All MS media stocks were prepared in sterile double distilled water and stored at 4°C.
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Stock A 20X (1 L)
Ammonium nitrate
Potassium nitrate

Calcium chloride
Magnesium sulphate
Monopotassium phosphate
Stock B 500X (100ml)
Boric acid

Potassium iodide

Sodium molybdate

Cobalt chloride
Manganese(l1) sulphate

Zinc sulphate

Copper sulphate

Stock C 500X (100ml)
Ethylenediaminetetraacetic acid ferric salt
Stock D 500X (100ml)

Thiamine HCI 5mg
Pyridoxine HCI 25mg
Niacin 25mg
Glycine 100mg
Stock F 500X (100ml)

Myo inositol 5¢

NH;NO;
KNO;
CaCl,.2H,0
MgS04.7H,0

KH2PO,

H3BO3

Kl

NaMo0O;.2H,0

CoCl,.6H,0
MnSQO,4.7H,0

ZnS04.4H,0

CuS0O4.5H,0

C1oH12N>NaFeOg

Chapter 3

33g
38¢
8.8¢
7.49

3.49

0.310g
0.0415g
0.0125¢
0.00125¢
1.115g
0.430g

0.00125g

1.393g
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Growth regulators

6 benzylaminopurine (BAP) 1 mg/ml
Naphthalene acetic acid (NAA) Img/ml
Preparation of Stock solutions for Southern Blotting
20X SSC (1L)

Tri sodium citrate (0.3M) 88.29

NaCl (3M) 175.3g
Depurination solution (0.25 M HCI) 200 mi
HCI 4.5 ml

Double distilled water 195.5 ml
Denaturation solution (200 ml)

NaCl (1.5 M) 17.53g

NaOH (0.5 M) 4q
Neutralization solution (200 ml) pH 7.5
NaCl (1.5M) 17.53g

Tris base (1M) 2429
Hybridization buffer

DIG Easy Hybridization buffer (Roche applied science, Germany; catalogue
no. 11603558001) was used for pre-hybridization and probe hybridization.

Post Hybridization Wash buffer I (2X SSC + 0.1% SDS) 200 ml

20X SSC 20 ml
10% SDS 2ml
Double distilled water up to 200 ml
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Post Hybridization Wash buffer 11 (2X SSC + 0.1% SDS) 200 ml

20X SSC 5ml
10% SDS 2ml
Double distilled water up to 200 ml

Immunological detection
Washing Buffer (200 ml) pH 7.5
Maleic acid (0.1 M) 2.80¢
NaCl (0.15M) 1.74 g
Tween 20 (0.3% v/v) 0.6 ml
Maleic acid buffer (200 ml) pH 7.5
Maleic acid (0.1M) 2.53 ¢

NacCl (0.15M) 1.75g
Detection Buffer (100 ml) pH 9.5
Tris-HCI (0.1M) 1.21g

NaCl (0.1M) 0.58 g
Blocking solution (10X)

The blocking reagent supplied in the DIG DNA Labeling and Detection Kit
(Roche applied science, Germany; Cat. no. 11093657910) has been prepared
by dissolving it in 1X Maleic acid buffer to prepare a 10X blocking stock
solution. The 10X stock solution was stored at 4 °C. For blocking the
membranes, 1X blocking solution has been freshly made by diluting it with

Maleic acid buffer
Antibody solution

Anti-Digoxigenin-Alkaline phosphatase conjugate (750 U/ml) was diluted
using 1X blocking solution to make 150 mU/ml.
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4.1. Background

In nature, plants are exposed to diverse environmental cues. They have an inbuilt
adaptive mechanism to counteract these stresses. These adaptive mechanisms vary
from one species to another at morphological, physiological and molecular levels. At
molecular level, as the plant encounters a stress, it is perceived by some sensor
molecules mostly present on the cell membrane, which activate a signaling cascade
through the activation of kinases. The signaling cascade finally synthesizes some
proteins or compatible solutes to reestablish the cellular homoeostasis. This ability to
respond to a particular stress depends upon the balance between the perception of the
signal, activation of the signaling cascade and synthesis of required defense proteins,
which either directly acts against the stress or further active the downstream signaling
pathway. Most of the biotic and abiotic stress results in elevation of cytosolic
[Ca2+]cyt, which is sensed by proteins that initiate a Ca®* signaling pathway
(McCormack et al. 2005; Kudla et al. 2010).

Annexins form a multigene family with diverse functions. These proteins can bind
plasma and endomembranes in a Ca?* and pH dependent manner (Blackbourn et al.
1991; Gerke and Moss 2002). These proteins are ubiquitously present in the cell.
Transcriptome and proteome data from several plant species identified annexins as a
possible player in plant signaling pathway (Clark et al. 2012). Their expression is
regulated by ABA, H,0,, Mela, SA, ethylene, or by the stress inducing chemicals
such as NaCl, PEG and sorbitol, which mimic saline, drought or osmotic stress
respectively (Cantero et al. 2007; Jami et al. 2009; Jami et al. 2012; He et al. 2015).
Gene expression profiling of annexin family demonstrates their differential expression
in response to a specific stimuli or stress (Cantero et al. 2006; Jami et al. 2009; Lu et
al. 2012; Yadav et al. 2015; Zhou et al. 2013; Xu et al 2016). This suggests their
involvement in unique signaling pathway. During past decade, several groups
reported the potential role of annexin members in mitigating salt, drought or osmotic
stress by genetic manipulation of the model and crop plants. AnnAtl overexpression
in Arabidopsis conferred drought tolerance (Konopka-Postupolska 2009). Studies on
cotton annexins provided evidence for its role in fiber elongation (Tang et al. 2014).
AnnGh1 provided drought and salinity tolerance to transgenic cotton (Zhang et al.
2015). Rice annexin OsAnn1l conferred heat tolerance by modulating H,O, production
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in rice (Qiao et al. 2015). Such functional characterization of annexins supports the

hypotheses of involvement of annexins in plant abiotic stress tolerance.

Earlier six annexins from Indian mustard were reported (Jami et al. 2009). Among
these, the roles of AnnBj1 and AnnBj3 under stress were studied by ectopic expression
in heterologous systems. Transgenic plants expressing AnnBjl exhibited multiple
stress tolerance in tobacco and cotton (Jami et al. 2008 and Divya et al. 2010). AnnBj3
alleviated oxidative stress in transgenic Arabidopsis and complemented TSA1 mutant

of Saccharomyces cerevisiae (Dalal et al. 2014).

In continuation with our previous study, we present here the expression pattern of B.
juncea annexins at seedling stage (5 d old). Based on our results of expression studies
at seedling stage, we studied the function of AnnBj2 in the in the model system

Nicotiana tabacum in response to salt stress.

The partial promoter of AnnBj2 isolated by Jami et al. (2009) revealed the presence of
various cis-acting elements that are reportedly involved in abiotic stress signaling. It
shows the presence of MYB, MYC core and ERD1 elements, which have proven
roles in water and dehydration stress (Abe et al. 2003; Abe et al. 1997; Simpson et al.
2003); GT-1 motif involved in pathogen and NaCl-induced gene expression (Park et
al. 2004), CCAAT box present in the promoters of heat shock proteins, CuRE
(responsive to copper element), W- box motif related to SA-mediated defense
response (Maleck et al. 2000; Quinn et al. 2000; Rieping and Schoffl 1992; Rushton
et al. 2002). Tissue specific expression of AnnBj2 and its homolog in Arabidopsisis is
higher in roots compared to other tissues. Based on these observations, we anticipated
that it might play some role in abiotic stress tolerance or signaling. Therefore, we
generated transgenic lines of this tobacco ectopically expressing the gene and

analyzed the transgenics for salt tolerance.
4.2. Materials and methods
4.2.1. Plant material

For cloning the AnnBj2 gene, B. juncea variety Pusa Jaikisan was used. Tobacco

transformation was done in Nicotiana tabacum cv. Xanthi.
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4.2.2. Preparation of AnnBj2 overexpression construct

For constructing the overexpression cassette for AnnBj2, it was PCR amplified from
the cDNA with Ncol and Xbal restriction sites in the forward
(5’CGGGATCCATGGCGTCTCTCAAAAGTCCC3’) and reverse
(5’GCTCTAGATCAGACATCCCCATGTCCGAG3’) primers respectively. The
PCR amplified product was double-digested with these two restriction enzymes and
cloned into the corresponding sites of pRT100 vector for the incorporation of
CaMv35S promoter and Termination signal. This cassette was released from the
pRT100 by Pstl digestion and cloned into the corresponding site of binary vector
pCAMBIA2300, which was designated as AnnBj2-pCAMBIA2300. The construct
was then mobilized in the Agrobacterium tumefaciens EHA105 by the standard

freeze- thaw method of transformation.
4.2.3. Generation of ectopic expression lines in Tobacco

To generate AnnBj2 overexpressing transgenic tobacco plants, mature leaves from
two month old plants grown in green house were used for Agrobacterium mediated
transformation as described by Horsch et al (1985). Fully expanded leaves were
surface sterilized with 0.1% mercuric chloride for 5 minutes followed by washing
with sterile double distilled water for 3 times. Sterilized leaves were cut into small
pieces and incubated with Agrobacterium suspension culture for 30 minutes. The
explants were transferred to co cultivation media (MS+2mg/l BAP+0.1mg/l NAA)
and kept in the culture room maintained at 26°C+2°C with 16/8, light/dark condition.
After two days of co cultivation, explants were transferred to shoot regeneration
medium (MS + 2mg/l BAP+0.1mg/l NAA+ 250mg/l cefataxime and 125 mg/l
kanamycin. The explants were subcultured after every two weeks. After two
subcultures, green shoots developed from the explants and were shifted to shoot
elongation media (MS +1BAP+250mg/l cefataxime and 125mg/l kanamycin.
Elongated shoots were transferred to rooting medium (MS +0.5mg/l NAA+250mg/I
cefataxime and 125mg/l kanamycin). Plantlets with well-developed root system were
transferred to soil in small plastic cups and covered with transparent polythene bags to
maintain humidity and kept in culture room for acclimatization. Well established

plants were shifted to pots and allowed to grow to maturity to set seeds.
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4.2.4. Molecular confirmation of the transgenic plants

The transgenic plants raised as described earlier were screened by PCR for the
presence of nptll and AnnBj2 transgenes using gene specific primers. Seeds from the
transgenic plants were screened by germinating them on %2 MS media supplemented
with 150 mg/l kanamycin. After two weeks, the seedlings that remained green were
transferred to soil to obtain the T, plants. Homozygosity of the transgenic lines was
checked by 100% seed germination in the presence of selection marker kanamycin

(125 mg/l) in T, generation.
4.2.4. Seed germination assay for salt tolerance

Seeds of NS and transgenic lines were surface sterilized with 2.0 % sodium
hypochlorite for 5 minutes followed by washing with sterile double distilled water for
four times. Then the seeds were kept on germination medium composed of half
strength MS salts supplemented with 0, 100 and 200 mM NaCl. The greening of

cotyledons was used as the scorable marker for seed germination assay.
4.2.6. Seedling assay

To assess the NaCl and ABA tolerance, 10 d old T, seedlings of AnnBj2 OE tobacco
transgenic plants grown on %2 MS media were used along with the Null segregant
(NS) seedlings germinated in a similar way. The seedlings were transferred to fresh %2
MS media supplemented with 0,100, 200 and 300 mM NaCl. To compare ABA
sensitivity of the seedlings 4 and 8uM ABA concentration was used along with ¥2 MS
medium. Data were recorded after 12 d of growth on stress media. Seedling assays
were carried out with three technical replicates. The seedling assays were repeated
three times to ensure reproducibility of the phenotype.

4.2.7. Chlorophyll content

Total chlorophyll was extracted from the control and NaCl-treated seedlings
following Hiscox and Israelstam (1979) protocol. A sample of 100mg was extracted
in 4 ml of DMSO according to the protocol described by Hiscox and Israelstam
(21979) from the control and NaCl-treated samples. The absorbance was taken at 645

and 663 nm against DMSO as a control.

Page 44



Chapter 4

4.2 8. Proline estimation

Proline content was estimated using the standard procedure described by Bates et al.
(1973). For estimation of proline under normal and salt stress condition, seedlings
grown in stress media for twelve days were used. 100 mg of samples from mock and
NaCl treated seedlings were extracted in 2 ml of 3% of sulposalicylic acid. The
homogenate was centrifuged and 100 pl of supernatant was reacted with 100 pl of 3%
of sulfosalicylic acid, 200 ul glacial acetic acid and 200 pl acid ninhydrin mixture by
boiling at 100°C for 1 hour. The reaction was stopped by keeping on ice and 1.2 ml of
toluene was added to the samples. The chromophore containing toluene was
transferred to fresh tube. Absorbance of the chromophore was read at 520 nm using
toluene as a blank. Proline concentration was determined from a standard curve and

expressed as pg g™ FW.
4.2.9. Lipid peroxidation

Lipid peroxidation of the samples was estimated by measuring thiobarbituric acid
reactive substances (TBARS) following the protocol described by Heath and Packer
(1968). Control and treated samples (100 mg) were homogenized in 0.5 ml of 0.1%
TCA and the homogenate was centrifuged at 12,000 rpm (4°C) for 10 minutes.
Supernatant (0.5ml) was mixed with 1.5 ml of 0.5% (w/v) TBA in 20% TCA (w/v)
and incubated at 95°C for 30 minutes. The reaction was stopped by keeping the tubes
on ice followed by centrifugation for 5 minutes at 12,000 rpm (4°C). The absorbance
of the resultant supernatant was measured at 532 and 600 nm. ODggo Values were
subtracted from the MDA-TBA complex values at 532 nm and MDA concentration is
calculated using the Lambert-Beer law with an extinction coefficient eM= 155 mM’

'em™. Results are presented as nmols MDA g™*FW.
4.2.10. Relative water content

To calculate the relative water content, three-week old seedlings grown on Y2 MS
medium were transferred to liquid 2 MS medium supplemented with 100 and 200mM
NaCl for 72 hours. Fresh weight (W) of the seedlings was taken and immediately and
the samples were hydrated completely for twelve hours to obtain turgid weight (TW).
Samples were oven dried for 48 hours at 60°C to determine its dry weight (DW).

