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Chapter 1

1.1 Influence of insect pests on agriculture

Biotic stresses imposed by other organisms adwesedtdct the growth, development
and productivity of plants. Mainly biotic stressage caused by pests, pathogens,
weeds and herbivores. Insect pests are the majwtraints limiting the potential
agricultural production. For exampleglicoverpa armigera causes damage to crops
estimated at greater than US$ 2 billion annualkcleding social, economic and
environmental costs associated with its controle Tédmnual control costs and
production losses due k. armigera worldwide together is predicted to be about US$
5 billion (Lammers and McLeod, 2007). It is estieththat herbivorous insects attack
alone leads to about 26% crop yield loss all akerworld while in India it is ~18%
(Rs. 90,000 crore) (http://www.livemint. com/2008/25181538/India-loses-Rs90000
-cr-crop-y.html). India loses 15-25% potential croptput due to pests, weeds and
pathogens. (http://www.financialexpress.com/indews/india loses 15-25-per-cent-
potential-crop-output-due-pests-weeds-diseasegofeindicate that in India, insect
pest cause about 50% loss in cotton, 25% in ri6&p & pulses and sugarcane and
5% in wheat (Dhaliwal and Arora, 1996; Singh, 200@A)terms of monetary value,
Indian agriculture suffers an annual loss of aliR&it276 crore due to insect pests out
of which Rs. ~118 crore is causedlyarmigera alone. In India, the losses dueHo
armigera infestation are estimated to be 15-46% in tomdt@;39.7% in pulses,
chickpea alone being 29.2%; 25-79% in cotton, 1&2H sorghum, 50% in
sunflower and over 40% in okra (Singh et al., 2(Rdddy and Zehr, 2004).

1.2 Helicoverpa armigera (Hubner): A global pest

Lepidoptera is one of the largest orders in thesclasecta which includes butterflies
and moths. The larvae of various Lepidopteran ggeare herbivores and are major
pests in agriculture. Some of the major pests leltn the families Noctuidae,
Pyralidae and Tortricidae. The larvae of thielicoverpa (corn earworm) and
Noctuidae genuS§podoptera (armyworms) can cause wide damage to various crops
Members of generddeliothis (Family: Noctuidae) are major agricultural pests of
global significance. The host plant range for dgpteran insects may either be
diverse (polyphagous or generalist), e.ld., armigera, which feeds on various

legumes, vegetables and fruits, or narrow (monopha@r specialist), e.gMlanduca
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Chapter 1

sexta, which shows preference for solanaceous plantsliBhand Raven, 1964;
Tamhane et al., 2007a; Wu and Baldwin, 2010).

H. armigera Hibner (Lepidoptera: Noctuidae) is a notorious angactful
insect pest of agriculture worldwide. It inhabitsamy countries of Asia, Europe,
Africa and Australia; and has wide geographic pmese The major characteristic
features which make it a successful pest is ityghalgy, high reproductive rate,
mobility and facultative diapause (Fitt, 198%). armigera infests on an extensively
wide range of plants (>180 plant hosts from >45ili@s) and the most important host
crops include cotton, legumes, tomato, tobaccoa,ogotato, sunflower, safflower,
maize, groundnut, etc. (Fitt, 1989; Rajapakse amdté/ 2007)H. armigera, H. zea,

H. virescens andH. punctigera are highly polyphagous and damage a large number of
plant species, including food, fiber, oil, fodderdaalso horticultural and ornamental
crops (Fitt, 1989)H. armigera shows higher tendency than similarly polyphagdus
zea for infestation and resistance developmehtzea was thought to be derived from

H. armigera approximately 1.5-2 million years ago. Preferdiytialarvae of H.
armigera infests on reproductive structures and economidatiyortant plant parts

like fruits, seeds, pods which eventually leads&gor loss in crop yield.

Larva

Egg . g @, Pupa

TH\
NN

¥
Moth

Figure 1.1: Stages in the life- cycle &f. armigera.

H. armigera has a life expectancy ranging between 25 to 35 (kigsre 1.1).
Each female can lay several hundred eggs on lowrgaice of flowers, leaves, shoot
tips and young pods. The eggs hatch after 3-4 dagidarval stage persists for 12-16
days. The larval period is categorized into sixdansin which the fourth and fifth are
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Chapter 1

extremely voracious and most damaging ones (Tamietnal., 2007a). The
caterpillars are aggressive, occasionally carniverand when opportunity arises,
they become cannibalistic. Pupa is a non-feediagestvhich lasts normally for 6-10
days. The moth remains alive for 4-5 days and fesdsectar (Gowda and Sharma,
2005; Tamhane et al., 2007a). In case of adverselittans, the larvae undergo
facultative diapause i.e. a state of suppressedbultm as pupae so as to survive.
There is a difference in colour of the larval imstand the moth depending on the
food on which they feed and the environment.

100 -
£ 80
F
S 604
2
Q 40-1
S
%
< 20
ol [m

1 2 3 4 5 6
Stages of larval instars

Figure 1.2: Relative gut proteinase activity df. armigera during the stages of larval
development [Reproduced and modified from Pataakat., 2001].

