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Chapter 1

General Introduction
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Most plants are sessile organisms that are unable to evade unfavorable changes in their environment.
Thus, they have to deal with varied and complex types of interactions involving various environmental
factors. These factors can be abiotic that include drought, salinity, high and low temperatures, chemical
toxicity and oxidative stresses or biotic in the form of pests and diseases. Abiotic stresses adversely affect
growth and productivity in plants and initiate a number of morphological, physiochemical and molecular
changes in them. These abiotic stress factors have a huge impact on world agriculture, and it has been
proposed that they decrease average yields by greater than 50% for most major crop plants (Wang et al.
2003). Additionally, plants must defend themselves from invasion by a vast range of pests and pathogens,
including viruses, fungi, bacteria, nematodes, and herbivorous insects (Hammond-Kosack, Kim 2000).
Pathogen attack results in 10-16% loss of the global harvest (Chakraborty and Newton 2011) and this figure
for pest damage alone is about 14-25% of the total agricultural yield (DeVilliers and Hoisington 2013). Each
stress elicits a complex cellular and molecular response system utilized by the plant in order to reduce
damage and ensure survival, but often at the expense of its own growth and yield (Herms, Daniel A. 1992).
In the course of evolution, plants have evolved specific mechanisms, allowing them to cope up with and
adapt to these stressful abiotic and biotic events. The biology of a cell or cells in tissue is very complicated.
Multiple pathways of cellular signaling that have complex interactions or crosstalk are activated with any
given stimulus from the environment. These interactions probably evolved as mechanisms that enable the
live systems to respond to any form of stress with the activation of relevant biological processes.

Defense response genes in plants are transcriptionally activated by pathogens or by different forms of
environmental stresses. The induction of defense genes expression in response to certain pathogens is
further dependent on humidity and temperature, suggesting the existence of a complicated signaling
network, which allows the plant to recognize and protect itself against pathogens and environmental stress.
Extensive studies in the past have shown that reactive oxygen species (ROS) and calcium function as
secondary messengers in the early response to abiotic and biotic stress. For instance, there is an increase in
cytosolic Ca*? levels in plant cells in response to various abrasive environmental conditions of water stress,
osmotic stress, cold and wounding including pathogen onslaught. This increase in Ca™ concentration in
intracellular spaces, leads to the activation of several simultaneous pathways, activated by several calcium-
interacting proteins such as Ca™ dependent protein kinases (CDPK’s), calmodulin and calcineurin like
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proteins (CBL’s) all of which have structural “EF hand” calcium binding motif (Errakhi et al. 2008; Dey et
al. 2009; Arimura and Maffei 2010; Takahashi et al. 2011). Also, it is well known fact that plants respond to
avirulent microbial invaders as well as to the abiotic stress factors with an oxidative burst (Allan and Fluhr
1997; Lamb and Dixon 1997; Torres and Dangl 2005; Galletti et al. 2008). In this response, O," is generated
by NADPH-dependent oxidases and apoplastic oxidases, which is quickly converted to H,O, by superoxide
dismutase (SOD). This peroxide entity diffuses into the extracellular medium via cell wall and enters into
the cell (Hammond-Kosack and Jones 1996).

Phytohormones also play important pivotal roles in abiotic and biotic stress signaling. ABA is the most
studied stress-responsive hormone, which is extensively involved in responses to abiotic stresses such as
osmotic stress, water stress and low temperature (Wasilewska et al. 2008; Peleg and Blumwald 2011)
whereas phytohormones JA, SA and ET play central roles in biotic stress signaling upon pathogen infection.
Most commonly, the signaling networks involved in biotic defense are mediated by phytohormones and are
dependent on the nature of the pathogen and its mode of pathogenicity. SA plays an important role in the
installation of systemic acquired resistance (SAR) and in the initiation of defense responses against
hemibiotrophic and biotrophic pathogens (Grant and Lamb 2006; Vlot et al. 2009). By contrast, ET and JA
are frequently related to defense against herbivorous insects and necrotrophic pathogens (Bari and Jones
2009). Experimental evidence also established that JA and ET signaling pathways act together whereas SA
and JA are mutually antagonistic. Studies on the mutants coil (jasmonate insensitive) and ein2 (ethylene
insensitive) reported that JA response marker gene PDF1.2 induced by Alternaria brassicicola requires both
JA and ET signaling pathways (Penninckx et al. 1998; Thomma et al. 2001). On the other hand, mutations
in the JA signaling (coil) results in increased basal and, inducible expression of the SA marker gene PRI,
and mutations that disturb SA signaling (nprl) lead to coordinated increase in the induced or basal levels of
the JA marker gene PDF 1.2 (Kazan and Manners 2008).

Many transcription factors, for instance, AtMYC2, RD26, BOS1 and the members of WRKY
transcription family also act as mediators in plant response to abiotic and biotic stress in multiple hormones
signaling pathways (Abe et al. 2003; Mengiste et al. 2003; Wu et al. 2009). Expression profile of
VWWRKY11, AtWRKY39, and AtWRKY53 genes indicate that their protein products are co-regulators in
responses of the plant against pathogens, water and heat stresses (Rushton et al. 2010). Additionally,
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WRKY transcription factors (OsWRKY24 and OsWRKY45) antagonize the function of ABA by
suppression of ABA-inducible promoters, suggesting multifaceted potentiality of these molecules (Qiu and
Yu 2009). The signaling factors or components in plant responses to different abiotic and biotic stress
clearly and most frequently overlap. Usually, the activated signaling cascades operate via synergistic and
antagonistic actions.

The onset of any generic signal transduction pathway in plants initiates with signal perception, followed
by the generation of second messengers that includes Ca**, ROS and inositol phosphates. These second
messengers further regulate the intracellular calcium level. This disruption in cytosolic Ca*"is perceived by
calcium binding proteins, also known as Ca®" sensors. These sensory proteins then interact with their
respective interacting partners and initiate a phosphorylation cascade. These signals finally result in the
expression of specific sub-sets of defense genes that helps in the assembly of overall defense reaction
(Fujita et al. 2006) which ultimately aid the plant to survive and surpass the undesirable stress environment
(Fig. 1.1). Thus, the plant responds to stresses as a distinct entity as cells and synergistically as a whole
organism.

Combination of environmental stresses

L Abiotic ( Biotic
Stress sStress

Perception of stress

e.g. by osmoreceptors, pathogen
recognitionreceptors

Signal transduction )
k'i\:\':spe { ROS Y Hormone
cascades accumulataoy slgnalllng/

Induction of multiple and individual stress-
induced transcription factors \
e.g. HSF, AP2/ERF. WRKY. NAC. MYB.
AREB/ABF, DREB/CBF, Zinc Finger

Post-translational regulation of TFS/

¥

Expression of functional downstream
response genes

e.g. LEA proteins, heat shock proteins, ion channels,
genes involvedin lignin and secondary metabolite
biosynthesis. ROS detoxification. stomatal closure.

growth regulation. cell death

Post-transcriptional regulation )
e.g. by small RNAs J

\ Stress tolerance/resistance )

Source: Atkinson and Urwin 2012; Journal of Experimental Botany.

Figurel.1. Major events in the signal transduction pathway activated in response to biotic and abiotic stresses.

The extracellular stress signal is first perceived by the membrane receptors which then activate large and complex
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signaling cascade intracellularly including the generation of secondary signal molecules. The signal cascade results
into the expression of multiple stress responsive genes, the products of which can provide the stress tolerance directly
or indirectly.

When a plant is subjected to any stress, abiotic or biotic, a number of genes are turned on, resulting in
elevated levels of several metabolites and proteins, some of which may be responsible for conferring a
certain degree of defense against these stresses. Understanding the changes in physiological, biochemical,
and molecular machinery that occur in response to stress and exploiting this knowledge to develop stress
tolerant crops is crucial towards breeding superior and exceeding crops under stress. Additionally, wild
relatives of many plant species particularly crops like wheat, maize, potato, tomato, cotton, tobacco and
sugar cane (Hawkes 1977; Rao et al. 2003) are extremely important as they carry genes for high levels of
resistance to several important biotic and abiotic stresses. Discovery and incorporation of resistant genes
from these wild species to less resistant or susceptible species hold a great potential for genetic enhancement
and sustaining crop improvement and productivity.

Presently, little success has been achieved in developing advanced plants with enhanced stress tolerance
under field conditions by exploiting traditional breeding strategies or techniques (Flowers and Yeo 1995).
Traditional methods are germplasm dependent and consumes a lot of time and resources (Roy et al. 2011),
and are often limited by divergent adverse conditions (Ribaut et al. 1996, 1997; Frova et al. 1999). Hence,
the development of genetically modified or engineered plants by the introduction and/or overexpression of
desired beneficial genes would be a faster and feasible method for the breeding of “‘improved’” plants than
through a conventional breeding method. Additionally, it would be the only choice available when genes of
interest belong to distant relatives, cross barrier species, or originate from non-plant sources.

Current engineering strategies bank on the transfer of one or several genes that encode either end
products of signaling pathways or biochemical pathways under the control of a suitable promoter. The
products of these genes provide shield against environmental stress either directly or indirectly (Bohnert and
Sheveleva 1998; Holmberg and Biilow 1998; Smirnoff 1998). Overexpression of biosynthetic enzymes for
osmoprotectants, scavengers of reactive oxygen species and stress-induced proteins e.g. late embryogenesis
abundant (LEA) proteins are among the approaches reported to develop plants, tolerant to environmental

factors that impose water-deficit stress, such as drought, salinity and temperature extremes (Reguera et al.
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2012; Agarwal et al. 2013). Table 1.1 represents a recent example of transgenic plants engineered for

enhanced resistance to different abiotic stresses exploiting different approaches.

Table 1.1. Examples of transgenic plants engineered for enhanced resistance against various abiotic stresses.

Gene Gene action Species Phenotype Reference

Adc Polyamine synthesis Rice Drought resistance Capell et al., 2004

AtTPS1 Trehalose 6 phosphate synthase ~ N. tabacum Drought resistance & Almeida et al., 2007
sustained
photosynthesis

AhCMO Synthesis of glycine betaine Cotton Improved salt Zhang et al., 2007, 2009
tolerance

CHIT33, CHIT42 Endochitinase synthesis N. tabacum Salt and metal Dana et al., 2006
toxicity resistance

bet A Choline dehydrogenase Maize Drought resistance Ruidant et al., 2004

Cod A Choline oxidase Brassica juncea Tolerance to stress Prasad and Saradhi 2004
induced photo
inhibition

HVAI LEA protein gene Oat Delayed wilting Oraby et al., 2005
during drought stress

wCS19 LEA protein gene Arabidopsis Freezing tolerance N dong et al., 2002

OsLEA 3.1 LEA protein gene Rice Drought resistance Xiao et al., 2007
for yield in field

P5CS Osmoprotectant proline N. tabacum Salt tolerance Konstantinova et al., 2002;

Hong et al., 2000

ProDH Osmoprotectant proline Arabidopsis Salt tolerance Nanjo et al., 1999
Stpd1 Osmoprotectant sorbitol N. tabacum Oxidative stress Sheveleva et al., 1998
tolerance
CBF1, CBF3, CBF4 Transcription factor Arabidopsis Freezing, salt & Liu et al., 1998; Gilmour et
drought tolerance al., 2000; Haebe et al.,
2002
SCOF1 Transcription factor Soybean Tolerance to chilling Kim et al., 2001
and freezing
OsDREBI Transcription factor Rice Drought, salt & Dubouzet et al., 2003
freezing tolerance
MnSOD AOS metabolism Alfa alfa increased winter Mckersie et al., 2000
survival
SbwAFP Anti-Freeze Protein N. tabacum Freezing tolerance Holmberg et al., 2001
AnnBl Ca*? dependent phospholipid Cotton Improved salt tolerance,  Divya et al., 2010
& cytoskeleton relative water content
binding protein and dry weight
Apx3 Ascorbate peroxide Tomato Chilling & salt Komye et al., 2003
tolerance
AtMDARI1 Monodehydro ascorbate N. tabacum Ozone, salt & PEG Eltayeb et al., 2007
reductase, Ascorbate tolerance
regeneration
GST Glutathione S- transferase Rice Salt & chilling resistance Zhao & Zhang 2006
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AtNHX1 Vacuolar Na'/H" antiporter Arabidopsis Salt tolerance, He et al., 2005, 2007

increased
biomass
AVPI Codes Vacuolar Arabidopsis Drought & salt Pasapula et al., 2011
Pyrophosphatase tolerance
SP1 Hsps and molecular Populus tremula Salt and drought Wang et al., 2003
Cheperones tolerance

Application of same biotechnological approach has enabled researchers to transform plants for increasing
their tolerance against varied biotic stresses as well. Based on the molecular basis of plant pathogen
interactions, several strategies have emerged for development of crop varieties resistant to pathogens. The
easiest approach in developing genetically engineered plants resistant to fungal diseases entails the
constitutive expression of a single or a combination of defense related genes in transgenic plants. The
strategies utilized to obtain disease resistant plants include the manipulation of resistance by expression of
antifungal peptides (defensins), pathogenesis related (PR) proteins, and manipulation of phytoalexins
biosynthesis genes (Sanghera et al. 2011; Tohidfar and Khosravi 2015). The expression of genes for
antifungal, insecticidal, antiviral, antibacterial resistance and herbicide detoxification for herbicide
resistance are also in practice.

Strategies to achieve fungal resistance exploit plant genes acting at different levels of the plant defense
system against pathogens. Glucanase and chitinase genes have been used in several crops and have met with
success in some cases by providing significant protection (Jongedijk et al. 1995; Tohidfar et al. 2012). Virus
resistance is mostly achieved by introducing gene sequences deduced from pathogenic viruses into the crop
genome using gene silencing, antisense RNA and RNAI techniques (Zhang et al. 2005; Ramesh et al. 2007).
Other partially successful strategies include genes for toxin detoxifying enzymes. However, the tried
approach to enhance resistance against bacteria have not achieved desirable levels of protection yet. The
developing knowledge and understanding of plant defense mechanisms are expected to enhance resistance
levels in this field in the near future (Swathi Anuradha et al. 2008; Takakura et al. 2008).

Presently, the resistance of transgenic plants to pathogens, pests and herbicides have been achieved in
almost 20 different crops including wheat, rice, barley, cotton, maize, oilseed rape, sugar beet, tobacco,
potato, squash, soybean, alfalfa, tomato, and papaya. Very high levels of resistance to insect, pests, and viral

diseases have been achieved so far while examples of fruitful protection to bacterial and fungal diseases are
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still scarce. Table 1.2 represents some of the transgenic crops engineered for enhanced resistance against

different pathogens.

Tablel.2. Examples of transgenic crops engineered for enhanced resistance against different pathogens.

Gene Plant Stress Reference

Viral coat protein Squash Resistance to Cucumber Mosaic Virus ~ USDA, 2000

Viral coat protein Papaya Resistance to Papaya Ring Spot Virus USDA, 2000

Viral coat protein Soybean Soybean dwarf virus Tougou et al., 2006

Class of Xa21l genes Rice Bacterial blight resistance Song et al., 1995

Chitinase Rice Fungal disease resistance Itoh et al., 2003

Rpsi-k Soybean Phytophthora Gao et al., 2005

Potato Defensins (alfAFP)  Resistance to Alfalfa Gao et al (2000)
Verticillium dalhiae

Bean chitinase Cotton Fungal disease resistance Tohidfar et al., 2005

Cowpea serin PI Rice Stem borer Duan et al., 1996

cryllIB (Bt toxin) Eggplant Leptinotarsa decemlineata Iannacone et al., 1997

crylH (Bt toxin) Maize European corn borer Jansens, 1997

Snow drop lectin Potato Potato aphid Gatehouse, 1997

Barley trypsin inhibitor Rice Insect resistance Alfonso-Rubi et al., 2003

crylA (Bt toxin) Soybean Insect resistance Macrae et al., 2005

crylAc Chickpea Insect resistance Sanyal et al., 2005

crylAb (Bt toxin), Cotton Cotton bollworm Tohidfar et al., 2008

cry3a (Bt toxin) Alfalfa Insect resistance Tohidfar et al., 2013

Nitrilase Maize Bromoxynil USDA, 2000
(herbicide) resistance

Glufosinate N- Soybean Herbicide resistance Castle et al., 2004

Acetyltransferase

Glufosinate N- Soybean Dicamba Behrens et al., 2007

Acetyltransferase (herbicide) resistance

Aryloxyalkanoate Corn 2,4-D (herbicide) Peterson et al., 2012

dioxygenase enzymes (aad-1) resistance

aad-1 Soybean Dicamba Davis, 2012

(herbicide) resistance

Source :Tohidfar and Khosravi 2015; Biotechnol. Agron. Soc. Environ.

Despite the present issues concerning transgenic plants, the cultivation area of transgenic crops for

resistance against biotic stresses is rapidly expanding each year with many of them being commercially
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released and produced. Considering the production trend of these crops, it is expected that the production as
well as commercialization of genetic modified (GM) crops tolerant to abiotic stresses (salinity, drought,
extreme temperatures etc.) will materialize in near future as well.

To set a foot ahead and contribute in this expanding field of transgenic research, in the present study we
have selected two genes and their functional characterisation studies has been done. First gene, Late
Embryogenesis Abundant gene (4dLEA) from wild peanut Arachis diogoi is involved in giving protection to
plants towards abiotic stresses whereas the second gene, an in vitro generated variant of defensin (a-7vDI)
gene from the weedy legume Tephrosia villosa imparts tolerance against various biotic stress inducing
pathogens. Both the characterization studies were done in vivo by raising transgenic tobacco plants for the
respective genes and the detailed observations on the transgenic tobacco plants are reported here. This study

was undertaken by framing the following objectives.

Objectives

1. Functional characterization of an atypical group 5C Late Embryogenesis Abundant protein (4dLEA)

from wild peanut Arachis diogoi for manipulation of abiotic stress response in transgenic tobacco.

2. Functional characterization of an in vitro generated variant of the defensin 7vD/ from the weedy
legume Tephrosia villosa and its comparative analysis with native defensin for biotic stress

responses in transgenic tobacco.

21



Chapter 2
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2.1 Introduction

Plants are exposed to multiple environmental stresses throughout their life cycle. Natural selection and
survival of the fittest have incorporated well developed multi-pathway, multi-level and multi-scale stress-
tolerant strategies in plants involving anatomical, physiological, biophysical, biochemical, genetic and
developmental modifications. Water deficit caused by dehydration is the most common abiotic stress to
which land plants are exposed which impact plants by directly reducing their survival in the natural
environment and their productivity in agriculture (Bray 1997). Water deficit is also triggered by osmotic
stress due to high salinity or chilling which often results in increased cellular levels of ABA (Zeevaart and
Creelman 1988). These elevated levels of ABA consequently induce the expression of stress-related genes
and adaptive physiological responses (Cramer et al. 2011; Raghavendra et al. 2010a). Various dehydration
induced genes have been identified in a wide range of plant species; their functions have been predicted
from their deduced amino acid sequences. However, the exact function of some genes is still unknown.
Since the molecular basis for plant tolerance to water stress is not unraveled completely, functional
characterization of the genes induced during dehydration is a next logical step in addressing the molecular
mechanism of the plants in response to water stress. Under water-deficit conditions, a typical change in gene
expression is the induction of genes involved in the synthesis of osmotically active compounds compatible
with metabolism. These are low-molecular weight solutes that accumulate in the intracellular compartment
for osmotic adjustment most common examples are the non-reducing disaccharide, trehalose and Late
Embryogenesis Abundant (LEA) proteins (Ingram and Bartels 1996; Ramanjulu and Bartels 2002). Non-
reducing disaccharides function as water replacement molecules and vitrification agents and contribute to
the formation of bioglasses. These intracellular bioglasses confer long term protection during dry state. In
plants LEA proteins are synthesized and stored during seed maturation and are the major seed proteins
involved in bioglass formation (Ingram and Bartels 1996; Bray 1997).

2.2 Late Embryogenesis Abundant (LEA) proteins

LEA proteins are highly hydrophilic proteins, which were first identified in cotton as proteins that
accumulate during late maturation stage of embryo development in cotton seeds (Dure et al. 1983). In

plants, most of LEA proteins and their mRNAs accumulate to high concentrations in embryo tissues during
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the last stages of seed development when desiccation occurs (Baker et al. 1988; Bies-Ethéve et al. 2008). In
most plants, the final stage of seed development maturation is initiated by a reduction in seed water content,
which will eventually drop to about 10% (Goldberg et al. 1989). LEA proteins are accumulated in this final
stage, in contrast to storage proteins which appear earlier. Moreover, their mRNAs are maintained at high
levels in the dehydrated mature embryos, while transcripts of storage protein genes are completely degraded
during the last embryogenesis stage (Goldberg et al. 1989). Since orthodox seeds acquire the ability to
withstand severe dehydration at this stage, LEA proteins have been associated with desiccation tolerance
(Cuming 1999). Members of the LEA family seem to be ubiquitous in the plant kingdom. Since their first
description, LEA proteins have been identified and characterized in different plant species ranging from
algae (Honjoh et al. 1995) moss (Saavedra et al. 2006), ferns (Raghavan and Kamalay 1993), angiosperms
and gymnosperms. In addition, they have now also been identified in some microorganisms (Garay-Arroyo
2000), fungi (Abba’ et al. 2006), protozoa, rotifers, nematodes (Browne et al. 2004), insects and crustacean
(Tunnacliffe and Wise 2007). The expression of LEA proteins is not restricted to embryonic tissues but also
occurs in vegetative tissues of plants in water deficit conditions during various environmental and
physiological stresses. Their expression can also be induced in response to exogenous application of abscisic
acid, drought, high salinity, sub-optimal temperatures and osmotic conditions on plants implying their role
in abiotic stress tolerance mechanism in plants (Dai et al. 2007). However, their precise functions still
remain unclear.
2.3 Classification of LEA proteins based on protein structure and motifs

The traditional criterion to classify the LEA proteins was based on the sequence homology of amino
acids and conserved motifs from different plants, which presumably undertake different functions during the
periods of water deficit (Dure et al. 1989b). However, with increasing information available on newly
described members, differences in expression profiles, description in organisms other that plants and the
new bioinformatics tool, different criteria to classify LEA proteins were demonstrated. Presently
nomenclature of LEA proteins is different according to different classification methods. Table 2.1 compares
classification systems proposed by different groups. According to the classification introduced by

Battaglia’s group, LEA proteins are classified into seven distinct families (Battaglia et al. 2008). Groups 1,
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2, 3, 4, 6, and 7 are hydrophilic and have specific motifs within each respective group, hence considered
“typical” or genuine LEA proteins. Nevertheless, groups 1, 2 and 3 are considered the major LEA groups
containing most members of the protein family and LEA proteins belonging to these groups are collectively
called as hydrophilins. Since group 5 lacks a significant motif or consensus sequence and also contain a
significantly higher proportion of hydrophobic amino acids, it is considered an “atypical” LEA protein
group (Battaglia et al. 2008). Group 5 LEA proteins are non-homologous proteins, which on the basis of
sequence similarity are further divided into 3 subgroups corresponding to the first described proteins in this
group, 5A (D-34), 5B (D-73) and 5C (D-95) (Cuming 1999; Battaglia et al. 2008). According to Pfam
database, this subgroup is classified as SA (SMP), 5B (LEA_3) and 5C (LEA_2), with corresponding Pfam
No’s PF04927, PF03242, and PF03168 respectively. The inventory of LEA proteins was first performed in
the Arabidopsis thaliana genome where fifty LEA genes have been identified (Bies-Ethéve et al. 2008). In

rice the lea genome comprises 33 genes, 36 in grapevine and 33 in poplar (Hundertmark and Hincha 2008a).

LEA  protein  database (LEAP db) is publicly available at  http:/forge.info.univ-

angers.fr/~gh/I eadb/index.php (Hunault and Jaspard 2010).

Table 1. Different nomenclature of the given LEA protein groups with time-introduction of class nomenclature.

Bies-

Dure Tunnacliffe Estheéve Hundermark
Pfam et al., Bray and Wise Battaglia et al.,, et al., and Hincha LEAP db

1989 1993 2007 2008 2008 2008 2010
PF00257 D11 Group 2 Group 2 Group 2 Group 2 dehydrin Classes 1 to 4

D19 Group 1 Group 1 Group 1 Group 1 LEA 5 Classes 5
PF00477 D132

D7 Group 3 Group 3 Group 3A Group 6 LEA 4 Classes 6
PF02987 D29 Group 5 Group 3B
PF03168 D95 Group 5C Group 7 LEA 2 Classes 7 and 8
PF03242 D73 LEA 5 Group 5B Group 6 LEA 3 Classes 9

Group 4 Group 4 Group 4A Group 4 LEA 1 Classes 10

PF03760 D113 Group 4B
PF04927 D34 Group 6 Group 6 Group 5A Group 5 SMPO Classes 11
PF03168 Group 6 Group 8 PvLEAIS Classes 12

Group 5A

LEA protein amino acid sequence analysis recognizes seven different groups, each one showing
distinctive motifs (LEA1-LEA7). In particular, for groups 2, 3 and 4 different protein variants have been

found showing a particular organization of their corresponding motifs. Similarity in sequences has not been
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detected among the seven LEA protein groups. However, group 5 LEA proteins have higher structural
order, high heterogeneity and lack distinct conservative sequence motifs. Schematic representation of motifs

distinctive for each LEA protein group are representated in Figure 2.1 and Table 2.2.
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Source: Battaglia et al., 2008; Plant Physiology.
Figure2.1. Array of the distinctive motifs in the LEA protein groups. Each block contains a schematic
representation of the arrangement of the motifs that distinguish each group of LEA proteins and their corresponding
subgroups. Although similar colors and numbers indicate the different motifs for each group, they do not imply any

sequence relation among the motifs in the different blocks. The amino acid sequence corresponding to each motif



represented here is shown in Table 2. The range of protein sizes in each group is indicated at the top of each block, in
number of amino acid (aa) residues.

Table 2.2. Consensus amino acid sequences of the different motifs characteristic of each LEA protein group

GROUP MOTIF CONSENSUS SEQUENCE

LEA 1 1 T VV P G GT GG HKGBSL E AGQE WL A E

(D-19) ™
PF0O0477 2 T R K E QL @7 E GVY GQE MG REKGG L

Y] € K
3 D K S G G E R A A E E G [ D E S K F
E E ® D ¥
LEA 2 K E K K GI M D KI K E KL P G
L3 L L E D 1
(D-11) R M K
F
L H R S G S Ws 8 § S S DD D
PF0O0257 s " H S E E_E
Y L3 D E Y G N P V H
aQ v ) Q
EA G G V L oo T G E a Vv
L‘D_,? b 8 F s A K
A A D AV K H T L G M
PFO2987 2 T8 = -
T
3 T A G A A ] T S8 B
s E a a
5% ey E A A K Q A S E
T A Q T E ~
4 s Y K A G E T K G R K T
L3 ALK A
Q
LEA 3 o T A E KA GETY KDY
(D-29) . e
T V E K A K E A K DT
PF02987 4 - .5 - -4
~M
2* A Y E K A G S A K ~M
D A
3* A A QO K A KD ¥ A D
s E o
T 5
5 E s w T E WA K E L]
A G (=]
LEA 4 A O E K A E K AT A RDTP x E K E M A HE K KE A K
v E v r M T H T L3 a I T a R K E R
(D-113) r
PFO3760 2 M G 5 A K E K A 8 N M A A S A K A G E K T K A K
E A T v A D V G S " E K v D T
T L9 -3
3 E A E M D K H Q A K A HHAAE K Q
a K E L QAERE N R E A E
E
a L3 G T H O M S A L P G H G G a P T G M V V E G
G M A T L A T D
-

LEA 6 1 L E D Y K MmGQ G Y G T G H a a K P G R G
(LEA-‘S' R:A A E L§VSDVPH
PF10714 2 G 85 T D AP T L S GG A V

s G E ] L ~
- T
3 T O AT N RHWHGV P
T Q
- G L P T E T s P Y V¥V
Q v D D P T
5
LEA 7 1 A A G A YT AL HE K HKATRKTEKTGDUPTEH HAHR®RM MARIK.LI
(ASR) ¥ -
E 1 A A A A AV G A G G | AT H E H H E K K E A K
PFO2496 2 v v ~ s Y Vv ¥ (=] D D H
3 D Y K E E K H H K H M E H L G E L G AV
L3 L3 L aai ™M T M
4 H H H H L F HHHKD
w F R K a a
5 E B = = E A H G K K H H H L ¥
L3 Do a H E ¥
The color in letters indicates the type of amino acid. Non-polar: violet = aliphatic (A, V, G, M, L, |, P);
rey aroma (Y. W. F); Polar: green = uncharged (S, Q, N, T); blue = positively charged (R, K, H);
red = negatively charged (D, E)

* 11-mers as described by Dure (2001).
Source: Battaglia et al., 2008; Plant Physiology.