Relative water content was measured using the following equation.
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RWC (%) = [(W-DW) / (TW-DW)] x 100
4.2.11. Statistical analysis

All graphs were prepared using SigmaPlotllscientific data analysis and graphing
software. Data were analyzed by one way ANOVA (analysis of variance) with
Duncan’s Multiple Range Test (DMRT) to determine the significant difference
between the null and transgenic lines at p<0.05 (indicated by single asterisk mark) or

p=<0.01 (indicated by double asterisk mark).
4.3. Results

4.3.1 Tissue-specific expression of AnnBj2 and its transcriptional induction by
NaCl and ABA

In an earlier study, we reported the tissue-specific expression of six annexin genes in
six-week-old mustard plants. In continuation to that, we observed the expression
pattern of the annexins in this work in the root, hypocotyl and cotyledonary leaf
tissues of 5-day old seedlings (Fig4.1A). We observed that transcript levels of AnnBj1
and AnnBj2 were most abundant followed by AnnBj4, AnnBj7, and AnnBj6. In our
study, we found AnnBj3 as the least expressing annexin at seedling stage. Although
transcript levels of AnnBjl and AnnBj2 are highly abundant at the seedling stage,
there was some difference in the pattern of their expression within the tissues.
Transcript levels of AnnBj1 were almost same in all the three tissues, whereas AnnBj2
has a maximum expression in roots followed by hypocotyl and cotyledonary leaves.
We further studied the expression of AnnBj2 in response to NaCl and ABA at the
seedling stage. We checked the expression of all the six annexins in response to NaCl
stress (100mM) at seedling stage (5 d old) and found transcripts of AnnBj1, AnnBj2
and AnnBj4 were strongly upregulated in response to NaCl treatment (Figure 4.1b).
Among these three annexins, transcripts of AnnBj2 and AnnBj4 were strongly induced
as early as within 1 h of treatment, which were maintained up to 3 h and then
decreased at 12 h post NaCl treatment. Transcripts of AnnBj1 increased gradually and
reached maximum at 12 h post treatment. Message levels AnnBj3, AnnBj6 and AnnB;j7
did not show any change in response to NaCl treatment (Figure 4.1b). ABA treatment
also upregulated AnnBj2 transcripts within 1 h treatment and the transcript levels were
maintained up to 12 h treatment (Figure 4.1c).
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(a) AnnBj1
AnnB;j2
AnnB;j3
AnnBj4
AnnBj6
AnnBj7

Actin2

(b)

(c) ANNBj2

Actin2
0 1 3 12 (h)

Figure 4.1: (A) Tissue specific expression of annexins in root, hypocotyl and cotyledons of
five day old Brassica juncea seedlings. (B) Effect of 100Mm NaCl on the expression of
annexins at seedling stage (c) Effect of 100uM ABA on expression of AnnBj2 at seedling

stage.

4.3.2. Preparations of overexpression construct AnnBj2-pCAMBIA2300

For constructing the constitutive expression cassette for AnnBj2, it was PCR
amplified from the B. juncea cDNA with Ncol and Xbal restriction sites in the
forward (5°CGGGATCCA TGGCGTCTCTCAAAAGTCCC3’) and reverse
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(5’GCTCTAGATCAGACATCCCCATGTC CGAG3’) primers respectively. The
PCR amplified product was cloned in the pTZ57R/T vector and sequenced using M13
forward and reverse primers. Sequencing of the PCR product showed 100% similarity
with AnnBj2 gene sequence submitted in the NCBI with accession no ABD47519.
After confirming the PCR product, it was double digested with the above two
restriction enzymes and cloned into the corresponding sites of pRT100 vector for the
incorporation of CaMv35S promoter and Polyadenylation signal. This expression
cassette was released from the pRT100 by Pst restriction digestion. The released
fragment consisting of CaMv35S promoter-AnnBj2-polyA is shown in fig 4.2 and
cloned into the corresponding site of binary vector pCAMBIA2300 and was
designated as AnnBj2-pCAMBIA2300. The construct was then mobilized in the
Agrobacterium tumefaciens EHA105 by freeze and thaw method of transformation.

947 bp

1. EcoR1+ Hindlll Lambda DNA
marker

2. PCR amplification of AnnBj2 from
cDNA

Figure 4.1: PCR amplification of AnnBj2 from B.juncea cDNA.

Page 48



Chapter 4

Pst i Ncol Xba'l Pst |

\’ v VR

(a) L8 - npt it CaMvass || CaMvass |  AnnBj2 - RB

(b) 1 2
pRT100 vector
35S:AnnBj2 :polyA fragment

(1.6kb)
1. EcoR1+ Hindlll Lambda DNA
marker
2. Restriction digestion to release
35S:AnnBj2 :polyA from pRT100
vector
1 2 3 4
(c)
T-BORDER (R)
LAC Z ALPHA
CAMV35S i
' e
pVS1 Sta —t
NPTII
PCAMBIA2300
POLYASITE — et —
TBORDER(L)
\ pVS1-REP
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Figure 4.2. Preparation of AnnBj2 overexpression cassette (a) Schematic representation of

AnnBj2 overexpression cassette (b) Confirmation of incorporation of CaMv35S promoter and
Polyadenylation signal to AnnBj2 (c) Confirmation of cloning in binary vector
pCAMBIA2300.
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4.3.3. Generation and molecular analysis of the transgenic tobacco plants
expressing AnnBj2 ectopically

To functionally characterize the role of AnnBj2 in plant abiotic stress tolerance, we
generated fourteen independent transgenic lines of tobacco AnnBj2. The genetic
transformation of tobacco has been carried out using the standard leaf disc method
(Horsch et al. 1985). Kanamycin resistant shoots of tobacco have been rooted to
obtain plantlets, which were hardened in the growth room and transferred
subsequently to the Green House for further studies (Figure 4.3). These plants were
confirmed by PCR using nptll and gene specific primers (Figure 4.4). PCR analysis
showed the presence of a band corresponding to 700 bp in the transgenic plants and
the positive control, which confirms the presence of nptll marker gene in the
transgenics. The transgenic plants were further confirmed for the presence of AnnBj2
transgene. As shown in Figure 4.4, the presence of a band corresponding to 950 bp
confirms the presence of AnnBj2 in the transgenic plants. The marker gene (nptll) and

transgene related amplification products were absent in the negative control (WT).

The transgenic plants were analysed for the expression of AnnBj2 gene by semi-
quantitative RT-PCR, and the high expression plants were selected for further
analysis. To generate homozygous population, Ty transgenic seeds from Ty plants
were germinated on ¥ MS plates supplemented with 125 mg/l kanamycin to screen
the positive progeny plants, which were further grown in the soil to get the T; plants.
Homozygosity of the transgenic lines was confirmed by 100% seed germination in the
presence of antibiotic kanamycin (125mg/l) in T, generation. On the basis of semi-
quantitative PCR analysis, OE 4.2, OE 8.2 and OE 14.2 were selected as high
expression lines. The expression levels of these lines are shown in Figure 4.4.c by

semi quantitative RT PCR.
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Figure 4.3: Generation of AnnBj2 overexpressing lines in Tobacco through
Agrobacterium mediated transformation (a) Explants after one week of transfer to shoot
regeneration medium (b) shoot regeneration medium (c) Shoot elongation medium (d)
Rooting medium (e) Plantlets transferred to soil for acclimatization.

950bp —s|

®

700bp —s

WT 21 42 82 111 142

TR — s s G R
L] o

Fig4.4: PCR confirmation of the transgenic plants (a) Amplification of AnnBj2 gene (b)
Amplification of nptll marker gene (c) Semi quantitative RT- PCR to identify the expression
levels of AnnBj2 in the transgenic plants.
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4.3.4 Ectopic expression of AnnBj2 enhances salinity tolerance of tobacco

seedlings at germination and seedling stage

AnnBj2 tobacco transgenic seeds (T, generation) were used to assess the salinity
tolerance at seed germination stage. Under 200mM NaCl stress, we observed
enhanced seed germination rate in AnnBj2 expressing transgenic lines (OE 4.2, OE
8.2 and OE 14.2) compared to that of the NS line. After six days of germination, there
was no phenotypic difference in the root lengths of NS and AnnBj2 tobacco seedlings
germinated on ¥2 MS medium (without stress). But under 200 mM NacCl stress, longer
roots were observed in the transgenic lines compared to that of NS seedlings. Effect

of NaCl on seed germination is shown in Fig 4.5.

¥%MS + 200mM NacCl

Fig4.5: Seed germination assay for salt tolerance. Photographs were taken 7 d after
seeds were kept for germination

Further, we checked salinity tolerance at seedling stage. For this, we used one-
week old NS and AnnBj2 overexpressing tobacco T, lines OE 4.2, OE 8.2 and
OE 14.2 grown on ¥2 MS medium. We present here the seedling growth after
twelve days of seedling transfer to stress media (Fig 4.6.). As shown in the
figure, we observed an increase in root length of the transgenic lines when
transferred to 100 mM NacCl stress medium but NS maintained the root length
as under control condition. As we increased the NaCl concentration to 200
mM, a severe reduction in the root length was observed in the NS seedlings
whereas the transgenic lines have longer root length comparatively (Fig 4.7).

Biomass accumulation in terms of fresh weight was calculated after twelve
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days of NaCl stress. Under 100 mM NacCl stress,~1.7 fold increase in the fresh
weight of AnnB;j2 transgenic tobacco lines was observed compared to that of
the NS seedlings. The difference further increased to~2.0 fold, when the NaCl
concentration was increased to 200 mM. The difference in the fresh weight of
the seedlings after stress is shown in (Fig 4.8).

Fig4.6: Seedling assay for salinity tolerance (a) 0 mM NaCl (b) 100 mM NaCl (c) 200 mM
NaCl (d) 300 mM NaCl. 10 d old seedlings grown on % MS media were transferred to

different concentrations of NaCl supplemented %2 MS medium. Photographs were taken after
15 days of growth on stress medium.
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Fig4.7: Effect of NaCl stress on root length of NS and AnnBj2 transgenic lines. Data
recorded after 12 days of growth on NaCl stress medium.
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Fig 4.8: Biomass accumulation of NS and AnnBj2 transgenic seedlings under salt stress.

4.3.5 AnnBj2 expressing tobacco transgenic lines retained higher chlorophyll,

proline and lower MDA levels under NaCl stress

After twelve days of seedlings growth in NaCl stress medium, chlorophyll, proline
and MDA levels were estimated. Tobacco transgenic lines expressing AnnBj2
maintained higher chlorophyll content than the NS line under all the three
concentrations of NaCl used in our study as shown in Fig 4.9a. Under 100 Mm NacCl
stress, 10% decrease in the total chlorophyll content was observed whereas the
transgenic lines maintained similar chlorophyll content as under control conditions
(without NaCl treatment). The difference in the chlorophyll content between the null
and transgenic lines further increased with the increase in the NaCl stress. Proline
content of the null and transgenic lines were estimated following Bates et al. (1973).
Under control condition (0 NaCl), we did not find any significant difference in the
proline content of null and AnnBj2 OE tobacco transgenic lines. But with the increase
in the NaCl concentration, relative increase in the proline content was higher in the
transgenic lines compared to that of NS line. Under 100 mM NaCl treatment, proline
content increased up to 2.5 fold in the AnnBj20E tobacco seedlings whereas it was
1.6 fold increase in NS seedlings. When the NaCl concentration was increased further
to 200 mM,~ a four-fold increase in proline content was observed in AnnBj20E

tobacco seedlings whereas it was~2.6 fold in NS seedlings (Fig4.9b).
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MDA levels were also measured under control and stress condition to estimate the
lipid peroxidation, which is used an indicator of the level of membrane damage. In
tobacco, we did not find any significant difference in the MDA levels of NS and OE
lines under control condition. But with the increase in NaCl concentration to 100 and
200mM in growth media, significant differences in the MDA content of the NS and
AnnBj2 OE seedlings were observed. AnnBj2 OE seedlings showed comparatively
lower levels MDA relative to that of NS seedlings as shown in Fig 4.9c. After twelve
days of treatment, when NS seedlings were transferred to 100mM NacCl stress, they
showed~2 fold increase in MDA levels compared to their counterparts grown under
control condition (0 NaCl stress). In contrast to this, AnnBj2 expressing transgenic
lines showed no difference in the MDA contents under similar conditions. With
further increase in the NaCl concentration to 200mM, ~4fold increase MDA level was
observed in NS whereas~3 fold was observed in AnnBj2 OE lines as compared to the

MDA level of the similar seedlings grown under control condition (without NaCl

stress).
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4.3.6 AnnBj2 transgenic lines retain higher relative water content under NaCl
stress

Relative water content (RWC) is considered as a measure of plant water status as well
as an osmotic adjustment under abiotic stresses. To assess RWC in AnnBj2 OE
transgenics, three week old seedlings were subjected to different NaCl (100 and 200
mM) concentrations. We found that there was no significant difference in the RWC of
NS and AnnBj20E seedlings without treatment. When RWC was calculated after
NaCl stress treatments, a significant reduction in the RWC of NS was observed
compared to that of the AnnBj2 OE 2.2 and OE 3.3. The treatment with 200 mM
NaCl stress reduced the RWC of NS line to 58+2% whereas the transgenic lines
maintained it at 75-78% level (Fig 4.9d)
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Fig4.10: Effect of ABA on NS and AnnBj2 OE lines at seedling stage (a) Response of
AnnBj2 OE transgenic tobacco lines in response to 4 and 8 uM ABA (b) Root length. Data
recorded after 12 days of growth on ABA stress medium.
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4.3.7 AnnBj2 tobacco transgenic seedlings show reduce sensitivity to ABA

Further, we compared the effect of ABA on NS and AnnBj2 expressing tobacco lines
at seedling stage. For this, we used T, tobacco seedlings (one week old) and
transferred them to % MS media supplemented with 4 and 8uM of ABA. With the
increase in ABA concentration, a gradual decrease in the root length of the NS
seedlings was observed whereas AnnBj2 OE seedlings continue their normal root
growth. Phenotypic difference in the root length has been shown in Fig 4.10a. After
twelve days of growth, root lengths of the seedlings were measured by a ruler and are
shown in the Fig4.10b.
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Chapter 5

5.1 Background

Salinity limits crop productivity. India is one of the biggest consumers of vegetable
oil with more than half of its demand being met mainly through imports. Mustard is
the second most important oilseed crop next to groundnut, contributing about 32% of
the total oilseed production in the country. It is grown in the north western region of
India, where soil salinity is emerging as a severe problem for crop cultivation. Soil
salinization of this region is due to intensive agriculture and continuous use of ground
water for irrigation. Under these circumstances, there is an urgent need to develop salt
tolerant varieties to increase food production. Conventional breeding methods fail to
develop abiotic stress tolerant crops due to complex nature of the abiotic stress
(multigene trait) and limitation of the transferring the favorable alleles from the
available genetic resources. Moreover, QTL transfer has been associated with some
undesirable genes. Genetic engineering can be used as a viable option to introduce
specific genes responsible for imparting tolerance to develop tolerant crops suitable

for cultivation under these harsh environments.