Lepidopteran insects mostly rely on proteases fieirtdigestive processes
(Telang et al., 2001). The alkaline gut pH and @nes of free glycine are other
distinct characteristics of insect guts (Johnstorale 1991). The major digestive
enzymes ofH. armigera midgut consist of endopeptidases like serine, ogsti
cathepsin B like proteinases, metallo- and exopapés. Enzymes such as trypsin
and chymotrypsin (serine proteinases), form theomajechanistic class (>95%) in
the gut environment (Johnston et al., 1991; Pusetddll., 1992; Harsulkar et al., 1999;
Patankar et al., 2001). Many of these proteinasee Ibeen isolated and the coding
DNA/ cDNA have been characterized (Gatehouse et1897; Bown et al., 1997,
1998; Mazumdar-Leighton et al., 2000; Patankarlet2901; Bayes et al., 2003;
Chougule et al., 2005; Telang et al., 2003). Thotgan from complex food material is
broken down into smaller oligopeptides by theseopegtidases mainly by trypsins
and chymotrypsins. These oligo-peptides are furttigested by exopeptidases
releasing free amino acids. Thus, the digestiothe larval gut follows a rational
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trend as a result of streamline digestive procé&sging larval development gut
protease activity increases with the highest dgtigseen in the fifth instar larvae,
followed by a sharp decline in the sixth instBiggre 1.2). Polyphagy needs midgut
proteases changes in insects in order to maxirhizd¢nefits from protein-rich plant
reproductive structures, carbohydrate-rich leave$ even diverse unbalanced diets
(Sarate et al., 2012). The total amount of carbodted protein and lipid in the diet
directly affect the insect growth and developmeFtie gut protease composition
varies according to the developmental stage ofléineae and the dietary content
(Patankar et al., 2001; Chougule et al., 2005; t8aed al., 2012). Significant

relationships between nutritional qualities of thet and larval and pupal mass have

Figure 1.3: H. armigera is a polyphagous pest which infests on variousl fompsviz. (A)
marigold flower, (B) tobacco, (C) chickpea and (Bnato.

been noticed on feedinlg. armigera larvae on various host plantsz. vegetables
(tomato and okra), legumes (chickpea and pigeo, peeeals (sorghum and maize)
and flowers (rose and marigold) (Fefelova and Rro@008; Kotkar et al., 2009;
Sarate et al.,, 2012)figure 1.3. Multigene families encoding variants of serine
proteases in response to the dietary content haee becognized ifl. armigera
(Bown et al., 1997). The relative levels of amylagnes also vary among larvae
feeding on various host plants (Kotkar et al., 20MN2ariations in the digestive
complement related to larval stage and diet expldie polyphagous nature Bif
armigera which enables it to infest a various variety ofiagjturally important crops

simultaneously (Patankar et al., 2001).

21



Chapter 1

1.3 Management oH. armigera

Owing to the huge loss in crop production duélt@rmigera, various strategies used
for its management include: cultural practices, neical insecticides, biological
control, host resistance, biotechnological appreaand integrated pest management.
Cultural practices comprise hand picking of larged larvae, deep ploughing of soil,
weeding, shaking of plants, intercropping, userap trops, following a good time of
sowing and fertilizer application (Dahiya et d999). It also involves use of clean
planting material, systematic trapping of adulerts (to control population build-up)
and field sanitation (whereby residues that maynforeeding grounds are removed).
These cultural practices are economical and eeodty, however, they are usually

very strenuous.

Others
Biopesticides| 39%
% | [
Herbicides
16%
Fungicides Insecticides

18% 60%

Figure 1.4: Indian crop protection market (2015) (Source: Indueeports, Analysis by Tata
Strategic, Link: http://indiainbusiness.nic.in/newdesign/uglédgrochemicals-Knowledge-
report-2016.pdf.).

Since the decades, use of chemical pesticidesnmjar strategy used for
controlling insect pests. The enormous economicesgin agriculture is due to the
application of pesticides because it helps in @inig biotic stresses. The Indian
crop protection market is dominated by insecticided almost 60% is covered by it
(Figure 1.4). The major advantage of chemical pesticides & they are effective
even when used in an advanced stage of infestatibrtheir continuous usage has
resulted in the development of resistance againahymchemical insecticides
including organophosphates, organochlorides, caabesn pyrethroids etc.
(Mccaffery, 1998; Gunning et al., 1998; Dawkar et 2013). Moreover, chemical

pesticides cause a serious threat to the atmospgemontaminating soil, water,

22



Chapter 1

vegetation and ecosystems and cause toxic effectthe biome including human
beings and non-target organisms.

Biopesticides are new age crop protection prodmetsufactured from natural
sources like plants, animals, bacteria and funpeyTare eco-friendly, easy to use;
require lower dosage amounts for the same perfaenais compared to chemical
pesticides. Biopesticides involve utilizing the ural enemies (predators and
parasitoids) of the pest such lase nematodes, fungi, bacteria, viruses or prosluct
derived from them and other plant products (Gugaral., 2011). Currently bio-
pesticides constitute only 3% of Indian crop protet market Figure 1.4). Being
environment friendly, they are recently becomingyveopular. For example,
entomopathogenic fungBéauveria bassiana andMetar hizium anisopliae) and wasps
(Trichogramma spp.) are treated as natural eneafiés armigera. Among all the
bio-pesticides Bacillus thuringiensis (Bt) and Nuclear Polyhedrosis Virus (NPV)
have been very popular. Plant products such as meeducts, crude plant oils and
vegetable oils are also used for pest control \tlited success. However, major
disadvantage of biopesticides is slow speed obaand requires specific condition
for their survival.