2.4 Sub Cellular Localization and Expression Profiles

LEA proteins from different groups show no inclination or preference for a specific subcellular
localization in a cell. Subcellular localization studies of LEA proteins implicate that they are not
transmembrane proteins rather they were found to be expressed in almost all cellular compartments
including the chloroplast (N Dong et al. 2002) mitochondria (Grelet et al. 2005; Tolleter et al. 2010)
cytoplasm (Mundy and Chua 1988; Goyal et al. 2005) nucleus (Colmenero-Flores 1999; Gai et al. 2011);

(Duan and Cai 2012) endoplasmic reticulum (Ukaji et al. 2001) vacuole (Heyen et al. 2002) and even in
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vicinity of plasma membrane (Danyluk et al. 1998). Most LEA proteins from the different groups are
accumulated during embryo development in the dry seed.

Transcripts from group 5 LEA proteins accumulate during the late stage of seed development and in
response to stress conditions, such as drought, UV light, salinity, cold, and wounding (Maitra and Cushman
1994; Stacy et al. 1999; Zegzouti et al. 1999; (Boucher et al. 2010). Localization studies in maize showed
localization of Rab28 in the nucleolus of scutellar cells of mature dry embryos (Niogret et al. 1996). RcLEA
group 5 LEA protein of Rosa chinensis was reported to be a cytoplasm localized protein (Zhang et al. 2014)
whereas SILEA14 from Foxtail millet and JcCLEA from Jatropha curcas were found to be localized in both
nucleus and cytosol (Wang et al. 2014; Liang et al. 2013).

2.5 Structure of LEA proteins

The structural characterization study of a LEA protein was initiated by McCubbin et al., way back in
1985, who used a variety of biophysical techniques to study the wheat group 1 protein, Em and reported that
this protein lacks expected structural compactness, with an asymmetrical and flexible conformation, and has
less secondary structure (i.e. o- helix or B-sheet) with 70% of the protein behaving as random coil. This
largely unstructured nature of Em was attributed to its high hydration potential owing to the rare abundance
of amino acids Gly, Glu, and Gln (McCubbin et al. 1985). Since then, structural studies of many LEA
proteins have been done, most proteins were observed to have an unfolded structure in hydrated state (Goyal
et al. 2003; Boudet et al. 2006; Tunnacliffe and Wise 2007).

Lack of conventional secondary structure means that members of the major LEA protein groups are
included in the large class of proteins variously called “natively unfolded”, “intrinsically disordered” or
“intrinsically unstructured” (Uversky et al. 2000; Tompa 2002). This also explains the reason for failed
attempts to crystallize purified LEA proteins for X-ray crystallography (McCubbin et al. 1985; Goyal et al.
2003. [There is just one report of the solution structure of Leal4 from Arabidopsis thaliana (Singh et al.
2005), which belongs to atypical group 5 LEA protein]. Such lack of structure clearly has implications for
LEA protein function since it is unlikely that they have any catalytic function if they are almost entirely

unfolded unless they are induced to fold by co-factor or substrate binding.
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Many natively unfolded proteins are known to undergo increased folding under some conditions, usually,
when they bind a partner molecule or cation (Uversky et al. 2000). Environmental conditions can also affect
folding, and several LEA proteins become more structured when dried. (Wolkers et al. 2001) showed by
FTIR that a small (8 kDa) group 3 LEA protein from Typha latifolia became largely a-helical when dried
rapidly whereas slow drying resulted in intermolecular -sheet formation, as well as a- helix. Similarly, the
group 3 LEA proteins AavLEA1 from nematode Aphelenchus avenae (Goyal et al. 2003) and LEAM from
pea mitochondria (Tolleter et al. 2007) also gain structure on drying. Li and He (2009) while working with a
66-amino-acid fragment of AavLEA1 reported many of these properties through molecular dynamics
simulation technique (Li and He 2009). Water was removed from 83.5 wt % to 2.4 wt % during the course
of experiment. As water is removed, the protein progressively assumes a more folded conformation. At 83.5
wt %, LEA protein is completely solvated. At 50% water between 83.5% and 50.4%, the protein is
unstructured. In this range and below this point, water molecules no longer are sufficient to fully solubilize
the protein. At less than 20% water, the protein becomes more dehydrated and begins to adopt significant
secondary structure. a-helical structure is apparent, and hairpin-like structures are formed. At 2.4% water,
the structure is very similar to that in the complete absence of water (Figure 2.2). The structural changes
observed at very low water percentage suggest a functional role for the proteins in dry state rather than in
the hydrated state (Goyal et al. 2003; Tolletar er al 2007; Li and He 2009). This property of some LEA
proteins to gain structure under some conditions might have an important functional implication in their

physiological roles (Olvera-Carrillo et al. 2011).
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50.4 wt% H,0

Source: Hand et al. 2011, modified from Li and He 2009; Biomacromolecules.

Figure 2.2: Representative conformations of the 66-amino acid fragment of a LEA protein (AavLEA1) from
nematode Aphelenchus avenae at different water contents. The smaller water molecules (grey and red) are depicted
in the line style, and the larger LEA protein molecules are denoted using the solid ribbon style (a- helix, red; - sheet,

green; random coil, grey).
2.6 Biochemical properties of LEA proteins

LEA proteins are variable in size, ranging from 5 to 77 kDa among most groups. They can be basic, acid
or neutral. Group 1 proteins are acidic to neutral; group 2 comprises proteins with different pls and groups 3
are neutral to basic (Amara et al. 2014). Most of the biochemical properties of LEA proteins are of a
consequence and resultant of their hydrophilic nature and unusual amino acid composition. Although
significant similarities do not occur between the members of the different groups, a unifying and
outstanding feature of most of them is their high hydrophilicity, high content of Gly, abundance of certain

amino acid residues such as Glu, Ala, Lys/Arg, and Thr and lack or low proportion of Cys and Trp residues
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(Baker et al. 1988; Close et al. 1996; Garay-Arroyo 2000; Oliveira et al. 2007). This high hydrophilicity is
likely to be the reason for their lack of conventional secondary structure in the hydrated state. Nevertheless,
most of them are intrinsically unstructured proteins and exist prominently as randomly coiled proteins in
hydrated state as well as in solutions (Goyal et al. 2003). Since heat-induced proteins aggregation results
from their partial denaturation and association via exposed hydrophobic regions, a phenomenon that cannot
happen in hydrophilic and natively unfolded proteins in solution (Wise et al. 2003). Hence, the ability of
LEA proteins to remain soluble at high temperatures is probably associated with their hydrophilic,
unstructured nature as well (Close et al. 1996) Additionally, during SDS- PAGE, they have a tendency to
migrate at a higher molecular mass than the one predicted from their deduced amino acid sequences The
aberrant mobility of this type of proteins in SDS-PAGE is rather caused by the reduced interaction between
SDS and charged amino acid residues due to their unstructured nature (Gentile et al. 2002).
2.7 LEA protein functions
2.7.1 Transgenic studies

Since the discovery of first LEA proteins in cotton, research has been centred on elucidating the role and
function of these proteins in plants and there is enough evidence to support the role of LEA proteins in
enhancing plant tolerance towards various abiotic as well as biotic stresses. Most attempts to understand
their functions had been aimed at over expressing the concerned gene in different plant species, yeast or
bacteria. Overexpression of barley (Hordem vulgare) HVA1 in wheat (Triticum aestivum) and rice (Oryza
sativa) conferred enhanced drought tolerance (Xu et al. 1996; Sivamani et al. 2000). Protein from tomato
(Solanum lycopersicum) LE25, improved tolerance against high salinity and freezing when expressed in
Saccharomyces cerevisiae (Imai et al. 1996). In addition, freezing tolerance of Arabidopsis is increased by
overexpression of wheat WCS19 or Arabidopsis Corl5A (Shimamura et al. 2006; Artus et al. 1996).
Likewise, overexpression of LEA proteins from different species in Arabidopsis, wheat, tobacco, rice,
lettuce, maize or cabbage produces improved abiotic stress tolerant phenotypes (Hong-Bo et al. 2005;
Leprince and Buitink 2010; Amara et al. 2014). However, overexpression of individual genes encoding LEA
proteins from Craterostigma plantagineum and spinach (Spinacia oleracea) in tobacco does not lead to any

significant changes in freezing or drought tolerance (Iturriaga et al. 1992; Kaye 1998). These results indicate
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that either all LEA proteins do not have important roles in stress tolerance or that they require other factors
for activation (Hundertmark and Hincha 2008). Nevertheless, there are elaborate and extensive studies to
correlate the expression of LEA proteins or their genes with stress tolerance. However, the specific
molecular functions of LEA proteins are still not clear and by far they have been proposed to act as
hydration buffers, membrane protectants and, stabilizers, antioxidants, organic glass formers and/or ion
chelators (Tunnacliffe and Wise 2007).

2.7.2 In vitro studies; Protein stabilization and molecular shield function

There are several reports which establish the fact that LEA proteins can preserve enzyme activity in vitro
after freezing, partial dehydration or desiccation (Goyal et al. 2003; Grelet et al. 2005; Reyes et al. 2005).
One proposed mechanism of protection is the prevention of protein aggregation, induced by water stress;
(Chakrabortee et al. 2007; Hatanaka et al. 2013). Many proteins, including the enzymes like lactate
dehydrogenase, citrate synthase, and fumarase form insoluble aggregates when frozen or dried, but in the
presence of LEA proteins this aggregation is very much reduced. Additionally, Group 2 LEA proteins can
also prevent protein aggregation as a consequence of heat stress (Kovacs et al. 2008a). The anti-aggregation
properties of group 3 LEA proteins have been reported in mammalian cells as well, where a LEA protein
from nematode A. avena, AavLEAI1 reduced aggregate formation of overexpressed aggregation-prone
proteins (Figure 2.2) (Chakrabortee et al. 2007).

A “molecular shield” activity has also been proposed for LEA proteins (Goyal et al. 2003). In the course
of gradually increasing dehydrating environment of cytoplasm, LEA proteins could reduce the interaction
between partially denatured polypeptides and avert their aggregation. The shield proteins probably have a
space-filling activity, which helps in preventing cell collapse as it loose its water content. Another functional
hypothesis proposed for LEA proteins is the chaperone activity (Kovacs et al. 2008a; Tunnacliffe and
Hincha, 2010). LEA proteins resembles a “holding” molecular chaperone, which functions in the cell by
passively stabilizing protein species in a partially unfolded state and preventing aggregation during the
stress. Though LEA proteins resemble chaperones, they are distinct from classical folding chaperones in a
way that they lack structure and do not form transient complexes with their target proteins through
hydrophobic surfaces, owing to their hydrophilicity. Also, they function without ATP, in contrast to
classical chaperones which require ATP (Olvera-Carrillo et al. 2010; Reyes et al. 2005). The two functional
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mechanisms are not very distinct and both activities might contribute to avoid damage in relation to
desiccation tolerance (Tunnacliffe and Hincha, 2010) Figure 2.3 illustrates a hypothetic model for the

function of LEA proteins and other hydrophilins.
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Figure 2.3. A hypothetic model for the function of LEA proteins and other hydrophilins. (A) illustrates an
example, where an enzyme suffers conformational changes under moderate water deficit that leads to a decrease in its
activity and under more severe stress conditions, more critical structural modifications lead to the exposure of
hydrophobic residues (red shadowing). The presence of LEA proteins (hydrophilins) (green strand) prevents changes in
the conformation of the enzyme, as a result of which the enzyme retains its activity, under water limitation conditions.
This effect can be achieved at a 1:1 hydrophilin: enzyme ratio under moderate water stress; however, under severe

dehydration, the action of more than one hydrophilin per enzyme molecule could avoid further conformational changes
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that may lead to protein aggregation. (B) Under certain environmental conditions, LEA proteins or other hydrophilins
could act as molecular “knobs” to modulate the activity of their ligands by inducing light structural modifications upon

binding.

2.7.3 Membrane Protection

It is imperative to protect membranes and sustain the cellular and organellar integrity during desiccation.
LEA proteins are highly soluble polypeptides owing to their hydrophilic nature, which do not interact with
cellular membranes in hydrated conditions. However, some LEA proteins could protect membranes in the
dry state by interacting with sugars through H-bonding networking (Hoekstra et al. 2001). It has been
proposed that LEA proteins provide protection in the dry state by possibly forming inter- or intra-molecular
helix bundles within membranes in a dehydrating cell. Among LEA proteins, group 2 dehydrins like wheat
WCOR414, and Arabidopsis LTi29 acidic dehydrins were found to be localized in the plasma membrane
vicinity during cold acclimation (Danyluk et al. 1998; Puhakainen et al. 2004). It has been proposed that the
K-segment, a 15-mer Lys-rich signature sequence of dehydrins might be involved in membrane binding
(Close et al. 1996). DHN (Rab17), native and recombinant dehydrins of maize bind to anionic lipid vesicles
in vitro. This binding results in an increase in amphipathic a-helix (a structural element, which interacts with
membranes and proteins). Both binding and enhancement in conformation were attributed to the K-segment
(Koag et al. 2003; Koag et al. 2009). Recently, group 2 Lti30 LEA protein has been analyzed in vitro and
the role of dehydrin K-segments in the binding to membranes and the significance of the flanking His side
chains in the interaction between the K-segments and membranes in a pH-dependent manner has been
reported (Eriksson et al. 2011). Studies of a group 3 LEA protein (LEAM), found to be localized in pea
mitochondria, unfolds another mechanism by which an LEA protein could interact with a membrane and
contribute protection in the dry state (Tolleter et al. 2007).

To conclude, although absence of definite structure and lack of hydrophobicity suggest that LEA proteins
should act in soluble compartments of cells, still membranes seem to be very important targets for these
unusual proteins. It has been anticipated that specific LEA proteins upon folding during desiccation or

freezing may contribute to membrane protection (Tunnacliffe and Hincha, 2010).
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2.7.4 Ton binding and antioxidant function

During dehydration, there is an increase in the concentration of intracellular components, which include
ions as well. Increased ionic concentration can have potentially damaging effects on macromolecular
structure and function. It has been suggested that LEA proteins, due to the presence of many charged amino
acid residues in their structure might act to sequester ions (Dure 1993; Danyluk et al. 1998) . Ca®" binding
property had been proposed for both groups 2b and 3a proteins (Wise and Tunnacliffe 2004). A dehydrin
related protein from celery (Apium graveolens) had been shown to bind Ca®* when phosphorylated and was
located in the vacuole (Heyen et al. 2002). Group 2 acidic proteins, ERD10, ERD14 and, COR47 were also
reported to exhibit phosphorylation-dependent Ca™ binding. Mass spectrometry data suggested
phosphorylation sites to be located in the serine motif of these proteins (Alsheikh et al. 2005). Studies have
shown that group 2 LEA proteins can bind a number of other metal ions as well. His residues, which are
present in abundance, in most group 2 LEA proteins are proposed to be the factors responsible for these
interactions (Svensson et al. 2000). The antioxidant properties as well as in vitro scavenging activity for
hydroxyl radicals demonstrated and reported for the citrus CuCOR19 protein might be linked to this metal
binding property of these proteins (Hara et al. 2005a). To conclude, LEA proteins might curtail oxidative
stress in cells during dehydration by scavenging ROS and/or by sequestering metal ions, the source of ROS
generation (Tunnacliffe and Wise 2007).
2.7.5 Other Functions; organic glass formation and hydration buffers

Another important function of LEA proteins might be their contribution to the formation of tight glass
matrices (biological glasses) with sugar moieties in desiccated cells. When the water content reduces below
10% on a dry weight basis in a desiccating cell, the cytoplasm vitrifies and enters into the so called “glassy
state” (Buitink and Leprince 2004). The formation of intracellular glasses is crucial and imperative for
survival of the plants in the dry state. LEA proteins get accumulated to high levels in seeds (Roberts et al.
1993) and increase the density of the sugar glasses by enhancing the hydrogen-bonding of the LEA/ sucrose
mixture (Buitink and Leprince 2004). Based on the hydrophilic nature of LEA proteins, hydration buffer
function has been proposed for them for reducing the rate of water loss during dehydration. Hydration
buffers let on ample water activity for proteins to retain function during osmotic, freezing or, partial drought
stress (Garay-Arroyo 2000). Hydration buffer activity for LEA proteins was proposed through functional
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studies on groupl LEA protein Atm6 employing an Arabidopsis knockout mutant whose seeds exhibited
premature dehydration (Manfre et al. 2006).
2.8 The Versatility of LEA Proteins

Interestingly, among LEA proteins, proteins with similar sequences might show different structure and in
vitro properties, which is to say that a single LEA protein might have more than one function. (Nakayama et
al. 2007; Lin and Thomashow 1992). The group 3 mitochondrial protein LEAM can protect, both proteins
and membranes. Similarly, the chloroplast LEA-like protein COR15am is also reported to exhibit both
functions (Tolleter et al. 2007); a group 2 LEA protein from Citrus shows antioxidant, nucleic acid and, ionic
binding properties (Hara et al. 2005b). Exhibiting more than one function is a common feature among many
proteins and it is more likely to emerge comparatively in unfolded proteins, rather than in folded ones
(Kovacs et al. 2008a). This versatility or ambidexterity may be a common element of LEA proteins endowed
by their unfolded, unstructured nature in solution, which make them truly multi-talented, multi-functional
proteins.
2.9 Biotechnological Applications of LEA Genes

Positive response of LEA proteins in overall plant stress tolerance mechanism is unarguable. Genetic
engineering technology allows the overexpression of LEA proteins in plants, which results in developing a
variety of plants with improved tolerance against environmental stresses most often related to salinity or
drought stress. The LEA transgenic plants with elevated growth rates and decreased wilting of aerial parts
under laboratory as well under field trials have been reported demonstrating the potential of these proteins in
developing crops more tolerant to varied stresses (Leprince and Buitink 2010). Apart from agronomical
purposes, the property of LEA to prevent aggregation of proteins could be exploited for other
biotechnological applications as well. The usage of a group 3 LEA protein as a fusion partner helps
expression of recombinant recalcitrant proteins in a soluble form in E. coli (Singh et al. 2009). Additionally,
the anti-aggregation properties had been demonstrated in vivo also in another group 3 LEA protein. The co-
expression of group 3 AavLEA1 LEA protein along with aggregation-prone proteins having larger

polyglutamine (polyQ) or polyalamine (polyA) sequences substantially reduces the expansion of protein
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aggregates in mammalian cells. This anti-aggregation property can be further exploited in studies associated
with neurodegenerative diseases (Chakrabortee et al. 2010).
2.10 Atypical Group 5 LEA proteins

Since group 5 protein members lack a significant motif or consensus sequence with a significantly higher
proportion of hydrophobic amino acids, they are considered as atypical LEA proteins (Battaglia et al. 2008).
Because of their hydrophobic nature and higher structural order, these LEA proteins are not classified under
“Hydrophilins”. A distinct property of group 5 members is that they are insoluble after boiling suggesting
that they are probably heat labile and may adopt a globular conformation upon heating (Singh et al. 2005;
Hundertmark and Hincha 2008). Moreover, among group 5, group 5C LEA proteins have some distinct
properties, which make them unique among the LEA protein family. These proteins are natively folded and
contain a larger proportion of - sheets than a- helices in the hydrated state as opposed to other LEA family
proteins, which are intrinsically unstructured (Hundertmark and Hincha 2008b). At present, LEA14-A from
Arabidopsis, which is a group 5C protein, is the only member from LEA family, which was confirmed to
have a defined secondary and tertiary structure in solution (Singh et al. 2005). Other characteristic properties
of group 5C LEA proteins include lower instability index, narrow range of GRAVY values and a low
proportion of polar (hydrophilic) and smaller amino acids but with a high proportion of non-polar
(hydrophobic) amino acids (He et al. 2012). All these differences imply that Group SC LEA proteins might
function differently from other groups of LEA proteins.

Presently, only a small fraction of group 5C LEA proteins have been cloned and characterized. Among
them many proteins have been reported to be associated with resistance to multiple stresses as reported for
cotton LEA14-A (Galau et al. 1986), Craterostigma plantagineum PcC27- 45 (Hand et al. 2011), soybean
D95-4 (Goldberg et al. 1989), hot pepper CaLEA6 (Cuming et al. 1999), Arabidopsis LEA14 (Dure et al.
1989b), At2g44060 (Bies-Ethéve et al. 2008) and sweet potato IbLEAI4 (Park et al. 2011a). Overexpression
of maize group 5 LEA gene Rab28 resulted in enhanced water stress tolerance of transgenic maize plants
(Amara et al. 2013). JcLEA, a group 5 LEA-Like protein from Jatropha curcas conferred a high level of
tolerance to dehydration and salinity when overexpressed in Arabidopsis thaliana (Liang et al. 2013). Also,

SiLEA14, an atypical group 5C LEA protein conferred salt and osmotic stress to foxtail millet (Wang et al.
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2014). In addition a Group 5 LEA protein from Zea mays, ZmLEASC enhanced tolerance to osmotic and
low-temperature stresses when expressed in tobacco and yeast (Liu et al. 2014). Recently RcLEA, a late
embryogenesis abundant protein gene isolated from Rosa chinensis was reported to, confer tolerance to
Escherichia coli and Arabidopsis thaliana under various abiotic stresses (Zhang et al. 2014). All these
studies suggest the close association of subgroup 5C LEA proteins with resistance to multiple abiotic
stresses.
2.11 Background Information

Wild relatives of many plant species particularly crops like wheat, maize, potato, tomato, cotton, tobacco
and sugar cane (Hawkes 1977; Rao et al. 2003) are extremely important as they carry genes for high levels
of resistance to several important biotic and abiotic stresses. Discovery and incorporation of resistant genes
from these wild species to less resistant or susceptible species hold a great potential for genetic enhancement
and sustaining crop improvement and productivity. Arachis diogoi Hoehne (Syn. A. chacoense) is a diploid
wild relative of cultivated peanut Arachis hypogaea L. There are many reports that confirm that 4. diogoi is
highly resistant to Late Leaf Spot (LLS) causing pathogen, Phaeoisariopsis personata as well as several
other fungal and viral pathogens (Rao et al. 2003; Subrahmanyam et al. 1989). In the previous study from
our group, Arachis diogoi was challenged with late leaf spot pathogen, Phaeoisariopsis personata, and a
transcript derived fragment (TDF) corresponding to a LEA gene was identified using differential gene
expression study (Kumar and Kirti 2015). In the present study, the full-length cDNA sequence was cloned
from this partial fragment by RACE-PCR and the gene was designated as AdLEA. Functional
characterization studies were further conducted related to AdLEA gene, framing the following objectives.
2.12 Objectives for Chapter 4

1. Cloning and isolation of full length sequence of AdLEA gene from Arachis diogoi.

2. Sequence and phylogenetic analysis of deduced AdLEA proteins across diverse taxa.

3. To study differential expression of AdLEA in response to various signalling molecules, temperature,

desiccation, osmotic and, oxidative stress inducers.

4. To study sub-cellular localization of AdLEA within the plant cells.
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10.

To generate tobacco transgenic lines with a construct pCAMBIA 2300-AdLEA under the
transcriptional control of the CaMV 35S promoter using the Agrobacterium-mediated leaf disc
transformation.

Molecular analysis of transgenic plants to confirm the presence, integration, and expression of
AdLEA transgene.

To study the effect of various abiotic stress treatments to transgenic tobacco seedlings and wild-type
plants to carry out biochemical studies such as chlorophyll content and lipid peroxidation with
transgenic lines and wild-type plants in order to establish the functions of AdLEA transgene in plants
with respect to abiotic stress.

To study plant morphology, proline and chlorophyll content and chlorophyll fluorescence
measurements of AdLEA transgenic plants using Pulse-Amplitude-Modulation (PAM) chlorophyll
fluorometer under progressive drought stress and recovery.

Reactive Oxygen Species (ROS) quantification in AdLEA transgenic plants using 2'.7'-
dichlorodihydrofluorescein diacetate (HDCFDA) and nitro blue tetrazolium (NBT) staining against
dehydration and salinity stress respectively.

Expression analysis of few stress-responsive genes in AdLEA transgenic plants before and after

drought stress.

2.13 Defensins: Introduction

In nature, plants like all living organisms, repeatedly encounter attack from pathogens, for instance,

insects, fungi, and bacteria. Plants have developed a number of defense mechanisms, to resist and survive
against these circumstances which include production of defense factors like hydrogen peroxide, phenolics,
terpenoids, alkaloids, polyacetylenes, and diversified pathogenesis-related (PR) defense proteins (Osbourn
et al. 1999; Van Loon et al. 2006 ; Broekaert et al. 2010) including the production of antimicrobial peptides
(AMPs). AMPs are small proteins with antimicrobial activity, which are synthesized by organisms among
all kingdoms comprising prokaryotes, lower and higher eukaryotes. These are secreted proteins that can
efficiently and conveniently inhibit the growth of viruses, bacteria, fungi and parasites (Broekaert et al.