Annexins are multifunctionl proteins with diverse function, proteins with potential
channel forming activity, peroxidase activity or as an intermediate in the signaling
pathway. These proteins are regulated transcriptionally by ABA, ET, SA, MeJa and
H,0,, but their functional mechanism in plants in not well understood (Mortimer et al.
2008; Clark et al. 2012).

Previously, several groups have shown that annexins are important for plant growth
and development and this family of proteins are recently gaining importance for their
role in imparting stress tolerance to plants. Overexpression of cotton annexins
GhAnnl conferred salt and drought tolerance (Zhang et al 2015). Rice annexin
OsANNL1 confers thermotolerance (Qiao et al 2015).

The ectopic expression of AnnBj2 in tobacco conferred salinity tolerance to the
transgenic tobacco plants as described in chapter 4. Comparative biochemical analysis
of the transgenic plants and null line revealed higher chlorophyll retention and proline
synthesis in the transgenic plants. Membrane damage in terms of lipid peroxidation
was lower in the transgenic lines. AnnBj2 showed relatively higher expression in the
roots compared to the other tissues at seedling stage and its overexpression in tobacco

helps in maintaining longer roots under NaCl stress.
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In the present investigation, we transformed B. juncea with AnnBj2 through
Agrobacterium- mediated transformation and analysed its role in salt tolerance in
transgenic mustard. The role of AnnBj2 in maintaining physiological and biochemical
parameters were analyzed. Further, we studied the expression of some important
genes involved in ABA metabolism and signaling at seed germination stage to
elucidate the molecular mechanism in conferring salt tolerance and ABA insensitive

phenotype.
5.2 Materials and methods
5.2.1 Plant Materials

Seeds of Indian Mustard variety Pusa Jai Kisan were procured from National

Research Centre for Plant Biotechnology, New Delhi.
5.2.2 Generation of AnnBj2 overexpression lines of Brassica juncea

To generate AnnBj2 overexpression lines, both cotyledonary petiole and hypocotyl
explants were used from the one week old Brassica juncea seedlings grown on half
strength MS medium. The explants were kept on preculture medium for 2 days before
being used for the transformation. Agrobacterium strain harboring the overexpression
construct was grown in LB medium supplemented with the necessary antibiotics until
the O.Dgqo reached 0.5 at 28°C. The cells were harvested and resuspended in liquid
MS medium and the final O.D was adjusted to 0.2. After co-cultivation, the explants
were washed with sterile double distilled water containing 500mg/I cefotaxime. After
the antibiotic wash, the explants were dried on tissue paper and kept on the post-
culture medium (MS + 2mg/l BAP, 0.05mg/l NAA, 1g/l casein acid hydrolysate,
3mg/l silver nitrate and 500mg/l cefotaxime) for 5 days and then transferred to the
shoot induction medium, which is same as the post-culture medium, but augmented
with 15 mg/l kanamycin for selecting the transformed shoots. The regenerated green
shoots were transferred to the shoot elongation medium. Healthy shoots were shifted
to the rooting medium containing 0.5 mg/l NAA. The plantlets with well-developed
roots were transferred to the soil and vermiculite mix (1:3) and acclimatized in the

culture room before shifting to the green house.
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5.2.3 Molecular confirmation of transgenic plants

The transgenic plants raised as described earlier were screened by PCR for the
presence of nptll and AnnBj2 transgenes using gene specific primers. Seeds from the
transgenic plants were screened by germinating them on % MS media supplemented
with 150 mg/l kanamycin. After two weeks, the seedlings that remained green were
transferred to soil to obtain the T; plants. Southern hybridization was performed to
estimate copy number and stable integration of transgenes in the transgenic mustard

lines in T, generation.

For Southern blotting, 10ug of DNA was digested with 50 units of the restriction
enzyme EcoRI, which has a single site within the T-DNA region of AnnBj2-
pCAMBA2300 construct and blots were probed with DIG-labeled nptll gene (700bp)
following the manufacturer’s protocol (DIG DNA Labeling and Detection kit, Cat no.
11093657910, Roche Biochemicals, Germany).

5.2.4 RNA isolation and semi-quantitative and quantitative RT- PCR

Total RNA was isolated using Trizol reagent (Sigma-Aldrich) and 2ug of the total
RNAs were reverse transcribed to the first strand of complementary DNA with MLV-
Reverse transcriptase (Sigma-Aldrich) and oligo dT following the manufacturer’s
protocol. The resultant cDNA were diluted 2.5 times and 1 pl of diluted cDNA was
used as a template in a total 10ul reaction volume for amplification using program;
initial denaturation at 95°C for 5 min followed by 40 cycles of denaturation at 95-C
for 15 s, annealing at 58-C for 30 s and extension at 72-C for 30 s. Primers used for
the Real-Time PCR are listed in the table 5.1. B. juncea actin2 and EF1a were used
as reference genes for normalizing the gene expression levels. The relative gene
expression was analyzed using the AACty_method. The expression levels of the AnnBj2
in the putative transgenic lines were determined by semi-quantitative RT-PCR to
identify the high expression lines. Actin was used as the internal control. The gRT-
PCR was performed using 2x Fast start SYBR green PCR master mix (Roche GmbH,
Germany) in a 96 well plate using Realplex Ep4 system (Eppendorf GmbH,

Germany).
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5.2.5 Seed germination assays

Seeds of wild type and transgenic lines OE2.2 and OE3.3 were surface sterilized with
sodium hypochlorite for 15 minutes followed by washing with sterile double distilled
water four times. Then, the seeds were kept on germination media comprising half
strength MS salts supplemented with 0, 100, 200 and 300 mM NaCl. Germination
bottles were kept in dark for one day and then shifted to the culture room condition
with 16/8, dark/ light conditions at 26+£2°C. Protrusion of the radicle from the seed
coat was used as a scorable marker for germination. Data was recorded on daily basis.
The germination assays were done with three technical replicates of 25 seeds each to

ensure reproducibility of the data.
5.2.6 Chlorophyll content

Total chlorophyll was extracted from the control and NaCl-treated seedlings
following Hiscox and Israelstam (1979) protocol. A sample of 100mg is extracted in
4 ml of DMSO according to the protocol described by Hiscox and Israelstam (1979)
from the control and NaCl-treated samples. The absorbance was taken at 645 and 663
nm against DMSO as a control.

5.2.7 Proline estimation

Proline content was estimated using the standard procedure described by Bates et al.
(1973). 100 mg of leaf samples from mock and NaCl treated plants (2 months old)
were extracted in 2 ml of 3% of sulposalicylic acid. The homogenate was centrifuged
and 100 pl of supernatant was reacted with 100 pl of 3% of sulfosalicylic acid, 200 pl
glacial acetic acid and 200 pl acid ninhydrin mixture by boiling at 100°C for 1 hour.
The reaction was stopped by keeping on ice and 1.2 ml of toluene was added to the
samples. The chromophore containing toluene was transferred to fresh tube.
Absorbance of the chromophore was read at 520 nm using toluene as a blank. Proline

concentration was determined from a standard curve and expressed as pug g-1 FW.
5.2.8 Lipid peroxidation

Lipid peroxidation of the samples was estimated by measuring thiobarbituric acid
reactive substances (TBARS) following the protocol described by Heath and Packer
(1968). Briefly, 100 mg tissue samples were homogenized in 0.5 ml of 0.1% TCA and
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the homogenate was centrifuged at 12,000 rpm (4°C) for 10 min. The supernatant
(0.5ml) was mixed with 1.5 ml of 0.5% (w/v) TBA in 20% TCA (w/v) and incubated
at 95°C for 30 minutes. The reaction was stopped by keeping the tubes on ice
followed by centrifugation for 5 minutes at 12,000rpm (4°C). The absorbance of the
resultant supernatant was measured at 532 and 600 nm. The OD600 values were
subtracted from the MDA-TBA complex values at 532 nm, and MDA concentration is
calculated using the Lambert-Beer law with an extinction coefficient eM= 155 mM’

lem™. Results were presented as nmol MDA g™ FW.
5.2.9 Relative water content:

To calculate the relative water content, one-week old seedlings grown on % MS
medium were transferred to liquid ¥2 MS medium supplemented with 100 and 200mM
NaCl for 72 hours. Fresh weight (W) of the seedlings was taken and immediately the
samples were hydrated completely for twelve hours to obtain turgid weight (TW).
Samples were then oven dried for 48 hours at 60°C to determine its dry weight (DW).

Relative water content was measured using the following equation.
RWC (%) = [(W-DW) / (TW-DW)] x 100
5.2.10 Pot level soil experiment:

To study the salinity tolerance in pot grown plants in the green house, Zhang et al.
(2001) method of salt treatment was followed with minor modifications. Thirty seeds
of each genotype were sown in the pots (30 cm diameter in size), each of which was
fed with 200 ml of 100 mM NaCl solution prior to sowing. After germination, the
seedlings were watered with 100 ml of 200mM NaCl once in a week and and with
200 ml of tap water every alternate day. The control set of plants were watered with
the same volume of water without any NaCl treatment. After two months of growth;
leaf samples were collected to estimate chlorophyll, proline and MDA contents. Seed

germination percentage in the pots was calculated after five days of sowing.
5.2.11 lon estimations

To check the Na*, K" and Ca*" accumulation in the shoots, freshly harvested leaves
were washed properly with deionised water to clean the leaf surface and dried in hot
air oven at 65°C for four days. The samples of 100 mg (DW) of air dried leaf tissues

Page 62



Chapter 5

were acid digested with a mixture of nitric acid (HNO3) and perchloric acid (HCIO4)
(3:1, v/v) mixture following the protocol of Munns et al. (2010) with minor
modifications. lonic estimations were done wusing Atomic absorption

spectrophotometer (Perkin Elmer).
5.2.12 Gene expression analysis

To study the gene expression of salt stress marker genes, 5 d old seedlings of control
and AnnBj2 OE lines were treated with 100 mM NaCl solution for six hours and the
samples were quick frozen for RNA isolation. To study the gene expressions at seed
germination stage, sterilized seeds of control and AnnBj2 OE lines were kept on %
MS+ 8uM ABA to undergo germination. After 24 h of incubation, seeds were
harvested for RNA isolation. Total RNA was isolated using Trizol reagent (Sigma-
Aldrich) as per the manufacturer’s instructions, and 2ug of the total RNA was reverse
transcribed to get the first strand of complementary DNA with MLV-Reverse
transcriptase (Sigma-Aldrich) and oligo dT primer following the manufacturer’s
protocol. The resultant cDNA samples were diluted 2.5 X and 1 pl of diluted cDNA
was used as a template in a total 10 pl reaction volume for the PCR amplification
using the following program- initial denaturation at 95°C for 5 min followed by 40
cycles of denaturation at 95°C for 15 s, annealing at 58°C for 30 s and extension at
72C for 30 s. Primers used for the Real-Time PCR are listed in Tablel. The qRT-
PCR was performed using 2x Fast start SYBR green PCR master mix (Roche GmbH,
Germany) in a 96 well plate using Realplex Ep4 system (Eppendorf GmbH,
Germany). B. juncea actin2 and EF/a were used as reference genes. The relative gene
expression was analyzed using the Livaks AACt method. The expression levels of
AnnBj2 in putative transgenic lines were determined by semi-quantitative RT-PCR to

identify the high expression lines. Actin2 was used as the internal control.
5.2.13 Statistical analysis

All graphs were prepared using SigmaPlotllscientific data analysis and graphing
software. Data were analyzed by one way ANOVA (analysis of variance) with
Duncan’s Multiple Range Test (DMRT) to determine the significant difference
between the null and transgenic lines at p<0.05 (indicated by single asterisk mark) or

p<0.01 (indicated by double asterisk mark).