One of important strategy adopted by breeders tdrabinsect infestation is
to use resistant variety. Host plant resistanceingect pests depends on the
availability of resistance genes in the genome thair transfer to high yielding
cultivars through conventional breeding process modern biotechnological
approaches. For example, in case of chickpea, fiédvspecies Cicer bijugum, Cicer
judaicum and Cicer reticulatum) have been reported to be potential sources of
resistance/ tolerance td. armigera which can be utilised to increase the level of
insect resistance in chickpea (Sharma et al., 2007)

One of the important approaches is to employ reaoamb DNA technology
to grow genetically modified (GM) crops with enhadadnsect resistance by transfer
of heterologous genes from various other sourcéss Technology has become
popular worldwide, where in a total of 26 countr{@® developing and 7 industrial
countries), planted such transgenic crops in trer 2916 Figure 1.5. Moreover,
GM crops grown area surged to a record of 2.1dnillhectares in 2016. In last 20
years, out of 2 billion hectares of GM crops grosemmercially comprised 1.0

billion hectares of GM soybean, 0.6 billion hectaoé GM maize, 0.3 billion hectares
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of GM cotton, and 0.1 billion hectares of GM can@BAAA report 2016). In India,
transgenic Bt cotton with enhanced resistandd.tarmigera is the first biotech crop
grown commercially since 2002 (Herring, 2015) andia has retained its number
one position in transgenic cotton producing countrythe world (ISAAA report,
2016). Very recently in the year 2016, Genetic Bagring Appraisal Committee
(GEAC) of India has completed the biosafety assessnof transgenic mustard

hybrid DMHII and parental lines containing BarnaBefstar gene and if permitted by

oz o

r
B 26 countries which have adopted biotech crops

Figure 1.5: Global area of GM crops (Source: ISAAA report 2016)

the Government of India, GM mustard would be thst fGM food crop developed by the
Centre for Genetic Manipulation of Crop Plants (CGR), University of Delhi, New
Delhi, India.
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Figure 1.6: Global area of GM crops from 1996 to 2016 by t(Million Hectares) (Source:
ISAAA report, 2016).
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Not only a single trait, but recently, there isoaiscrease in stacked traits in GM crops all
over the world (ISAAA report 2016)(gure 1.6). Significance and utilization of the GM

plants for insect tolerance has been further dgsaigh detail below.

1.4 Insect control through transgenic approach

Genetic engineering technique offers myriads ofliegfons in improvement of crops for
insect tolerance and for enhancement of qualitye Wost widely used traits in plant
genetic engineering are herbicide and pest resistliSAAA report, 2016). During the
last two decades, a large number of GM crops eegi$b insect pest have been developed
and more are underway. For providing protectioniregansect, various genes likery
toxin, proteinase inhibitor, amylase inhibitor, chitinakextin, defensin and pathogenesis-

related genes are being transferred to many cropislwver.

Bacillus thuringiensis (Bt) Cry toxins as insecticidal proteins

Bacillus thuringiensis (Bt) is an aerobic, spore-forming, gram-positivenda
entomopathogenic bacterium that produces crystakms ors-endotoxins (Cry). In the
German province of Thuringia, Ernst Berliner isethB. thuringiensis from a diseased
Mediterranean flour mottEphestia kuehniella) around at 1911 (Dawkar et al., 2013). The
insecticidal property of Bt is due to proteinaceamrgstals that are generated during
sporulation (Bravo et al.,, 2004). In 1938, firstronercial Bt insecticide Sporeine was
produced and later other Bt products such as Tidescwere developed. The mode of
action of Bt toxins in insects involves severalpstavhich occur in digestive track of
insects, including solubilization of Bt-crystal,opeolytic processing of Bt pro-toxin by
insect proteinases, binding of activated toxin tdgut receptors, and insertion of the toxin
molecule into the gut epithelial cell membrane r@ate pores (Bravo et al., 2004, 2007).
Alternatively, after being activated in the midgohe of the domains of the toxin, domain
Il combines with receptor proteins, leading to arge in conformation of toxin (Bravo et
al., 2007). The activated toxin binds to brush lkordhembrane vesicles. Then the
intestinal epidermal cells of insect are rupturealjsing the death of the insect (Bravo et
al., 2004) Figure 1.7. In Lepidopteran insects, cadherin like proteins,
glycosylphophatidylinositol (GPIl)-anchored aminofi@gpse-N (APN), GPIl-anchored
alkaline phosphatase (ALP), gylcolipids and P252ehaeen identified as Cry toxin
receptors (Pigott and Ellar, 2007). CrylA toxing@vesported to bind cadherin protein in
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several insects such danduca sexta, Bombyx mori, Heliothis virescens, H. armigera,
Pectinophora gossypiella, Ostrinia nubilalis etc. Cryl toxins also bind to APN proteins
families fromB. mori, H. armigera. H. virescens, Lymantria dispar, M. sexta andPlutella
xylostella (Pigott and Ellar, 2007A cadherin protein was identified as Cry3Aa receptio
Coleopteran insects such Bgbrotica virgifera and Tenebrio molitor (Park et al., 2009;
Fabrick et al., 2009)

BtMode of action e Possible resistance
- mechanisms
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Figure 1.7: Mechanism of action of Bt (cry) toxins and possibésistance mechanis(A, B)
Schematic representation of the mechanism of adfi@t-Cry toxins on intestinal epidermal cells
of insect (C) Possible resistance mechanismsatetiescribed in the literature (Adopted from
Tanpure et al., 2013)

More than 500 different Cry gene sequences have @lessified into 70 groups
(Cryl1-Cry67) based on their primary amino acid sequence (@rick et al., 2011). These
groups may have different modes of action and nmeagrouped in four different families
(i) three-domain Cry toxins (3D), mosquitocidal Goxins (Mtx), binary-like (Bin) and
the Cyt toxins (Bravo et al., 2011). Insect spetifiis largely determined by the specific
binding of Cry toxins to surface proteins locatadthe microvilli of larvae midgut cells.
Separate strains of Bt produce a variety of crystains with distinct host ranges.
Transgenic expression of Bt insecticidal toxinspigsently the most significant and
commonly used strategy for crop plants againstribect pests. To the best our knowledge

following listed genes encoding different Bt toxinave been engineered into plants:
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crylAa, crylAb, crylAc, crylBa, crylCa, crylH, cry2Aa, cry3A, cry6A andcry9C (Table

1.1).