1995). AMPs in unicellular organisms might successfully provide their hosts with the dominance and
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advantage to compete with organisms that require similar ecological and nutritional requirements. On the
other hand, in multicellular organisms, AMPs establish a primitive mechanism of innate immunity and form
the first line of defense to protect their hosts from microbial attack (Ganz 2003). The innate immunity
exemplifies an evolutionarily ancient and broad defense mechanism found in insects, plants and vertebrates
(Hegediis and Marx 2013). As products of single genes, AMPs can be synthesized in a prompt and flexible
way, and due of their small size, they can be synthesized by the host with a least possible energy and bio-
mass (Bowles 1990; Broekaert et al. 1995; Heil 2002). AMPs are subdivided into distinct classes, based on
their tertiary structure being thionins (Bohlmann and A. 2011), defensins (Lay and Anderson 2005), lipid
transfer proteins (Kader 1996), knottins (Cammue et al. 1992), snakins, heveins (Broekaert et al. 1995) and
cyclotides (Craik et al. 1999).
2.14 Plant defensins

Plant defensins are the largest groups of AMPs, originally termed y-thionins because of their similarity in
size and cysteine content with thionins. These peptides are cysteine-rich and have varied sequences and
structures, that are stabilized by three or four conserved cysteine disulphide bridges, which give them
compact shapes. They are small in size ranging from 12 to 50 amino acid residues approximately (2—6 kDa)
and have at least two positively charged residues (arginine /lysine) (Ren et al. 2011; Gao and Zhu 2012).
2.15 Tissue and subcellular localization of plant defensins

Most plant defensins initially, were isolated from seeds. However, both gene expression and protein
localization studies showed that plant defensins are present in all tissues of the plant including pollen, fruits,
flowers, leaves, shoots, roots, cotyledons and, bark (Carvalho and Gomes 2009; de Oliveira Carvalho and
Moreira Gomes 2011). Interestingly, some plant defensins are expressed exclusively in very specific or
precise parts of a tissue. For example, the maize defensins ZmES1-4, are expressed in the female
gametophyte exclusively (Amien et al. 2010), while other defensin from the same species, ZmESR®6 is
expressed exclusively in the endosperm of immature kernels (Balandin et al. 2005). Other plant defensins
are constitutively expressed in diverse tissues. The A. thaliana defensin AtPDF2.2, for example, is
expressed in seedlings, stems, leaves, roots, flowers, siliques, and even in distinct structures such as syncytia

in nematode infected roots (Siddique et al. 2011).
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Most plant defensins are proposed to be secreted based on their predicted N-terminal signal peptide and
the absence of any known internal retention signal in their primary sequence. The extracellular localization
of defensins was confirmed by immunolocalization studies for many plant defensins from seeds along with
Medicago sativa MsDefl and Raphanus sativus RsAFP2 (Terras 1995; Gao et al. 2000). Another set of
experimental evidences proposed that some plant defensins are not transported to the apoplastic region and
rather retained intracellularly. The first convincing report about the vacuolar localization of defensins was
based on the studies of the flower-specific NaD1 in tobacco (Lay et al. 2003). NaD1 contains an additional
C-terminal domain, which has been speculated to contain a vacuolar-sorting determinant (VSD) that guides
its localization towards vacuoles.

Recently, it has been suggested by Oomen et al. (2011) that a defensin from Arabidopsis halleri
AhPDF1.1, is not secreted in the plant. It enters the endomembrane pathway and on its way to the lytic
vacuole, it is withheld in intracellular compartments. However, vacuolar localization could not be detected
for AhPDF1.1 (Oomen et al. 2011). Since AhPDF1.1 does not contain a C-terminal prodomain, it has been
postulated that its redirection to the vacuole requires a VSD, of which two types are presently known. The
first is the sequence-specific VSD (ssVSD) essentially characterized by the “NPIR” consensus sequence and
the other being the C terminal VSD (ctVSD) that lacks any known consensus sequence but shows
predominance of hydrophobic amino acids, and is mainly C-terminally located (Robinson et al. 2005;
Zouhar and Rojo 2009). Of the two VSDs, none was found in AhPDF1.1 (Oomen et al., 2011). A possible
explanation could be that relatively few VSDs have been studied and characterized till date and new groups
need to be explored still. Additionally, Carter et al., based on proteomic analyses, suggested that many
proteins are targeted to the vacuole via mechanisms that do not count solely on amino acid sequence or
distribution patterns (Carter et al. 2004).

2.16 Structural conformation and structure activity relationships of plant defensins

Plant defensins are peptides consisting of 45-54 amino acid residues and have a well-conserved three-
dimensional structure held by a cysteine-stabilized a/B (CSaf) motif, which forms one a-helix followed by
three anti-parallel B-sheets. Further, their amino acid sequence is also conserved due to the presence of six

to eight cysteine residues, which form three to four disulphide bridges in the sequence of Cys1-Cys8, Cys2-
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Cys5, Cys3-Cys6, and, Cys4-Cys7 (Lay and Anderson,2005). Plant defensins with five disulphide bonds
have also been described, i.e., the peptide from Petunia hybrida (PhD1), whose cysteine residues interact as
follows: Cys1-Cysl10, Cys2-Cys5, Cys3-Cys7, Cys4-Cys8, and Cys6-Cys9 (Janssen et al. 2003). This
additional disulphide bond does not alter the typical three-dimensional structure of the defensin in any way
and is present after the o-helix and the first B-sheet (Janssen et al., 2003).

According to the structure of their precursor protein, plant defensins can be subdivided into two groups.
The first group encompasses defensins in which the precursor is composed of a signal sequence and a
mature defensin domain. The signal sequence targets the protein to the endoplasmic reticulum, where it is
folded and subsequently enters the secretory pathway. In a second and less common group, the precursor
protein contains an additional acidic C-terminal prodomain that is proteolytically removed during or after
transit through the secretory pathway (Lay et al. 2003, 2014). This type of defensins have been identified in
Solanaceous plants, such as Petunia hybrida and Nicotiana alata (Lay et al. 2003). Recently, Lay and co-
workers assigned a cytoprotective and subcellular targeting function to this prodomain (Lay et al. 2014).

Extensive structural studies by crystallography and nuclear magnetic resonance (NMR) have been done
on defensins during the last few years. The defensins from Raphanus sativus (Rs-AFP1), Pisum sativum
(Psdl), Petunia hybrida (PhD1), Nicotiana alata (NaD1), Saccharum officinarum (Sd5) and Pachyrrhizus
erosus (SPE10) are among the peptides with antifungal activity, whose structures have been elucidated (Fant
et al. 1998; Almeida et al. 2002; Janssen et al. 2003; Lay et al. 2003; de Paula et al. 2011; Song et al. 2011)
(Figure 2.4). Sequence alignment of amino acids of plant antifungal defensins show that they do not have
conservative amino acid sequences, except the cysteine residues and a glycine residue present in the second
B-sheet (Pelegrini and Franco 2005; Van der Weerden and Anderson 2013).

According to their structural features, plant defensins show a conserved y-core signature classified as the
dextromeric isoform, which is associated with the conserve amino acid sequence of the NH2. . .[X1-3]-
[GXC] = [X3-9]-[C]. . .COOH region (Figure 2.4 & 2.5). This conservation in the primary sequence gives
them a three- dimensional conformation of y-core motif, which consists of two antiparallel -sheets, with an
interpolated turn region. In disulfide-stabilized peptides, these y-core motifis are very important for
antimicrobial activity (Yount et al. 2007), not only for their cysteine content but especially due to the
presence of positively charged residues at the second B-turn of their structure (Fant et al. 1998). This
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characteristic was first observed in R. sativus defensin 1(Rs-AFP1) when its structure was determined and a
mutation analysis was also performed using the peptide isoform Rs-AFP2 (De Samblanx et al. 1997; Fant et
al. 1998). It was demonstrated that positively-charged aminoacids located at the y-core motif were essential
for the antifungal activity of these peptides, and the substitution of neutral residues inside this y- core by
other positively-charged amino acid residues enhanced their activity towards pathogenic fungi. Similar
feature was demonstrated in defensins from Medicago trunculata, where it has been verified that the
antifungal activity of MtDefl was due to the presence of four positively-charged amino acids, also located
in the y-core region, which was absent in the structure of the non-antifungal peptide MtDef2 (De Samblanx
et al. 1997)

Although, major factors of the antifungal activity and morphogenicity of plant defensins lie in their y-
core motifs, some determinants outside the y- core motifs are also reported that could contribute to their
antifungal activity (De Samblanx et al. 1997; Lay et al. 2003a, b; Sagaram, et al. 2011). More studies are
still required to elucidate the structure activity relationships of defensins completely. Nevertheless, the
current knowledge about their structural activity will enable a rational design of more potent peptides with a
wider spectrum of antifungal activity. For example, it has been feasible to convert morphogenic MsDefl to
near non morphogenic MtDef4 by substituting its own y-core motif with that of MtDef4 (Sagaram et al.

2011).

43



W W

NaD1 Rs-AFP1 SPE10
u
5% L2 L2 (8% L2
PhD1 Sds VrD2

Source: Lacerda et al. 2014; Frontiers in microbiology.

Figure 2.4. Three-dimensional structure of six antifungal defensins from plants. Pink region highlights the y-core motif
of each peptide. B1: B-sheet 1; p2: B-sheet 2; $3: B-sheet3; L1: Loopl; L2; Loop2: NaD1: Nicotiana alata defensinl;
Rs-AFP1: Raphanus sativus antifungal peptide 1; SPE10: Pachyrrihizus erosu peptide A; PhD1: Petunia hybrida

defensinl; Sd5: Saccharum officinarum defensin 5; VrD2: Vigna radiata defensin 2.
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Figure 2.5. Alignment of the aminoacid sequence of antifungal plant defensins. PgD5: Picea glauca defensin ; Pvdl:
Phaseolus vulgaris defensinl; PvD2: Phaseolus vulgaris defensin2; NmbDefl: Nicotiana megalosiphon defensin;
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TvD1: Tephrosia villosa defensin; MtDef4: Medicago trunculata defensin4; alfAFP: Medicago sativa antifungal
peptidel; Psdl: Pisum sativum defensinl; HsAFP1: Heuchera sanguinea antifungal peptide; AhAMPI1: Aesculus
hippocastanum antimicrobial peptidel; RsAFP1: Raphanus sativus antifungal peptidel; RsAFP2: Raphanus sativus
antifungal peptide2; NaD1: Nicotiana alata defensinl; SPE10: Pachyrrihizus erosus peptide; PhD1: Petunia hybrida
defensinl; Sd5: Saccharum officinarum defensinS; VrD2: Vigna radiata defensin2.Asterisk indicates conserved
cysteine aminoacid residues among antifungal defensins (grayboxes). Gray lines represent the disulfide bridges
between cysteine aminoacid residues. Pink box and blue amino acid residues correspond to the y-core region. Green

arrows indicate B-sheet region and green cylinder indicate a-helix region.
2.17 Plant defensins as enzyme inhibitors

Defensins are able to inhibit o amylase or other proteinases from insects and in cases can inhibit both
trypsin and chymotrypsin (Pelegrini and Franco 2005). Plant defensins constitute one of the six structural
classes of proteinaceous amylase inhibitors. Three isoforms from Sorghum bicolor (Slal, Sla2, and Sla3)
were first reported o -amylase inhibitory plant defensins. These proteins could inhibit the digestive a -
amylases from the gut of locusts and cockroaches strongly but were unable to inhibit mammalian o-
amylases (Bloch and Richardson 1991). Subsequently, two other defensins were isolated and identified from
barley (Blal and Bla2) that inhibited the a-amylase activity of the cereal grain insect pest Tenebrio molitor
(Mendez et al. 1990). Moreover, defensin from Vigna radiata (VrD1) and a peptide similar to plant
defensins from Carica papaya were shown to inhibit a-amylases from Tenebrio molitor and C. maculatus
respectively (Liu et al. 2006; Farias et al. 2007).

Plant defensins with activity towards plant proteinases have also been demonstrated. Two defensins
namely a defensin from C. fistula seeds (Wijaya et al. 2000) and a defensin from cowpea (Cp-thionin) have
been reported to exhibit trypsin inhibitory activity (Melo, F. R., Rigden, D. J., Franco, O. L., Mello, L. V.,
Ary, M. B., Grossi de Sa, M. F. and Bloch 2002). Furthermore, a defensin from N. alata, NaDl1
demonstrated activity towards both trypsin and chymotrypsin from Helicoperva armigersa and H.
punctigera, in addition to its antifungal activity (Lay et al. 2003). The conservative CSaff motif present in
plant defensins might be the key to explain this diversity in function of NaD1 though there is still no

hypothesis to explain it fully.
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2.18 Plant defensins with antibacterial activity

Contrary to fungi and insect pests, phytopathogenic bacteria are not very common enemies of plants
(Thomma et al. 2002). Presumably, for this reason, only few plant defensins exhibit anti-bacterial activity.
Accordingly, some anti-bacterial defensins have been reported such as pseudo-thionin (Pth-St1) of Solanum
tuberosum (Moreno et al. 1994), So-D1-7 of Spinacia oleracea (Segura et al. 1998), Pa-AMP-1 of
Phytolacca americana (Liu et al. 2006), Fa-AMP1 and Fa-AMP2 of Fagopyrum esculentum (Fujimura et al.
2005), VaD1 of Vigna angularis (Chen et al. 2005) and Cp-thionin II of Vigna unguiculata (Franco et al.
2006) Fa-AMPs, belonging to the defensin family, were incorporated in the glycine-rich family because of
their primary structural features that exhibit both 10 glycine residues and continuous sequences of glycines
(-GGG- and —GG-) characteristic of glycine-rich proteins and, 8 cysteine resides and continuous sequences
of cysteines (—CC-), characteristic of defensins. Thus, these proteins were the first to be classified into two
families. Some plant defensins appear to be active towards both Gram-positive and Gram-negative bacteria
as well as fungi. Additionally, it was also observed that plant defensin So-D1-7 was able to reduce 50% of
the development of the bacteria Clavibacter michiganensis and Ralstonia solanacearum, which causes black
rot at 20 ug ml-1 concentration as well as work against some phytopathogenic fungi (Fusarium culmorum,
F. solani, Bipolaris maydis, and Colletotrichum lagenarium) at 25 pg ml-1 concentration (Segura et al.
1998).

Furthermore, similar data was obtained for VaD1, which inhibits the growth of Salmonella typhimurium
— the root cause of intragastric infections and Staphylococcus epidermidis — a cause of common infections in
immune deficient patients, as well as the fungus F. oxysporum (Chen et al 2005).
2.19 Plant defensins with antifungal activity

Antimicrobial defensins can also inhibit fungal growth. Most plant defensins inhibit filamentous fungi or
yeasts (Thomma et al. 2002) and are usually capable of inhibiting more than one fungal species, such as the
defensin isolated from P. vulgaris, which showed activity against F. oxysporum and M. arachidicola (Wang
et al. 1999). In addition, a peptide from Trigonella foenum-graenum showed activity against both fungi, R.
solani and Phaeoisariopsis personata (Olli and Kirti 2006). However, plant defensins generally present a

specific activity towards a unique pathogen, as observed for a peptide from P. sativum, which was able to
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inhibit the activity of Neurospora crassa (Lobo et al. 2007). Another example is defensin from N. alata
NaD1 that was able to inhibit 56% growth of F. oxysporum at a 2 pg ml-1 concentration (Lay et al. 2003).
Many of the plant defensins have now been reported to inhibit the growth of a broad range of hemi-
biotrophic and necrotrophic fungi at micro molar concentrations in vitro while others have no known
antifungal activity (Thomma et al. 2002; Lay and Anderson, 2005; Carvalho Ade and Gomes, 2009). It has
not been possible to determine the antifungal activity of plant defensins against biotrophic fungi because of
the difficulty of culturing these fungi in vitro.

Antifungal plant defensins are divided into two different subgroups: morphogenic, which cause reduced
hyphal elongation with a concomitant increase in hyphal branching and non morphogenic, which reduce
hyphal elongation without causing significant morphological changes (Terras et al. 1992; Broekaert et al.
1995). For example, MsDefl (previously referred to as AIfAFP, (Gao et al. 2000)) induces prolific hyper
branching of hyphae in Fusarium graminearum, whereas MtDef4 does not (Ramamoorthy et al. 2007a,b).
2.20 Modes of action of antifungal defensins

Extensive research has provided considerable insight into the modes of antifungal action of plant
defensins. Several aspects have been investigated and explored in this context: (i) their interaction with
fungal-specific plasma membrane components, (ii) putative uptake of plant defensins and identification of
intracellular targets, (iii) downstream signaling pathways activated by plant defensins with emphasis on the
induction of apoptosis, and (iv) tolerance mechanisms of susceptible yeast and fungal species against the
plant defensin activity (Aerts et al. 2008; De Brucker et al. 2011; Wilmes et al. 2011).

The first studies on the mode of action of plant defensins were reported more than a decade ago which
signifies complex sphingolipids such as inositol phosphoryl-containing sphingolipids (M(IP)2C) and
glucosylceramides (GlcCer) being interacting partners of fungal-specific membrane components (Thevissen
et al. 1997, 2000, 2004). Sphingolipids are very important structural components of eukaryotic membranes
and also act as secondary messengers in regulating the subtle balance between cell death and survival
(Thevissen et al. 2006). GlcCer is produced by most fungal pathogens (Barreto-Bergter et al. 2004), and was
recently reported to be required for virulence in Candida albicans (Noble et al. 2010). The important role

for sphingolipids in the killing process of fungi by plant defensins has been established for five different

47



plant defensins, namely DmAMP1 from Dahlia merckii (Thevissen et al. 2000), RsAFP2 from Raphanus
sativus (Thevissen et al. 2004), MsDefl from M. sativa (Ramamoorthy et al. 2007a), Sd5 from Saccharum
officinarum (de Paula et al. 2008), and Psd1 from pea (de Medeiros et al. 2010). Studies related to backbone
dynamics of Psdl and Sd5 indicated that the dynamic properties of Sd5 were completely different from
those of Psdl, demonstrating that although defensins share similar structures, their dynamics can be
extremely diverse or distinct. Results of this study proposed that specific regions of the plant defensins are
responsible for their ability to interact with GlcCer, ensuring anchorage to fungal membranes (de Medeiros
et al. 2010; de Paula et al. 2011). It has been demonstrated recently that the major determinants of the
antifungal activity and morphogenicity of MsDefl and MtDef4 from M. truncatula reside in their y-core
motif (Sagaram et al. 2011). Interestingly, the membrane interaction of Psd1 was also found to be mediated
in part by this y-core motif.

Recently, Thevissen et al. demonstrated that RSAFP2 present in the C. albicans cell wall interacts with
GlcCer, but is not taken up intracellularly (Thevissen et al. 2012). This finding was contrary to the
intracellular localization studies of the plant defensin NaD1, where it was shown that NaD1 is taken up
inside and localized to the cytoplasm of susceptible fungi, which results in granulation of the cytoplasm and
subsequent cell death (van der Weerden et al. 2008). It was proposed that NaD1 permeabilized fungal cells
via a novel mechanism, which required the presence of the fungal cell wall (van der Weerden et al. 2010).
Later, the authors hypothesized that an unidentified NaD1-receptor might be located in the proteinaceous
layer of the cell wall.

Many plant defensins have been shown to induce apoptosis or programmed cell death of susceptible
fungal and yeast species. RsAFP2 induces the accumulation of intracellular reactive oxygen species (ROS)
and apoptosis in cells of the human pathogenic yeast C. albicans (Aerts et al. 2007a, 2007b). This RsAFP2-
induced killing of C. albicans cells requires caspase or caspase-like proteases, but is independent of
metacaspase 1. Additionally, it has been also demonstrated that RsAFP2 induces septin mislocalization and
accumulation of apoptosis-inducing molecules, i.e., ceramides, in membranes of C. albicans (Thevissen et
al. 2012). Similarly, treatment of C. albicans cells with other plant defensin HsAFP1 from Heuchera
sanguinea resulted in ROS accumulation and the induction of apoptosis (Aerts et al. 2011). To defend
themselves against the action of plant defensins, susceptible yeast, and fungal species make use of various
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tolerance mechanisms. Studies showed that apparently, the MAPK cell wall integrity pathway is involved in
protection of the plant pathogenic fungus, Fusarium graminearum to the radish RSAFP2 and to the alfalfa
MsDef1 defensins (Ramamoorthy et al. 2007b). Recently, direct activation of the C. albicans MAPK cell
wall integrity pathway by RSAFP2 has been demonstrated by (Thevissen et al. 2012). Figure 2.6 depicts

schematic illustration of mode of action of the plant defensins.
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Source: De Coninck et al. 2013; Fungal biology reviews.
Figure 2.6. Schematic representation of the plant defensin modes of antifungal action (A) and tolerance
mechanisms against different plant defensins (B). Plant defensins interact with various types of receptors, present in
the fungal plasma membrane (PM) and/or in the cell wall (CW). Plant defensins that interact with GlcCer (gray ovals)
are represented by white ovals; plant defensins that interact with M (IP) 2C (gray rectangle) are represented by white
rectangles; plant defensins that interact with as yet unknown receptors (gray rectangles represented by X or Y) are
represented by white triangles. Plant defensins that can permeabilize plasma membranes are indicated with X. Upon
interaction, some plant defensins stay in the extracellular space and are not taken up by fungal cells (italic), whereas
others are taken up intracellularly (underlined), localizing in the nucleus (N) or cytoplasm (C). For the other defensins,
uptake by fungal cells has not been proven. Plant defensins that induce reactive oxygen species (ROS) are depicted in
red; plant defensins that induce apoptosis and ROS are depicted in blue, and plant defensins that interfere with cell

cycle in green. Yeast or fungal deletion mutants in genes encoding for compounds of the above cascades (6) are either
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plant defensin resistant, thereby affected in plant defensin targets or components in the signaling cascades leading to
killing or inhibitory effect of plant defensins. Alternatively, they are plant defensin hypersensitive, thereby affected in
compounds that are part of cascades leading to protection or tolerance mechanisms of the fungus against the action of
plant defensins.

2.21 In vivo biological role of plant defensins in defense response

Based on their predominant extracellular localization and in vitro antifungal activity, plant defensins
were thought to play an important role in the plant defense response. Defensins were originally and
dominantly isolated from seeds (reviewed by Carvalho and Gomes, 2009, 2011) where they were supposed
to play a role in defending the vulnerable germinating seed against pathogens (Terras et al. 1995). RsAFP1
and RsAFP2 from radish seeds are preferentially released during seed germination after breaking the seed
coat and the amount of released proteins is sufficient to create a microenvironment around the seed in which
fungal growth is repressed (Terras et al. 1995).

Plant defensins are also expressed in vegetative tissues where they accumulate in the peripheral cell
layers of cotyledons, hypocotyls, endosperms, tubers and floral tissue. These locations are in congruence
with their role in first line of defense against potential pathogens (Moreno et al. 1994; Terras et al. 1995;
Penninckx et al. 1998; Lay et al. 2003). The accumulation of defensins in the leaves, stomatal cells and in
the cell walls surrounding sub stomatal cavities in sugar beet has also been described (Kragh et al.
1995)This is intriguing as stomata are potential entry points for fungal pathogens. NaD1, the floral defensin
from N. alata is expressed in the epidermal cells of the petals and sepals, in the cortical cells of the style and
the connective cells of the anther (Lay et al. 2003). Its expression in these outermost layers that surround,
but not in direct contact with the pollen or pollen tubes as they grow through the style, is consistent with a
role in protecting the germ cells against damage by potential pathogens (Lay et al. 2003). This is also
analogous to the expression of mammalian defensins in reproductive tissues (Rodriguez-Jiménez et al.
2003).

2.22 Induction of defensins in plants
2.22.1 Against Biotic stress
Plant defensins from several plants are induced by a wide range of biotic stresses (reviewed by Lay and

Anderson, 2005) and plant hormones involved in stress signaling. First such induction of plant defensins
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(RsAFP3 and RsAFP4) was studied in radish leaves after inoculation with fungus Alternaria brassicicola
Terras et al. 1995). The best-known example of induced plant defensin is AtPDF1.2a from A. thaliana,
which is induced by necrotrophic pathogens such as A. brassicicola and B. cinerea (Penninckx et al. 1996;
Manners et al.) and herbivoric insects (Moran et al. 2001; Abe et al., 2008). The signaling pathways leading
to pathogen-induced expression of AtPDF1.2a also indicated its induction by the plant hormones ethylene
(Et) and methyl jasmonate (Mela). In 4. thaliana mutants, AtPDF1.2a transcripts which are involved in
methyl jasmonate (coil) and ethylene signaling (ein2) pathways fail to accumulate after inoculation with A.
brassicicola (Penninckx et al. 1996, 1998). Hence, AtPDF1.2a is now considered a general marker gene in
A. thaliana for MelJa/ Et-mediated plant responses. On the contrary, AtPDF1.2a is not induced by the
salicylic acid-mediated signaling pathway (Penninckx et al. 1996; Manners et al. 1998) which is generally
linked with the plant response to biotrophic pathogens. Recently in a study, MeJa responsiveness of
AtPDF1.2a is being correlated in different accessions of 4. thaliana with enhanced basal resistance against
the necrotrophic fungus Plectosphaerella cucumerina and the herbivoric cotton leafworm Spodoptera
littoralis. Interestingly, while AtPDF1.2a was found to be uninduced by nematodes such as Heterodera
schachtii, another Arabidopsis defensin, AtPDF2.1, is highly induced by the cyst nematode in root-specific
structures called syncytia (Szakasits et al. 2009; Siddique et al. 2011). The induction studies of these two
defensins AtPDF1.2a and AtPDF2.1 from A. thaliana exemplifies a possible distinct and specialized
regulation of different defensins during various stress conditions.
2.22.2 Environmental stress induction

Additionally, defensins can also be induced by environmental stress. Plant defensins were reported to be
induced by a wide variety of stresses including wounding (van den Heuvel 2001; Bahramnejad et al. 2009),
cold (Koike et al. 2002; Carvalho et al. 2006), salt and drought stresses (Mee Do et al. 2004). The defensin
genes from N. excelsior (NeThiol and NeThio2) and N. paniculata (NpThiol) were shown to be expressed
in response to salt stress in leaves at 250 mM NaCl (Yamada and Komori 1997). A soybean defensin gene
(Dhn8) was identified by Maitra and Cushman (1998) that was induced by artificial drought stress. The level
of the Dhn§ transcript was 10-fold higher in the leaves and roots of a drought resistant cultivar than in a
drought-sensitive cultivar (Maitra and Cushman 1994). The up-regulation of several defensin transcripts in
winter wheat in response to cold induction and acclimation was also reported (Koike et al. 2002). The
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induction of these defensins was correlated with the enhanced pathogen resistance during winter hardening
and potentially in freezing resistance as well. However, reports on a functional relationship between abiotic
stress and plant defensins are restricted to the intracellular defensin AhPDF1.1 from the zinc hyper-
accumulating plant 4. halleri (Mirouze et al. 2006). AhPDF1.1 is induced by ZnCI2 treatment and
overexpression of AhPDF1.1 in A. thaliana resulted in enhanced tolerance to both Zn and selenite (Mirouze
et al. 2006).

2.23 Biotechnological applications and transgenic studies of defensin

Transgenic plants have the potential to provide broad resistance against different pathogens, which could
reduce dependence on chemical pesticides. Hence, plant defensins demonstrating antifungal activity have
become the first targets for developing transgenic crops resistant to phytopathogens. Many defensins genes
have been successfully transformed into tobacco, oilseed rape, tomato, papaya and rice (Lay and Anderson
2005; Thomma et al., 2002; Zhu et al., 2007; Stotz et al. 2014; Carvalho et al. 2006).

The first attempt to evaluate transgenic plants containing foreigner antifungal defensin genes was done in
tobacco plants expressing Rs-AFP2, a peptide from radish, which results in high levels of peptide
expression in the transformed tobacco plants, with enhanced resistance towards the phytopathogenic fungus
Alterneria longipes (Terras et al.,1995). Since then, a number of transgenic plants tolerant against varied
phytopathogenic fungi were developed expressing this particular gene in various plant species including
apple (De Bondt et al. 1998), tomato (Parashina et al. 2000), pea (Lebedev et al. 2002) and the most recent
being its introduction into rice (Oryza sativa L. cv. Pusa basmati 1).The transgenic plants were tested in
vitro and in vivo against fungi Magnaporthe oryzae and Rhizoctonia solani, the main causes of rice losses in
agriculture, demonstrating that overexpression of Rs-AFP2 can control the rice blast and sheath blight
diseases (Jha and Chattoo 2010). Similarly, overexpression of wasabi defensin (WT1) in rice, potato and
orchid has resulted in increased resistance against Magnaporthe grisea, Erwinia carotovora and Botrytis
cinerea (Kanzaki et al. 2002; Ntui et al. 2010).