Page 63



Chapter 5

Table 1: List of primers used in the study

Primer Sequence

DREB2B F | CCGTTGCGGATTATGGTTGG
DREB2BR | TCCCGTTCTGGTCTTCATCC
RAB18 F GGAAAAGTTGCCAGGCCATC
RAB18 R TAATGATGACCACCACCACCG
ERF5 F TCTAACCGAAACCCGCCTTC
ERF5 R TTTCCCCCACGGTCTTTGTC
SnRK2.2F | CCAGGATGTCGCCAGCTTAT
SnRK2.2R | CTCCGGCTCTTGGAACTGAC

ABI3F ATCTCAACTACCGGCGATGG
ABI3R ACGTCGCTTTGCTTCAACAC
ABI4 F TCCCTCACCAACAAACTCAGAT
ABI4 R GCCACCTCGTGATGAAACGA
ABISF CCGTCTAGTGTTATCCCCGC
ABISR CACCATCGCCATTTGCTGTC

NCEDG6 F GGTCACCGGTTATCTACGACA

NCED6 R TCACCGTCCTCGGCTATCT

Cyp707A2 F | CTCAACCTACCTGGCACACT

Cyp707A2 R | TGAATCGCTCAAACCGTTGC

AAQ3 F GAGTTCAGGCTCGGTTCACA

AAO3 R CTGGTGATGACTCGGACGTT

AnnBj2 F CGGGATCCATGGCGTCTCTCAAAAGTCCC
AnnBj2 R GCTCTAGATCAGACATCCCCATGTCCGAG
Nptll F TAAAGCACGAGGAAGCGGTC

Nptll R GATGGATTGCACGCAGGTTC

CaMv35s F | ACGACACTCTCGTCTACTC

P5CS1 F GCAGAATGGTGTGCTAAACGAG
P5CS1R TACAATTTCAACGGTGCAGGC

SOS1F AGTTTCTCAAGACAAGCAACACA
SOS1R ATGATCTCTGGAGCTGGTGC
Actin2 F TACTCGTTCACCACGACAGC
Actin2 R AAAGAACCTCGGGACAACGG
EFIaF TGAAGAATGGTGATGCTGGT
EFlaR CTTCTTCACTGCGGCCTTG

5.3 Results
5.3.1 Generation of AnnBj2 overexpression lines of Mustard

To generate AnnBj2 overexpression lines, both cotyledonary petiole and hypocotyl

explants were used from the one week old mustard seedlings grown on half strength
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Murashige and Skoog (MS) medium without any growth regulator. The explants were
kept on preculture medium (MS + 2.0 mg/l BAP, 0.05 mg/l NAA, 3.0 mg/l silver
nitrate) for two days before the co-cultivation experiments in genetic transformation.
Agrobacterium strain harboring the overexpression construct was grown in Luria-
Bertani (LB) medium supplemented with the necessary antibiotics until the O.D
reached 0.5 at 28°C. The cells were then pelleted at 5000 rpm (4°C) and resuspended
in liqguid MS medium and the final O.Dgy was adjusted to 0.2. The suspension
culture was supplemented with 200uM acetosyringone. The explants were dipped in
the suspension culture and placed on co cultivation medium (MS+ 2.0 BAP+ 0.05
NAA+ 1.0 g/l casein acid hydrolysate + 3.0 mg/l silver nitrate). After co-cultivation
for 48 h, the explants were washed with sterile double distilled water containing
500mg/l cefotaxime. After washing, the explants were dried on sterile tissue paper
and kept on the post-culture medium (MS + 2.0 mg/l BAP, 0.05 mg/l NAA, 1.0 g/l
casein acid hydrolysate, 3.0 mg/l silver nitrate and 500 mg/l cefotaxime) for five days
following which they were transferred to the shoot induction- selection medium,
which is same as the post-culture medium, but augmented with 15mg/l kanamycin ws
used for selecting the transformed shoots. In the shoot induction media, some explants
turned brown and were discarded during the subculturing. The explants started
producing multiple shoots in the 3™ week on the regeneration medium. Among the
two explants used, cotyledonary petiole was found to more responsive to the
regeneration. The untransformed shoots showed retarded growth and got bleached on
sub culturing to the fresh regeneration medium. The regenerated shoots that remained
green and showed normal growth were transferred to the shoot elongation medium
(MS + 1.0 mg/l BAP + 3.0 mg/I silver nitrate + 500mg/I cefotaxime). Healthy shoots
were shifted to the rooting medium containing 0.5 mg/l NAA. The plantlets with well-
developed roots were transferred to the soil and vermiculite mix (1:3) and
acclimatized in the culture room before shifting to the green house. The various stages

of generation of AnnBj2 overexpressing transgenic lines were shown in Figure 5.1.

In the T, generation, we screened the seeds of the transgenic lines to identify the null

segregants.
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Figure 5.1: Transformation and regeneration of B. juncea (a) & (b) Hypocotyl and
cotyledonary petiole kept on preculture medium, (c) & (d) regeneration of shoots from the
explants after 3 weeks of transformation (e) growth of shoots on the shoot elongation medium
(f) well developed shoots transferred to rooting medium (f) in vitro developed plantlets
transferred to soil for acclimatization
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5.3.2 Molecular confirmation of the transgenic plants

The putative transgenic plants obtained by following the protocol as described in
Materials and methods were screened by PCR for the presence of marker and
transgene. Gel electrophoresis of PCR products from the transgenic samples showed
the presence of a 700 bp using the nptll gene specific primers, whereas it is absent in
the negative control. This confirms the presence of nptll marker gene in the transgenic
lines and is shown in Figure 5.2a. Subsequently, we checked for the presence of the
AnnBj2 transgene in the transgenic lines using CaMv35S forward and AnnBj2
reverse primers. The presence of a band corresponding to the size of 1350 bp in the

transgenic lines confirmed the presence of the AnnBj2 transgene (Figure 5.2b).

On the basis of semi-quantitative PCR analysis, OE 2.2, OE 3.3 and OE 5.5 were
selected as high expression lines. The expression levels of these lines are shown in

Figure 5.2c by semi quantitative RT PCR.

Southern blotting was performed to check the stable integration and copy number of
the T-DNA in the transgenic lines. Southern analysis showed that most of the
transgenic mustard OE lines have single independent integration. Some plants with
multiple insertions were obtained, but were not included in the further experiments.

Null segregant (NS) line did not show any hybridization signal (Figure 5.2d).

To generate homozygous population, T; transgenic seeds from T, plants were
germinated on % MS plates supplemented with 150 mg/l kanamycin to screen the
positive plants, which were further grown in the soil to get the T; plants.
Homozygosity of the transgenic lines was confirmed by 100% seed germination in the

presence of antibiotic kanamycin (150mg/l) in T, generation.

Null segregants were identified by germinating the seeds of of the transgenic lines on
Y% MS supplemented with 150 mg/l kanamycin. The seeds which failed to germinate
or showed delayed germination were transferred to fresh ¥2 MS medium and allowed
to grow for 10 days. These seedlings were transferred to soil and screened by PCR for
the presence of nptll marker gene. The seedlings which did not show the presence of

marker gene were identified as nulls.
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Figure 5.2: Molecular confirmation of B. juncea AnnBj2 OE plants (a) PCR confirmation of
AnnBj2 OE plants using CaMv35S forward and AnnBj2 gene specific reverse primer (b) PCR
amplification of nptll marker gene (c) Southern analysis of T, transgenic mustard plants for
transgene copy number using the restriction enzyme EcoRlI, which has a single restriction site
on the T-DNA and probing with the PCR amplified nptll (700bp) (d) Semi-quantative RT-
PCR analysis of AnnBj2 OE plants at T, generation. P represents positive control (AnnBj2-
pCAMBIA2300 plasmid), NS represents null segregant
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5.3.3. Salinity tolerance of mustard plants overexpressing AnnBj2 at seed

germination stage

Seed germination is one of the critical stages prone to salinity. Mustard seeds of null
(NS) and AnnBj2 transgenic lines (OE 2.2, OE 3.3 and OE 5.5) were germinated on
media supplemented with different NaCl concentrations and the germination pattern
was monitored daily. NS seeds are highly susceptible to NaCl stress. With an increase
in NaCl concentration in the germination medium, a gradual decrease in the seed
germination pattern was observed. But, the decrease in the germination rates was
higher in the NS seeds compared to the AnnBj2 transgenic lines OE 2.2, OE 3.3 and
OE 5.5 (Figure 5.3). The transgenic lines (OE 2.2. OE 3.3 and OE 5.5) germinated
faster than NS at all the NaCl concentrations used in our study. Under 100 mM NaCl
stress, OE 2.2 and OE 3.3 maintain almost similar seed germination as under control
conditions (70-80%) whereas severe reduction was observed in NS seeds (40%).
With 200 mM, only 5% of NS seeds germinated as against 50-60% germination in OE
2.2 and OE 3.3. . Phenotypic differences in the growth of seedlings, and root and
shoot length after six days of germination were shown in Figure 5.4.
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Figure 5.3: Seed germination pattern of Null (NS) and AnnBj2 OE B. juncea lines. (A) 0
NaCl (B) 100 mM NaCl (C) 200 mM NaCl (D) 4 uM ABA (E) 8 uM ABA (F) Seed
germination percentage was calculated after 5 d under different concentrations of NaCl. Seed
germination percentages were recorded daily over 5 d time period. Experiments were carried
out with three technical replicates and repeated at least three times. Statistical analysis was
done by one way ANOVA to determine the significant difference between null and the
transgenic lines. Single asterisk (*) indicates p <0.05, double asterisk represents p <0.01
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Figure 5.4: in vitro salinity tolerance of control and AnnBj2 OE B. juncea lines. (A) Growth
responses of control and AnnBj2 OE transgenic seedlings (B) Mean root length (C) Mean
shoot length. Data recorded after 5 d germination. Data were analyzed by one way ANOVA
to determine the significant difference between the null and transgenic lines. Single asterisk
(*) indicates p <0.05 and double asterisk (**) represents p <0.01.

5.3.4. AnnBj2 overexpressing Mustard transgenic lines show reduced sensitivity
to ABA at seed germination stage.

ABA plays an inhibitory role in seed germination and the expression of AnnBj2 was
induced by ABA. We found that seed germination percentage of NS seeds was
severely affected with an increase in the ABA concentration. In contrast to this, seed
germination of AnnBj2 OE 2.2, OE 3.3 and OE 5.5 showed reduced sensitivity to
ABA (Figure 5.5.). Day wise germination pattern revealed 3" d as the critical point
where major difference in seed germination percentage was observed between the
genotypes. At the end of 3" day, 90% of the AnnBj2 OE seeds germinated in contrast
to 60% of the NS seeds in the presence of 4 uM ABA. The difference in the seed
germination percentage became more pronounced with an increase in the ABA
concentration to 8 uM, with only 10% of NS seeds germination in contrast to 50-60%
germination in AnnBj20E lines (Figure 5.3d &e).
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Figure 5.5: Effect of ABA on root and shoot growth of null and AnnBj2 OE transgenic
lines

Root length (cm)
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Response of null (NS) and AnnBj2 transgenic seeds to ABA at seed germination stage.
Experiment was carried out with three technical replicates to ensure reproducibility of data(a)
Mean shoot length (b) Mean root length. Data shown here are recorded after 5 d germination.

Page 72



Chapter 5

5.3.5. AnnBj2 overexpressing transgenic lines of Mustard show reduced

sensitivity to glucose

ABA insensitive phenotype is often associated with glucose insensitive phenotype
(Rook et al. 2006; Ljung et al. 2015). To study the effect of glucose on seed
germination and seedling growth of AnnBj2 overexpressing transgenic lines of
mustard, seeds were germinated in the presence of 5% glucose and their seed
germination and seedling growth were monitored up to 7 d. Cotyledon greening and
expansion were used in assessing glucose tolerance. Glucose showed a detrimental
effect on the root growth and cotyledon greening and expansion in NS compared to
that of the AnnBj2 transgenic lines OE 2.2, OE 3.3 and OE 5.5 (Figure 5.6). The
growth of seedlings after 5 d has been shown in Fig.

NS OE 2.2 OE 3.3 OE 5.5

Figure 5.6: Response of NS and AnnBj2 transgenic lines on 5% glucouse at seed

germination stage.

5.3.6. AnnBj2 overexpressing mustard seedlings maintain higher relative water

content under NacCl stress

Relative water content (RWC) is considered as an indicator of plant water status as
well as an osmotic adjustment under abiotic stresses. To assess RWC in AnnBj2 OE
transgenics, one week old seedlings were subjected to different NaCl concentrations.
We found that there was no significant difference in the RWC of NS and AnnBj20E
seedlings without any treatment. When RWC was calculated after NaCl stress
treatments, a significant reduction in the RWC of NS was observed compared to that
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of the AnnBj2 OE 2.2 and OE 3.3. The NaCl stress (200 mM) reduced the RWC of
NS line to 58+2% whereas the transgenic lines maintained it at 75-78% (Figure 5.7).

120
NS
N OE 2.2
100 - N OE 3.3

Relative water content (%)

0 100 200

NaCl concentration (mM)

Fig 5.7: Relative water content of Null and transgenic seedlings under salt stress. Data
were analyzed by one way ANOVA with DMRT to determine the significant difference
between null and the transgenic lines with p < 0.05 (indicated by single asterisk mark).