Table 1.1: Commercial transgenic plants expressing differexint for protection against

insects
Host Trade name  Toxins/ genes Target pest and
Plant traits
Tomato 5345tomato CrylAc Lepidopteran
Soybean Intacta CrylAc, Lepidopteran and
Roundup cp4 epsps Herbicide tolerance
Ready 2 Pro
Rice BT Shanyou CrylAb, CrylAc Lepidopteran
63
Potato Atlantic New Cry3A Coleopteran
Leaf
New Leaf Cry3A, plrv_orfl, Coleopteran and
Russet plrv_orf2 Potato leaf roll virus
Burbank
Shepody Cry3A, pvy_cp Coleopteran/
NewLeaf Y Potato virus Y (PVY)
Maize YieldGard CrylAb Lepidopteran
Optimum CrylFa2, cp4 Lepidopteran,
Intrasect epsps,Cry34Ab1, Coleopteran and
Xtreme Cry35Ab1, CrylAb, Herbicide tolerance
mCry3A
Genuity cp4 epsps Lepidopteran,
SmartStax CrylFa2, Cry2Ab2, Coleopteran and
Cry35Ab1, Cry34Abl, Herbicide tolerance
Cry3Bb1,
CrylA.105
Agrisure CrylAb, Lepidopteran
Viptera 3110 Vip3Aa20
Agrisure CrylAb, Cry3Aa, Lepidopteran
Viptera 3111 Vip3Aa20
Cotton Roundup cp4 epsps, Lepidopteran and
Ready CrylAc Herbicide tolerance
Bollgard
Bollgard CrylAc Lepidopteran
VipCot Vip3Aal9,CrylAb Lepidopteran

In general, Bt toxins have been transgenically esped in more than 26 different plant

species. Usually codon-optimized genes are beangterred into crops, including cotton

(Gossypium hirsutum), maize Zea mays), potato Solanum tuberosum), cabbageRrassica

oleracea) and alfalfa Kedicago sativa) (Schuler et al., 1998). The level of expressibn o
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Bt toxins needs to be sufficient to cause high alityt of target pests in the field. Bt
cotton has been released commercially in Indian&hUSA, Australia, South Africa and
several other countries. This approach has resudtdte significant retardation of growth
of many insect species in the field. However, iffeeciveness is threatened by the
development of resistance in some species. Thislmague to disruption of any of the
steps in the mode of action (Heckel et al., 20Fyure 1.7). Generally, Bt resistance
mechanism is due to the variation of midgut recepioding for Bt toxingFerré and Van

Rie, 2002). Furthermore, several reports have shomen relationship between Bt
resistance with reduced activity of digestive enegnmvolved in the solubilization and
activation of Bt pro-proteingForcada et al., 1996; Oppert et al., 1997; Lilet 2004;

Karumbaiah et al., 2007). The other mechanism tegdds degradation of the Cry toxins

(Forcada et al., 1996) and elevated immune stddast al., 2005).

Vegetative insecticidal proteins (Vips) fromB. thuringiensis

Many strains of Bt are known to produce insecticipeoteins during their vegetative
growth. These proteins are called vegetative iigdat proteins (Vips)Vip gene family
does not show similarity with Bt toxins (Lee et, &003; Yu et al., 1997). At present,
hundreds of Vip genes have been identified, clamedicharacterized. These genes can be
classified into three groups, eight subgroups abdclasses according to the encoded
amino acid sequence similarity. Vip has toxicitytbé same degree as that of Bt toxin,
however, does not need to be solubilized in thedhgut before it can act. Vipl and Vip2
are binary toxins that have specificity to Coleopte whereas Vip3 toxins have specificity
to Lepidopteran insects. Vip proteins have difféerarechanisms than Cry proteins for
toxicity and distinctive receptors in the midgutk insects. Upon activation, the Vip
protein can bind to midgut epithelial cells in theect and can activate programmed cell
death in those cells (Yu et al., 1997).

Syngenta Company Pvt. Ltd. developed Vip basedsgiamic cotton and corn
with pyramided traits that expressed two insecéicigproteins derived fromB.
thuringiensis viz. Vip3A and CrylAb Table 1.1). Together these proteins were highly
effective against wide range of Lepidopteran p@stiruch et al., 1996). VipCot cotton
plants lack cross-resistance between Vip3A and ogeins (Kurtz et al., 2007). This
would also help in delaying the development ofgtsice in pests to transgenic Bt traits.

Recently, chimerid/ip3A andCrylAc gene wadransformed into cotton, which exhibited
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a broad insecticidal spectrum against lepidopt@ests (Chen et al., 2017). Maize plants
containing CrylB and Vip3Aal gene showed toxicity against the fall armyworm and
European corn borer (Estruch, 2000). Field trilgasious Vip based transgenic crops are
currently at advance stages. The cultivation of Wgsed transgenic crops is likely to

increase the production and further reduce globahical pesticide usage.