The generation of transgenic tomato plants constitutively expressing the chilli defensin (cdefl) gene
resulted in enhanced resistance against Phytophthora infestans and Fusarium sp (Zainal et al. 2009).

Expression of Dahlia defensin, Dm-AMP1 in rice directly inhibited the pathogens, Magnaporthe oryzae,
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and Rhizoctonia solani. It was observed that constitutive expression of Dm-AMP1 suppresses the growth of
M. oryzae and R. solani by 84% and 72%, respectively (Jha et al. 2009). Transformation of tobacco and
peanut with the mustard defensin BjD further validated the potential of these peptide family members as
excellent antifungal agents, as transgenic plants displayed improved resistance towards F. moniliforme;
Phytophtora parasitica and Cercospora arachidicola; Pheaoisariopsis personata respectively (Swathi
Anuradha et al. 2008). Also, maize defensin, ZmDEF1 when transformed into tobacco plants, showed
enhanced tolerance against Phytophtora parasitica (Wang et al. 2013). Recently, it was shown that
transgenic banana expressing Petunia floral defensin effectively controled the fungal pathogen Fusarium
oxysporum (Ghag et al. 2012). Additionally, defensin (TvD1) from Tephrosia villosa exhibited strong anti-
insect and anti-fungal activities against Spodoptera litura and Rhizoctonia solani respectively, in transgenic
tobacco plants (Vijayan et al. 2013).

Interestingly, overexpression of rabbit and insect defensins in tobacco and a human defensin HBD2 in 4.
thaliana rendered plants more resistant against Golovinomyces cichoracearum and Sclerotinia minor (Fu et
al. 1998; Langen et al. 2006) and Botrytis cinerea (Aerts et al. 2007b), respectively. Hence, apart from the
known structural homology, additional functional homology also exists between defensins originating from
different eukaryotic kingdoms. All these studies suggest that defensin genes have important commercial
potential for effective pathogen control specifically against varied fungi, in economically important crops
(Gao et al., 2000).

2.24 Concluding remarks

Significant research in the past has helped in elucidating structure activity relationships of antifungal
plant defensins. This knowledge will allow development of more potent defensins and expanding the
antifungal spectrum of these proteins. Further, significant progress has been made in deciphering their
modes of antifungal action. This knowledge is critical for ensuring mammalian and crop safety of these
proteins and also useful for engineering durable resistance to fungal pathogens since co-expression of
defensins with different modes of action will likely delay or even suppress emergence of fungal resistance to

these proteins.
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2.25 Previous work; background information
2.25.1 Mutational analysis

Previously from our group, a defensin TvD1 from a weedy legume, Tephrosia villosa had been cloned
and characterized and it was found to be very effective among the legumes and showed detrimental effects
against several plant pathogenic filamentous fungi when checked for in vitro functions (Vijayan et al. 2008).
Transgenic plants were also raised overexpressing TvD1 which exhibited enhanced anti-fungal and anti-
insect activities in transgenic tobacco plants (Vijayan et al. 2013).

The homology modelling showed that TvD1 has 91% similarity with that of Vigna radiata defensin
(VrD2). Previous reports have demonstrated that changing a non-polar or uncharged aminoacid in the loop 3
of protein structure greatly affects the activity of defensin. In VrD2, the introduction of 5 amino acids in the
loop3 by replacing the existing four amino acids through site directed mutagenesis, showed the enhanced o-
amylase inhibitory activity against the insect Tenebrio molitor and it is more than that of VrD1 (Lin et al.
2007). In line with the previous studies, a mutant of native TvD1 was generated by removing the original -
D-D-F-R- sequence in the B2—f 3/loop-3 region of the wild type peptide with the amino acids -G-M-T-R-T-
in the mutant peptide through site directed mutagenesis. The mutant TvD1 peptide was called Alpha-
TvD1(a-TvD1) and it demonstrated enhanced antifungal and insect a-amylase inhibitory activities in vitro
when compared to native defensin (Vijayan et al. 2012).

In extension of the previous work, in the present study, we have overexpressed mutant a-7vD/ gene in
tobacco to raise transgenic plants and the in vivo functional characterization of mutant a7vD/ was done
against insect and fungal pathogens. Following objectives were framed to achieve this:

2.26 Objectives of chapter 5

1. Cloning of a-7vD1 gene in the pCAMBIA2300 vector driven by 35S promoter and polyA signal with

nptll gene as selection marker.

2. Generation of putative a-7vD] transgenic plants through Agrobacterium mediated transformation.

3. Molecular analysis such as PCR and RT-PCR to confirm the a-7vD] transgenic plants.

4. Characterization of a-7vD] transgenic plants against fungal pathogens.
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4. Comparative analysis of native 7vDI and a7vDI against various fungal pathogens and insect

predation.
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Chapter 3

General Materials and Methods
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3.1 Plant Materials

Two varieties of tobacco Nicotiana tabacum, cv. Samsun and Nicotiana benthamiana were used in the
present study. Arachis diogoi seeds (accession number: ICG 8962) were obtained from International Crops
Research Institute for the Semi-Arid Tropics (ICRISAT), Patancheru, Hyderabad.
3.2 Chemicals

The chemicals used in the study are purchased from Clontech, USA; Sigma St. Louis, MO, USA;
Promega Life Science, Madison, WI, USA; Amersham Biosciences, UK; Finnzymes, New England
BioLabs, Ipswich, MA; Fermentas, Germany; Qualigens fine chemicals, Mumbai, India and Himedia
Chemicals, Mumbai, India.

3.3 Restriction enzymes, modifying enzymes and Markers

Restriction enzymes, modifying enzymes like T4 DNA polymerase, T4 DNA ligase, DNA and Protein
markers were obtained from Fermentas, Germany.
3.4 Plasmid and DNA vectors

3.4.1 pTZ57R (MBI Fermentas, Germany) This vector has gene encoding [-lactamase, a bacterial
selection marker for ampicillin resistance and also allows a-complementation for visual selection based on
blue/white colonies The vector was used in the cloning of a number of cDNAs of AdLEA and a-TvD1 genes
and also RACE products of AdLEA gene.

3.4.2 pRT100 (Topfer et al. 1987) pRT100 is a plant expression vector that has a gene encoding for 3-
lactamase for the selection in bacteria on ampicillin. This vector was used for cloning of AdLEA and a-TvD1
c¢DNA’s at multiple cloning site which was flanked by CaMV 35S promoter and the polyadenylation signal.

3.4.3 pCAMBIA 2300 (CAMBIA, Australia) pPCAMBIA 2300 is a binary vector which has npt/l gene
encoding for kanamycin conferring resistance to bacteria and work as a plant selectable marker also. It was
used to clone CaMV 35S-(4dLEA and o-TvDI) constructs which were then used for Agarobacterium
tumefaciens mediated transformation of tobacco.

3.4.4 pEGAD and pCAMBIA1302 vectors (CAMBIA, Australia) These vectors were used for N and C

terminal translational fusions of AdLEA with GFP respectively for localization studies.
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3.5 Preparation of competent cells of Escherichia coli

The E. coli (DH5-a, Bangalore Genei, India) culture was inoculated in 25 mL of LB (Luria Broth,
Himedia, India) and was incubated overnight at 37 °C on a rotary shaker at 200 rpm. From the overnight
culture, 0.5 mL was taken and re inoculated in a fresh batch of 50 mL of LB and incubated again until the
OD reached 0.2 at 600 nm. From here onwards, all the steps were performed on ice. Sterile micro-tubes
were cooled on ice and 1.5 mL of the chilled bacterial suspension was transferred to each one of them. The
cells were centrifuged in a cooling centrifuge (Eppendorf®, Germany) at 4 °C and 5000 rpm for 10 min.
The supernatant was removed and the pellet was suspended in 0.5 mL of ice cold 0.1 M CaCl2 solution and
was stored on ice for 10 min. The cells were again centrifuged at 4 °C and 5000 rpm for 10 min, and the
pellet was resuspended in ice cold 0.5 mL of 0.1 M CaCl2. These competent cells were quick frozen and
stored at -70 °C after adding 50% sterile glycerol in batches of 100 pl.

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 120 seconds and the culture was immediately chilled on ice. The volume was made upto 1.0 mL by
adding 400 or 900 pl of sterile LB medium. The tubes were then incubated on a rotary shaker at 37 °C for
lhr. After recovery and growth of the transformed cells, they were plated on LA medium containing
selection antibiotics. The plates were incubated in an oven for overnight at 37 °C for the appearance of
colonies. Plates with visible colonies were stored at 4 °C in a refrigerator for four weeks as the cells stay
viable for one month at this temperature. Plasmid DNA was isolated from the colonies to check and confirm
the transformation.

3.7 Plasmid isolation (mini prep) from E. coli (Sambrook et al. 1989)

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
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mixer. To the suspension, 150 pl of Solution II [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-1 of RNase, 2-3 pul was added to the lysate and was incubated at 37 °C in a water
bath for 1 hr. The lysate was treated with phenol: 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 HCI 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 Agrobacterium competent cell preparation and transformation

Competent cells of Agrobacterium tumefaciens (EHA105 and LBA4404) were 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 incubating in a 37 °C water bath for 5 min.
To this, upto 1 mL of LB medium was added and incubated at 28 °C for 3-4 h with 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.
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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 [S0x TAE: 2.0 M Tris Cl, 1.0 M Acetate, and
100 mM EDTA (pH 8.0)]. From the stock of ethidium bromide (10 mg mL-1) solution, 2 pl was added in
melted agarose and poured in gel casting 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 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 Dephosphorylation

In order to avoid self-ligation of cohesive/blunt-end termini of the plasmid DNA during DNA
recombination, the single digested DNA fragments were dephosphorylated at their 5'-ends with Calf
intestine alkaline phosphatase (Fermentas, Germany). The total volume of 50 pl of reaction mixture
included 5 pl dephosphorylation buffer (10X), 1 ul (1.0 U) of Calf intestine alkaline phosphatase and
appropriate plasmid DNA in pg. The mixture was incubated at 37 °C for 30 min, followed by heat
inactivation at 85 °C for 15 min.

3.12 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
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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.
3.13 Transformation of tobacco leaf discs (Horsch et al. 1985)

Tobacco leaves were surface sterilized by rinsing in 400 mL of water containing 5% of commercial
bleaching powder and 20 drops of Tween 20. The leaves were rinsed for 5-10 min in distilled water to
remove the surfactant and the bleach. The mid ribs of the leaves were cut out and the lamina was cut into
uniform squares using sterile blade. The leaf pieces were rinsed for 5 min in sterile distilled water followed
by the treatment with HgCl, (0.01%) for 5 min. Then they were rewashed with sterile water 5 times for 5
min each. The leaf pieces were placed on sterile tissue paper and the wound the leaf edges and were cut out.
The pieces were kept in plates containing pre-solidified MS medium with 0.1 mg 1" and NAA 2 mg I BAP.
The leaf discs were co-cultivated with Agrobacterium for a period of 3 d and then they were transferred to
regeneration medium containing the antibiotic cefatoxime to kill the bacteria. The leaf disks started
expanding and callusing within two wks. The leaf pieces were sub cultured to regeneration medium i.e. MS
medium with 2 mg 1" BAP and 0.1 mg I NAA. Each piece was cut into 3-4 pieces and those pieces were
pressed into the medium in order to ensure a proper contact between the plant tissue and the MS medium.
Shoots appeared in about 3 weeks after inoculation and they grew generally from the edge of the disks or
from internal wounded areas. When the shoots were around 1-2 cm long, they were excised and placed
carefully on the rooting medium i.e. MS medium. Cefotaxime was added in the medium to avoid any
Agrobacterium growth. The rooted plantlets were transferred from agar medium to a mixture of sterile soil
and vermiculite (1: 3). To harden the in vitro grown plantlets, which need to develop a cuticle to control
water losses, each plantlet was covered with a polythene bag. After one week to 10 d, they were transferred
to green house for further growth.

3.14 RNA isolation
Total RNA from different samples were isolated by using the TRI-reagent (Sigma- Aldrich, USA),

following the manufacturer’s instructions.
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3.15 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 a 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 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 RNase (Img/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 —

200C for long-term use.
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3.16 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).

3.17 Polymerase Chain Reaction (PCR)

Consumables from Sigma-aldrich (USA) and Invitrogen (USA) were used for the 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.

3.18 5’/ 3' RACE and isolation of full length cDNA

Rapid amplification of cDNA ends (RACE) was performed to derive full length AdLEA gene, by using
SMARTer™ RACE c¢cDNA Amplification Kit (Clontech, USA) following the manufacturer’s instructions.
In brief, one microgram of total RNA was reverse transcribed using Transcriptor reverse transcriptase
provided in the kit. The 5'-RACE cDNA was synthesized using a modified lock-docking oligo (dT) primer
and the SMARTer II A oligo. The modified oligo (dT) primer, termed the 5'-RACE CDS Primer A (5’-CDS)
has two degenerate nucleotide positions at the 3’ end. These nucleotides position the primer at the start of
the poly A+ tail and thus eliminate the 3’ heterogeneity inherent with conventional oligo (dT) priming. The
3’-RACE cDNA was synthesized using a traditional reverse transcription procedure, but with a special oligo
(dT) primer. This 3'-RACE CDS Primer A (3'- CDS) primer includes the lock-docking nucleotide. The
Universal Primer A Mix (UPM) was used in conjunction with distinct gene-specific primers (GSP) for 5’
and 3" end during RACE-PCR reactions. All the RACE-PCR reactions were performed using hot-start DNA
polymerase provided along with the kit. Genomic DNA served as templates for the amplification of
genomic sequences. All PCR products were cloned in to pTZ57R/T vector and sequenced for sequence
confirmation.

3.18.1 Primers for first-strand cDNA synthesis for 3'/5' RACE:
SMART II™ A Oligonucleotide for 5' RACE
5'-AAGCAGTGGTATCAACGCAGAGTACGCGGG-3'

5'-RACE CDS Primer A (5'-CDS)

5'(T) sV N-3> (N=A, C, G, or T; V=A, G, or C)
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3'-RACE CDS Primer A (3'-CDS)
5'-AAGCAGTGGTATCAACGCAGAGTAC(T)3 V N-3'
(N=A,C,G,orT; V=A,G, or C)
Universal primers for 3'/5'-RACE PCR :
10X Universal Primer A Mix (UPM)
Long (0.4 pM):
5'-CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT-3'
Short (2 pM):
5-CTAATACGACTCACTATAGGGC-3'
Nested Universal Primer A (NUP; 10 pM)
5'-AAGCAGTGGTATCAACGCAGAGT-3'
3.19 Total Protein Extraction
For determining the presence of AALEA-GFP fusion proteins in the N. benthamiana plants, total protein
was extracted. Leaf tissue was homogenized in liquid nitrogen using mortar and pestle adding a pinch of
PVPP and 1.0 g of the fine powder was collected in pre-chilled micro tubes. Into the tubes kept on ice, 1.0
ml of chilled extraction buffer [SO mM Tris-Cl and 1.0 mM PMSF (Phenyl Methane Sulphonyl Fluoride)]
was added, mixed thoroughly and were made to stand at 4°C for half an hour with intermittent shaking. The
tubes were centrifuged at 4°C and 15,000 rpm for 20 minutes and the supernatant containing the protein was
collected in a fresh tube. All the steps were performed at 4°C. Isolated protein samples were immediately
used or stored at 4°C. It stayed without degradation for one week.
3.20 Quantification of the leaf-extracted total protein by Bradford method (Bradford 1976)
Bradford dye concentrate was prepared by dissolving 100 mg Coomassie Brilliant blue G250 in 50 ml of
95% ethanol. To this, 100 ml concentrated phosphoric acid was added and the volume was made up to 200
ml with H20. The Bradford dye concentrate was stable for 6 months at 4°C. Samples of BSA were prepared
with 10, 20, 30, 40, 50, 75 and 100 pg/ 100 ul of BSA (fraction V) in the same buffer solution in which the
protein samples were extracted. The Bradford dye concentrate was diluted to 5x with double distilled water

and 1.0 ml was added to each sample. The red dye turned blue after binding to the protein. The samples
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were allowed to develop color for at least 5 minutes (not longer than 30 minutes). Absorbance at 595 nm
was read, and a linear standard curve was prepared to calculate the concentration of protein.
3.21 Polyacrylamide Gel Electrophoresis (PAGE)

SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) with acrylamide: N, N'-bis acrylamide (30:1)
was carried out according to the standard protocol (Laemmli, 1970). A 15% (standardized for defensin
protein) 7.5 cm gel was prepared with 1 cm stacking gel. Electrode buffer was prepared by dissolving 10 g
SDS, 30.3 g Tris and 144.1 g glycine in 800 ml H20 [25 mM Tris and 192 mM glycine with 1% SDS]. The
volume is adjusted to 1 liter with H20 and stored at RT. Protein samples are prepared by boiling in a water
bath for 3-5 minutes after mixing 50 pg of each sample with one-tenth volume of the sample buffer [0.125
M Tris-HCI (pH 6.8), 4% SDS, 20% glycerol, 10% 2-mercaptoethanol and 0.002% bromophenol blue].
Electrophoresis is carried out at 90 V in an electrophoresis and electro-transfer unit (Hoefer mini VE,
Amersham Pharmacia Biotech, USA) till the dye came out of the gel into the electrode buffer.

3.22 Coomassie Blue staining of the gel

Coomassie Brilliant Blue R250 staining detection limit is 300 to 1000 ng protein and is used in the
experiments. The gel with electrophoretically separated proteins is incubated for staining in Coomassie
solution (0.025% Coomassie Brilliant blue- R250 in 45% methanol and 10% acetic acid) for 30 minutes.
Destaining was done with a destaining solution [45% methanol and 10% acetic acid] to remove background
staining. The destaining solution is replaced every 10-15 minutes with a fresh solution, until the protein
bands are visible.

3.23 Western Blotting and Immuno staining

After electrophoresis, the protein samples are electro-blotted on to Polyvinylidine fluoride (PVDF)/
nitrocellulose membrane (PALL®, India) using Trans-Blot apparatus (electrophoresis and electro-transfer
unit, Hoefer mini VE, Amersham Pharmacia Biotech, USA) according to the manufacturer ‘s instruction
using Towbin buffer (Towbin et al. 1979). The gel is first equilibrated in Towbin buffer (25 mM Tris, 192
mM glycine and 20% methanol) and the membrane is kept above the gel towards the positive end of
apparatus and is stacked in between Whatman filter papers taking care not to trap any air bubbles. Transfer

is conducted for 4 hrs at 25V. The transfer of protein to the membrane was checked by reversible Ponceau S

65



staining (100 mg Ponceau S in 5% acetic acid). The stain was removed by 3-4 washes with TBST [10 mM
Tris-HCI (pH 7.4), 150 mM NaCl and 0.1% Tween-20 (v/v)]. Blocking of the membrane is carrying out
using 3% BSA (w/v) in TBS for 1 hr at RT followed by 5 washes with TBS for 10 minutes each. The blot
was then incubated overnight with the primary antibody diluted in TBS containing 3% BSA at 4°C. This is
again followed by 5 thorough 58 washes, each of 10 minutes in TBS. Then the blot is incubated in
secondary antibody - Goat anti-rabbit IgG (Bangalore GENEi, India) ALP conjugate. The bands are
visualized after staining with BCIP/NBT (Bangalore GENE:;, India), which is a substrate for ALP conjugate.
Proteases are ubiquitous and difficult to separate from proteins. Hence, protease inhibitor, PMSF is used
throughout the procedure for successful isolation of total protein from the plants. Protein solutions are stored
in aliquots at 2-8°C or at -70°C after addition of 20% glycerol and shock freezing in liquid nitrogen. During
experiments, proteins are always maintained on ice. Vigorous pipetting and vortexing are avoided. B-merc is
avoided in the extraction buffer as it can form disulfide bridges with thiol groups of proteins leading to
aggregation and/ or inactivation. Molecular weight of amino acids ranges between 75 and 204 Da. For
calculations, the average molecular weight of amino acid (110 Daltons) is considered. Ponceau stain is used
only in the initial experiments; later this step is avoided in the western blot for checking the transfer, as the

proteins are visible even without using the stain while drying the blot.
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Chapter 4

Functional characterization of an atypical group
5C Late Embryogenesis Abundant protein
(AdLEA) from wild peanut Arachis diogoi for
manipulation of abiotic stress response in
transgenic tobacco.
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4.1 Materials and methods

4.1.1 5'/3' RACE-PCR and isolation of full-length cDNA of AdLEA

RACE-PCR was performed to obtain the full length sequence of AdLEA gene using SMART™ RACE
cDNA Amplification kit (Clontech, USA) following manufacturer’s instructions. The 5’ and 3’ RACE
products using 5'AdLEA-GSP1 and 3'AdLEA-GSP1 primers respectively were aligned with the partial
sequence of AdLEA obtained from preliminary differential gene expression study using cDNA-AFLP in 4.
diogoi after infection with P. personata (Kumar and Kirti 2015) to obtain full-length sequence of AdLEA.
Finally, the open reading frame of AdLEA was amplified using Phusion® High-Fidelity DNA polymerase
(Finnzymes, New England BioLabs, Ipswich, MA) with primers having specific restriction enzyme sites for
cloning in pRT100 vector. Primers used in this step are AALEA-F and AdLEA-R flanked by restriction sites
for Sacl and Kpn1 respectively. All the primer sequences used in the pare listed in (Table 4.1).
4.1.2 cDNA sequence and protein analysis

Sequence analysis was performed using BLASTx and BLASTp (Altschul et al. 1990). Nucleotide
translation, prediction of theoretical molecular mass and the isoelectric point of AdLEA protein were
performed using Expasy tool (http://expasy.org/tools/pi_tool.html) (Artimo et al. 2012). SignalP 4.1 was
used for predicting the signal peptide within the protein (Petersen et al. 2011). Motif analysis was performed

using the Pfam program (http://www.ebi.ac.uk/tools/InterProScan). Multiple sequence alignment was

performed by ClustalW (Thompson et al. 1994) and phylogenetic tree construction was done by MEGA 5.1
software (Tamura et al. 2011). The grand value of hydropathy (GRAVY) analysis and instability index for
deduced amino acid sequence were predicted with PROTParam (http://au.expasy.org/tools/protparam.html)
and PSORT (http://psort.nibb.ac.jp) programs (Yu et al. 2010). Analysis of protein hydropathy was done by

constructing hydropathy plot with Kyte and Doolittle algorithm (http://ipsort.hgc.jp/) (Kyte and Doolittle

1982). Subcellular localization predictions were performed using PSORT II (http://psort.hge.jp/form2.html)
(Nakai and Horton 1999); MultiLOC (http://abi.inf.uni-tuebingen.de/Services/Multiloc) (Hoglund et al.

2006); and Y LOC (http://abi.inf.uni-tuebingen.de/Services/Y LOC/webloc.cgi) (Briesemeister et al. 2010).

4.1.3 Plant material and stress treatments in gene expression studies of AdLEA in A. diogoi
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Tobacco (Nicotiana tabacum var. Samsun), wild peanut (4. diogoi) accession number ICG-8962 (kindly
provided by ICRISAT, Patancheru, India) and Nicotiana benthamiana plants were used in this study and
maintained in separate greenhouses at 24+1°C with a photoperiod of 14/10 h of light /dark with light
intensity of 100 umol m™s”. Stress and hormonal treatments on Arachis plants were done according to
protocol standardized by Kumar et al., 2011 (Raja et al. 2011). In brief, twigs from two-month-old plants of
A. diogoi were cut with a sharp sterilized blade, washed with sterile distilled water and kept in trays lined
with moist filter paper. Cut ends of shoots were wrapped properly with water soaked cotton and whole set
up was sealed with polythene covers to maintain moist condition. This helps the shoots to get acclimatized
in a growth room at 254+1°C (with a photoperiod of 16 h of light and 8 h of dark, light intensity of 60 pmol
m™s™) and subsequently enhance adventitious roots formation at the cut ends of shoots. These shoots with
adventitious roots were subjected to different hormonal treatments namely 100uM salicylic acid (SA),
100uM methyl jasmonate (MeJA), 100uM abscisic acid (ABA), 250uM ethephon and 100uM sodium
nitroprusside (SNP). The trifoliate compound leaves of Arachis were used as a sample in each stress,
sufficient enough to isolate 2 pg of RNA (taken in duplicates). This constitutes one biological sample for the
experiment. Heat (high-temperature stress) and cold (low-temperature stress) treatments to leaf samples
were applied by keeping them at 42°C and 4°C respectively. For other stress treatments, samples were
treated with 200 mM sorbitol, 100 mM NaCl, 10% (w/v) polyethylene glycol (PEG-MW6000) and 10 uM
methyl viologen (MV). Samples were collected in liquid nitrogen at regular intervals of 0 min, 5 min, 15
min, 30 min, 1 h and 2 h in case of heat, and 0 h, 3 h, 6 h, 12 h and 24 h in rest of the treatments. The
samples were stored at —80°C for experimental studies.