5.3.7 AnnBj2 overexpressing transgenic B. juncea plants show salinity tolerance

at whole plant level

Transgenic lines overexpressing AnnBj2 showed higher seed germination percentage
in pot experiments, when treated with NaCl solution compared to that of the control
(NS) genotype. Salt treatment reduced the seed germination percentage of the NS to
40% whereas the transgenic lines OE2.2 and OE 3.3 maintained 806 and 63 +5%
respectively (Figure 5.8b). Further, a difference in the growth and survival of control
and transgenic lines was observed under NaCl treatment. NS line had stunted growth
compared to AnnBj2 transgenic lines (Figure 5.8a). Transgenic line OE 2.2 showed
vigorous growth both in unstressed and stressed condition compared to others. After
two months of growth, leaf samples were collected from the non-stressed and stressed
samples to compare the chlorophyll, proline and MDA contents. Total chlorophyll
content of NS and AnnB;j2 transgenic lines were almost similar under non-stressed

condition; but under salt stress, transgenic lines retained two-fold (approx.) higher
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total chlorophylls compared to that of controls (Figure 5.9a). Under NaCl stress,
proline content of transgenic lines was comparatively higher than that of the NS
plants (Figure 5.9b). Lipid peroxidation levels as estimated by measuring MDA levels

also revealed higher membrane damage in the controls compared to the transgenic
lines (Figure 5.9¢).

(a)

Control

N

* 100 mM NaCl

100

(b)

Germination percentage (%)

0 100
NaCl concentration (mM)

Figure 5.8: Performance of NS and AnnBj2 transgenic lines under salt stress in pots. (a)
Phenotypic difference in the growth of the plants (b) Seed germination in NaCl treated soil.
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Figure 5.9: Biochemical analysis of the transgenic plants under salt stress (a) total
chlorophyll content (b) proline content (c) MDA content. Data were analyzed by one way
ANOVA with DMRT to determine the significant difference between null and the transgenic
lines with p < 0.05 (indicated by single asterisk mark).

5.3.8 lon estimation

Salt stress is known to disrupt ion homeostasis in plants. To gain an insight into how
AnnBj2 overexpression affects the ion content under NaCl stress, we measured the
Na*, K" and Ca*" ion accumulation in the leaves of two-month-old NS and AnnBj2
OE lines (OE2.2 and OE 3.3) under control and salt stressed conditions (Fig 5.10).
We observed an increase in the Na* ion content and a decrease in the K* ion content
in all the genotypes under NaCl stress when compared to the control condition. But
this relative increase in Na* ion content or decrease in K™ ion content differed among
the NS and OE lines. We did not find any significant difference in the Na*/ K* ion

content between control and OE lines under control conditions. However, sodium ion
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accumulation under salt stress was higher in control (58mg/g DW) compared to that
of the AnnBj2 OE lines (32 and 40 mg/g DW). The OE lines (OE 2.2 and OE 3.3)
maintained a higher K* content than the NS line. There was a decrease in K'/Na"
ratio of both control and OE lines under NaCl stress; OE 2.2 maintained highest
K*/Na" (1.25) whereas the NS exhibited the lowest (0.43). We observed, a decrease in
the Ca®* of all three genotypes under salt stress compared to that of the control

condition, but the relative decrease is significantly less in the AnnBj2 OE lines.
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Figure 5.10: lon estimation from the leaves of NS and AnnBj2 OE plants harvested after
eight weeks of treatment NaCl treatment (a) Na* content (b) K* content (c) K/ Na® ratio (d)
Ca’* content. Error bar represents = S.D (n=3). Data were analyzed by one way ANOVA with
DMRT to determine the significant difference between null and the transgenic lines with p <
0.05 (indicated by single asterisk mark).

5.3.9. Altered expression pattern of ABA signal related genes at seed germination

stage

We observed that the constitutive expression of AnnBj2 in mustard reduced ABA
sensitivity at the seed germination stage. To gain further insight into the role of

AnnBj2 in ABA signaling, we studied the relative expression of some key genes
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(ABI3, ABI4, ABI5, AAO3, NCED6 and CYP707A2) controlling seed germination with
ABA treatment. We did not find any significant difference between control and
AnnB;j2 OE lines in the expression of two key genes involved in ABA biosynthesis,
AAO3 (Abscisic Aldehyde Oxidase3) and NCED6 (9-Cis-Epoxycarotenoid
Dioxygenase6). The expression level of CYP707A2 (Cytochrome P450, Family 707,
Subfamily A, Polypeptide2), which is involved in ABA degradation was expressed to
significantly higher levels in both the AnnBj2 OE lines compared to control (Fig
5.11). ABI4 (Abscisic acid insensitive 4), is a positive regulator of ABA biosynthesis
at seed germination stage. We found a significant reduction in the expression level of
ABI4 and ABI5 in both OE 2.2 and OE 3.3 compared to the control line (Fig 5.11).
Expression of ABI3 did not show any significant differences between control and the

transgenic lines.
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Figure 5.11: Expression of genes involved in ABA regulation during seed germination.
Sterilized seeds were kept on %2 MS media supplemented with 8 UM ABA for 24 hours under
16/8 light/dark period. After 24 h, seeds were collected and used for RNA isolation to study
the relative expression of genes involved in seed germination. The transcript levels were
normalized using reference gene actin2. Expressions levels were represented using Livak’s
AACt method. Error bar represents mean +SD (n=3). Data were analyzed by one way
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ANOVA with DMRT to determine the statistical difference between null and the transgenic
lines at p<0.05 (indicated by single * mark)

5.3.10 Overexpression of AnnBj2 in mustard activates the expression of both

ABA dependent and ABA independent stress marker genes

We compared the expression of ABA dependant and ABA independent stress marker
genes in control and AnnBj2 OE transgenic lines of mustard in mock and salt treated
samples. We found the relative abundance of the transcripts of ERF5, RAB18,
DREB2B were higher in the AnnBj2 OE lines (AnnBj20E 2.2 and AnnBj2 OE 3.3)
compared to control seedlings (Figure 5.12). RD29A does not show any significant

difference between the control and AnnBj20E lines.

Amino acid sequence alignment of AnnAt2 and AnnBj2 using CLUSTAL O
(1.2.1)

CLUSTAL 0O(1.2.1) multiple sequence alignment

AnnAt2 MASLKVPSNVPLPEDDAEQLHKAFSGWGTNEKLIISILAHRNAAQRSLIRSVYAATYNED
AnnBj2 MASLKVPSNVPLPEDDAEQLHKAFSGWGTNEKLIISILAHRNSAQRSLIRSVYAATYNED

ER R I I I e I I I I I I I I I R I b I I R I I R I b R i b I 2 R I I b I b b I b S P b 2 IR I I b I b S I b b b b 3

AnnAt2 LLKALDKELSSDFERAVMLWTLDPPERDAYLAKESTKMFTKNNWVLVEIACTRPALELIK

AnnBj2 LLKALDKELSSDFERAVMLWTLDPAERDAYLAKESTKMETKNNWVLVETACTRSALELFK
KA KA A KK KA FKKAKREI R K KA AR KK AAI R KRR A K KRR AR KA ALK AKX A K o K

AnnAt2 VKQOAYQARYKKSIEEDVAQHTSGDLRKLLLPLVSTFRYEGDDVNMMLARSEAKILHEKVS
AnnBj2 VKQAYQARYKKSLEEDVAQHTSGDLRKLLLPLVSTFRYEGDDVNMMLARSEAKLLHEKVS

***‘k**‘k*****:*‘k*********‘k‘k*********‘k‘k*********‘k‘k*****:‘k**‘k‘k*

AnnAt2 EKSYSDDDFIRILTTRSKAQLGATLNHYNNEYGNAINKNLKEESDDNDYMKLLRAVITCL

AnnBj2 EKAYSDDDFIRILTTRSKAQLGATLNHYNNEYGNAINKNLKEDSD-DDYLKLLRAATITCL
Kok s KKK KKK KK KA KA KA A K KA AR K KA AA R KRR IRk s kK s kk s Kk khkh | Ak kK

AnnAt2 TYPEKHFEKVLRLSINKMGTDEWGLTRVVTTRTEVDMERIKEEYQRRNSIPLDRATIAKDT
AnnBj2 TYPEKHFEKVLRLAINKMGTDEWGLTRVVTTRTEVDMERIKEEYQRRNSIPLDRAVAKDT

*************:***********‘k**********‘k***********‘k******:***‘k

AnnAt2 SGDYEDMLVALLGHGDA
AnnBj2 SGDYEDMLVALLGHGDV

KAkKkAKAkA KA KA XK kK kK
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Figure 5.12: Expression of salt stress induced marker genes in control and AnnBj2 OE lines.
5 d old seedlings were treated either with mock or 100 mM NaCl for six hours and the
samples were immediately quick frozen for RNA isolation. The relative expression of the
ERF5, DREB2B, RAB18, RD29A, SOS1 and P5CS1 were normalized using the reference gene
actin2. Expression levels were represented using Livak’s AACt method. The experiment was
repeated thrice with three technical replicates. Error bar represents mean +SE (n=3).Data
were analyzed by one way ANOVA with DMRT to determine the statistical difference
between null and the transgenic lines at p<0.05 (indicated by single * mark)

5.3.11 AnnBj2 transgenic lines did not show tolerance to mannitol and

polyethylene glycol (PEG) stresses

To check the performance of AnnBj2 transgenic lines in other stresses such as osmotic

and drought stress, we performed seedling assay and monitored the growth of the
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seedlings for 7 days. Three day old seedlings grown on Y2 MS medium were
transferred to 150 mM mannitol or 5% PEG containing ¥2 MS media. After 7 d of
growth on mannitol or PEG stress media, no phenotypic difference were observed
between NS and AnnBj2 OE lines (Figure 5.13), whereas NS seedlings showed
severe reduction in the root growth on 100 mM NacCl stress medium in comparison to

the AnnBj2 OE lines, which showed better root growth comparatively.

% MS + 150 mM mannitol % MS + 5%PEG

(b)

%2 MS + 100 mM NacCl

Figure 5.13: Response of NS and AnnBj20E seedlings to mannitol, PEG and NaCl stress.
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6.1. Introduction

Chinese cabbage, Brassica rapa (2n=20) is an important vegetable crop cultivated
worldwide. Its genome has been sequenced and assembled (Wang et al 2011). With
the completion of genome sequencing of this crop species, genome wide identification
and expression analysis of several gene families involved in plant growth and
development under environmental stresses have been initiated by several groups
(Duan et al. 2015; Huang et al. 2015; Kayum et al. 2015; Liang et al. 2015; Lu et al.
2015; Song et al. 2013; Tang et al. 2014; Tao et al. 2014; Wang et al. 2015). Genome
reorganization is a rapid and common process associated with polyploidization, in
which the duplicated gene copies are either deleted or retained for new,

complementary and/or extra function (Barker et al. 2012).

Annexins are multifunctional ubiquitous proteins. In plants they play crucial roles in
growth, development and stress responses (Clark et al. 2012; Mortimer et al. 2008).
Earlier, the expression profiling of annexins has been reported in Arabidopsis and
different crop plants. Elucidation of the transcript analysis of the complete gene
family in response to stress inducers and signaling molecules helps in the
identification of the candidate genes that can be further characterized for crop

improvement through genetic manipulation.

Annexin expression is spatially and temporally regulated. Their expression patterns
vary with tissue and developmental stages. Transcriptomic studies showed that the
trascripts of these proteins are regulated by ABA, ET, SA, MeJa and auxins
suggesting their role in plant signaling pathways. Apart from expression profiling
studies, proteomic studies have identified annexins as stress regulated proteins.
Abiotic stresses such as drought, salinity, osmotic stress, heavy metals, heat and cold
results in the upregulation of one or more member of the annexin family.
Overexpression of some annexins conferred stress tolerance in the transgenic plants
while their loss of function resulted in susceptibility (Dalal et al. 2014a; Jami et al.
2008; Konopka-Postupolska et al. 2009; Qiao et al. 2015; Szalonek et al. 2015; Zhang
et al. 2015).

Phylogenetic analysis of B. rapa annexins in comparison with other members of
Brassicaceae family (Arabidopsis and mustard) revealed that they share a common
ancestry. Based on sequence similarity, Bra036764, Bra034402, and Bra039578 are
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found to be close to AnnAtl of Arabidopsis and AnnBjl of mustard, Brasscia juncea;
Bra024346, Bra031890 showed similarity with AnnBj2 and AnnAt2 of mustard and
Arabidopsis respectively; Bra000091 and Bra017102 are grouped with AnnBj3 and
AnnAt3 of mustard and Arabidopsis respectively; Bra017103 and Bra000090 showed
similarity with AnnBj4 and AnnAt4 of mustard and Arabidopsis respectively;
Bra033961 showed sequence similarity with AnnAt5 of Arabidopsis; Bra009049 was
found similar to AnnBj6 and AnnAt6 of mustard and Arabidopsis respectively,
Bra009048 was found similar to AnnBj7 and AnnAt7 of mustard and Arabidopsis
respectively, and Bra008892 was found similar to AnnAt8 of Arabidopsis.

The present study is aimed at the expression analysis of rapa annexins in response to
abiotic stress inducers and identification of the potential candidate gene(s), which
could be used for the improvement of B. rapa tolerance through genetic manipulation.
Further, we also compared the expression of AnnBj2 to its homologs in B. rapa.

6.2. Material and Methods
6.2.1. Plant material and growth conditions

B. rapa cv YID-1 (Pusa Gold) seeds, obtained from National Research Center on
Plant Biotechnology, Indian Agricultural Research Institute, New Delhi, India, were
used in this study. Seeds were germinated on moistened blotting paper. Three days
old seedlings were used for RNA isolation after NaCl treatment. One month old plants
in the green house were used for tissue specific RNA isolation. Growth room
temperature of 24 + 2°C and 16/8 light/dark photoperiod were used for plant growth.

6.2.2. Sequence retrieval of B. rapa annexins

Annexin sequences in the genome of B. rapa were retrieved from the B. rapa genome
database (BrGDB). Annexins in B. juncea and A. thaliana were searched using the
Phytozome v10.0 GBrowse database (http:// www.phytozome.net/) (Goodstein et al.,
2012) and The Arabidopsis thaliana Information Resource (TAIR)
(https://www.arabidopsis.org/).