Other defense proteins

Protease inhibitors (PIs): Plant defensive molecuseagainst insect herbivory

Protease inhibitors (PIs) play important role iargl protection. There have been many
studies demonstrating that growth and developmeimtsect retard upon exposure to PIs.
Antibiosis nature of PI leads the concept of depilg Pl-based transgenic for insect
tolerance (Ryan, 1990; Gatehouse 20THb{e 1.2. Significance and utilization of Pls

has been further discussed in section 1.5 anddustctions.

a-Amylase inhibitors (Als)

In plants, proteinaceous Als as a part of the ahtdefense mechanisms are present in
cereals such as wheat, barley, sorghum, rye ardand in legumes such as pigeon pea,
cowpea and common bean (Franco et al., 2002). &iiie different specificities against
a-amylases from diverse sourcdable 1.2. Thus, Als are attractive candidates for the
control of seed weevils as these insects are hidgyhendent on starch as an energy source.
The Als have long been proposed as possibly impbmgeapons against insect pests
whose diets make them highly dependent ondiamylase activity. For example, the
expression ofu-Al from common beanRhaseolus vulgaris) seeds is lethal to several
insects, including pea weevil and some specieswfhids in transgenic plants (Ishimoto
et al., 1996)Transgenic pea expressingAl-1 gene showed larval mortality in pea weevil
while a-Al-2 delayed larval maturation (Schroeder et al., 1984&)ther,in vitro andin
vivo trials, including those made under field conditiphave now fully confirmed this
potential, raising the possibility of significantipcreased yields. Further research to
identify potent Als needs to be performed (Francale 2002) However somels from
wheat and barley are identified as an allergerméonan body (Franken et al 1994; Barber
et al., 1989).
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Lectins

Lectins are carbohydrate-binding proteins thathaghly specific for sugar moieties. The
insecticidal properties of some lectins for spediesn various insect orders have been
known (Table 1.2. Lectins disrupt the gut cell wall of insects llipding to glycoproteins
of brush border cells and thus, the nutrient upiakeampered. The first transgenic plant
expressing lectin showing insecticidal activity vipmeduced in 199(Boulter et al., 1990).
Lectins have attracted substantial research attersts some of them showed toxicity to
various pest insects, while showing no/ low mamamalioxicity (Murdock and Shade,
2002).Though mode of action is not yet fully knoview lectins showed to interact with
insect gut brush-border membranes and others tpeatigzophic membrane. Initial reports
to explore the role of lectins for insect controdicated that, wheat germ agglutinin
exhibited insecticidal potential but exhibited iy toward mammalGalanthus nivalis
agglutinin (GNA), have reached commercializatiomgst since it did not showed
mammalian toxicity. In terms of commercializatioplants with GNA are the most
advanced and considerable efforts are focusednatinfjy similar lectin genes (Murdock
and Shade, 2002).

Chitinases

Chitinases are potential candidates for developiagct resistant plants, seeing that chitin
occurs specifically in nematodes, arthropods, fumgil some algae and thus, adverse
effects on vertebrates are unlikely. Chitinasesvddrfrom plants, microbes and animals
have raised interest for producing transgenic pléot increase resistance against insect
pests or fungal pathogen$aple 1.2. Chitinase derived from plants are being used fo
engineering transgenic plants against fungal deseasiowever, recent studies on
chitinases for insect resistance have been moeatiih on insect-derived chitinases. A
chitinase gene derived froml. sexta, have been expressed in papaya plants showing
resistance tdetranychus cinnabarinus (McCafferty et al., 2006)M. sexta chitinase have
been expressed in cotton plants, however theicafyi in controlling insect pests have not
reported so far (Hao et al., 2005). Apparently,rewathropod might be vulnerable to a
chitinase, however it would require to be adegyatebosed to it at suitable stage of life

for effectiveness.
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Defensins

Defensins consist of peptides derived from sevelait species exhibiting antimicrobial
porperties towards various types of microorganisBmne of these have also been shown
to have insecticidal activityLay et al., 2003; Liu et al., 2006b). Few defemssfrom
different plant species have been characterizedpaoblably will be exploited for their

antimicrobial and insecticidal activities (Lay aAdderson, 2005).

Lipid acyl hydrolase

The first evidence that lipid acyl hydrolase exhibisecticidal properties came in 1995,
when Strickland et al. (1995) reported that thewginoof western and southern corn
rootworms was inhibited by patatin. Some transg@hants are produced demonstrating
insecticidal properties of these glycoproteins IfAdi and Rydel, 2003). However,
transgenic plants expressing lipid acyl hydrolasew®t currently available for commercial

development.

Table 1.2: Defense related proteins having potential to dgveinsect-resistance
transgenic plants.

Protein Mode of action Target insects References
Protease Inhibit digestive proteases Lepidopteran, (Dunse et al., 2010)
inhibitors Coleopteran, Dipteran (Calderon et al., 2005)

(Cruz et al., 2013)
Amylase Inhibit amylases Coleopteran (Franco et al. 2005)
inhibitors Lepidopteran (Pytelkova et al., 2009)
Lectins Agglutination of insect gut brush- Lepidopteran, (Boulter et al., 1990)
border and peritrophic membran¢ Dipteran, Hemipetran, (Murdock and Shade,
Coleopteran 2002)
Chitinases Degradation of insect chitin Lepidopteran, (McCafferty et al.,

Dipteran, Hemipetran, 2006)
Coleopteran
Defensin Bind to the cell membrane and  Lepidopteran, (Lay et al., 2003; Liu et
form pores and leads to efflux of Dipteran, Hemipetran, al., 2006)

essential ions and nutrients Coleopteran
Lipid acyl Cleave fatty acids from membra Lepidopteran (Strickland et al., 199
hydrolases lipids Dipteran, Hemipetran,