4.1.4 Gene expression profile of AdLEA in native conditions

Total RNA was extracted from leaf samples (subjected to various treatments) according to Chang et al.,
(Chang et al. 1993). Two microgram of total RNA was used for first-strand cDNA synthesis by an oligo dT
(18 mer) primer using SMART MMLYV Reverse Transcriptase (Clontech, Becton Dickinson, USA). Diluted
first strand cDNA samples were subjected to qRT-PCR with gene-specific primers for AdLEA (Table 4.1)
and 10 pl SYBR® Premix Ex Taq with ROX (Takara Bio Inc., Japan). Three independent biological

replicates with three technical replicates of each biological replicate for each sample were used for analysis
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including three non-templates, which served as negative control (non-template control with just water
without cDNA). qRT-PCR was carried out in Realplex (Eppendorf, Germany) amplifier with the following
program: 95°C for 5 min; 40 cycles of 95°C for 15 s, 58°C for 20 s, 72°C for 30 s followed by the melting
curve to ensure a single product of each amplicon. Alcohol dehydrogenase class III (adh3) and
polyubiquitin (UBII) were used as internal controls to calculate relative quantification of gene expression
(Brand and Hovav 2010). The threshold cycle (Cr) was used to calculate relative fold change (RFC) in RNA
expression at each time point of the treated sample compared to control conditions by using the formula,
fold change = 2-(ACt treated-ACtcontrol) (T jyak and Schmittgen 2001).
4.1.5 Sub-cellular localization studies of AALEA protein

GFP was fused translationally with AdLEA at both N-terminal (GFP: AdLEA) and C-terminal (AdLEA:
GFP) in pEGAD and pCAMBIA1302 vectors respectively for AALEA localization studies (Snapp 2005).
AdLEA Open Reading Frame (ORF) was amplified with primers AALEA-pEGAD-F and AdLEA-pEGAD-R
having restriction sites for EcoRI and HindlIII respectively, (Table 4.1) and cloned into pPEGAD vector after
digestion with above-mentioned restriction enzymes, for generating the N-terminal fusion with GFP.
Similarly, to generate C-terminal GFP fusion, stop -codon- less, coding region of AdLEA was amplified with
primers AALEA-pC1302-F and AALEA-pC1302-R having restriction sites for Bg/Il and Spel respectively
(Table 4.1) and cloned into pPCAMBIA1302 vector after digestion with the same set of restriction enzymes.
Both fusions were confirmed by sequencing. The recombinant vectors and empty pCAMBIA1302 vector
generating free GFP serving as control were mobilized into Agrobacterium strain LBA4404 by the freeze-
thaw method. Agroinfiltration and microscopic studies were performed according to Yang ef al. (Yang et al.
2000). The overnight-grown cultures of Agrobacterium with both constructs and control vector were
pelleted down and resuspended in infiltration medium (10mM MES, 10mM MgCl, and 200uM
acetosyringone) and infiltrated into the adaxial side of N. benthamiana leaves after adjusting the OD value
to 0.6. Leaves were visualized for GFP expression 72-96 hours post infiltration (hpi) at different time points
with laser scanning confocal microscopy (Leica TCS SP2 with AOBS, Heidelberg, GmbH, Germany) with
excitation and emission wavelengths at 475-495 nm and 520-560 nm respectively. The experiment was

performed in triplicates. Protein extraction and subsequent immunoblot analysis were done to check the
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expression and stability of AALEA: GFP fusion protein in cells following the protocol as described by
Kumar and Kirti (Kumar and Kirti 2012). Western Blot analyses was done using, anti-mouse Histidine
primary antibody, as GFP was tagged with Histidine in pCAMBIA1302 vector, which was detected with
ALP-conjugated goat anti-rabbit secondary antibody using BCIP/NBT as substrate.
4.1.6 Construction of recombinant AdLEA binary vector and genetic transformation of
tobacco

The AdLEA ORF was amplified with primers AdJLEA-F and AdLEA-R having restriction sites for Sacl
and Kpnl respectively (Table 4.1) and cloned into corresponding sites of pRT100 vector. The expression
cassette that has AdLEA flanked by CaMV35S promoter and polyadenylation signal was excised with
HindlIll and subsequently sub-cloned into binary vector pCAMBIA2300 at the same site. The recombinant
vector pPCAMBIA2300-4dLEA having kanamycin as marker gene was transformed into Agrobacterium
strain LBA4404 by freeze-thaw method and used for transformation of tobacco plants (N. tabacum cv.
Samsun) by leaf disc method according to Horsch et al. (Horsch et al. 1985) as described in method 3.13.
The transformants were selected on 125 mg L' kanamycin. Genomic DNA and total RNA were isolated
from Ty AdLEA transformants for molecular analysis. RNA was reverse transcribed and PCR with specific
primers for the target gene as well marker gene nptll was undertaken. High and low expression plants were
identified and their progenies were maintained for further analysis. All experimental analyses were
conducted in T> generation of transgenic plants.
4.1.7 Chlorophyll fluorescence measurements of AdLEA transgenic plants using Pulse-
Amplitude-Modulation (PAM) chlorophyll fluorometer after drought treatment

Chlorophyll fluorescence measurements were performed in drought-induced two-months-old AdLEA
transgenic plants to check for the photochemical efficiency under drought stress in greenhouse conditions.
Three-week-old seedlings of wild-type (WT) and three high expression transgenic lines (#2, 4 and 9) grown
on half strength MS medium without organic nutrients were transferred to soil in plastic cups for further
growth of two weeks. WT and transgenic plants of same age and size were then shifted individually to
separate pots in the greenhouse and allowed to grow for ten days. After acclimatization, these plants were

subjected to drought stress by withholding water for 18 days, after which significant differences in wilting
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were observed. Plants were watered on the 18™ day and kept for recovery for three days. Chlorophyll
fluorescence measurements were performed on leaves at the third to fourth position from shoot apex of
drought treated WT and transgenic plants with MINI-PAM (Walz, Effeltrich, Germany). The measurements
were taken on DO, D6, D12, and D18 (D-day) after drought treatment followed by a recovery ® period of
three days for both WT and transgenic lines. The leaves were first dark adapted for 30 min by fixing leaf
clips to ensure that all photosystem-II (PSII) reaction centers (RCs) were open. The potential maximum
quantum yield (F\/F,) was recorded by illuminating the leaves with a beam of saturating light (intensity —
4500 pmol m™ s of 650 nm peak wavelength, an excitation intensity sufficient to ensure closure of all PS-
IT RCs) focused on the leaf surface using a special leaf clip holder (model 2030-B, Walz) described by
Bilger et al. (U. Schreiber, W. Bilger 1994). This leaf clip holder allows the measurement of light and
saturating light pulses that fall on a leaf at an angle of 60°. Further, steady-state fluorescence (F;)
measurement was performed after continuous illumination with white actinic light and a second saturating
pulse (4500 pmol m? s) was imposed to determine the effective photochemical quantum yield F'/F,, also
known as [Y(II)] in the light-adapted state.
4.1.8 Abiotic stress tolerance assays for transgenic AdLEA plants

Stress tolerance assays were performed at the young seedling stage and on mature plants by leaf disc
assays following the protocols (Sanan-Mishra et al. 2005);(Sun et al. 2013). We selected two high
expression transgenic lines (#2 and 4) and one low expression transgenic line (#7) for different stress
tolerance assays. The experiments were performed on the homozygous T, generation of transgenic plants
and repeated three times. Seeds from all three transgenic lines and WT plants were surface-sterilized by 2%
(v/v) sodium hypochlorite solution for 10 min by continuous shaking, rinsed 4 — 5 times with sterile distilled
water and were allowed to germinate on half strength MS medium with 125 mg L' kanamycin (for
transgenic) and without kanamycin (for WT), devoid of organic nutrients. Seedlings were maintained in
culture room at 25+1°C with a photoperiod of 16/8 h light/dark with light intensity 60 umol m™s™ for 11
days and then shifted to corresponding stress medium plates having half strength MS (MSH) without
organic nutrients, i.e. 200mM and 300mM NacCl for salt stress, 10% and 12% (w/v) PEG (corresponding to

final osmotic potential of - 0.123 and -0.184 MPa) (Money 1989), for dehydration stress and 200 mM and
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300 mM sorbitol for osmotic stress. Duration of stress varied for different stress treatments, depending upon
the visible phenotypic changes observed between the seedlings of WT and transgenic lines. Oxidative stress
was applied by placing the seedlings on MSH medium containing 5 and 10 uM MYV for 4 d and then shifted
to the stress-free recovery medium. [11 seedlings per plate were kept (in duplicate) and together they made
one biological set of experiment. Likewise, three experiments were done].

For leaf disc assays leaf discs of 1 cm radius were punched from healthy, fully distended leaf of two
months old transgenics as well as WT plants with the help of cork borer. [15 leaf discs from a single leaf
were used as a sample for stress treatment (in duplicate). This constitutes one biological sample. Similar
experiments were repeated three times]. Discs were floated on 10 mL solution of 0, 200 and 300mM NaCl
for salt stress, 0, 10, 12 and 14% PEG (corresponding to final osmotic potential of -0.123, -0.184, -0.256
and -0.341) for dehydration stress, 0, 300, 400 and 500mM sorbitol for osmotic stress and 0, 5 and 10uM
MV for oxidative stress treatments respectively. The treatments were carried out in continuous white light at
25+ 1°C until visible differences were observed among the lines.

4.1.9 Biochemical Analysis - total chlorophyll content, lipid peroxidation and proline
estimation

Total chlorophyll content was estimated spectrophotometrically after extraction of fresh material
in 80% acetone according to Arnon (Arnon 1949). [for seedling assays - 200 mg, for disc
senescence assay and drought stress under field conditions - 500 mg of fresh weights was taken].
The extent of lipid peroxidation was determined by measuring the thiobarbituric acid reactive
substances (TBARS) (Heath and Packer 1968). Leaf discs (500mg) after different stress treatments
were extracted in a solution of 0.5% w/v TBA in 20% trichloroacetic acid and the absorbance was
measured at 532 and 600 nm. The malondialdehyde (MDA) levels were estimated using the
extinction coefficient 155 mM™! c¢cm™!. The proline content in leaves was estimated according to
Bates et al., (Bates et al. 1973). The leaf samples from unstressed (D0) and drought stressed (D18)
transgenic and WT plants were collected and frozen in liquid nitrogen. Frozen leaf tissue (100mg)

was ground to a fine powder in liquid nitrogen and extracted with 4 ml of 3% sulpho salicylic acid.
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The homogenate was filtered through filter paper and incubated at 100°C for 10 min. The
absorbance of homogenate was measured spectrophotometrically at 520 nm using toluene as blank.
The proline concentration was determined as pmole g! FW.
4.1.10 Reactive Oxygen Species (ROS) quantification in AdLEA transgenic tobacco using
2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA) and nitro blue tetrazolium (NBT)
staining

Confocal studies were done to detect total cell ROS using H,DCFDA, against dehydration stress
induced with PEG (Konopka-Postupolska et al. 2009). Single leaf from two-months old mature plants was
used in one experiment (in duplicates), which was repeated thrice. Briefly, epidermal peels from abaxial leaf
surface of transgenic lines and WT plants were treated with H,DCFDA for 20 min and kept in the dark. The
excess dye was removed by three washes with washing buffer (30mM KCI + 10mM MES-KOH). Stress
was induced by incubating peels in 10% (w/v) PEG solution for 30 min. Epidermal peels treated with only
buffer solution were kept as controls, to detect the basal levels of ROS in the guard cells of the WT and
transgenic plants. The fluorescence was captured by Laser Scanning Confocal Microscope (Leica, TCS-SP2
with AOBS, Heidelberg, GmbH, Germany) with excitation and emission wavelengths at 475-495 nm and
517-527 nm respectively. Fluorescence quantification was done using Image-J 1.42 software (NIH, USA)
by selecting appropriate areas of pigmentation. For detection of Superoxide anion (O;), histochemical
studies using NBT staining was done against salinity stress induced with NaCl according to Driever et al.,
(Driever et al. 2009) with minor modifications (Grellet Bournonville and Diaz-Ricci 2011). Briefly, petioles
of one month old transgenic plants and WT were cut under water to avoid obstructions in the vasculature.
Two days before the experiment, all plants were watered or treated with 100mM NaCl solution. Petioles
were soaked in 6mM NBT dissolved in 10mM potassium phosphate buffer (pH 7.8) for probe feeding of the
leaves. Subsequently, the treated leaves were transferred to continuous white light for 15 min to assess the
effect of photosynthesis on superoxide production. Colored leaves were then boiled in 4:1:1 (v/v/v) solution
of ethanol, lactic acid, and glycerol to remove chlorophyll. Finally, to quantify formazan formation, leaves
were boiled in dimethyl sulfoxide until they were clear and formazan concentration was measured

spectrophotometrically at 560 nm.
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4.1.11 Expression analysis of stress-related genes in AdLEA transgenic tobacco

Relative gene expression studies of some candidate genes expressed in abiotic stress conditions were
performed in transgenic lines as compared to WT with or without induced stress. Leaf samples from
unstressed (D0) and drought stressed (D18) plants were collected from representative high expression
transgenic line 2 and WT plants. Single leaf from each plant constituted one biological sample and the
experiment was done in triplicates. Samples were frozen in liquid nitrogen and kept at —80 °C until further
use. RNA was isolated from frozen samples using RNeasy Plant Mini Kit (Qiagen, Germany) and subjected
to quality check and reverse transcription. Two microgram of total RNA was used for first-strand cDNA
synthesis and quantitative real-time PCR was performed as described earlier. Gene-specific primers for
various stress-related genes, 18S rRNA, and polyubiquitin (NtUBI1), which were used as reference genes to
calculate relative quantification of gene expression are listed in (Table 4.2). Ct value was used to calculate
RFC by AACr method (Livak and Schmittgen 2001).
4.1.12 Statistical analysis

The data analysis was done by analysis of variance (one-way ANOVA and two-way ANOVA) using
GraphPad Prism ver. 5.0 and the mean values were compared by the student Newman-Keuls analysis and
Bonferroni post-tests. All the experiments were performed in triplicates. Details of the individual sample

size for each analysis is mentioned in the figure legends.

4.2 Results

4.2.1 Isolation of full-length AdLEA ¢DNA by RACE-PCR and sequence analysis of AALEA
protein

A transcript derived fragment of LEA gene was found to be upregulated in wild peanut, 4. diogoi upon
infection with the late leaf spot pathogen, P. personata in a study of differential gene expression using
cDNA-AFLP, in the previous study from same group (Kumar and Kirti 2015). In the present study, this
partial sequence of LEA was amplified and the full-length cDNA sequence was obtained by 5' and 3' RACE

(Figure 4.2.1.1), which was further confirmed by sequencing. This sequence was designated as AdLEA on
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the basis of sequence homology it showed with LEA proteins and submitted to GenBank under NCBI
accession number GU223575. AdLEA cDNA comprises of 1387 bp, which carried an open reading frame of
972 bp flanked by 152 bp 5’ untranslated region and 263 bp 3’ untranslated region. The ORF of AdLEA
potentially encodes a polypeptide of 323 amino acids (Figure 4.2.1.2). The theoretical pI and the molecular
mass of AJLEA are 4.74 and 36.071 kDa respectively. AdLEA protein contains “LEA 2” motif
(PF03186,1.38¢-15), which was classified into subgroup 5C (D-95) according to Battaglia’s classification of
LEA proteins (Battaglia et al. 2008).

AdLEA does not contain any signal peptide as predicted by signal P4.1 software analysis. Amino acid
composition of AALEA protein showed that it has an abundance of Asp, Lys, Ile, Gly, Leu, and Glu amino
acids which constituted 12.6, 10.8, 9.5, 8.3, 7.7 and 7.6% of the total amino acid pool, respectively. Also, it
lacks Cys and has just two Trp residues. Hydropathy analysis of AJLEA showed that it is a nonpolar,
hydrophobic -neutral protein with a negative GRAVY value of 0.496 (Figure 4. 2.1.3B) and has an
instability index of 21.45. All these features are in accordance with other group 5C members of LEA
proteins (He et al. 2012). The sequence alignment of deduced amino acids of AdLEA was carried out with
amino acid sequences of LEA proteins of other species. The alignment results by BLAST analysis showed
that AdLEA protein shows the maximum similarity of 89% with LEA protein from Glycine max, which
belongs to the D95 family of LEA proteins. It showed 79% similarity with NtLEA, 80% similarity with
MtLEA and 74% similarity with AtLEA, which are LEA proteins from Nicotiana tabacum, Medicago
trancatula and Arabidopsis thaliana respectively. The LEA 2 conserved domain was found in position
about 204-299 amino acid of all these proteins (Figure 4.2.1.3A). Phylogenetic analysis of AALEA showed
that it is closely related to Phaseolus vulgaris and Glycine max LEA proteins, both comprising 320 amino
acids as against 323 amino acids sequence of AALEA (Figure 4.2.1.4). This close similarity might be due to

the fact that all three species belong to family Fabaceae.
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S"RACE PCR AdLEA 3' RACE PCR AdLEA ORF AdLEA

1 2 1 2

<€—1.3kb
230bp —>
1- 5" RACE PCR product 1-2.DNA/ EcoRI+HindIII 1-2. DNA/ EcoRI+HindIII
2-2.DNA/ EcoRI+HindIIl 2-3"RACE PCR product 2-ORF AdLEA

Figure 4.2.1.1. RACE-PCR and cloning of AdLEA from Arachis diogoi. Representative pictures of 5’ and 3' RACE

PCR products of AdLEA and its Open Reading Frame (ORF).
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(A)
1 AGGGGGATGTCGCGAATGCTCTAGATT CTATACGACTCACTATAGGGCAGCAGTIGGTATCA 62
63 GCAGAGTACATGGGGAT TCACTTCACACTTCACACTGATAATCICTCTTICTATCICIGT 122

123 TTATCACTTCACTGATT TCATTT CAGAAACATGTCGACGTCTGACAAGCCGGARGTAGIG 182

M ST SDIKUPEVY
183 GAAAGGGGTACTAAGGATGAGAAGCACARAGATGATGATARAGAGGAGGGTGAGARGGGT 242
E RGTI KUDEI KHI KD DD KTETETGTETKG
243 GGATTTATTIGAGAAGGTGAAGGATTTCATCCATGACATIGGTGAGAAGATTIGAGGGGGCT 302
6 FI EKVKDTFTIUHUDTIUGETIKTITESGA
303 ATAGGGTTTGGGAAGCCAAGTGCAGATGTTACTGCAATCCACATTICCCAAGATCARATCTT 362
I GF G KPS ADVTA ATIUHTIUPKTINIL
363 CACCAGGCAGACCTTGTTGTTGATGTGCT TGTAARGAATCCTARTCCGGTGCCGATCCCT 422
HQADLV VYV DVLILYV KNZPNZPVZPTIUP
423 CTGATTGACATARACTACTTIGGT TGAGAGTGATGGAAGGAAGCTAGTTICTGGATTGATA 482
L I DINYULVET SDSGRIKLVSSGTLTI
483 CCGGATGCTGGCACART TCATGCGCATGGAGAGGAGACTGTCARGGTTCCGGTTACTTTIGC 542
P DA GTIHAHGETETUVIEKVYVZPVTL
543 ATTTATGATGACATTAAGCARACATATGATGATATICARCCGGGGAGCATCATTICCTIAT 602
I YDDIIKOQTYDDTIOQPGSITIUPY
603 AGGTTGAAGGT TGATCTCAGTGTCGATGT TCCCATTCTTIGGAAGGCTGACTCTACCTICTG 662
R LKVDLSVDVPILGRIULTULUPL
663 GAGAAGACTGGAGARATCCCCATACCTTACAAGCCAGATATTGATCTTGAGAAGATCCAT 722
E KT GEIUPTIUPYI KU PDTIUDULTETJKTIH
723 TTTIGATAAGTTCICTITTGAAGAGACAGT TGCAACTCCTCATITGARATTGGARRACARG 782
F DKTPFS FEETVATEPU HLIKLTEHNK
783 ARTGATTTCGACCTTGGCCTCAATACGCTTGATTATGAGGTTTGGCTTGGTGATGTCAGC 242
N DFDLGLNTULUDYEV®WULGDUV S
£43 ATTGGAGCTGCTGAACTCACCAAGTTTGCGARAATCGAGARARGTGGTATTAGTTACATT 902
I GAAELTI KT FA RIKTIEITKSGTISYTI
903 GATATTCCAGT TACCTTTAGGCCCAAGGATTTCGGCTTIGCATTIGTGGGACATGATTAGA 962
DI PVTU FRUPIKDTF GTFA ALUWDMTINTR
963 GGAAAAGGTACAGGTTACACCATGAAAGGGAAAATTAATGTTGACACTCCCTTTGGAAAA 1022
G K6 TG YT MEKGI K INUVDTUPTFSGHK
1023 ATGGACTTGCCCATCAGCAAAGARGGCGGTACTACCCGTCTCARGARGAAGAAGGARGAT 1082
M DL PI S KEGGTTRIULIKIKIKIKTED
1083 CGCGATTATGATGATGATGATGACGATGACGACGAGGAGTGAGTAGARRTTGTGGCARGT 1142
R DYDDUDDODDUDDTETE™

1143 TARTAGAAGATGITGT TTTATT TGCAGCATATTICTATTACAATGT CAATAAGAAGGGAC 1202

1203 TTAGAGGCAT TACTITIGATTITCTIGTITGGTTARTGATGTATCTTIGAGAGATTARGTTIGAT 1262

1263 ATTTTGAAATAGTGATGTATCT TAAGATATCAAGTTGATAGTTGAATTATGTACTCTITGT 1322

1323 CTTGTTGIGGAAGAARAARARARARARARARAAAARARAAAAGTACTCTGCGTTGATACCAC 1382

1383 TGCTT 1387

®) 513 %3 |

Figure 4.2.1.2. The nucleotide sequence, deduced protein and gene structure of AdLEA. (A) Nucleotides are
numbered and the start and stop codons are underlined and in bold. (B) The nucleotide length composition of the

cDNA is shown; closed box represents the Open Reading Frame (ORF) of A4dLEA and lines represent 5" and 3' UTR.
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Figure 4.2.1.3. The sequence alignment and hydropathy curve of AdLEA. (A) Alignment of deduced amino acid
sequence of AJLEA with other closely related LEA proteins from other plant species. The conserved “LEA_2” motif
(PF03168) is boxed. AALEA (Arachis diogoi, GU223575); GmLEA (Glycine max, KHN11020.1) NtLEA (Nicotiana
tabacum, ABS50432.1) MtLEA (Medicago truncatula, XP_013459494) AtLEA ( Arabidopsis thaliana, BT024723).

(B) Hydropathy curve for AdLEA protein.
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Figure 4.2.1.4 Phylogenetic tree analysis of AJLEA with LEA homologues from different plant species. The
divergence of the clades between the monocots and dicots is highlighted. Bootstrap values are indicated at the
branches. The accession numbers of sequences used for construction of phylogenetic tree are as follows: SiLEA14
(Setaria italica, KJ767551); AtLEA14 (Arabidopsis thaliana, NM_100029); Leal4-A (Zea mays, NM_001159174);
D95-4 (Glycine max, U08108); IbLEA14 (Ilpomoea batatas, GU369820); ERS (Solanum Ilycopersicum, U77719);
Lemmi9 (Solanum lycopersicum , Z46654); CaLEA6 (Capsicum annuum, AF168168); OsLEAS (Oryza sativa,
JF776156); pcC27-45 (Craterostigma plantagineum, M62990)); pcLEA14 (Pyrus communis, AF386513); At1g01470

(Arabidopsis thaliana, BT015111); LEA14-A (Gossypium hirsutum, M88322); Leal4 homolog (Glycine max,
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NM_001251780); At2g46140 (Arabidopsis thaliana, NM_130176); Os01g0225600 (Oryza sativa , NM_001048996);
LEA14-A-like (Brachypodium distachyon, XM _003567779); LOC100274480 (Zea mays, NM_001148839);
SORBIDRAFT 092029860 (Sorghum bicolour, XM 002441543); LEA-like protein (Cenchrus americanus
AY823547); OsI21161 (Oryza sativa, CM000130); 0s05g0526700 (Oryza sativa, NM_001062639); Os05g0584300
(Oryza sativa , NM_001062985); At2g44060 (Arabidopsis thaliana, BT024723); LOC100285131 (Zea mays,
EU970969); CISIN 1g018706mg (Citrus sinensis, KDO49745); Th LEA protein (Tamarix hispida, AHF21584.1);
PHAVU 008G203600g (Phaseolus vulgaris, XP_007141526); Leal4-A (Ricinus communis, XP_002533345);
GmLEA (Glycine max, KHN11020.1) Mt LEA protein (Medicago truncatula, XP_013459494); chilling-responsive

protein (Nicotiana tabacum, ABS50432); putative LEA-1 protein (Rosa chinensis, AKC88473).

4.2.2 Relative gene expression studies of AdLEA in response to phytohormones and various
stress treatments in A. diogoi

A. diogoi twigs were subjected to various treatments at different time intervals and expression analysis of
AdLEA in response to these treatments was carried out employing qRT-PCR using the primers RTLEA-F
and RTLEA-R (Table 4.1). The expression pattern showed that there is a basal level expression of AdLEA
even in the absence of any treatment (depicted as 0 h in Figures 4.2.2.1 and 2), which gradually increased
to ~8 folds after 24 h post treatment of ABA. On the other hand, there was an early 6-fold increased
expression within 3 h treatment with SA followed by a gradual decrease in transcript level below basal
level, 24 h post treatment. Similar patterns were observed with ethephon and SNP where there was an
increase in ~10 fold and ~30-fold expression within 3 h post treatment respectively. Then, gradually the
expression decreased to basal levels. There was no significant effect of meJA on AdLEA expression levels
(Figure 4.2.2.1).

The highest expression of AdLEA was observed in high-temperature stress treatment where the
expression was recorded to be beyond 30 fold within 2 h post treatment. Similarly, significant early
accumulation of transcripts up to 15 fold and 8 fold were recorded for dehydration stress with PEG and
osmotic stress with sorbitol, respectively within 3 h post treatment which decreased gradually. Also, there
was a nearly 4-fold increase in transcript levels within 3 h post treatment with NaCl, which decreased and

reached basal level after 24 h treatment. However, there was a gradual increase in expression levels from 2
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to 4 fold with MV treatment in 24 h post treatment. There was no significant upregulation of AdLEA under

low-temperature stress treatment (Figure 4.2.2.2).
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Figure 4.2.2.1. Expression profile of AdLEA gene in response to various phytohormones in 4. diogoi using qRT-
PCR. A. diogoi leaf samples were subjected to treatment with abscisic acid, salicylic acid, ethephon, sodium
nitroprusside and methyl jasmonate. The samples were collected at various time intervals (in hours) and qRT-PCR was
performed. Data plotted are the mean values = SD from three independent experiments (n = 3; biological replicates).
RNA from two trifoliate leaves of 4. diogoi represents one biological sample. Statistical analysis was performed with

one-way ANOVA (¥P<0.05, **P<0.001).
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Figure 4.2.2.2. Relative gene expression of AdLEA in A. diogoi in response to various abiotic stresses. 4. diogoi
samples were treated with extreme temperatures (high and low), polyethylene glycol, sorbitol, sodium chloride and
methyl viologen and AdLEA expression profile was analyzed by qRT-PCR. Data plotted are the mean values £ SD
from three independent experiments (n = 3; biological replicates). RNA from two trifoliate leaves of A. diogoi

represents one biological sample. Statistical analysis was performed with one-way ANOV A (*P<0.05, **P<0.001).

4.2.3 Sub-Cellular Localization of AALEA

Subcellular localization predictions of AdLEA protein were done employing many prediction
software programs such as PSORTII, MultiLOC and Y LOC. All the programs predict localization of
AdLEA to be mainly cytosolic. In order to assess the localization of AALEA experimentally in plant cells, N
and C-terminal GFP translational fusion expression vectors of AdLEA were constructed under the control of
35 S promoter and transiently expressed in tobacco leaves by agroinfiltration. Confocal laser fluorescence

microscopy results showed that both the N and C-terminal AdLEA: GFP fusion proteins were localized to
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the cytosol and nucleus of the cell and there was no impact of either of the fusions on the localization
pattern of the fused proteins (Figure 4.2.3B and C). The expression of the fusion protein was subsequently
confirmed by Western Blot where anti-mouse Histidine was used as primary antibody which was detected
with ALP- conjugated goat anti-rabbit secondary antibody using BCIP/NBT as substrate. Western Blot
results also showed that the AALEA: GFP fusion protein was not degraded and intact in the cells (Figure

4.2.3D).
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Figure 4.2.3. Subcellular localization of AALEA protein in tobacco leaves. Empty pPCAMBIA 1302 vector serving
as control and pCAMBIA1302-AdLEA and pEGAD-AdLEA recombinant vectors were transiently expressed in M.
benthamiana leaves through agroinfiltration and GFP fusion proteins localization was visualized through confocal laser
scanning microscope. (A) Control pPCAMBIA1302 vector showing GFP throughout the cell. (B) pPCAMBIA1302-
AdLEA recombinant vector showing GFP in nucleus and cytosol. (C) pEGAD- AdLEA recombinant vector showing
GFP in nucleus and cytosol (Bar 50 pm). Experiment was repeated three times and the representative pictures of best
result among three is shown in Figure. (D) Western blot analysis of recombinant pPCAMBIA1302-AdLEA protein in
agro infiltrated area of leaves. Samples were collected at 72 h post agroinfiltration. M- represents pre-stained protein
marker, 1- represents negative control, 2- represents a sample from positive control pPCAMBIA1302 vector containing

GFP-tagged with Histidine, 3- represents samples of plants infiltrated with AdLEA fused with GFP.