6.2.3. RNA isolation and quantitative RT-PCR

Total RNA was isolated from whole seedlings and different tissues by TRIzol method

following manufacturer's instructions (Sigma-Aldrich Corporation, USA). cDNA was
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prepared by using total RNA (2 pg), dNTPs, oligo-dT primer and MMLV Reverse
transcriptase (Clontech, Takara Biotech, Japan) following the manufacturer's
instructions. The resultant cDNAs were diluted 2.5 times (1:2.5) with RNase-free
water and 1 pl of diluted cDNA was used in a total volume of 10 pl for determining
the relative expression of B. rapa annexin genes using 2 x Fast start SYBR green
PCR master mix (Roche GmbH, Germany). B. rapa ubiquitin was used as a reference
gene. Real time PCR was performed in a 96 well plate using Realplex Ep4
(Eppendorf GmbH, Germany). Relative gene expression was calculated according to
the AACt method (Livak and Schmittgen, 2001). For expression analysis under salt
stress, expression levels of annexins were normalized with ubiquitin. Expression of
annexins at 0 h was used as calibrator to determine the relative expression of the
individual annexins with time. Expression levels of annexins were normalized with B.

rapa ubiquitin.

Gene primers used for the real time expression analysis of B. rapa annexins

Gene ID Primer name Primer sequence
Bra034402 Bra034402 For CGAGGTGAACATGACATTGGC
Bra034402 Rev CGTGCTCATCTTGGTAGCGA
Bra024346 Bra024346 For GGTGACCTCCGCAAGCTATT
Bra024346 Rev TGGTTGAGAGTAGCACCGAG
Bra017102 Bra017102 For CTATTGAGGCCGGTATGCTG
Bra017102 Rev CATCCATCAACATCCTTATCTAACG
Bra000090 Bra000090 For ACAAGAAGCAAACTCCATCTCG
Bra000090 Rev ATACACGGAGGGTTTGAGCA
Bra033961 Bra033961 For CTCACCTGGTCGCTCTTAGA
Bra033961 Rev CGCCGTGTCATCTGTTCCTA
Bra009049 Bra009049 For GGGAACAAACGAGGGGATGA
Bra009049 Rev CAGCTCTCTCAAAGTCACCGG
Bra009048 Bra009048 For CTTGGCTCACAGAAATGCCG
Bra009048 Rev AACATCACAGCTCGCTCGAA
Bra008892 Bra008892 For TGCTTGCATGAGATCCCCTG
Bra008892 Rev CCTGATGTCGCCGGTAGTAC
Bra031890 Br031890 For ACGGAAACGCTATTAACAAGCACT
Br031890 Rev CCCACTCATCAGTCCCCATTT
Bra000091 Br000091 for TGCAAAGTTGCTGGTGACATTAG

Br000091 Rev

CAAAGGTTGCTCTGAGCTGG
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Bra017103 Br017103 For TTCTTGCTCACACTGCTATCCA
Br017103 Rev CATGTCACCAACGACAAGAACT
Bra036764 Br036764 For GCTTCGACTCTCGACATACACT
Br036764 Rev TACCCCATCCTTCAAAGGCG
Bra039578 Br039578 For TTGTCCACAAGGAGCAAACCA
Br039578 Rev ACCTCAACAGCCCTAGGAACTT
BraActin7 BraActin7 For TCCCTCAGCACTTTCCAACA
BraActin7 Rev ACTCAACACCACGAACGAGA
BraUbiquitin Bra ubiquitin for GATACTTGCGGCGGAGAAGA
Bra ubiquitin rev TGTCGATGGTGTCACTGCTC
6.3. Results

6.3.1. Differential expression of B. rapa annexins in response to hormone and
stress treatments

Expression patterns of thirteen annexins were studied in response to different
signaling molecules and abiotic stress inducers. The expression of each annexin at 0 h
was used as calibrator to determine its relative expression on temporal scale. We
found differential expression pattern of B. rapa annexins in response to signaling
molecules (ABA, Mela, and SA) and stress treatments (H.O,, MV). The expression

patterns of annexins are discussed here.
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Abscisic Acid
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Figure 6.1. Effect of Abscisic acid (ABA) on expression of B. rapa annexins. Three day-
old B. rapa seedlings were treated with 100 uM ABA and the samples were collected after 0,
3, 6, 12 and 24 h of treatment. Expression of annexins at 0 h was used as calibrator to
determine the relative expression of the individual annexins with time. Expression levels of
annexins were normalized with ubiquitin. Error bar represents the standard error of three
biological replicates. The gRT-PCR experiments represent the mean of n= 3 + SE, for each
biological replicate (n) three technical replicates were used. Asterisks represent a statistically
significant difference (P <0.05) in mRNA level as compared to that of the O h.

Treatment of ABA upregulated the expression of Bra034402, Bra024346, Bra009048
and Bra039578 whereas it downregulated Bra024346, Bra009049, Bra000091,
Bra017103. Transcript levels of Bra000090, Bra008892, Bra031890 and Bra036764
remain nearly unchanged. Expression of Bra034402 and Bra009048 showed similar
pattern of expression; their transcript levels increased after 3hours of ABA treatment,
which further increased up to 6 hours and then decreased afterl2 hours of treatment
with a rebound again after 24 hours of treatment. Transcript levels of Bra024346,
Bra009049, Bra000091 and Bra017103 decreased gradually within 3 hours of

treatment.
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Figure 6.2: Expression of B. rapa annexins under Hydrogen peroxide (H,O,) stress
treatments. Three day-old B. rapa seedlings were treated with 10 mM H,O, and the samples
were collected after 0, 3, 6, 12 and 24 h of treatment. Expression levels of annexins were
normalized with ubiquitin. Expression of annexins at 0 h was used as calibrator to determine
the relative expression of the individual annexins with time. Error bar represents the standard
error of three replicates. The gRT-PCR experiments represent the mean of n=3+SE, for each
biological replicate (n) three technical replicates were used. Asterisks represent a statistically
significant difference (P < 0.05) in mRNA level as compared to that of the 0 h.

H,0, upregulated Bra034402, Bra024346, Bra000090, Bra009048, Bra008892
whereas it downregulated Bra033961, Bra031890, Bra000091, Bra017103 and
Bra036764. We observed a difference in the pattern of upregulation of annexin
members. Message levels of Bra034402 and Bra009049 increased within 3 h of
treatment, which then showed a decrease in transcript levels at 6 h of treatment
followed by a rebound again after 12 h of treatment. Unlike Bra034402 and
Bra009049, transcript levels of Bra024346, Bra017102 and Bra000090 increased

within 3 h of treatment and were maintained up to 24 h of treatment.
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Figure 6.3: Expression of B. rapa annexins under methyl jasmonate stress treatments. Three
day-old B. rapa seedlings were treated with 10 uM MYV and the samples were collected after
0, 3, 6, 12 and 24 h of treatment. Expression levels of annexins were normalized with
ubiquitin. Expression of annexins at 0 h was used as calibrator to determine the relative
expression of the individual annexins with time. Error bar represents the standard error of
three replicates. The gRT-PCR experiments represent the mean of n = 3 = SE, for each
biological replicate (n) three technical replicates were used. Asterisks represent a statistically
significant difference (P <0.05) in mRNA level as compared to that of the O h.

Methyl jasmonate upregulated the expression of Bra034402, Bra024346, Bra017102,
Bra000090, Bra009048, and Bra008892 whereas it downregulated Bra033961,
Bra031890, Bra000091, Bra017103, Bra036764 and Bra039578. Transcript levels of
Bra034402 showed 290 fold (approx.) increases within 3 h of treatment, which further
increased to 590 folds after 6 h of treatment, which then decreased to 450 fold at 12 h
after treatment. Bra024346, Bra017102, Bra000090, Bra009048 and Bra008892
showed similar pattern of expression in response to methyl jasmonate treatment and

their transcript levels were maintained upto 24 h of treatment
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Figure 6.4: Expression of B. rapa annexins under methyl viologen (MV) stress treatments.
Three day-old B. rapa seedlings were treated with 10 uM MV and the samples were collected
after 0, 3, 6, 12 and 24 h of treatment. Expression levels of annexins were normalized with
ubiquitin. Expression of annexins at 0 h was used as calibrator to determine the relative
expression of the individual annexins with time. Error bar represents the standard error of
three replicates. The gRT-PCR experiments represent the mean of n = 3 + SE, for each
biological replicate (n) three technical replicates were used. Asterisks represent a statistically
significant difference (P < 0.05) in mRNA level as compared to that of the 0 h.

Methyl viologen (MV) treatment upregulated the expression of Bra034402,
Bra024346, Bra000090, Bra009048 and Bra008892 whereas it downregulated the
expression of Bra017102, Bra033961, Bra009049, Bra000091, and Bra017103.
Expression of Bra017102 that was upregulated in all the other treatments showed
decreased transcript levels in response to MV treatment. Bra031890 and Bra036764

were induced to lower levels after 12 h of treatment.
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Figure 6.5: Effect of Salicylic acid (SA) on expression of B. rapa annexins. Three day-old B.
rapa seedlings were treated with 100 uM SA and the samples were collected after 0, 3, 6, 12
and 24 h of treatment. Expression of annexins at 0 h was used as calibrator to determine the
relative expression of the individual annexins with time. Expression levels of annexins were
normalized with ubiquitin. Error bar represents the standard error of three biological
replicates. The gRT-PCR experiments represent the mean of n= 3 + SE, for each biological
replicate (n) three technical replicates were used. Asterisks represent a statistically significant
difference (p< 0.05) in mRNA level as compared to that of the 0 h.

Salicylic acid treatment upregulated Bra034402, Bra024346, Bra017102, Bra000090,
Bra009048, and Bra008892 whereas it downregulated the expression of Bra033961,
Bra000091, and Bra017103. Transcript levels of Bra036764 did not show much
difference with SA treatment. Bra034402 showed the highest level of expression
(1400 fold) within 3 h of SA treatment and then the transcript levels gradually
decreased upto 24 h of treatment. But unlike Bra034402, transcript levels of
Bra024346, Bra017102, Bra000090 and Bra008892 showed increase in the transcript
within 3 h of treatment and were maintained upto 24 h of treatment.
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Among all the annexins, transcript levels of Bra034402 showed the highest increase
in response to all the treatments, although the pattern of expression differed with

various treatments.

6.3.2. Comparison of Annexin2 from B. juncea (AnnBj2) and B. rapa
(Bra024346)

We compared the protein sequence of annexin2 from B. juncea and B. rapa using
ClustalW pairwise alignment tool (http://www.genome.jp/tools-bin/clustalw). They
share 98% similarity at amino acid level and 97% at nucleotide level. Both annexins
have same number of amino acids (316) with similar deduced molecular weight
(36KDa).

Similarity at nucleotide level

AnnBj2 ATGGCGTCTCTCAAAGTCCCGAGCAATGTTCCTCTCCCCGAAGACGACGCCGAGCAACTC
Bra024346 ATGGCGTCTCTAAAAGTCCCGAGCAATGTCCCTCTCCCCGAAGACGACGCCGAGCAACTC
Kok ok kAKX A Kk Kk KA ALk ok kkk ok h ok ok ok kok ok k& &k ok ok ok ok ok k& & & ok ok ok ok ok k& ok &k ok ok ok Kk
AnnBj2 CACAAGGCTTTTTCAGGATGGGGTACCAACGAGAAGCTGATCATATCAATCCTAGCTCAC
Bra024346 CACAAGGCTTTCTCAGGATGGGGTACGAACGAGAAGCTGATCATATCAATCCTAGCTCAC
ok kKKK k Kk KA Akk ok ok kkk k& ok ok ok ok ok ok k& & ok ok ok ok ok kK & &k ok ok ok ok ok kK Kk ko kK ok
AnnBj2 AGGAACTCTGCACAACGCAGCTTGATCCGCAGCGTTTATGCCGCTACTTACAATGAGGAT
Bra024346 AGAAACTCTGCACAACGCAGCTTGATCCGCAGCGTTTACGCCGCTACTTACAATGAGGAT
Kok kKKK ARk ok kkh Ak ok ok ok ok ko kok ok kk ko kk Kok ok k& & ok ok ok ok ok ok k& k& ko k ko
AnnBj2 CTCCTCAAGGCTTTAGACAAAGAGCTTTCTAGCGACTTTGAGAGAGCTGTGATGTTGTGG
Bra024346 CTCCTCAAGGCTTTAGACAAAGAGCTCTCTAGCGACTTTGAGAGAGCTGTGATGTTGTGG
Kok ok kK KKKk ok ok ok ok kKK Kk k ok ok ok ok k& ko ok ok ok ok kK Kk ok ok ok ok kK Kk ok ko ok ok ok Kk Kk kR
AnnBj2 ACTCTTGATCCAGCGGAGAGAGATGCTTATCTGGCTAAAGAATCCACCAAAATGTTCACC
Bra024346 ACGCTTGATCCAGCGGAGAGAGATGCTTATCTGGCCAAAGAATCCACCAAAATGTTCACC
Kok KKK ARk k ok kk kA k ok kk ko kok ok kkkkk ko ok ok ok ok k& k& ok ok ok ok ok ok kK Kk ok kK ok
AnnBj2 AAGAACAATTGGGTTCTTGTTGAAATCGCTTGCACAAGGTCTGCTCTTGAGCTTTTCAAG
Bra024346 AAGAACAACTGGGTTCTCGTCGAGATCGCTTGCACAAGGTCTGCTGTTGAGCTTTTTAAG
Kk hkhkAXKK hhkhkhhrArAk hk hk KA Kk kkhk kA A XAk kkhkh kA Xk kkkkh kA Xk Kk Kkkk
AnnBj2 GTCAAGCAAGCTTACCAGGCTCGCTACAAGAAATCACTCGAGGAAGATGTTGCTCAACAC
Bra024346 GTCAAGCAAGCTTACCAAGCTCGCTACAAGAAATCGCTCGAGGAAGATGTTGCTCAACAC
ok kKKK Kk ok ok kk kKKK kokkk ok k ko kkokokkk ok k ko ok ok ok Kk k k& & & ok ok ok ok Kk kK K Kk kK Kk
AnnBj2 ACATCTGGTGACCTTCGTAAGCTCTTGCTTCCTCTTGTTAGCACTTTCAGGTACGAAGGA
Bra024346 ACTTCCGGTGACCTCCGCAAGCTATTGCTTCCTCTGGTTAGCACTTTCAGGTACGAAGGA
hok Kk Kk kokkkkk Kk kokkkk KAk kokokkkkkk Kk ok ok ok kKK Kk Kk ok ok ok kK kK Kk ok kK Kk
AnnBj2 GATGATGTGAACATGATGCTTGCAAGATCTGAAGCTAAGTTACTTCACGAGAAGGTCTCA
Bra024346 GACGATGTGAACATGATGCTCGCAAGATCTGAAGCCAAGTTGCTTCACGAGAAGGTCTCA
hok KKK KKk k kKA X ARk kKA KA A Ak kkk ok kk kokokk Kk Kk k& ok ok ok ok Kk k k& &k ok ok Kk Kk
AnnBj2 GAGAAAGCTTACAGCGATGATGACTTCATCAGAATCTTGACAACAAGAAGCAAAGCACAG
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Bra024346
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Figure 6.6: Pairwise sequence alignment of AnnBj2 and its homolog Bra024346.