Coleopteran
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Metabolic engineering in plants for improving inset resistance
Metabolic engineering offers enormous potential ftant improvement because of the
great contribution of volatile secondary metabslite reproduction, defense and food
quality. Metabolic pathway engineering in plantgjuees a systematic study of the
molecular mechanisms underlying plant resistanceano insect. To cope up with
herbivores attack, it requires built-in and indleibystems that can help plants to survive
and overcome the attack of insects. Thorough uteleding of protective pathways is
necessary to operate in the form of cascades aod shosstalk, among them for
metabolic, developmental and defense processebeotdll. Such studies will help to
identify the potential intervention points whichncbe manipulated in order to strengthen
endogenous defenses and will finally lead to thelifitation of endogenous pathways to
increase particular desirable molecules (Kappeerd.eR005). This strategy has relied on
expression of genes involved in signaling and r&guy pathways or enzymes involved in
detoxification pathways or in the synthesis of pobive metabolites (Kos et al., 2013).
However, enhanced production of defense moleculgsaints in a predictable and useful
manner is a need of time. In combination with enmgrgbiotechnological methods,
attention has, therefore, shifted to metabolic wath engineering. For example,
transcription factorAtMYB12 has been heterologously expressed in plants,tdikacco
and tomato leading to high-level accumulation ofypbenolic compounds (Misra et al.,
2010; Pandey et al., 2014; Luo et al., 2008). Times been strategically used for
developing safer insect pest-resistant transgefaot@ By switching the subcellular
localization of the introduced sesquiterpene sysgh@ the mitochondria ddrabidopsis
thaliana, two new isoprenoids were emitted that aided #fertse mechanisms of plants
(Kappers et al., 2005).

Although, metabolic engineering approach holds ictemable promise for
improving crop protection through a transgenic apph, there are some constraints which
need to be kept in mind to develop resistant plaggnst insect pests. However, using
transgenic plants with modified emission of metébsl might attract other herbivores
which may lead to environmental risks (Halitschkele 2008; Carroll et al., 2006). The
wider applications of available metabolite profgitechnologies are likely to increase our
understanding of metabolic networks. Identifyingretations and links between different

metabolites facilitate the process of hypothesisegation. Despite the modern prevalence
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of claims, there is no simple technology that aldiwe quantification and identification of
all the metabolites in a tissue. Based on puretpa@l metabolite profiling, modeling can
predict and make it possible to engineer plantsdha produce required components and

attain insect resistance in target plants.

RNA interference (RNAI) approach for insect control

RNAI is a post-transcriptional gene silencing metsim that is initiated by the
introduction of double-stranded RNA (dsRNA) inteell (Fire et al., 1998) and can offer
pest protection as demonstrated by several explgratudies (Baum et al., 2007; Mao et
al., 2007). Several examples in recent literatuggest that silencing of respective gene(s)
can target particular metabolic and vital processésinsects. A molt-regulating
transcription factorHaHR3 gene ofH. armigera was silenced by feeding recombinant
bacteria and transgenic plants to disrbptarmigera development (Xiong et al., 2013).
Hemipteran insediilaparvata lugens midgut genes such as hexose transpoN&fT1),
carboxypeptidaseN{car) and trypsin-like serine proteasblltty) were silenced using
transgenic rice plants (Zha et al, 2011). Dramdeicrease in larval growth éf. armigera
was observed upon silencing of cytochrome P463PEAE14) and glutathione S-
transferase®ST1) genes (Mao et al., 2007). Transgenic corn plargsessing dsRNA of
V-ATPase subunits ardtubulin gene fronD. virgifera showed a significant reduction in
larval feeding damage using growth chamber assaur(Bet al., 2007). However,
biosafety of RNAI crops is still the major issueiaihneeds to be carefully considered and
more research is required to determine potentibsxre pathways and hazards, including

off-target effects, non-target effects and imp&am genetic mutations.

Multiple genes engineering in plants for improvinginsect resistance

Use of multiple genes in transgenic will have adaga to bring more than one functional
proteins in target plant with desired traits. Swsstee expression of target gene(s) of
similar or different function in plants allows fitening of trait manipulation. “Second”
and “Third” generation insect tolerant transgenanp varieties pyramided with multiple
Bt genes demonstrated their benefits. For exampleanpged Bt toxins expressing
transgenic plants greatly reduce the probabilityesfistance evolution, as target insects
would need to develop simultaneous mutations irerdi toxin receptors to acquire

resistance (Bravo and Soberdn, 2008). Combinatidrery@Ac andcry2Ab orcry
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andVip toxin genes are best-known examples (Chitkowskil.et2003; Gatehouse 2008).
Transgenic plants are in pipeline with multiple gerthat can impart resistance to insect,
fungi, bacteria and virus.

To provide more durable and cleaner transgenicntdolgies for the future,
refinement of strategies for multigene expressisnnecessary. Such technological
advancement has yet to be realized since curramtr@nts are (i) prevalence of gene
silencing, (ii) multigene transformation withouttgomotic resistance gene and (iii) well-
characterized promoters and their functioning irtet@ogous system for regulated
expression. Thus, there are significant limitatidos introducing multiple genes in a
transgenic plant and ensuring that they all will dgressed in an anticipated format.

Resolutions to these challenges are essentiagvotutionary change in agriculture field.