4.2.4 Cloning of AdLEA in binary vector, genetic transformation of tobacco and molecular
analysis of transgenic AdLEA tobacco plants

The coding region of AdLEA cDNA was cloned into pRT100 vector in between the sites Sacl and Kpnl

to create the plant expression cassette pRT100- AdLEA in which the AdLEA gene was flanked by CaMV
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35S promoter and the poly-adenylation signal. This expression cassette was sub-cloned further into binary
vector pCAMBIA2300 at Hindlll site and the resultant binary vector pCAMBIA2300- AdLEA (Figure
4.2.4.1A and B) was used to transform N. tabacum var. Samsun by Agrobacterium mediated leaf-disc
transformation (Horsch et al., 1985). MS medium supplemented with 2 mg/l BAP and 0.1 mg/l NAA was
used for shoot induction and elongation of transformants respectively which were selected on 125 mg/l
kanamycin. Afterwards, the shoots were shifted on full or half strength MS medium without hormones for
root induction, which were later transferred in soil in plastic cups to get acclimatized (Figure 4.2.4.2). The
putative Ty transgenic plants were screened by PCR amplification for AdLEA and marker nptll genes from
the genomic DNA of plants. Out of 10 plants initially selected on kanamycin, 9 plants showed PCR
amplification of 972 bp ORF of AdLEA and 739 bp of the nptll gene (Figure 4.2.4.3A and B). These plants
were further analysed by semi-quantitative RT-PCR to assess the relative expression of AdLEA. which
demonstrated that plants #2, 4, 5, 6 and 9 showed high expression and plants
#1, 7 and 8 relatively low expressions of AdLEA transcripts (Figure 4.2.4.3C). These high and low
expressing plants were further grown to the next generations and T» plants were obtained by selfing, which
were again verified for expression levels of AdLEA and maintained in green house for further analysis

(Figure 4.2.4.3D). Simultaneously, WT plants (non-transgenic) were also maintained separately as controls.

Hindlll Sacl Kpnl Hindlll

CaMV 358

35S
Poly A

Left Right
Border Border

(A)
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< 15kb
(35S + AdLEA + PolyA)

(B)
Figure 4.2.4.1. Construct preparation for plant transformation. (A) Pictorial representation of the T-DNA region
of the plasmid pCAMBIA2300 that contains AdLEA gene driven by CaMV 35S promoter and Npt/I gene. RB, right
border; LB, left border. (B) Gel picture showing the release of ~ 1.5kb AdLEA cassettes with 35S promoter and polyA

signal from the pPCAMBIA2300 vector after HindIII restriction digestion.

Figure 4.2.4.2. Different stages of Agarobacterium mediated transformation of tobacco. (A) Explants forming

callus on shoot induction medium. (B) Shoot proliferation on shoot induction medium. (C) Elongation of shoots on
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shoot elongation medium. (D) Rooting of putative transgenics on root induction medium. (E) and (F) Hardening and

acclimatization of putative transgenic tobacco plants in culture conditions and greenhouse conditions respectively.

M 1 2 3 4 3 6 7 8 9 10
= -
(A)

M 1 2 3 4 5 6 7 8 9 10 11 12

<— 972bp

(B)

WwT 1 2 3 4 5 6 7 8 9
Ty Generation

©
WT 1 2 4 5 6 7 9
T, Generation

(D)
Figure 4.2.4.3. Integration and expression of AdLEA in transgenic tobacco plants. (A) PCR analysis of putative Ty
transformants for the nptIl gene; M- ADNA/EcoRI+HindIIl ladder, 2- WT negative control, 1 and 3-10 transgenic
plants showing 739 bp amplified PCR product of the nptil gene. (B) PCR analysis of putative Ty transformants for

AdLEA gene; M- Marker, 1- negative control (without DNA), 2- positive control vector, 3- WT negative control, 4
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to12 transgenic plants showing 972 bp amplified PCR product of AdLEA gene. (C and D) Transcript levels of AdLEA

in Toand T, generation. Line 2, 4, 5, 6 and 9 are high expression lines and 1, 7 and 8 are low expression lines.

4.2.5 Plant morphology, PS(Il) efficiency and proline and chlorophyll content in AdLEA
transgenics under progressive drought stress and recovery

Chlorophyll fluorescence measurements were performed in drought induced AdLEA transgenic plants to
check for the photochemical efficiency under drought stress in green house conditions. The plants were
subjected to drought stress by withholding water for 18 days and were watered on the 18" day and kept for
recovery for three days. Chlorophyll fluorescence measurements were taken on D0, D6, D12, and D18 (D-
day) after drought treatment followed by a recovery (R) period of three days for both WT and transgenic
lines. The AdLEA expressing tobacco transgenic demonstrated enhanced tolerance under progressive
drought stress as evident from the morphological differences recorded during drought and recovery in
comparison to WT plants (Figure 4.2.5.1A, B, and C). The WT leaves exhibited extensive wilting and
bleached-out appearance under progressive drought stress for 18 days in comparison to leaves of transgenic
plants, which were less affected. Interestingly, even after withdrawal of drought treatment for 3 d, the leaves
of WT plants displayed wilting symptoms, whereas transgenic plants recovered completely and leaves
appeared healthy (Figure 4.2.5.1C). There was no significant difference in leaf proline content of WT and
transgenic plants at the initiation of the treatment (DO0). As the duration of stress increased, variations in
proline content were recorded between WT and transgenic plants. These differences were more evident on
the 12™ and 18™ day of drought treatment with a significantly higher level of proline on the 18" day in
transgenic plants when compared to WT plants (Figure 4.2.5.1D).

Drought-induced changes in the maximal and effective photochemical quantum yield of WT and
transgenic plants from chlorophyll fluorescence measurements are illustrated in (Figure 4.2.5.1E and F).
There was no significant difference observed in F\/F,, on DO and D6 between WT and transgenic plants.
However, the F\/F,, of WT plants on D12 was significantly decreased by ~31% in comparison to transgenic
plants, which were similar to DO and D6. At D18 (i.e. extreme drought conditions), the F\/F,, of both WT
and transgenic plants significantly decreased with the WT plants exhibiting a steep decline (~66%) in
comparison to D12. The F./F,, values significantly correlated with the chlorophyll content of the leaves of
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AdLEA transgenic plants under progressive drought stress (Figure 4. V.1.G). Later, after withdrawal of
drought conditions (i.e. recovery) the F,/F,, recorded for transgenic plants were similar to DO in comparison
to WT which recorded significantly lower F\/F,, similar to D12 (Figure 4. V.1E). A similar pattern was
observed in F/F,' [Y(I)] for both WT and transgenic plants demonstrating improved PS(II) efficiency

under progressive drought stress and recovery (Figure 4.2.5.1F).
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Figure 4.2.5.1. Morphological and physiological variation in WT and AdLEA transgenic plants under
progressive drought stress. (A) Plants before drought induction; (B) during severe drought; and (C) recovery phase
after drought. (D) Estimation of proline content in leaves of WT and transgenic plants during drought stress; (E and F)
Chlorophyll fluorescence measurements of plants during drought stress and recovery phase; F./Fn and F'/Fy,’ for both
WT and transgenic plants; (G) Chlorophyll estimation in WT and transgenic plants during drought stress. Data plotted
are the mean values £ SD from three independent experiments (n = 3; biological replicates). Single leaf from each
plant constitute one biological sample. Statistical analysis was performed with two-way ANOVA (*P<0.05,

#£P<0.001).

4.2.6 Abiotic stress tolerance assays for transgenic AdLEA plants

Dehydration stress tolerance

Stress tolerance assays were performed at the young seedling stage and on mature plants by leaf disc
assays. PEG and sorbitol were used for mimicking dehydration and osmotic stress conditions in transgenic
plants at both seedling stage and in leaf discs from mature plants. Seedlings were allowed to grow for 25 d

on 10% PEG containing media, effect of which on seedlings is depicted in (Figure 4.2.6.1A). No visible
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bleaching of seedlings was observed in WT and transgenic lines but there were prominent differences in the
growth of seedlings of WT and transgenic lines. Shoots of WT seedling were stunted with reduced leaf area
in comparison to transgenic seedlings. Also, there was a significant difference in the root length between
WT and transgenic seedlings with the root length of transgenic plants being ~2-2.5 folds higher than that of
WT (Figure 4.2.6.1B and F). The difference between WT and transgenic plants started appearing after 20 d
of growth in 12% PEG medium. There was a reduction in the overall size of WT seedlings in comparison to
transgenic seedlings with further reduced leaf lamina. Few seedlings showed signs of chlorosis as well
(Figure 4.2.6.1C). The roots of transgenic seedlings were long and slender with well-developed lateral roots
and the root length being ~1.5-2 folds more than that of WT seedlings (Figure 4.2.6.1D and F). However,
there were no significant differences recorded in growth between seedlings of WT and low expression line,
signifying the quantitative effect of degree of expression of AdLEA in ameliorating stress effects. Leaf discs
from fully extended leaves of two-month-old plants were excised and allowed to float over 10 mL solutions
of 10, 12 and 14% of PEG and distilled water (control) for 3 d under continuous white light for leaf
senescence assay. During 3™ day of incubation, leaf discs from WT demonstrated bleaching with increasing
concentration of PEG, while there was very little bleaching observed in leaf discs from transgenic plants
even in the maximum concentration of PEG, which stayed green and healthy as control discs in water
(Figure 4.2.6.1E). The total chlorophyll content of these leaf discs after 3 d of treatment was also in
accordance with the phenotype observed in them. The chlorophyll content was significantly higher in the
leaf discs of the transgenic plants at all concentration of PEG when compared to WT, which showed dose-
dependent loss of chlorophyll pigment. The decrease in chlorophyll content was 47% to 70% with
increasing concentration of PEG in WT and 32% to 53% in low expression line when compared to water
controls whereas this decrease was 6% to 41% in high expression transgenic lines (Figure 4.2.6.1G). The
level of oxidative stress as a consequence of dehydration treatment was also determined by measuring
TBARS in these discs. WT showed higher TBARS levels, the increase being 120% to 450% with increasing
PEG concentration than leaf discs of all three transgenic lines which showed increments within a range of
5% to 117% with respect to control leaf discs indicating lesser lipid peroxidation and more membrane

integrity under stress in transgenic plants (Figure 4.2.6.1H).
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Figure 4.2.6.1. Effect of dehydration stress on AdLEA transgenic plants. (A and C) WT and transgenic seedlings
after growth on MS medium supplemented with 10% and 12% PEG respectively. (B and D) Morphology of individual
seedlings after growth on 10% and 12% PEG respectively depicting differences in root length between the seedlings.
(E) Phenotypic differences between WT and transgenic leaf discs floated in dose-dependent concentrations (0, 10, 12
and 14%) of PEG. (F) Graphical representation of root length in PEG-treated seedlings after 25 d and 20 d growth on
10% and 12% PEG respectively. (G) Graphical representation showing the chlorophyll content (ug mg™ FW) in the
leaf discs after 72 h of treatment with 10, 12 and 14% PEG. (H) Lipid peroxidation expressed as TBARS content
(umol g! FW) in leaf discs after 72 h of treatment with 10, 12 and 14% PEG. All the experiments were performed in
triplicates and data represented as mean + SD (n = 3; biological replicates). 11 seedlings per plate constitute one
biological sample for seedling assay. 15 leaf discs from a single leaf constitute one biological sample for disc
senescence assay. Statistical analysis was performed with two-way ANOVA (*P<0.05, **P<0.001).

Osmotic stress tolerance

Similar morphological and growth responses as in dehydration stress were recorded for transgenic plants

under osmotic stress with sorbitol at two different concentrations (200 mM and 300 mM). There was
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significant bleaching of leaves and retarded shoot and root growth in WT seedlings in comparison to
transgenic seedlings in 200 mM sorbitol (Figure 4.2.6.2A, B, and F). Interestingly, the transgenic seedlings
of high expression lines demonstrated superior growth performance even in 300 mM when compared to WT
seedlings (Figure 4.2.6.2C, D, and F). This difference was more evident in roots of transgenic and WT
seedling. High expression transgenic seedlings had long slender roots with the profuse lateral root system
and root length being ~3.5 to 5 folds and ~3 to 4.5 folds higher than that of WT seedlings in the case of 200
mM and 300 mM sorbitol respectively. Similarly, transgenic leaf discs demonstrated relatively green and
healthy phenotype even at a higher concentration of sorbitol (500mM) in contrast to the leaf discs of WT
after 3 d of incubation. This difference was more pronounced in high expression lines
(Figure 4.2.6.2E). Chlorophyll and TBARS estimation results were also in agreement with the above-
mentioned phenotypic observations with loss of chlorophyll pigment in WT ranging from 54% to 79%
whereas it was 7% to 23%, 24% to 52% and 36% to 73% respectively in transgenic lines 2, 4, and 7 in
comparison to discs floated on water (Figure 4.2.6.2G). TBARS content in leaf discs from transgenic plants
was also significantly lower, which was in the range of 5% to 90% in both high expression lines and 95% to
257 % in low expression line compared to the WT (175% to 380%) with increasing concentration of sorbitol

(Figure 4.2.6.2H).
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Figure 4.2.6.2. Effect of osmotic stress on AdLEA transgenic plants. (A and C) WT and transgenic seedlings after
growth on MS medium supplemented with 200 mM and 300 mM sorbitol respectively. (B and D) Seedling
morphology after growth on 200 mM and 300 mM sorbitol respectively, depicting difference in root lengths between
the seedlings. (E) Phenotypic differences between the leaf discs from WT and transgenic plant lines floated in dose-
dependent concentrations (200mM and 300mM) of sorbitol. (F) Graphical representation of root length in sorbitol-
treated seedlings after 20d and 16d growth on 200mM and 300mM sorbitol respectively. (G) Chlorophyll content (ug
mg! FW) in the leaf discs after 72h treatment with sorbitol. (H) Lipid peroxidation expressed as TBARS content (umol
g! FW) in leaf discs after 72h treatment with sorbitol. All the experiments were performed in triplicates and data
represented as mean = SD (n = 3; biological replicates). 11 seedlings per plate constitute one biological sample for
seedling assay. 15 leaf discs from a single leaf constitute one biological sample for disc senescence assay. Statistical

analysis was performed with two-way ANOVA (*P<0.05, **P<0.001).

Salinity stress in transgenic plants
The WT seedlings showed complete growth inhibition and bleaching at 200mM NacCl after 15 d of

growth whereas transgenic seedlings maintained near normal growth at this concentration with proper
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development of green leaves and long roots with lateral branching (root length being ~5 to 6 folds more than
that of WT) (Figure 4.2.6.3A, B, and F). This stunted growth in WT was more evident by 8" day in
300mM NaCl when compared to transgenic seedlings of high expression lines which could grow normally
with mild signs of chlorosis and developed healthy shoots, leaves, and roots (Figure 4.2.6.3C, D, and F).
To further investigate salinity tolerance in the growth and morphology of the mature plant, leaf discs from
WT and transgenic were treated with 200mM and 300mM NaCl. Severe bleaching was observed in WT leaf
discs after 2 d of treatment with 200 mM and 300 mM NacCl. The loss of chlorophyll pigment was 59% to
79% in WT with compared to controls (in water) whereas high expression transgenic lines could withstand
the stress and showed tolerance (Figure 4.2.6.3E) as observed from total chlorophyll content (Figure
4.2.6.3G) and TBARS (Figure 4.2.6.3H) in these lines. The low expression line showed similar response as

that of WT plants (Figure 4.2.6.3G and H).
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Figure 4.2.6.3. Effect of salinity stress on AdLEA transgenic plants. (A and C) WT and transgenic seedlings after
growth on MS medium supplemented with 200mM and 300mM NaCl respectively. (B and D) Individual seedlings

morphology after growth on 200mM and 300mM NaCl respectively, depicting differences in root length between the
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seedlings. (E) Phenotypic differences in the leaf discs from WT and transgenic plant lines floated in dose-dependent
concentrations (200mM and 300mM) of NaCl. (F) Graphical representation of root lengths in NaCl-treated seedlings
after 15d and 9d growth on 200mM and 300mM NaCl respectively. (G) Chlorophyll content (ug mg™! FW) in the leaf
discs after 72 h of treatment with NaCl. (H) Lipid peroxidation expressed as TBARS content (umol g-! FW) in leaf
discs after 72 h of treatment with NaCl. All the experiments were performed in triplicates and data represented as mean
+ SD (n = 3; biological replicates). 11 seedlings per plate constitute one biological sample for seedling assay. 15 leaf
discs from a single leaf constitute one biological sample for disc senescence assay. Statistical analysis was performed

with two-way ANOVA (¥P<0.05, **P<0.001).

Oxidative stress studies in transgenic plants

At 5uM MYV, all the seedlings of high expression transgenic lines were healthy with negligible chlorosis
whereas 70-80% of WT seedlings bleached out completely after 4 d treatment (Figure 4.2.6.4A). This
bleached population of WT was unable to recover on MV free medium whereas seedlings of high
expression transgenic lines could survive well on recovery medium (Figure 4.2.6.4B). Similar responses in
growth as in 5SuM were observed for WT and transgenic seedlings at 10uM MV (Figure 4.2.6.4C and D).
The chlorophyll content in WT was recorded to be 66% to 88% less when compared to controls, which was
similar to the chlorophyll content in low expression line. However, the relative decrease in chlorophyll
content of high expression transgenic lines in comparison to corresponding controls was lesser and recorded
between 28% to 42% and 30% to 44% respectively (Figure 4.2.6.4E). Leaf senescence assay performed
with leaf discs also demonstrated improved performance in transgenic leaf discs in comparison to WT.
Severe bleaching was observed in WT discs at both concentrations of MV with 10 uM MV being more
detrimental to discs (Figure 4.2.6.4F). The treatment resulted in 55% to 72% loss of chlorophyll from WT
as against 27% to 44% and 35% to 50% in high expression transgenic lines 2 and 4 respectively, hence
recording higher chlorophyll content than WT discs (Figure 4.2.6.4G). TBARS content of WT was also
considerably higher with a rise from 280% to 505% with increasing concentration of MV whereas this
increment in TBARS was within the range of 90% to 345% in high expression transgenic lines (Figure

4.2.6.4H). Here also, low expression line showed a response to similar to that of WT plants with a decrease
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in chlorophyll and MDA content in the range of 47% to 57% and 266% to 500% respectively (Figure

4.2.6.4G and F).
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Figure 4.2.6.4. Effect of oxidative stress on AdLEA transgenic plants. (A and C) WT and transgenic seedlings after
growth on MS medium supplemented with 5 and 10uM MV respectively. (B and D) Recovery of seedlings on MV free
medium. (E) Chlorophyll content (ug mg! FW) in the seedlings after growth on MV supplemented medium. (F)
Phenotypic differences in the leaf discs from WT and transgenic plant lines floated in dose-dependent concentrations
(5 and 10uM) of MV. (G) Chlorophyll content (ug mg! FW) in the leaf discs after treatment with MV. (H) Lipid

peroxidation expressed as TBARS content (umol g'' FW) in leaf discs after treatment with MV. All the experiments
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were performed in triplicates and data represented as mean + SD (n = 3; biological replicates). 11 seedlings per plate
constitute one biological sample for seedling assay. 15 leaf discs from a single leaf constitute one biological sample for

disc senescence assay. Statistical analysis was performed with two-way ANOVA (*¥*P<0.05, **P<0.001).

Tolerance of AALEA transgenics towards phytohormone ABA

Effect of ABA was checked on seedling stage of AdLEA transgenics. For seedling assay, seedlings were
shifted to a medium containing two different concentrations of ABA (5 and 8 pM) and were allowed to
grow for 20 d. There was visible difference in the phenotypes of WT and transgenic lines on 5 uM ABA.
Most of the WT seedlings showed clear signs of chlorosis with more than 50 % of population completely
bleached out. The size of the WT seedlings was severely repressed with stunted shoot growth and damaged
roots. On the other hand, most of the transgenic seedling were green with very less chlorosis and healthy
and well formed shoots and roots (Figure 4.2.6.5A). Roots of transgenics have lateral branches and they
showed 2.5-3 folds more length as compared to WT seedlings (Figure 4.2.6.5B and C). The effect of 8§ uM
ABA was more severe as there were signs of chlorosis even in transgenics seedlings and 50% of them also
showed bleached phenotype, the others were healthy and showed normal shoots and roots with lateral

branches, length of roots being 2 -2.5 times more than that of WT seedlings (Figure 4.2.6.5C, D and E).
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Figure 4.2.6.5. Effect of exogenous ABA on AdLEA transgenic plants. (A and D) WT and Transgenic seedlings
after growth on MS medium supplemented with 5uM and 8 pM ABA respectively. (B and E) Individual seedling

morphology after growth on SpM and 8 pM ABA respectively, depicting differences in root lengths between the
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seedlings. (C) Graphical representation of root lengths in ABA treated seedlings after 20 d growth on 5 uM and 8 uM
ABA respectively. All the experiments were performed in triplicates and data represented as mean = SD (n = 3;
biological replicates). 11 seedlings per plate constitute one biological sample for seedling assay. Statistical analysis

was performed with two-way ANOVA (*P<0.05, **P<0.001).

4.2.7 ROS detection in stomatal guard cells by confocal microscopy using H2DCFDA staining
in AdLEA transgenic tobacco plants

Confocal studies were done to detect total cell ROS using H,DCFDA, against dehydration stress induced
with PEG in leaf epidermal peels of plants. The level of DCF fluorescence under control condition (non-
stress) was almost similar in all three transgenic lines and WT, thus, representative guard cell fluorescence
of only one transgenic line was shown in Figure 4.2.7A (a, b, ¢, and d). There was an increase in
florescence signal after treatment with 10% PEG in all the lines including WT; however, this increment was
much intense in stomatal guard cells of WT and low expression line in comparison to the high expression
transgenic lines. This indicates lower levels of ROS formation in high expression transgenic lines when
compared to WT and low expression line under stress [Figure 4.2.7A (e, f, g, h, i, j, k, and 1)]. There were
nearly 10 folds and 8 folds’ increase in the fluorescence levels in WT and low expression line respectively
under stress conditions as opposed to both high expression transgenic lines 2 and 4, where there is an
increment of only 2.5 folds and 2 folds in fluorescence respectively after PEG treatment (Figure 4.2.7B).
Detection and quantification of ROS in leaves using NBT staining

For detection of Superoxide anion (O3’), histochemical studies using NBT staining was done against
salinity stress induced with NaCl in leaf of plants. The extracts from unstressed leaf samples (serving as
controls) showed negligible staining of formazan precipitate and also very little absorbance in comparison to
the treated samples indicating low levels of superoxide radicles in non-treated samples. Both WT and
transgenic leaves treated with 100 mM NaCl showed significantly high levels of absorbance implicating its
role in inducing oxidative stress in plants. The WT showed very high levels of formazan precipitate
formation as shown by intense blue coloration covering almost entire lamina in comparison to high

expression transgenic lines in which only traces of blue formazan staining can be seen (Figure 4.2.7C). The
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levels of formazan formation in the low expression line were almost similar to WT plant. Similar results

were observed when formazan levels were quantified and absorbance was measured (Figure 4.2.7D).
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Figure 4.2.7. ROS detection in leaf epidermal cells by confocal microscopy and quantification of ROS in leaves
using NBT staining. (A) Fluorescence levels in WT and transgenic plants before and after treatment with PEG as
shown in confocal microscopy. Bright field images of WT and transgenic plants are also displayed. Stomata with water
treatment. (a and b) WT; (c and d) representative transgenic line 7. Stomata after treatment with PEG. (e and f) WT; (g
and h) transgenic line 7; (i and j) transgenic line 2; (k and 1) transgenic line 4. The figures are representative confocal
images of stomatal guard cells (n < 1000) with three biological repetitions (Bar-100pm). (B) Quantification of ROS
production in cells after H,DCFDA staining using ImagelJ software. (C) Unstressed (untreated), WT, and transgenic
leaves treated with 100mM NaCl as visualized after NBT staining. (D) Graphical representation of formazan content
(ng mg! dry weight) in leaves of unstressed, WT, and transgenic leaves after treatment with 100mM NaCl. All the
experiments were performed in triplicates and data represented as mean + SD (n = 3; biological replicates). Single leaf
from each plant constitute one biological sample. Statistical analysis was performed with one-way ANOVA (*P<0.05,

#£P<0.001).
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4.2.8 Expression analysis of some stress related genes in AdLEA transgenic plants

qRT-PCR was done for some stress-responsive genes in leaves of a representative high expression line
#2 in comparison to WT to elucidate their expression before and after drought treatment. There was a ~0.5-
fold basal level expression in NtP5CS (1-pyrroline-5-carboxylate synthetase) of 4dLEA transgenic and WT
under control conditions. However, the expression of NtP5CS was up-regulated under stressed conditions in
both WT and transgenic plants. Its expression was ~3 fold higher in transgenic plants in comparison to WT
after exposure to drought (Figure 4.2.8A and B). There was a trivial change in expression levels of NtAPX
(ascorbate peroxidase), NtCAT (Catalase), and NtSOD (Superoxide dismutase) (genes for corresponding
ROS scavenging enzymes) from leaves of transgenic and WT plants in the absence of stress. However, there
was a significant up-regulation of all three enzyme genes, after drought stress in transgenic leaves with
maximum being in NtSOD (2.2 folds) followed by APX (2.1 folds) and NtCAT (1.9 folds) compared to WT
expression levels (Figure 4.2.8A and B). There was significant up-regulation (2.5 folds) in the expression
of NtNCED (9-cis-epoxycarotenoid dioxygenase), in transgenic line compared to WT even in control
conditions. After drought exposure, the transcript level of N¢NCED increased manifold in transgenic as well
as in WT with ~ 4.2 folds higher in transgenic line (Figure 4.2.8A and B). NtERD10c (early response to
dehydration), encoding a group 2 LEA protein was similarly up-regulated under stress conditions. The
transcript levels increased to ~2.5 folds in transgenic plants than WT plants (Figure 4.2.8A and B). The
result of this study suggested that there were enhanced transcript levels of these abiotic stress responsive

genes associated with the expression of AdLEA in the transgenic line in response to drought stress.
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Figure 4.2.8. Expression analysis of stress responsive genes in AdLEA transgenic plants. Relative transcript levels
of few abiotic stress responsive genes (NtP5CS, NtAPX, NtERDI10c, NtINCED, NtCAT, and NtSOD) in AdLEA
transgenic line #2 compared with WT were analyzed by qRT-PCR in (A) untreated and (B) drought stress conditions.
All the experiments were performed in triplicates and data represented as mean £ SD (n = 3; biological replicates).
RNA from single leaf from each plant constitute one biological sample. Statistical analysis was performed with two-

way ANOVA (*P<0.05, **P<0.001).

4.3 Discussion

LEA proteins are a large family of hydrophilic proteins which have been demonstrated to be associated
with tolerance against multiple stresses. LEA family has been classified into seven groups, among which
members of group 1, 2 and 3 are considered typical LEA proteins, which have been studied extensively in
relation to abiotic stress tolerance in plants. However, “atypical” Group 5 LEA proteins have not been
studied well enough and there are fewer studies to characterize their functions related to abiotic stress
tolerance mechanism. Here we have reported the functional characterization of an atypical, novel LEA gene
from Arachis diogoi, which was isolated earlier as a transcript derived fragment (TDF) in a differential gene
expression analysis in 4. diogoi challenged with late leaf spot pathogen, P. personata (Kumar and Kirti
2015).