We compared the expression pattern of AnnBj2 to that of its homolog (Bra024346) in

B.rapa. At tissue level, both these genes have higher transcript levels in root

compared to other tissues. Both AnnBj2 and Bra024346 were upregulated by NaCl,

Page 92



Chapter 6

MelJa, and SA whereas ABA and H,0, stress showed difference in their expression
pattern. ABA upregulated AnnBj2 whereas it downregulated Bra024346. H,0,
upregulates Bra024346 as early as 3 h after treatment and the transcripts were
maintained up to 24 h of treatment but AnnBj2 transcripts first decrease within 3 h and

then rebound at 6 h after treatment.

ATACGTCTAA TTAAAATAAC ATAGTGTTAT TTAAAACTAT TCATATTGAT TATAAAATAA AT

AACAGAAT

BOX-4
+ AATTAAAACT AAAATATTAA TAAATTATTA TAATATATTT ATTTTATAAT ATTTATTTTA
TAATATTTAT

+ ATGCATGCAT AATCACGGAA AAATCACTTA GTATTTAATT AAATTCCAAT ACTAACAACG
CCATTAAGTA

+ AACCATGGAC TCATCATCGT CCTCGCTTTC CACATCGTAT CTCAGTATTT CTATAATATA

ATAAAAATAA

BOX-W1
+ TTTAATTGAA AAACAGTTTG ATTTTGGACT TATTCTGAAT TGACCAAGTC CAAAGAACGT
GTTCACATTC

TC—repeat
+ TGCTTATTCG CAAGTTTCTC CATCTCAGCG CACGTTTTAC ATCACATTTA TTGACAATGT
ACCGATCAAT

+ TATTTACATT TATGCCTGTA TACAATTAAC TTTTCTCTTC GAAATTGAAT TGTAGCAAAA
AAGAAGACTT

Box1
+ GTGTTTCAAA AAAAAAAAAA AAGAAGACTT TTATATTATA AAAACTTAAC TAGGTATCAT
ATCCCTCCTA

ARE-ELEMENT
+ TATCTCTTTT TGTAATAATG ATTTTAATTA CAGGCTGGTT TGAGAAAAAA AACAATTGAA
ATAGTGATTA

WUN-motif
+ CTTGAATTAG TTTTATACAT TTTCAATCAT TACTAACCTT TAAATTTAAA ATTTAAAGTA
TACAAATATA

TC-repeat

+ AATGTCACAG AAAAAGCCAT TTCCTCTTTT TTTCTTCAAG ACAGCTGTTA AATGATTTAT
TAGGACAATA

+ TATGTGTCCA TATATTGAAT TATTTTTAGA TTTAATACTA AATGCTTAGA GATTACTTTC
TTTCTTTTTT

+ TTTTTGTAAC ACAGGGATTA CTTTCTTTAT ATTCATAAAA TAACTTTTGA GATTTCCCGT
AACGTTATTT

+ AAGTGAGAAG ACGTGCATCA ACCTTCTTCA TCTCATTACA ACGAAAAAAA CACAACAACA
CAGAGAGATC

Figure 6.7: cis- acting elements present in promoter region of Bra024346
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Box-1: light responsive element; Box-4: light responsiveness; Box W1: fungal elicitor
responsive element; TC- repeat: defense and stress responsiveness; WUN motif: wound

responsiveness; ARE element: involved in anaerobic induction

We compared the promoter region of Bra024346 and the partial promoter of AnnBj2,
previously reported by Jami et al. (2009). We found the presence of some common
cis- acting elements such as W-Box (involved in SA mediated defense response), TC-
rich repeat and light responsive elements. Bra024346 does not show the presence of
ABRE element and accordingly its expression was not induced by ABA treatment.
Both Bra024346 and AnnBj2 were induced by SA and Mela treatments, and
accordingly they showed the presence of some cis acting elements involved plant
defense responses.
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Discussion

Constitutive expression of AnnBj2 confers salt tolerance and ABA insensitivity to
the transgenic tobacco and mustard seedlings

Annexins are calcium dependent membrane binding proteins. Recent studies revealed
their role in plant growth and development. Ectopic expression studies of several
annexins showed that they play a protective role in plants while the loss of function of
some annexins compromised with their survival when challenged with drought, salt,
heat or oxidative stresses (Dalal et al. 2014a; Jami et al. 2008; Konopka-Postupolska
et al. 2009; Qiao et al. 2015; Szalonek et al. 2015; Zhang et al. 2015). In B. juncea six
annexins were reported among which the role of AnnBjland AnnBj3 has been studied
by ectopically expressing them in tobacco, cotton and Arabidopsis (Dalal et al. 2014a;
Dalal et al. 2014b; Divya et al. 2010; Jami et al. 2008). In the present study, we
focused on another member AnnBj2 that is strongly upregulated by the signaling
molecules ABA, Mela, SA and Ethephon. Tissue specific expression study has
revealed that AnnBjl1 and AnnBj2 are the two most abundant annexins at seedling
stage. Among these two, AnnBjl has similar expressions in roots, stem and
cotyledonary leaf whereas AnnBj2 has higher expression in roots compared to other
tissues at the seedling stage and is induced by ABA and NaCl treatments. This
prompted us to study the involvement of AnnBj2 in amelioration of abiotic stresses,
particularly salt and drought as these stresses are perceived through roots. To study its
function, we constitutively expressed it in model system tobacco and in the native
system Indian Mustard. We observed that AnnBj2 did not impart multiple stress
tolerance except salinity tolerance, while AnnBj1 has been shown to impart tolerance
to several stresses (Jami et al. 2008, Divya et al. 2010) where as its counterpart in
Arabidopsis, AnnAtl also showed similar functions (Konopka-Postupolska et al.
2009) . Hence, we mainly focused on the characterization of the AnnBj2 expressing

tobacco and mustard plants under salt stress.

ANnnBj2 from B. juncea shared 97% similarity with its Arabidopsis homolog AnnAt2
at amino acid level and the expression pattern of AnnBj2 is analogous to that of its
homologs in Arabidopsis and Brassica rapa (Cantero et al. 2006; Clark et al. 2001;
Yadav et al. 2015) Earlier reports suggested that the tissue specific expression of
certain annexins may be associated with their specific functions (Clark et al. 2005;
Tang et al. 2014; Zhu et al. 2014). The contrasting difference in the induction of
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AnnBj2 in two different tissues (leaf and root) supports the importance of tissue-
specific expression of annexins. The proteomic data of its homolog in Arabidopsis
(AnnAt2) also confirmed its upregulation under salt stress (Jia et al. 2015). Higher
expression of AnnBj2 in roots together with its upregulation by NaCl and ABA
prompted us to study its role in salt stress, which is perceived through roots. AnnBj2
OE lines of tobacco and mustard exhibited better root growth than controls under salt
stress. Laohavisit et al. (2013) reported earlier the role of AnnAtl in the salinity-
induced root cell adaptation. This study shows that AnnBj2 is also involved in

maintaining sustained root growth in salt treatments.

Salt stress leads to the disruption of osmotic and ionic homeostasis of cells (Deinlein
et al. 2014; Munns and Tester 2008; Zhu 2003) and to the excessive production of
ROS, which are detrimental to the plant (Apel and Hirt 2004; Moller et al. 2007).
Proline and lipid peroxidation levels are important indicators of plant oxidative stress
(Ashraf and Foolad 2007; Szabados and Savoure 2010; Yoshiba et al. 1995). It was
previously reported that the overexpression of P5CS gene, a rate-limiting enzyme in
biosynthesis of proline enhances osmotic stress tolerance of transgenic plants (Kishor
et al. 1995). In our study, we found that constitutive expression of AnnBj2 enhanced
the proline content in transgenic tobacco and mustard under NaCl stress. Further, the
expression of P5CS1 was higher in the transgenics than the control seedlings. Lipid
peroxidation was found to be significantly lower in the transgenics than the controls.
Verslues and Bray (2006) reported that the abi4 mutants of Arabidopsis exhibited
increased proline accumulation under high water potential and insensitivity to ABA
indicating that ABI4 is a part of a mechanism to restrict proline accumulation when
carbohydrate content is low. The AnnBj2 constitutive expression in tobacco and
mustard lead to enhanced proline accumulation under NaCl stress by modulating the
expression of P5CS1 with with significantly downregulated expression of ABI4,

which is in line with previous findings

Reports show a strong correlation between salt exclusion and salt tolerance in many
plant species (Blumwald 2000; Deinlein et al. 2014; Roy et al. 2014). In the present
study, we found that AnnBj2 OE mustard lines also exhibited comparatively less Na*
accumulation and maintained higher K*/ Na* ratio than the controls under salt stress.
Maintenance of higher K*/Na" ratio in the cytoplasm is correlated with salinity
tolerance (Adem et al. 2014; Munns and Tester 2008; Zhu 2003). AnnAtl was earlier
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reported to restrict the entry of Na* fluxes across the root epidermal cells, and the
knock out mutant annAtl exhibited higher Na* influx when challenged with NaCl
stress (Laohavisit et al. 2013). Recently, Jia et al. (2015) reported that SCF E3 ligase
overexpression restricted Na® ion accumulation in the plant tissues and played a
positive role in response to salt stress. SCF overexpression upregulates AnnAtl,
AnnAt2, and AnnAt3 at the protein level.

Gene expression analysis under salt stress in the present study revealed that AnnBj2
OE lines have relatively higher transcript levels of SOS1 compared to the control.
SOS1 encodes a Na'/H" exchanger on the plasma membrane that modulates the
movement of ions across the cell membrane (Shi et al. 2000). This suggests that
AnnB;j2 appears to restrict the entry of Na* inside the cells by stabilizing the integrity
of membrane-bound SOS1 Na* antiporter. Ca’* plays a protective role in alleviating
salt stress by competing with Na* at plasma membrane (Cramer et al. 1985; Lynch
and Lauchli 1985). More recently, Wang et al. (2015) found a significant decrease in
the Ca®* content of annAt1 loss of function mutants. The significantly increased levels
of Ca** in AnnBj2 OE lines are also in line with the earlier findings. The AnnBj20E
lines 2.2, OE 3.3and OE 5.5 of mustard showed enhanced seed germination pattern
even in the absence of any stress. The role of annexins in seed germination and vigour
was previously reported (Chu et al. 2012; Huh et al. 2010).

The mechanism underlying the involvement of annexins in mitigating salt and other
abiotic stresses remains largely unknown. To elucidate the molecular mechanism of
AnnBj2 in conferring salt tolerance and ABA-insensitive phenotype, we studied the
expression of the genes, which regulate seed germination process at the transcription
level. We have observed enhanced seed germination of AnnBj2 transgenic seeds under
control, salt, and ABA stress conditions. During seed germination, NCEDG6 catalyzes
the cleavage of 9-cis-neoxanthin to xanthoxin, the rate limiting step in ABA
biosynthesis (Seo et al. 2009) and CYP707A2, which encodes an ABA 8- hydroxylase
that catalyzes the hydroxylation of ABA for its conversion into phaseic and dihydro-
phaseic acids (Kushiro et al. 2004). The relative expressions of these two genes
regulate the ABA content of the seeds during imbibition (Nambara and Marion-Poll
2005; Nonogaki 2015). During germination, ABA content of the seeds decreases
while there is an increase in GA level (Ogawa et al. 2003; Weitbrecht et al. 2011).
Our results show that AnnBj2 OE lines have increased transcript levels of CYP707A2
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involved in ABA degradation, while there was no significant difference in ABA
biosynthesis gene, NCEDG6. Also, ABI4, which is a positive regulator of seed
dormancy, has decreased transcript levels in the transgenic plants.

We observed reduced sensitivity of AnnBj2 OE lines to ABA at seed germination
stage suggesting that the annexin acts as a negative regulator of ABA signaling at
seed germination stage. ABA plays an inhibitory role in seed germination process
(Finkelstein et al. 2002; Rajjou et al. 2012). ABI4 is a key factor that regulates the
balance between GA and ABA. It regulates seed dormancy positively and regulates
the greening of the cotyledons negatively in seed germination (Shu et al. 2013). It
represses CYP707A1 expression by directly binding to the ABI4 binding elements in
its promoter (Shu et al. 2013). In AnnBj2 transgenics, we observed significantly
reduced ABI4 levels compared to controls, which exhibited higher ABI4 transcript
levels. Arabidopsis mutants of ABI4 germinate on inhibitory concentrations of sodium
chloride, sucrose, ABA and others (Arenas-Huertero et al. 2000; Finkelstein 1994;
Huijser et al. 2000; Quesada et al. 2000).