1.5 Proteinase inhibitors (PIs) against insect hersory

Pls act as anti-metabolic proteins by blocking thgestive proteinases of insect gut
(Hilder and Boulter, 1999). Pls are expressed gpoese to various biotic and abiotic
stress conditions, e.g. insect attack, pathogeasiom, wounding and environmental
stress. A wide range of Pl genes with distinct nsoofeaction have been isolated from a
broad range of plant species. The earliest invastig on possible role of Pls in plant
protection dates back to 1947 when, Mickel and @& observed abnormal
development of insect larvae on soybean-based ptadMickel and Standish, 1947).
Later, the antibiosis effects of soybean trypsimbitors were shown on larvae of flour
beetle, Tribolium confusum (Lipke et al., 1954). Pls are naturally encourdere many
plant species; their expression varies betweerowarplant tissues including leaves,
flowers and fruits/ seeds (Damle et al., 2005; Tanehet al., 2005). PIs are abundantly
present in the storage tissues of plants and gamesent up to 10% of total protein
(Ussuf et al., 2001). The accumulation of trypsmd @&hymotrypsin-like Pls throughout
the aerial tissues of tomato and potato plants desonstrated to be a direct
consequence of insect-mediated damage or mecham@mahding (Green and Ryan,
1972; Koiwa 1997). Pls act as substrate mimic dadkithe digestive proteinases in the
larval gut, thereby, limiting the release of amimads from food proteins (Broadway
and Duffey, 1986; Hilder and Boulter, 1999). Asesult, the depletion of amino acids
exerts a profoundly detrimental effect on larvalygiblogy and thereby retards the

growth and development of the larvae (Broadway Raffy, 1986; De Leo et al., 2001,
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Telang et al., 2003, 2009; Damle et al., 2005; Tamehet al., 2007b; Hartl et al., 2010;
Dawkar et al., 2011). Further, the decreased itgréind fecundity of the adult moths
was observed in various insect pests reducing therat fitness of the insect
populations. Pls may also adversely affect thegmases of phytopathogenic fungi,
nematode and microorganisms (Mosolov et al., 1Y&feva et al., 2004; Urwin et al.,
1998). Additionally, antagonistic effects of Pl agnergistically with other components
of the plant defense mechanisriz. retarded insects become easy targets for their
parasites (Lewis et al.,, 1997). Many Pl proteins ach in cysteine and lysine,
contributing to better and enhanced nutritionallip&Ryan, 1990). These advantages
make Pls an ideal choice to use in developmentaofsgenic crops resistant to insect

pests.

1.6 Proteinase inhibitor families in plants

Pls have been grouped based on their specificifpun mechanistic classes as serine,
cysteine, aspartic and metallo-protease inhibitgFégure 1.8 (Ryan, 1990).
Furthermore, each type comprises various inhilfaarilies which have been classified
based on their sequence homology, structural ctearsiics, molecular mass and
expression patterns (Laskowski and Kato, 1980; Ry&90). Generally, Pls shows
molecular mass from 5 to 25 kDa. Most Pls are petdwf multigene families and
various isoinhibitors have been identified in ag#n species displaying different
specificities towards proteases (Wu et al., 20@nhane et al., 2009). Serine proteinase
inhibitors are further classified into various féies such as soyabean trysin inhibitor
(Kunitz), Bowman-Birk, barley trypsin inhibitor, wad-inducible potato proteinase

inhibitor (PIN) type | and Il, Squash inhibitor antustard seed trypsin inhibitor.

Protease
inhibitors
1
[ T T '
_ . . Metallo-

Figure 1.8: Classification of proteinase inhibitors.
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Members of serine and cysteine Pl families havenbeere important to the area of
plant defense due to their wide occurrence acrassus plants whereas metallo- and

aspartic Pls have limited presence (Ryan, 1990).

1.7 Serine Pls and their standard mechanism of inhition

Serine Pls are the most extensively distributedilfawf Pls and they all use the
competitive mechanism of inhibition. Protease-seri?l interaction is an entropy
driven process and is further affected by non-atintasidues of the inhibitor by
means of Van der Waal's interaction and hydrogei l§bnding (Otlewski et al.,
2000). Serine PlIs possess a rigid reactive-sitg k@t is complementary to the
substrate binding site of serine proteinases amdd)ethey bind in a substrate like
manner (Laskowski et al., 1980; Bode and Huber,2199owarsch et al., 2003).
Tight binding to the proteinase is achieved byingtg a conformational stability of
reactive-site loop (RSL) which extends from thetgio scaffold and functions as a
recognition motif. The P1 residue of the RSL mat@stacts with the proteinase at S1
pocket and is the key determinant of the inhibitspecificity (Laskowski et al.,
1987). Phe, Leu or Tyr for chymotrypsin enzyme, Ard.ys for trypsin-like enzymes
and Ala for elastase are usually present at thed&ltion at RSL of the PI. The
protease recognizes the specific peptide bond Ra-fie RSL and the two proteins
are frozen into a stable complex in which the @meteis unable to complete the
hydrolysis of the peptide bond, nor can the compilesily dissociate. The strength of
the protease-PI interaction is determined by thmpaiibility of all the amino acid
residues (P4-P4’) which also aid to direct the bitbr towards the active site cleft of
the PI (Bateman et al., 2011). Tight binding amvshydrolysis are the characteristic
features which are result of stable hydrogen banthat surround the scissile peptide
bond and the Van der Waals contacts at the interfBsulfide bonds are present
extensively in many of the proteinase inhibitor fites and helps to provide stability
to the exposed RSL by holding it through covaletacdaments. These interactions
restrict any distortion of the P1-P1’ peptide bamt increase the activation-energy
barrier for hydrolysis. The inhibitory loops of s& Pls have a typical conformation,
defined by the torsion angles of the P3-P3’ segmegardless of the family they
belong to, while scaffold has widely different felth different families of inhibitors

(Krowarsch et al., 2003). Recent studies have deth¢ emergence of a hypothesis
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that functional specifications of the serine Pls @osely related with their sequence
and structural variations (Schirra et al., 2010etal., 2011b).