In the present study, the full-length cDNA sequence was amplified from this partial fragment and the

gene was designated as 4dLEA. On the basis of sequence similarity, AALEA protein was grouped under
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group 5C LEA proteins and it showed maximum homology with Glycine max LEA protein, which belongs
to D95 family of LEA proteins as well. In contrast to other LEA proteins, which are very hydrophilic, D95
LEA proteins display a hydropathic character throughout the length of the protein (Espelund et al. 1992).
This is evident in AALEA as well, which is a nonpolar and neutral protein with a GRAVY value of —0.496.

In plants ABA is a key phytohormone involved in plant development and responses to various biotic and
abiotic stresses (Raghavendra et al. 2010b). There is an increase in endogenous ABA levels in plant cells in
response to various abiotic stresses leading to the expression of stress responsive genes (Zhu 2002;
Yamaguchi-Shinozaki and Shinozaki 2006). The stress tolerance mechanisms in the plant can be ABA-
dependent or independent and osmotic stress-regulated genes can be activated through both pathways (Abe
et al. 2003; Kobayashi et al. 2006). However, there was a report which suggests that for activation of LEA-
like proteins, stress signalling pathways independent of ABA might not exist (Xiong et al. 2002). It has been
also reported that promoter region of the group 5 LEA genes generally contain an ABA-responsive element
(ABRE), which drives the induction of these genes in response to various abiotic conditions (Park et al.
2011b). There are several reports on LEA protein expression induced by various abiotic stresses
emphasizing their role in imparting abiotic stress tolerance (Baker et al. 1988; Dure et al. 1989a; Wang et al.
2003). Consistent with the previous reports, AdLEA expression was also induced by ABA, high temperature,
dehydration, salinity and oxidative stresses in 4. diogoi indicating the potential role of AdLEA in response to
these stresses. AdLEA transcripts were also induced after treatment with SNP, ethephon and SA suggesting a
possible cross-talk between these phytohormones in AdLEA signalling pathway (Garcia-Mata and
Lamattina 2001).

Subcellular localization study of LEA proteins may be correlated with understanding different aspects of
their functionality and their participation in cellular protection during various stresses. Group 5 LEA
proteins are located in different subcellular compartments. The Arabidopsis thaliana group 5 protein
SAGI1/AtLEAS was localized in mitochondria (Salleh et al. 2012). The maize LEA protein Rab28 was
found to be localized in the nucleoli (Amara et al. 2013). RcLEA group 5 LEA protein from Rosa chinensis
was reported to be localized in the cytoplasm (Zhang et al. 2014). SiILEA14 from Foxtail millet and JcCLEA
from Jatropha curcas were found to be localized in the nucleus and cytosol both (Wang et al. 2014; Liang et
al. 2013). Similar localization results were observed for AALEA protein, which was found localized in
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nucleus and cytosol both. Previous studies have demonstrated that for nuclear localization of proteins, the
presence of a nuclear localization signal (NLS) and its subsequent phosphorylation are essential. The
localization of the maize LEA protein RAB17 to the nucleus is dependent on its phosphorylation state
(Goday et al. 1994; Jensen et al. 1998). Similarly, the NLS-segment present in the dehydrin WCS120 plays
an important role in its import in the nucleus (Houde et al. 2004). Sequence analysis of AALEA did not
reveal any known nuclear localization signal (NLS) and it also lacks the S segment that is involved in
nuclear localization (Jensen et al. 1998). Thus, it is possible that an unknown nuclear localization
mechanism devoid of NLS and S segment delivers AALEA to the nucleus (Rorat 2006). Also, the majority
of localization prediction programs predicts its localization to be mostly cytosolic. Hence, there is another
possibility that the protein is actually cytosolic in origin but diffused passively in the nucleus (Candat et al.
2014). Nevertheless, its localization in these places suggested a comprehensive protective role for AALEA
in plant cells which is consistent with its role of imparting enhanced tolerance against abiotic stresses.
Transgenic approaches have shown that overexpression of LEA proteins from different species in
Arabidopsis, Tobacco, wheat, rice, maize and many plants demonstrate better growth and morphology under
abiotic stress (Tunnacliffe and Wise 2007). In congruence with these reports, the AdLEA transgenic plants
also exhibited improved tolerance against phytohormone ABA (in seedling stage) and also towards
dehydration, salinity, osmotic, oxidative stress as confirmed by the data on stress assays on seedling and leaf
discs from mature plants. Many abiotic stresses induce excessive accumulation of ROS in the cell, that is
detrimental to cells at high concentration leading to oxidative damage to membrane lipids, nucleic acids, and
proteins. This increased damage to membranes of cell and cell organelles can, in turn, hinder the growth and
development of cells (Gill and Tuteja 2010). Damage to chloroplasts leads to depletion in the chlorophyll
levels and membrane damage leads to high MDA levels in cells (Gawet et al. 2004). The leaf disc assays
showed higher chlorophyll content and less MDA levels in transgenic AdLEA plants in comparison to WT
plants under all the stress treatments. This clearly indicated reduced lipid peroxidation and membrane
damage in these plants. Similar results were observed when in situ H,O, and O, free radicals were
measured in WT and AdLEA transgenic plants using H;DCFDA fluorescence and NBT staining under
dehydration and salinity stress conditions. Accumulation of ROS, specifically superoxide anion (O, °) has
been used as an effective index to assess the tolerance to multiple stresses because it directly reflects on the
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capability to resist oxidative stress in plants (Gill and Tuteja 2010). In both dehydration and salinity stresses,
transgenic plants displayed enhanced antioxidative capacity in the form of decreased accumulation of O, -
compared to WT. Low levels of O, commonly indicate higher tolerance to abiotic stresses in transgenic
plants, which is consistent with the above physiological and biochemical results under different abiotic
stress assays, and may also explain the enhanced tolerance to these stresses in transgenic plants.

In plants, the ability to maintain photosynthesis under environmental stress is a fundamental requirement
to maintain their growth and development. The potential function of AdLEA in stress adaptation was further
explored by monitoring the photosynthesis performance of transgenic plants. The chlorophyll a fluorescence
studies demonstrated improved PS-II efficiency in AdLEA transgenic plants when compared to WT plants
under progressive drought stress. F\/F,, reflects an estimate of the maximum quantum efficiency of PSII
photochemistry and has been widely used to detect stress-induced perturbations in the photosynthetic
apparatus (Baker et al. 2004). In this study, WT plants showed a significant decrease in F,/F, under drought
stress when compared to transgenic plants suggesting the development of slowly relaxing quenching
processes and photo-damage to PSII reaction centers, both of which reduce the PSII photochemistry.
Similarly, F"/F,' measurement also demonstrated the same trend as for F\/F, in WT plants and AdLEA
transgenic plants. This indicates improved operational quantum efficiency of PSII electron transport and
hence, CO; assimilation in transgenic plants as both are directly related (Baker 2008). Even after a recovery
period of 3 d after extreme drought treatment (D18), the WT plants were unable to recover on re-watering in
comparison to transgenic plants as demonstrated by F"/F,,' and F\/F,, measurements, suggesting irreversible
damage to photosynthetic apparatus. The AdLEA transgenic plants showed F"F,' and F,/F,, values similar
to that of the healthy unstressed plant, which showed the ability of AdLEA to partially reverse the stress
induced by growth inhibition under drought. The improved CO, assimilation of transgenic plants under
stress possibly would have allowed the plants to sustain superior growth. This better photosynthesis
performance of the transgenics can also be linked to the accumulation of more proline levels and less
damage to chlorophyll content in leaves of transgenic plants under drought in comparison to WT. Proline is
an organic osmolyte, which works in multiple ways to impart stress tolerance to cells by the protection of
cellular structures, detoxification of enzymes, scavenging ROS alone or in combination with other stress-

related enzyme system. These compounds also confer integrity to the membrane and keep the
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photosynthesis intact under stress. Proline accumulation is a well-known measure adopted for the alleviation
of osmotic stress in plants and it has also been documented that leaf proline content is correlated with plant
tolerance to abiotic stresses (Matysik et al. ; Ben Ahmed et al. 2010; Karaba et al. 2007).

Further, to understand the possible molecular mechanisms, which help AdLEA transgenic plants to
combat stress in response to drought, some of the stress responsive genes were analyzed in high expression
transgenic plants compared with WT. Plants possess a complex antioxidant defense system of ROS
detoxification generated as a result of any induced stress, which consists of an accumulation of non-
enzymatic antioxidants like proline and activation of ROS scavenging enzymes (Miller et al. 2010). It has
been reported that drought tolerance is positively correlated with the activity of antioxidant enzymes such as
SOD, CAT, and APX in plants (Wang et al. 2009). Consistent with these studies, AdLEA transgenic plants
demonstrated enhanced expression of NtAPX, NtSOD, and NtCAT in comparison to WT under drought
conditions, which might presumably also explain the lower levels of ROS in leaves of transgenic plants
under dehydration stress induced by PEG. Also, there was enhanced expression of NtP5CS (a key enzyme
involved in the synthesis of amino acid proline in plants) under drought stress in transgenic plants in
comparison to WT. This result was in concordance with the data of elevated proline levels in transgenic
plants during drought stress. There was enhanced expression of stress responsive genes NtERDI(0c and
NtNCED in transgenic plants when compared to WT plants. ERDI0c encodes a group 2 hydrophilic LEA
protein that is assumed to play critical roles in combating cellular dehydration by binding water, stabilizing
labile enzymes and protecting cellular macromolecular structures (Kovacs et al. 2008b). Greater induction
of this gene in transgenic line suggested that plants might synthesize more protective chaperones for protein
stabilization providing better defense against water loss in dehydration or drought stress as opposed to WT
plants (Chakrabortee et al. 2007). NCED is a rate limiting key enzyme in the biosynthesis of ABA, which
plays an essential role in adaptive responses to environmental stresses including drought stress (Seo 2002).
Interestingly, there was enhanced expression of NtNCED in transgenic plants in comparison to WT plants in
control conditions before stress treatment, which became more pronounced after drought stress. This
suggests increased de novo ABA biosynthesis in transgenic plants, which could have been promoted by the
constitutive expression of AdLEA in these plants. The assumption sounds reasonable since there are reports
where an increase in the endogenous ABA level by expression of NCED gene resulted in improved drought
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tolerance in various plants (Iuchi et al. 2001). This study on these genes (N¢ERD10, and NtNCED) reconfirm
the fact that their associated enhanced expression in AdLEA transgenic plants appeared to facilitate plant
tolerance towards drought stress. Hence, the enhanced tolerance of AdLEA transgenic plants against
dehydration or drought stress could be attributed to the cumulative effects of up regulation of many genes
and effects of their gene products. AdLEA transgenic plants demonstrated higher antioxidant activity owing
to enhanced expression of antioxidant enzymes under stressed conditions, which might have aided the
transgenic plants to scavenge ROS more effectively than WT plants. Similarly, up-regulation of stress-
responsive genes involved in proline metabolism and ABA signalling pathways might have played a role in
conferring enhanced tolerance to drought stress in AdLEA transgenic plants. Upregulation of an LEA
homolog of tobacco (ERDI10) and its functions in imparting stress tolerance can also be associated with
increased tolerance of AdLEA transgenic plants.

To conclude, overexpression of AdLEA imparts abiotic stress tolerance to transgenic tobacco plants most
specifically in water limiting conditions by increasing O, scavenging and up-regulation of various stress-

related genes.
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Table 4.1. Oligo and their sequences used for RACE-PCR, cloning and gene integration studies in
AdLEA transgenics plants.

Gene Primer Name Primer sequence (5'-3')

AdLEA 5'AdLEAGSP1 CATCTGCACTTGGCTTCCCAAACCCT
3'AdLEAGSP1 AGGGTTTGGGAAGCCAAGTGCAGATG
AdLEA-F-Sacl CGAGCTCATGTCGACGTCTGACAAGC
AdLEA-R-Kpnl AGGTACCTCACTCCTCGTCGTCATCG
AdLEA-pEGAD-F AGAATTCAT GTC GAC GTC TGA CAA GC
AdLEA-pEGAD-R TAAGCTTTC ACT CCT CGT CGT CAT C
AdLEA-pC1302-F CAGATCT ATGTCGACGTCTGACAAGCC
AdLEA-pC1302-R CACTAGT CTC CTC GTC GTC ATC GTCAT
RTLEA-F GGCTTTGCATTGTGGGACATGA
RTLEA-R TCACTCCTCGTCGTCATCGTC

nptll NptlI-F AGATGGATTGCACGCAGGTTCTC
NptlI-R ATCGGGAGCGGCGATACCGTA

Adh3 AdRTADH3-F GACGCTTGGCGAGATCAACA
AdRTADH3-R AACCGGACAACCACCACATG

Actin Actin-F

TGGCATCACACTTTCTACAA
Actin-R
CAACGGAATCTCTCAGCTCC
UBII UBIIRT-F
TCTTGTCCTCCGTCTTAGGG
UBIIRT-R
AGCAAGGGTCCTTCCATCTT

Underlined bases indicate the recognition sequences for the corresponding restriction enzymes

Table 4.2 Oligo sequences used in the study of drought stress tolerance in AdLEA transgenic tobacco

plants
Gene Primer Name Primer sequence (5’-3')
NtAPX NtAPX-F GTTTGGGCTTTTCTCCTCGAC
NtAPX-R GGAGCATAAGAGGAGCGCAA
NtMnSOD NtMnSOD-F TCCCCTACGACTATGGAGCA
NtMnSOD-R CGGTATGCAATTTGGCGACG
NtERDI0C | NtERD10C-F AAAGCCAACTCATGCCCAAG
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NtERD10C-R

AGAGCTGCTACTTGATCGATGG

NtP5CS NtP5CS-F GCTGCTCAACAGGCTGGATA
NtP5CS-R CCATCAGCAACCTCCGTTCT

NtCAT NtCAT-F GGCCGCTACAACTCTCTCTTT
NtCAT-R ACAGGACCTCTTGCACCAAC

NtNCED3 NtNCED3 F TGTCTGAAATGATCCGGGGC
NtNCED3 R AGTTTCCGGCTCTTCCCAAG

Nt18S Nt18S-F CCAGGTCCAGACATAGTAAG
Nt18S-R GTACAAAGGGCAGGGACGTA

NtUBII NtUBI1- F GAGTCAACCCGTCACCTTGT
NtUBI1- R ACATCTTTGAGACCTCAGTAGACA
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Chapter s

Functional characterization of an in vitro
generated variant of the defensin TvD1
from the weedy legume Tephrosia
villosa and its comparative analysis with
native defensin for biotic stress
responses in transgenic tobacco

113



5.1 Materials and Methods

5.1.1 Construct preparation and Agrobacterium mediated Tobacco transformation

The intron less 231-bp a-TvD1 open reading frame (ORF) was amplified with primers o-7vDI-F and a-
TvDI-R having restriction sites for Kpnl and BamH1 respectively (Table 5.1) and cloned into corresponding
sites of pRT100 vector. The expression cassette that has a-TvDI flanked by CaMV35S promoter and
polyadenylation signal was released by Pstl restriction digestion and subsequently sub-cloned into binary
vector pPCAMBIA2300 at the same site. The recombinant vector pPCAMBIA2300- a-7vDI having nptll as
marker gene for kanamycin selection was transformed into Agrobacterium strain LBA4404 by freeze-thaw
method and used for transformation of tobacco plants (N. tabacum cv. Samsun) by leaf disc method as
described in method 3.13 according to Horsch et al. (Horsch et al. 1985). The transformants were selected
on 125 mg L' kanamycin. Genomic DNA was isolated from Ty a-TvDI transformants and PCR with
specific primers for the target gene as well marker gene npt/l was undertaken. Further, total RNA was
isolated and reverse transcriptase polymerase chain reaction (RT-PCR) for the target gene (a-TvD1) was
also undertaken to identify high and low expression plants and subsequently their progenies were
maintained for further analysis. All the primer sequence details used in this study are mentioned in Table
5.1.
5.1.2 Detached-leaf anti-fungal bioassay

To evaluate the disease resistance response of transgenic a-7vDI plants against fungal pathogen
Phytophthora parasitica var. nicotianae and Alternaria alternata var. nicotianae, detached leaf fungal
bioassay was performed in Ty generation. The fungus was cultured on potato dextrose agar (PDA) (Himedia,
India) for five to six days at 24 °C. Three fully expanded leaves from two months old low expression (a-T1)
and two high expression (a-T8 and a-T16) transgenic plants along with wild type (non-transgenic) controls
were used in the assay and the experiment was performed three times. The leaves were washed thoroughly
in running tap water, blot dried and were placed on moist filter papers for fungal inoculation. Actively
growing mycelia of fungi Phytophthora parasitica var. nicotianae and Alternaria alternata var. nicotianae
along with potato dextrose agar block (0.5 cm?) were kept on the adaxial surface of the leaves after abrasion

to promote fungal infection (Tedford et al. 1990). The leaves were kept in growth room at 28° C with 16 h
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photoperiod. Disease symptoms and leaf damage was observed and photographed after five and ten days
post inoculation (dpi) for Phytophthora parasitica var. nicotianae and Alternaria alternata var. nicotianae
respectively.

For comparison analysis studies, homozygous T, transgenic plants of both a-7vD1 and native TvDI were
used. In earlier study of characterisation of native 7vDI, high expression transgenic line T-26 showed
enhanced resistance against many fungal pathogens and insect pests. Hence, in the present study two
progeny plants of the same line T-26; T-26.1 and T-26.2 were used (Na T-26.1 and Na T-26.2). Two high
expression T lines of a-TvDI; aT-8 and aT-16, which were characterised in Ty generation were used for
comparison studies. The same experimental procedure as described above, was used for comparison studies
for detached leaf fungal bioassays with fungi Phytophthora parasitica var. nicotianae, Alternaria alternata
var. nicotianae and Rhizoctonia solani. All the experiments were performed three times. The fungal cultures
used in study were procured from Indian Type Culture Collection (ITCC), New Delhi.

5.1.3 Whole plant bioassay with Rhizoctonia solani

Whole plant assays with Rhizoctonia solani were done in soil as well as on media (Anderson 1982). For
both bioassays, one month old transgenic native 7vD/ and a-TvD1 seedlings along with wild type seedlings
were used. For assay in soil, actively grown fungal mycelium on potato dextrose agar block (0.5 cm?) was
kept in each plastic cup containing seedling. Before that plastic cups were pretreated with 3% sucrose
solution for promoting better growth of fungal mycelium. The seedlings were incubated in growth room at
28° C with 16 h/ 8 h light/ dark photoperiod and symptoms were recorded after ten days post inoculation.
For fungal bioassay on media, all the seedlings were shifted to culture bottles having half strength MS
media and fungal mycelium on PDA block (0.5 cm?) was placed in each bottle for infection. The culture
bottles were kept in growth room at 24° C with 16 h/ 8 h light/ dark photoperiod and symptoms were
recorded after seven days post inoculation. In each experiment ten seedlings in each bottle were kept and the
experiment was repeated three times.

5.1.4 Quantitative determination of fungal biomass in necrotic infected leaf tissues of plants

Quantitative determination of fungal biomass in necrotic infected tissues of transgenic and wild type

plants was calculated undertaking the development of standard curves. The standard curves were plotted
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using different concentrations of fungal genomic DNA ranging from 10 to 10 ng/ul of Phytopthora
parasitica pv. nicotianae, Alternaria alternata and, Rhizoctonia solani, which showed a linear relation (r* =
0.986, 0.953 and, 0.994 respectively) between log values of fungal genomic DNA and real-time PCR
threshold cycles (Kumar et al. 2015). These standard curves with 200 ng of DNA were used to calculate
fungal biomass present in the roots and leaves of infected transgenic lines and wild type plants.
5.1.5 Anti-feedant bioassay with generalist herbivore Spodoptera litura

Leaves of two month old, native 7vDI and a-TvD1 plants along with wild type plant were tested and
compared for insect herbivory against the generalist herbivore, Spodoptera litura using the 1 and 2™ instar
larvae forms. For assay, the leaf petioles were kept in petriplates with 0.8 % agar which helps in maintaining
the moisture content within the leaves. Five 1% and 2™ instar larvae of Spodoptera litura were added
separately onto the adaxial surface of the leaves and the petriplates were then sealed. The plates were kept
for 2 days at 28° C with 16 h/ 8 h light/ dark photoperiod. The leaf area damage (in cm?) and weight of the
larva (in mg) two days post larval feeding was measured in both instar stages. The experiment was repeated
three times.
5.1.6 Statistical analysis

The data analysis was done by analysis of variance (one-way ANOVA) using GraphPad Prism ver. 5.0
and the mean values were compared by the student Newman-Keuls analysis. All the experiments were

performed in triplicates.

5.2 Results

5.2.1 Cloning of a-7vDI and generation of transgenic tobacco lines overexpressing o-7vD]1
gene

The coding region of a-TvDI cDNA was cloned into pRT100 vector in between the sites Kpnl and
BamHI to create the plant expression cassette pRT100- a-7vD1 in which the gene was flanked by CaMV
35S promoter and the termination signal. This expression cassette was sub-cloned further into binary vector
pCAMBIA2300 at Pstl site with the marker gene nptIl driven by 35S promoter with t-Nos termination
signal (Figure 5.2.1.1A and B). The resultant binary vector pPCAMBIA2300- a-TvD1 was used to transform
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tobacco plants by Agrobacterium mediated leaf-disc transformation (Horsch et al., 1985). The transformants
were kept on MS medium supplemented with 2 mg/l BAP and 0.1 mg/l NAA for shoot induction and
elongation and selected on 125 mg/l kanamycin. Afterwards, the shoots were shifted to root induction
medium for rooting (full or half strength MS medium without hormones), which were later transferred to
soil in plastic cups to get acclimatized in growth room conditions and subsequently in greenhouse

conditions in pots (Figure 5.2.2).

Pstl Kpnli BamHI Pstl

358
Poly A

Left Right
Border Border

«— ~800bp
(35S + a-TvD1 + Poly A)

(B)

Figure 5.2.1.1. Construct preparation for plant transformation. (A) Representation of the T-DNA region of the

plasmid pPCAMBIA2300 that contains a-TvD1 gene driven by CaMV 35S promoter and Np#/I gene. RB, right border;
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LB, left border. (B) Gel picture showing the release of ~ 800 bp a-TvD1 cassettes with 35S promoter and polyA signal

from the pPCAMBIA2300 vector.

Figure 5.2.1.2. Different stages of Agarobacterium mediated transformation of tobacco. (A) Explants forming
callus on shoot induction medium. (B) Shoot proliferation on shoot induction medium. (C) Elongation of shoots on
shoot elongation medium. (D) Rooting of putative transgenics on root induction medium. (E) and (F) Hardening and
acclimatization of putative transgenic tobacco plants in growth room conditions and greenhouse conditions

respectively.

5.2.2 Molecular analysis of putative Toand T2 transgenic plants

Several To putative transgenic a-T7vDI plants were raised by Agarobacterium mediated transformation
after different stages of tissue culture selection. Genomic DNA was isolated from some of these putative Ty
transgenic plants and they were screened by PCR amplification for a-TvD1 and marker nptll genes (Figure
5.2.2A and B). Plants # 1, 5, 8, 10, 13, 16, 18 and 20 which showed amplification for both a-7vD1 and nptIl
genes were further analyzed by semi-quantitative RT-PCR to check the relative expression of a-TvDI gene

in them. These results demonstrated that plants #5, 8, 16, and 18 showed high expression, plants
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#1, 10 and 13 low expression and plant# 20 showed relatively moderate expression of a-7vD] transcript
(Figure 5.2.2C). Two high expression plants (# 8 and 16) were selected which were further grown to the T,
generation through T; and plants were obtained by selfing and germination of the seeds on kanamycin
containing medium. These T plants were again verified for the expression levels of a-7vDI transcripts
(Figure 5.2.2D) and maintained in green house for further analysis. All the comparison studies were done
with these two high expression lines. Simultaneously, WT plants (non-transgenic) serving as controls were

also maintained separately.

M +ve -ve 1 5 8 10 13 16 18 20

Rt el < 739 bp
(nptil)

(A)

M +ve -ve 1 5 8 10 13 16 18 20

<

231 bp
(a-TvD1)

(B)
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Figure 5.2.2. Integration and expression of a-7vD1 in putative Ty transgenic tobacco plants. (A) PCR analysis of
putative To transformants for the nptll gene; M, +ve and -ve are ADNA/EcoRI+HindIIl ladder, positive control,
negative control (WT non transformed plant) respectively; 1, 5, 8, 10, 13, 16, 18, and 20 are transgenic plants showing
739 bp amplified PCR product of the nptIl gene. (B) PCR analysis of putative Ty transformants for a-7vD1 gene; M,
+ve and -ve are ADNA/EcoRI+HindIIl ladder, positive control, negative control (WT non transformed plant)
respectively; 1, 5, 8, 10, 13, 16, 18, and 20 are transgenic plants showing 231 bp amplified PCR product of the a-TvD1
gene. (C) Transcript levels of a-TvD1 in T, generation. Lines 5, 8, 16, and 18 are high expression plants, and 1, 10 and
13 are low expression plants and 20 is moderate expression plant; C is negative control (untransformed WT plant). (D)
Transcript level of a-TvDI in T, generation. Lines 8 and 16 are high expression lines; C is negative control

(untransformed WT plant).

5.2.3 Detached leaf antifungal bio-assay for To transgenic tobacco plants

The To tobacco transgenic plants were analyzed for antifungal activity against the fungal pathogen,
Phytopthora parasitica p.v. nicotiana that causes black shank disease and fungal pathogen Alternaria
alternata pv. nicotianae that causes brown or leaf spot disease (both fungi are specific for tobacco). These
assays also helped us to identify the expression of a-7vDI in low and high expression lines in congruence

with the expression data of this gene in molecular analysis of Ty transgenic plants. Leaves from two high
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expression lines # 8 (T-8) and, 16 (T-16) and a single low expression line# 1 (T-1) along with wild type leaf
(WT) as control were taken for the assays.

The high expression line plants T-8 and T-16 showed very less necrosis of the leaf after fungal disc
inoculation over the leaf with P. parasitica p.v. nicotianae whereas the leaf damage area was very high in
low expression plant (T-1) which was almost comparable to that of the damage in WT control plant. The
low expression line as well as control plants showed more than 90% damage across the leaf within 5 days
post inoculation (dpi) with the fungus (Figure 5.2.3.1A and B). When fungal DNA was quantified, there
was significant reduction in fungal DNA biomass of both high expression lines in comparison to WT and
low expression lines. Fungal DNA concentration was almost 79% and 81 % less in transgenic lines T-8 and
T-16 respectively in comparison to wild type plants whereas this reduction was only 13% less in low

expression line T-1 (Figure 5.2.3.1C).

WT aT-1 aT-8 aT-16

A
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Figure. 5.2.3.1. Detached leaf fungal bioassay using the fungus, Phytopthora parasitica p.v. nicotianae. (A)
Pictorial representation of leaves infected with fungus; T-1, T-8 and, T-16 are low expression and high expression lines
respectively. (Photograph was taken after 5 days post inoculation; dpi) (B). Graphical representation of the symptoms
that are expressed as diameter (cm?) of the diseased lesion area on leaves after fungal infection at 5 dpi. (C) Graphical
representation of the fungal DNA quantification in infected leaves at 5 dpi. All the experiments were performed in
triplicates and data represented as mean + SD (n = 3; biological replicates). Statistical analysis was performed with

one-way ANOVA. Differences are significant between WT and a7vD1 transgenics (**P<0.01).