Finkelstein et al. (2011) demonstrated that ABI4 represses seed germination in the
presence of ABA, whereas Shu et al. (2013) reported that higher ABI4 levels in
controls lead to reduced seed germination, particularly under salt stress and the
transgenics showing low ABI4 levels exhibited enhanced seed germination and
cotyledon greening. Also, Shkolnik-Inbar et al. (2013) demonstrated that ABI4
downregulated the expression of the sodium antiporter HKT1;1 in roots affecting salt
tolerance. Although the loss of ABI4 had little effect on root growth, ectopic ABI4
expression resulted in hypersensitivity to root growth inhibition by exogenous
application of ABA. The germination and growth of the plants expressing ABI4 is
completely blocked. The abi4 mutants germinated on higher concentration of ABA
and ABI4 is strongly expressed in mature seeds from globular stage embryo on wards.
High levels of ABI4 resulted in hypersensitivity to ABA-induced root inhibition and
inhibited root growth even in the absence of ABA (Soderman et al. 2000). ABI4 has
also been shown to bind to the ABI4 binding sites (ABE) in the promoter of HKT1;1
downregulating its expression. Arabidopsis San5 mutant is tolerant to salt and ABA
and carries an extremely hypomorphic or null allele of ABI4 (Quesada et al. 2000).
Thus, ABI4 upregulation resulted in salt-sensitive phenotype. In the present case,

ABI4 overexpression in the control was associated with salt-sensitive phenotype and a
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salt tolerant phenotype was exhibited by the AnnBj2 transgenic plants with
significantly downregulated ABI4 transcript levels.

AnnBj2 transgenic plants exhibited enhanced levels of CYP707A2 with reduced
expression of ABI4 in a significant contrast to controls, which showed high-level
expression of ABI4 and significantly reduced transcript levels of CYP707A2. Kushiro
et al. (2004) demonstrated that all CYP707A genes get upregulated in drought stress
treatments and subsequent rehydration of the treated plants. In Glycine max also, most
of the CYP707A genes get upregulated in drought stress and salinity. Overexpression
of CYP707AL in atcyp707a2 insertion mutant resulted in its decreased sensitivity to
ABA showing that it functions as an ABA hydroxylase (Zheng et al. 2012). The
constitutive expression of CYP707A3 restored growth retardation induced by the
exogenous application of ABA with increased transpiration and reduced endogenous
ABA levels in both turgid and dehydrated plants (Umezawa et al. 2006).

It has also been shown that the ABA-insensitive mutants exhibit glucose insensitive
phenotype. The residual ABA levels in the mutants are evidently reduced to alter the
response to sugars (Huijser et al. 2000). Teng et al. (2008) showed that delay of
germination (DOG1) mutants of Arabidopsis has elevated levels of ABI4 mRNA and
these plants were sensitive to glucose. Interestingly, the transgenic mustard plants
expressing AnnBj2 with significantly reduced ABI4 transcripts also exhibit glucose
insensitive phenotype and enhanced expression of ABI4 in control resulted in glucose

sensitivity.

In our study, we found that the expression of AnnBj2 conferred ABA insensitivity at
seed germination stage and salt tolerance at seedling and adult stage. It is a well-
known fact that the accumulation of ABA induces stomatal closure in leaves to
maintain water balance during stress conditions (Cutler et al. 2010). Previously,
several groups have reported the constitutive expression of certain genes like
WRKY20, GmbzIP62, GsSKP21 and OsPP108 conferred ABA insensitivity at seed
germination stage but results in abiotic stress tolerance such as drought, salt and
alkalinity (Liao et al. 2008; Liu et al. 2015; Luo et al. 2013; Singh et al. 2015). This

suggests that ABA signaling differs at seed germination and stomatal closure.

These data suggest that AnnBj2 may be involved in the regulation of ABA content of

the seeds during seed germination by modulating the expression of ABA biosynthesis
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and catabolism genes. The highly reduced ABI4 transcripts could be related to
enhanced salt tolerance in transgenic plants. Similarly, ABI4 downregulates the
Sodium antiporters, which results in reduced salt tolerance. Thus, the reduced ABI4
associated with the constitutive expression of AnnBj2 can be linked to the strong salt
tolerant phenotype exhibited by the AnnBj2 transgenic plants. These transgenic plants
exhibited ABA insensitivity and strong salt tolerance phenotype with tolerance to no

other abiotic stress treatments.

The AnnBj2 mustard transgenics exhibited strong expression of ABA responsive
genes like RAB18 and genes like DREB2B, ERF5 that have been shown to act in
ABA- dependent and -independent pathway (respectively). This phenomenon
suggests that the salt tolerance phenotype observed in the mustard transgenics is
controlled by both ABA-dependent and ABA-independent pathways, which may
cooperatively cross talk with each other. RD29A is a possible convergence point in the
cross talk as its promoter carries both ABRE and DRE/CRT elements (Yamaguchi-
Shinozaki and Shinozaki 2005). ABA dependent and independent stress signaling
might not occur as a parallel process, but can cooperate and converge in activating
stress genes. The enhanced expression of RD29A could be because of the activation of
either ABRE or DRE elements (Ishitani et al. 1997). Enhanced expression of RAB18
has been observed in the salt tolerance observed in LcSAINS1 expressing Arabidopsis
and rice plants (Li et al. 2013). Reduced expression of RAB18 and RD29A has been
explained as the operation of ABA-independent pathway in OSPP2C expressing
Arabidopsis transgenics (Singh et al. 2015). Recent studies suggest that there is a
cross talk between ABA-dependent and ABA-independent pathways in abiotic stress
and the global transcriptional network activated in response to osmotic stress is not
specifically involved in any one of the two pathways, but is controlled cooperatively
(Yoshida et al. 2014).

In conclusion, the constitutive expression of AnnBj2 is found to be associated with the
significantly enhanced expression of ABA-hydroxylase gene (CYP707A2) and
significant downregulation of the ABI4 when compared to the control and the strong
salt tolerance phenotype exhibited by the transgenic plants can be correlated with the
modulation of these two genes.
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Expression analysis of Brassica rapa annexins

Yadav et al. (2015) annotated the different members of the annexin gene family of
B.rapa. In this investigation, we have analyzed the expression of B. rapa annexins in
response to various abiotic stress inducers and hormone treatments. Similar
expression profiling of the annexins was reported earlier in Arabidopsis (Cantero et
al. 2006), mustard (Jami et al. 2009), rice (Jami et al. 2012). tomato (Lu et al. 2012)
and wheat (Xu et al. 2016). In our study, we found that the members of annexin
family showed differential expression pattern to the same treatment, some are highly
upregulated, while a few are downregulated. Such differential expression pattern
supports the previous reports on functional non-redundancy of annexins in different
signaling pathways (Cantero et al., 2006; Jami et al., 2012; Clark et al., 2012). ABA
upregulated the expression of Bra034402, Bra017102, Bra009048 and Bra039578.
This is consistent with the previous reports, which suggest the involvement of some
members of annexins in ABA dependent stress responses (Jami et al 2009; Lu et al
2012). Promoter region of AnnAtl, AnnBj1, Os08932970, and all annexins of tomato
except AnnSI9 carried the ABA responsive cis-acting binding element (ABRE), which
further supports the regulation by ABA.

MeJa and SA play crucial role in plant defense response pathway. Both these
hormones can induce ROS production in response to pathogen attack (Mur et al.
2006; Zhang and Xing 2008). In the present study, annexins Bra034402, Bra024346,
Bra017102, Bra000090 and Bra008892were found to be upregulated by the MeJa and
SA. Although transcriptional regulation of annexins was reported by these hormones,
their role during plant defense response against pathogens is not explored well. In
tobacco BY-2 cells, an annexin AnnNt12 is induced by abiotic stress treatments as
well as infection by the bacteria such as Rhodococcus fascians and Pseudomonas
syringae (Vandeputte et al. 2007). In another study on the ectopic expression of
AnnBj1l in tobacco, Jami et al. (2008) reported an associated upregulation of disease

resistance related genes in tobacco with resistance against a phytopathogen.

Oxidative stress induced by H,O; significantly increased the transcript levels of
Bra034402, Bra024346, Bra017102 and Bra000090. The mRNA levels of annexins
from Arabidopsis and mustard were induced in response to treatment with H,O..

Previously, heterologous expression of AnnAtlin Escherichia coli AoxyR mutant
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rescues it from peroxide mediated oxidative stress (Gidrol et al., 1996). Similarly, the
mustard annexin, AnnBjl also exhibited in vitro peroxidase activity. Structural
analysis of AnnGhl from cotton revealed that the presence of an unusual sulfur

cluster that formed the molecular basis for oxidative stress response (Hu et al. 2008).

The differential expression pattern of B.rapa annexins can be linked to the presence of
various cis acting elements in the promoter region of these genes. In silico analysis of
the promoter region of these genes showed the presence of MYB binding site
involved in drought inducibility, HSE (heat stress responsive element), LTRE (low
temperature responsive element), TCA-element involved in Salicylic Acid
responsiveness, TC-rich repeats involved in defense and stress responsiveness,
TGACG and CGTCA-motif involved in Mela-responsiveness, BOXW1 (Fungal
elicitor responsive element), ERE ( ethylene responsive element), ABRE involved in

the ABA responsiveness.

AnnB;j2 shared 98% similarity with its B. rapa homolog Bra024346 at amino acid
level. We compared the expression pattern of AnnBj2 to that of its homolog
(Bra024346) in B.rapa. At tissue level both these genes have higher transcript levels
in root compared to other tissues. Both AnnBj2 and Bra024346 were upregulated by
NaCl, MeJa, and SA whereas ABA and H,O, stress showed difference in their
expression pattern. ABA upregulates AnnBj2 whereas it downregulates Bra024346.
H,0, upregulates Bra024346 and the transcripts were maintained upto 24 h of
treatment but AnnBj2 transcripts first decrease within 3 h and then rebounds at 6 h
after treatment. The contrasting difference in the response of these two homologs to
ABA may be due to difference in their cis acting elements.

These dates would provide fundamental knowledge and useful information for further

functional characterization of B. rapa annexins.
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Summary and conclusion

In the present work, we focused on the functional characterization of an annexin
AnnBj2 from Brassica juncea by constitutively expressing it in the native and
heterologous systems. Tissue-specific expression showed that AnnBj1 & AnnBj2 were
the most abundant annexins at the seedling stage. The expression of these two
annexins differred at tissue level at seedling stage. While AnnBjl has similar
expression levels in roots, stem, and cotyledonary petiole, AnnBj2 has relatively
higher expression in roots compared to other tissues. Further, the expression of
AnnBj2 is strongly induced by NaCl and ABA treatment. To study its role in abiotic
stresses, we generated several overexpression lines of AnnBj2 in tobacco and mustard
through Agrobacterium mediated transformation. The transgenic lines were confirmed
by genomic DNA PCR, semi quantitative RT PCR and Southern hybridization.
Phenotypic confirmation of the transgenic nature of the plant progenies was
performed by seed germination assay in the presence of selective agent, kanamycin
(15 mg/ml). Null segregant (NS) were used as control to assess the abiotic stress

tolerance of the transgenic lines.

Constitutive expression of AnnBj2 in mustard and tobacco conferred salt tolerance to
the transgenic plants. We have not observed tolerance in the transgenic plants for
other abiotic and oxidative stresses. Salt tolerance of transgenic plants was associated
with higher chlorophyll retention, proline accumulation and lower levels of lipid
peroxidation compared to that of the NS line. Relative water content of the transgenic
seedlings was found to be higher than the NS line. lon estimations were done to check
the effect of constitutive expression of AnnBj2 on the accumulation of Na*, K and
Ca®" in the leaf tissues. We checked the response of the AnnBj2 transgenic lines to
exogenous application of ABA and sugar (glucose) at seed germination stage. AnnBj2
transgenic seeds showed reduced sensitivity to ABA and glucose at seed germination.
Further we studied the expression of important genes involved in ABA metabolism
and signaling at seed germination stage and observed that AnnBj2 overexpression
modulated the expression CYP707A2, ABI4 and ABI5, which have proven roles in salt
tolerance and ABA insensitivity. Gene expression studies under salt stress revealed
the modulation of the expression of different stress marker genes, which are shown to

be operated in ABA dependent and ABA independent mechanisms.
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The third objective of the present work describes the expression analysis of annexin
homologs in Brassica rapa. Treatment of ABA, Mela, SA, H,O, and MV
differentially regulated the expression of annexin family members of B. rapa. Among
all annexins, transcript levels of Bra034402 showed the highest increase in response
to all the treatments. Comparision of AnnBj2 and its homolog Bra024346 in B. rapa
revealed that although they share 98% similarity at amino acid level, they respond
differently to ABA. This may be due to difference in their cis- acting elements in the
promoters. Promoter sequence of Bra024346 lacks ABRE element.

In conclusion, we have studied the role of AnnBj2 in salt stress by overexpressing it
in mustard, which is the first report of its functional characterization in the native
system. Our results suggest the improved performance of AnnBj2 transgenic mustard
plants under salt stress by maintaining physiological indices and ion homeostasis
needed for growth under salt stress. Gene expression studies suggest the possible
function of this gene in regulating the ABA content of seeds by regulating the
expression of genes involved in ABA metabolism conferring them ABA and glucose
insensitivity. Gene expression of annexin homologs in B. rapa identified Bra034402
as the most highly induced annexin members in response to all the stress treatments
used in our study. Further characterization of this gene is needed for its role in stress

tolerance.
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