Similarly, for the fungus Alternaria alternata pv. nicotianae, the necrosis was prominent in the control
plant, which showed almost 85% damage of the leaf after ten days post fungal inoculation (dpi). Low
expression line (T-1) showed the same response as wild type with almost 80% leaf damage due to necrosis.
However, very less necrosis was observed in the leaves of both the high expression lines (T-8 and T-16)
with damage of the leaf between 5-8 % of the total leaf area (Figure 5.2.3.2A and B). As expected, in DNA
quantification studies also WT plants showed more fungal DNA in comparison to high expression lines T-8
and T-16. The amount of fungal DNA in lines T-8 and T-16 was almost 85% and 87% less respectively in

comparison to WT plants (Figure 5.2.3.2C).
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Figure 5.2.3.2. Detached leaf fungal bioassay using the fungus, Alternaria alternata pv. nicotianae. (A) Pictorial
representation of leaves infected with the fungal pathogen; T-1, T-8 and, T-16 are low expression and high expression
lines respectively. (Photograph was taken after 10 days’ post inoculation; dpi) (B). Graphical representation of the
symptoms that are expressed as diameter (cm?) of the diseased lesions area on leaves after fungal infection at 10 dpi.
(C) Graphical representation of the fungal DNA quantification in infected leaves at 10 dpi. All the experiments were
performed in triplicates and data represented as mean + SD (n = 3; biological replicates). Statistical analysis was
performed with one-way ANOVA. Differences are significant between WT and aTvDI transgenics (*P<0.05,

#4Pp<0.01).
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5.2.4 Comparative analysis of a-7TvDI and native 7vDI transgenic plants against fungal
infection and insect infestation

For comparison analysis studies, homozygous high expression lines of a-7vDI; oT-8 and aT-16 and
progenies of high expression line of T-26; T-26.1 and T-26.2 (Na T-26.1 and Na T-26) were used.
5.2.4.1 Against fungus Phytopthora parasitica pv. nicotianae

Leaves of transgenic plants of both a-7vD1 and native TvD1 along with WT control were inoculated with
fungal medium blocks and were photographed on the 5™ day and subsequently the area of disease lesion and
fungal DNA quantification were quantified for each of them and the parameters were compared between
native 7vD1 and a-TvD1. There was significant reduction in the disease lesion area of both aT-8 and oT-16
leaves, which was almost 45% and 38% less respectively, when compared to native 7vD/ leaves infection
area (Figure 5.2.4.1A and B). Similar results were observed when fungal DNA biomass of both aT-8 and
aT-16 leaves were estimated and compared. Fungal DNA concentration was almost 46% and 35 % less in
these lines respectively in comparison to native 7vD/ plant leaves. The results demonstrate enhanced
tolerance of a-TvDI plants against fungus Phytopthora parasitica pv. nicotianae as compared to native
TvD1 plants. Statistical analysis in result graphs has been done between a-7vD1 and native TvD] transgenic
plants only (not WT) to highlight the significance of statistical parameters between these two in comparison

studies.

WT Na T-26.1 Na T-26.2 aT-8 aT-16

A

124



200+ 150+

=
=] o
=) I
T < 1504 RAK £
Som &
o = 1004 BPTUTRA
53 ER s
u © » RO
£ £ 1004 = Wolete?
g = 15¢5¢5¢
= 2 e
e = Releled
= e
Z a - 109¢525¢4
= - S 504 XX
= & S0 = 105¢5249
o PR
= b KA
2 -] Heleled
4 00
= PO
= K :
oo de
0 i 04 (A XA
A
< &

Figure 5.2.4.1. Detached leaf fungal bioassay using the fungal pathogen, Phytopthora parasitica p.v. nicotianae.
(A) Pictorial representation of leaves infected with the fungus; NaT-26.1 and NaT-26.2 are progenies of high
expression line T-26 of native 7vD/ and aT-8 and aT-16 are high expression lines of a7vD1 respectively. (Photograph
was taken after 5 days’ post inoculation; dpi) (B). Graphical representation of the symptoms that are expressed as
diameter (cm?) of the diseased lesions area on leaves after fungal infection at 5 dpi. (C) Graphical representation of the
fungal DNA quantification in infected leaves at 5 dpi. All the experiments were performed in triplicates and data
represented as mean = SD (n = 3; biological replicates). Statistical analysis was performed with one-way ANOVA.

Differences are significant between native TvDI and aTvD] transgenics (¥**P<0.01, *P<0.05).

5.2.4.2 Against the fungus Rhizoctonia solani

Transgenic plants were compared against soil born, root rot disease causing fungus Rhizoctonia solani on
leaves as well as in whole plant assays in soil and media. a7vD] transgenic lines aT-8 and aT-16 showed
enhanced tolerance against fungus with almost 45-50 % reduction in the infected disease area and 55-60 %
reduction in fugal DNA concentration in comparison to native transgenic plant leaves at 8 dpi (Figure
5.2.4.2.1A- C). Fungal blocks were inoculated on to the one month old transgenic plants in whole plant
fungal assay in soil. After 8 days of treatment, fungal mycelia grew and covered the complete upper soil
layer in the cups. The fungus R. solani infects the root shoot junction of the plants with the symptoms
starting from base of the plant and progresses upwards i.e., older leaves get affected early. Even after 10

days post treatment, there were no external disease symptoms observed in both a-7vDI and native TvD]
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plants, but the a-7vDI transgenic plants appeared healthier and showed better growth in comparison to
native TvDI plants (Figure 5.2.4.2.2A and B). Further, to observe the effect of fungus on plants
morphology and survivability, the assay was repeated on culture media. Here, the difference between the
transgenics was more prominent phenotypically and morphologically with a-7vDI transgenic plants
showing longer root lengths and better plant survival percentage in comparison to native 7vDI plants
(Figure 5.2.4.2.3A- D). The difference in fungal growth between both a-TvD1 and native TvDI transgenics
in roots was also more pronounced on media in comparison to its growth in soil as observed in DNA
quantification studies. There was a reduction of approximately 42% fungal growth in soil whereas almost
52% reduction was observed in fungal mass on media of a-7vD] plants roots in comparison to native 7vD]

plant roots (Figure 5.2.4.2.4A and B).
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Figure 5.2.4.2.1 Detached leaf fungal bioassay with the fungal pathogen Rhizoctonia solani. (A) Pictorial
representation of leaves infected with fungus; NaT-26.1 and NaT-26.2 are progenies of high expression line T-26 of
native 7vD1 and aT-8 and aT-16 are high expression lines of aT7vDI respectively. (Photograph was taken at 8 dpi) (B).
Graphical representation of the symptoms that are expressed as diameter (cm?) of the diseased lesions area on leaves
after fungal infection at 8 dpi. (C) Graphical representation of the fungal DNA quantification in infected leaves at 8
dpi. All the experiments were performed in triplicates and data represented as mean + SD (n = 3; biological
replicates). Statistical analysis was performed with one-way ANOVA. Differences are significant between native 7vD/

and aTvD] transgenics (**P<0.01, *P<0.05).
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Figure 5.2.4.2.2. Whole plant fungal bioassay with the fungus Rhizoctonia solani in soil. (A) Pictorial
representation of one month old plants infected with the fungus; NaT-26.1 and NaT-26.2 are progenies of high
expression line T-26 of native 7vD] and oT-8 and oT-16 are high expression lines of a7vDI respectively. (B)
Uprooted plants after fungal assay. Arrowheads indicate the site of R. solani infection at shoot-root junction.

(Photograph was taken at 10 dpi).
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Figure 5.2.4.2.3. Whole plant fungal bioassay with Rhizoctonia solani on media. (A) Pictorial representation of one

month old seedlings infected with fungus; NaT-26.1 and NaT-26.2 are progenies of high expression line T-26 of native
TvDI and aT-8 and aT-16 are the high expression lines of a7vDI respectively. (B) Uprooted plants after the fungal
assay. Arrowheads indicate the site of R. solani infection at shoot-root junction. (Photograph was taken at 7 dpi). (C).
Graphical representation of Seedling root lengths after fungal assay. (D) Graphical representation of seedling survival
percentage after fungal assay. All the experiments were performed in triplicates and data represented as mean + SD (n

= 3; biological replicates). Statistical analysis was performed with one-way ANOVA. Differences are significant

between native TvD1 and aTvD1 transgenics (**P<0.01, *P<0.05).
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Figure 5.2.4.2.4. Whole plant fungal bioassay with Rhizoctonia solani in soil and media. (A) Graphical
representation of the fungal DNA quantification in infected roots in soil at 10 dpi. (B) Graphical representation of the
fungal DNA quantification in infected roots on media at 7 dpi. All the experiments were performed in triplicates and
data represented as mean + SD (n = 3; biological replicates). Statistical analysis was performed with one-way

ANOVA. Differences are significant between native 7vDI and aTvD1 transgenics (**P<0.01, ¥*P<0.05).

5.2.4.3 Against fungus Alternaria alternata var. nicotianae

The difference between a-TvD1 and native TvD]1 transgenics was not much significant against fungus 4.
alternata var. nicotianae. Both the transgenics showed more or less similar disease symptoms with similar

disease lesion area on leaves and fungal DNA amount in the leaves (Figure 5.2.4.3).
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Figure 5.2.4.3. Detached leaf fungal bioassay with the fungus Alternaria alterneta. (A) Pictorial representation of
leaves infected with the fungus; NaT-26.1 and NaT-26.2 are progenies of high expression line T-26 of native 7vD1 and
aT-8 and oT-16 are high expression lines of a7vDI respectively. (Photograph was taken at 8 dpi) (B). Graphical
representation of the symptoms that are expressed as diameter (cm?) of the diseased lesion area on leaves after fungal
infection at 7 dpi. (C) Graphical representation of the fungal DNA quantification in infected leaves at 7 dpi. All the
experiments were performed in triplicates and data represented as mean £+ SD (n = 3; biological replicates). Statistical
analysis was performed with one-way ANOVA. Differences are not significant between native 7vD[ and aTvDI

transgenics.
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5.2.4.4 Anti-insect bioassay against Spodoptera litura

Further, a-7TvDI and native TvDI transgenics plants were tested and compared for insect herbivory
against the generalist herbivore, Spodoptera litura using the 1% and 2™ instar larvae forms. The 1% instar
larvae, feeding on the leaves of a-TvD1 transgenic lines caused very little damage to the leaves compared to
larvae feeding on native 7vD1 leaves with almost 52-55% reduction in leaf damaged area in comparison to
native 7vD1 plants within three days of post feeding. These larvae consequently gained less weight (avg.
weight of each larvae was 7 mg) when compared to larvae fed on native TvD1 plants, (avg. weight of larvae
was 13 mg) which was almost 42% less as compared to native 7vD/ plants fed larvae. (Figure 5.2.4.4.1).
2" instar larvae were also tested simultaneously, with the same set of plants. Here also the larvae feeding on
o-TvD]1 transgenic lines gained less weight with 34-36 % reduction in larval weight and the reduction in
damaged area of about 45-48% in comparison to larvae fed on native 7vD] transgenic plants (Figure
5.2.4.4.2). These results showed enhanced resistance or tolerance of a-7vDI plants against insect pests in

comparison to native 7vD1 plants.
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Figure 5.2.4.4.1. Insect bioassay using the 1st instar larvae of Spodoptera litura. (A) Pictorial representation of

transgenic leaves and insect larvae after feeding. Photograph was taken after 3 days post feeding. (B) Graphical
representation of leaf damage area after insect feeding. (D) Graphical representation of the weight gained by 1* instar
larvae of Spodoptera litura post feeding. All the experiments were performed in triplicates and data represented as
mean £ SD (n = 3; biological replicates). Statistical analysis was performed with one-way ANOVA. Differences are

significant between native 7vD/ and aTvD] transgenics (**P<0.01, *P<0.05).
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Figure 5.2.4.4.2. Insect bioassay using the 2" instar larvae of Spodoptera litura. (A) Pictorial representation of
transgenic leaves and insect larvae after feeding. Photograph was taken after 2 days post feeding. (B) Graphical
representation of leaf damage area after insect feeding. (D) Graphical representation of the weight gained by 2" instar
larvae of Spodoptera litura after post feeding. All the experiments were performed in triplicates and data represented
as mean £ SD (n = 3; biological replicates). Statistical analysis was performed with one-way ANOVA. Differences are

significant between native 7vD/ and aTvD] transgenics (**P<0.01, *P<0.05).

5.3 Discussion

In nature, plants being sessile organisms, repeatedly encounter attack by microbial pathogens all through
their life cycle. Over the course of evolution, plants have developed a potent defense mechanism conferring
systemic resistance, to resist and survive against these circumstances in which peptides and proteins are the
most evolved molecular entities. Among these peptides are antimicrobial peptides defensins. Plant defensins
are cysteine-rich, basic peptides consisting of 45—-54 amino acid residues and have a three-dimensional well-
conserved structure held by a cysteine-stabilized o/ (CSap) motif, which forms one a-helix followed by
three anti-parallel B-sheets.

Many studies in the past have established that plant defensins exhibit inhibitory activity against broad
range of filamentous fungi in vitro and in vivo when expressed in transgenic plants (Terras et al. 1995; Chen
et al. 2006; Anuradha et al. 2008; Jha and Chattoo 2010; Ghag et al. 2012). Due to their potent in vitro

antifungal activity, plant defensins have the potential to be used as antifungal agents in transgenic crops to
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reduce the dependence on chemicals and pesticides for improved crop productivity and cleaner
environment.

A defensin TvD1 from a weedy legume, Tephrosia villosa had been cloned and characterized previously
from our group, which showed inhibitory effects on several plant pathogenic filamentous fungi when
checked for in vitro functions (Vijayan et al. 2008). Transgenic 7vDI tobacco plants also exhibited strong
anti-fungal and anti-insect activities (Vijayan et al. 2013). Further, a variant of native TvDI was generated
by replacing the original -D-D-F-R- sequence in the f2—f 3/loop-3 region of the wild type peptide with the
residues -G-M-T-R-T- through site directed mutagenesis in the variant peptide. This TvD/ variant peptide
was called Alpha-TvDI (0-7vDI) and it demonstrated enhanced antifungal and insect a-amylase inhibitory
activities in vitro when compared to native defensin (Vijayan et al. 2012). It was also demonstrated that a-
TvD1 did not possess any inhibitory effect on human as well as plant a-amylases but had enhanced a-insect
amylase inhibitory activity. Thus it was proposed that, it is safe for plant transformation and overexpression
as well as for human consumption.

In extension of the previous work, a-7vD1 gene was cloned in the binary vector pCAMBIA2300 driven
by the promoter 35S with a polyA signal in the present study and was overexpressed in tobacco for in vivo
functional characterization. Transgenic plants were checked for antifungal activity against fungal pathogens
and low and high expression lines were identified. The high expression lines aT-8 and aT-16 exhibited
enhanced antifungal activity against black shank disease causing necrotrophic fungal pathogen, Phytopthora
parasitica p.v. nicotianae and brown or leaf spot disease causing necrotrophic fungus Alternaria alternata
pVv. nicotianae in comparison to low expression line oT-1 and wild type nontransformed plants. There was
almost 90% necrosis of leaves observed in low expression aT-1 and wild type plants against both the fungal
pathogen as compared to the high expression lines where very less leaf necrosis was observed.

DNA quantification studies also demonstrated very less fungal growth in high expression lines in
comparison to the low expression and wild type plants. Similar observations were reported in the past where
several plant defensins have shown effective tolerance against these fungi along with other fungus. A
defensin from Chinese cabbage (Brassica compestris) showed tolerance against the pathogen Phytophthora
parasitica when overexpressed in tobacco (Park et al. 2002). Transformation of tobacco and later peanut

with the mustard defensin BjD resulted in developing transgenic plants with improved resistance towards F.
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moniliforme; Phytophtora parasitica and Cercospora arachidicola; Pheaoisariopsis personata respectively
(Anuradha et al. 2008). Overexpression of wasabi defensin (WT1) in rice, potato and orchid has resulted in
increased resistance against Magnaporthe grisea, Erwinia carotovora, Botrytis cinerea and Alternaria
solani (Kanzaki et al. 2002; Ntui et al. 2011). Also, maize defensin, ZmDEF1, when transformed into
tobacco plants, showed enhanced tolerance against Phytophtora parasitica (Wang et al. 2011).

Previously it has been demonstrated that changing a non-polar or uncharged amino acid in the loop 3
region of defensin protein structure greatly affects its activity. The mutational analysis studies with
Raphanus sativus defensins (Rs-AFP1 and Rs-AFP2) establish the fact that the substitution of neutral amino
acid residues with the positively charged residues located at the y-core region of a defensin peptide can
enhance the antifungal properties of the peptide (De Samblanx et al. 1997; Fant et al. 1998). Same
observation was further verified with the studies on Medicago trunculata defensins which states that
antifungal activity of MtDefl is apparently due to the presence of four positively-charged amino acids, in
the y-core region, which was found to be absent in the structure of the non-antifungal peptide MtDef2
(Spelbrink et al. 2004). Further, replacing the existing four amino acid residues with five foreign amino
acids in the loop 3 region of Vigna radiata defensin VirD2, enhanced its a-amylase inhibitory activity
against the insect Tenebrio molitor (Lin et al. 2007). In vitro generated a-7TvDI peptide also showed
enhanced resistance to many fungal pathogens (Vijayan et al. 2012). In comparative analysis studies, the
transgenic o-7vD1 plants showed enhanced activity against fungi Phytopthora parasitica pv. nicotianae and
soil borne fungus Rhizoctonia solani in comparison to native TvDI plants. There was significant reduction
in the leaf disease lesion area of both high expression lines which was almost 40-45% less compared to
native TvDI leaves infection area after 5 dpi with fungus Phytopthora parasitica pv. nicotianae.

Rhizoctonia solani, that causes root rot disease and infects the roots and lower parts of the stem, is a
serious pathogen affecting a large number of plant species (Ogoshi et al. 1996). The detached leaf antifungal
bio-assay and whole seedling assay against R. solani also showed enhanced level of resistance of a-TvDI
transgenic plants against native 7vD] plants with almost 50% reduction in leaf necrotic area in comparison
to native TvDI plants. The a-TvD1 plants showed far better growth in whole plant seedling assay in soil as
well. But, the effect of a-7vDI was more pronounced in whole plant seedling assay in culture media where
a-TvD1 plants demonstrated longer root lengths and more survival percentage in comparison to native 7vD]
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plants. These results are in congruence with the previous studies, in which many plant defensins showed
anti-fungal activity against Rhizoctonia solani. Rice plants overexpressing DmAMP1 showed significantly
improved resistance against the fungal pathogen Rhizoctonia solani and Magnaporthe oryzae when
compared to non-transgenic plants. Also Rs-AFP2 overexpressing rice plants (Pusa Basmatil) showed
enhanced tolerance to fungi M. oryzae and R. solani in vitro and in vivo (Jha and Chattoo 2010).

Interestingly, there was no difference in the pathogenicity of fungus Alternaria alternata on native and o-
TvD1 plants which showed same level of tolerance against them. This difference might be due the fact that
each plant defensin has a specificity factor against different pathogens (Lay et al. 2003) and evidently, they
have unique property to target fungal membranes which provide selectivity to their action (Sagaram et al.
2011). Studies have established that plant defensins bind to specific sphingolipids present in the plasma
membrane of the sensitive fungi with high affinity. For example, Raphanus sativa defensin, RsAFP2 binds
to glucosylceramide (GlcCer) of the plasma membrane where as defensin from Dahlia merckii. DmAMP1
binds to mannosyl diinositolphosphoryl ceramide (Thevissen et al. 2000). Further, Ramamoorthy et al., also
reported that GlcCer is a prerequisite for the antifungal action of MsDefl, but not of MtDef4.
(Ramamoorthy et al. 2007b). Thus, specific plasma membrane sphingolipids are essential as receptors of
some plant defensins and the resistance of certain fungi to some defensins is most likely due to the
inexistence of these sphingolipids in their plasma membranes.

Quantitative estimation of pathogen DNA in infected tissues by qPCR has recently been evolved as a
new tool to determine fungal biomass in infected plant tissues (Su’udi et al. 2013; Kumar et al. 2015) and it
has been proved effective in quantifying the disease progression in various plant tissues (Ayliffe et al. 2013;
Pasche et al. 2013). In the present study, we have performed quantitative estimation of fungal DNA biomass
of P. parasitica var. nicotianae, A. alternata and R. solani in the infected tissues. The values were found to
be in accordance with our treatment results with fungal pathogens. In characterization studies of a-TvDI
high expression lines of a-TvD1 showed very less fungal biomass values in comparison to wild type plants.
Also, in comparison studies, a-TvD[ plants showed lesser value of fungal DNA in the infected tissues which
was almost 40-45 % reduced, in comparison to native 7vD/ plants.

In addition to antifungal activities some plant defensins appear to possess insecticidal activity as well.

Defensin peptide from Sorghum bicolor and Carica papaya have been reported previously to show a-
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amylase activities (Bloch and Richardson 1991; Farias et al. 2007). Additionally, a defensin VrD1 from
Vigna radiata and V. unguiculata defensin (VuD1) were reported to inhibit 7. moliter a-amylase (Lin et al.
2007; Pelegrini et al. 2008). Further, a-TvD1 peptide was also reported to show enhanced a-amylase activity
in comparison to native 7vD] peptide in vitro (Vijayan et al. 2012). Lin et al., relate the loop length and
electrostatic distribution as essential factors in determining the activity of plant defensins on insect a-
amylase (Lin et al. 2007). To check the anti-insect activity in vivo, comparative analysis of a-TvD] with
native 7vD1 against the generalist herbivore Spodoptera litura larvae was undertaken. As expected, a-TvD1
transgenics showed enhanced anti-insect activity against both 1* and 2™ larval stages, with plants showing
approximately 50-60% less damage to leaves and larvae having reduced weight in the range of 38-42% after
feeding in comparison to native 7vD/ plants.

To the best of our knowledge this is the first report on the in vivo characterization of any defensin
mutant or variant exhibiting enhanced antifungal and insecticidal property as compared to its native
counterpart. Hence a-7vD1 could be a good option in pest management programs for developing transgenic
plants resistant to insect pests as well imparting resistance to fungal pathogens at the same time. Also it is

safe for human consumption which makes it a more desirable gene for crop transformations.
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Table 5.1. Oligo and their sequences used for cloning and gene integration studies in a-7vD1

transgenics plants.

Gene Primer Name Primer sequence (5'-3')
nptll Nptll-F AGATGGATTGCACGCAGGTTCTC
NptlI-R ATCGGGAGCGGCGATACCGTA
a-TvDI a-TvD1-F- Kpnl GGGTACCATGGAGAAGAAATCACTAGC
a-TvD1-R-BamHI GGGATCCTTTAACATCTTTTAGTACACCA
Actin Actin-F TGGCATCACACTTTCTACAA
Actin-R CAACGGAATCTCTCAGCTCC

Underlined bases indicate the recognition sequences for the corresponding restriction enzymes
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Chapter 6

Summary of Work
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Present study attempts to characterize two different genes functionally, which are involved in imparting
varied level of tolerance to plants against many environmental stress conditions. First gene, Late
Embryogenesis Abundant gene (4dLEA) from wild peanut Arachis diogoi is involved in giving protection to
plants towards abiotic stresses whereas the second gene, an in vitro generated variant of defensin (a-7vD1)
gene from the weedy legume Tephrosia villosa provide tolerance against various biotic stress inducing
pathogens. The study helps in understanding and further validating their role in plant stress tolerance
mechanism. This knowledge can be applied to develop improved crops tolerant towards many
environmental stress conditions.

The first part of study characterizes a novel, atypical group 5 LEA gene from A. diogoi. In native plant
Arachis, AdLEA is responsive towards ABA, PEG, NaCl, sorbitol, high temperature and MV and its
expression increased to different levels against these treatments. Localization studies showed that AALEA
protein is distributed equally in cytosol and nucleus. To investigate further the biological role of 4dLEA in
plant responses to different stresses, several independent transgenic tobacco plants were developed by
Agarobacterium mediated leaf disc transformation. The integration and expression of the transgene was
confirmed by PCR analysis and three independent high expression transgenic lines (#2, 4, and 9) and single
low expression line (#7) were identified which were used for stress tolerance studies.

The chlorophyll a fluorescence studies demonstrated improved PS-II efficiency in AdLEA transgenic
plants when compared to WT plants under progressive drought stress. Additionally, the transgenic plants
showed elevated proline and chlorophyll levels compared to WT plants under such stress conditions. In
abiotic stress tolerance assays, AdLEA transgenics showed enhanced tolerance towards dehydration,
osmotic, salinity, and oxidative stresses in seedling and mature plant stages and also toward phytohormones
ABA in seedling stage, with transgenic plants retaining higher chlorophyll content and reduced lipid
peroxidation in comparison to WT controls. ROS quantification studies with hydrogen sensitive dye
(H.DCFDA) and O, sensitive dye (NBT) showed the detoxification property of AdLEA in plants. Also,
AdLEA transgenic plants showed enhanced expression of few stress responsive genes under whole plant
drought assays.

We have also characterized a defensin variant o-7vD[! from legume 7. villosa. For in vivo
characterization, the gene a-7vDI was cloned in the binary vector pPCAMBIA2300 driven by 35S promoter
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with t-Nos terminator and transgenic plants were raised through Agarobacterium mediated transformation.
Expression analysis of putative transformants was performed through RT-PCR and high expression as well
as low expression plants were identified. To transgenic plants were characterised against the fungal
pathogens such as Phytophthora parasitica var. nicotianae and Alternaria alternata pv. nicotianae in
detached leaf antifungal bio-assay. The high expression plants oT-8 and aT-16 showed significantly
enhanced resistance in these assays in comparison to the low expression line aT-1 and wild type plants.

Comparative analysis of a-7vDI T, transgenic plants with native 7vDI plants demonstrated enhanced
resistance of the former against phytopathogenic fungus Phytophthora parasitica var. nicotianae and
Rhizoctonia solani with transgenic a-TvD1 plants showing lesser leaf damage and fungal growth in both
cases. In whole plant bioassay with Rhizoctonia solani, a-TvD1 transgenic plants showed lesser damage to
the roots with increased root length, reduced fungal growth and enhanced survival percentage of seedlings
in comparison to native 7vD/ plants. There was not much difference in the resistance of a-7vDI and native
TvD1 plants against the fungus Alternaria alternata pv. nicotianae.

In insect bio assay a-TvDI transgenic plants showed enhanced resistance against 1% and 2™ instar larvae
of the generalist herbivore, Spodoptera litura. These transgenic plants had lesser damage of leaves, with

larvae gaining less weight after feeding in comparison to native 7vD]1.

Major conclusions of the study
e Overexpression of AdLEA imparts abiotic stress tolerance to transgenic tobacco plants most
specifically in water limiting conditions.
o AdLEA can be a good candidate gene in crop improvement management program for imparting
enhanced tolerance to plants towards multiple abiotic stresses.
e Overexpression of the variant defensin gene a-7vD/ imparts enhanced biotic stress tolerance to
transgenic tobacco plants against fungal pathogen and a generalist herbivore.

e The a-TvD1 appears to be a potent candidate gene and can be used for crop plant transformation.
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