1.8 Effect of Pls on insects

Key discovery by Green and Ryan (1972) on woundiditde nature of PI leads the
concept of developing Pl-based transgenic for insslerance. The direct evidence
for inhibitory effect of Pls in plant leaves agdimssects was first demonstrated by
Hilder et al. (1987) by expressing a cowpea trygsinibitor gene in transgenic

tobacco plants. There have been many examples ddratng Pl activity against

certain insect species, both iyyvitro andin vivo bioassays (Giri et al., 2003, 2006;
Broadway and Duffy, 1986; Johnston et al., 1993sHikar et al., 1999; Bown et al.,

2004; Giri et al., 2005; Tamhane et al., 2005, 2)0Firm establishment of Pls as
antagonists have led the way to transgenic exmnessi Pls in various crop plants
rendering them with higher resistance to pe$able 1.3. Various Pls have been

isolated and used with divergent modes of actiairesg different insect pest species
to create transgenic crop plants.

Recent studies have indicated that the combinedesgn of defense genes
with different modes of action and combination miibitors might be more effective
for insect control and stable resistance againgtspeFor example, combined
inhibitory effect of two Pls orH. armigera larval growth was reflected by an
increased yield of cotton bolls in field trials whnsgenic plants expressing both the
inhibitor genes (Dunse et al., 2010). Thus, stighdf Pls to proteolytic degradation
and the synergistic interaction of different Pla daastically influence the efficacy of
Pls. Making use of combinations of a variety ofetse molecules has risen as a
futuristic approach to improve insect resistanceciap plants and the enormous

potential of the PlIs in agriculture awaiting futlade exploration.

1.9 Potato inhibitor type Il (Pin-Il): Role in endogenous and defense functions
Potato inhibitor type Il (Pin-lIl or Pot-1l) familpf serine Pls has been studied at
molecular level such as gene and protein level. Rihell Pls, mainly in Solanaceae,
have a distinctive single or multiple inhibitorypesat domains (IRDs) with sequence
and structure variations. Pin-Il show wound inducgdregulation and expression,

post-translational interactions with proteasesileatb modification in PI protein
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Table 1.3: Transgenic plants harbouring Pl genes with incréassistance against

various classes of pests

Plant source of Pl Transformed Target organisms References
gene plant
Beta vulgaris Tobacco Soodoptera frugiperda, (Smigocki et al., 2013)
S exigua,
Manduca sexta
Zea mays, Rice Chilo suppressalis, (Quilis et al., 2014)
Solanum tuber osum Magnaporthe oryzae
Ipomoea batatas Tobacco Helicoverpa armigera, (Senthilkumar et al.,
Colocasia esculenta Erwinia carotovora, 2010)
Pythium aphani dermatum
Solanum tuber osum Chinese Pierisrapae, (Zhang et al., 2012b)
cabbage Plutella xylostella,
Solanum tuberosum Tobacco Rhizoctonia, (Majeed et al., 2011)
Helicoverpa armigera
Solanum tuber osum Tomato Liriomyza trifolii, (Abdeen et al., 2005)
Heliothis obsolete
Nicotiana alata, Cotton Helicoverpa punctigera (Dunse et al., 2010)
Solanum tuberosum
Solanum Tobacco Manduca sexta (Johnson et al.,1989)
lycopersicum
Nicotiana tabacum Tobacco Soodoptera litura, Helicoverpa (Srinivasan et al., 2009)
armigera
Nicotiana alata Tobacco Helicoverpa punctigera; (Heath et al., 1997)
Teleogryllus commodus
Nicotiana attenuata Tobacco M. sexta , (Zavala et al., 2004b)
Tupiocoris notatus
Solanumamericanum  Tobacco Helicoverpa armigera, (Luo et al., 2009)
Spodoptera litura
Ipomoea batatas, Tobacco Spodoptera litura, Spodoptera (Chen et al., 2014)
Colocasia esculenta exigua
Arabidopsisthaliana ~ White polar Chrysomela populi (Delledonne et al.,
2001)
Solanum tuberosum Rice Sesamia inferens (Duan et al. 1996)
Vigna unguiculata Strawberry Otiorhynchus sulcatus (Graham et al., 1997)
Nicotiana alata Apple Epiphyas postvittana (Maheswaran et al.,
2007)
Oryza sativa Alfalfa Pratylenchus penetans (Samac and Smigocki,

2003)
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structure, activity and function. Together all thesharacteristics make them an
interesting subject area for plant and insect lgisks. Plant organs that express Pin-II
protein include leaves, flowers, fruits, stem, tgbend roots (Tamhane et al., 2012).
Pls are involved in various other physiological atevelopmental responses
of plants (Chye et al., 2006; Hartl et al., 20H09r instance, potential roles of Pl have
been suggested in seed germination, tapetum dediEmerprogrammed cell death
etc. Reports on proteinase inhibitor Il (Pin-liposved that it could play endogenous
roles in development and responses (Hendriks e191; Pena-Cortes et al. 1995;
Sin and Chye 2004; Sin et al. 2006). Sin et al060showed that an increase in
flower size and 80% seed abortion after silenciogdlogs ofShSP12a andShSPI2b
in S. americanum. However, there was no effect on flower size anly 6.7-2.8% of
the seeds were aborted or defective upon silenefn§ nigrum Pls &Pl2a and
SPI2b) (Hartl et al., 2010). The Pls in developing seetl& americanum helps in
protection of the embryo and endosperm by conti@lproteinases generated within
the seed (Sin et al., 200&&planum americanum PI (SaPin-11b) play an important role
in trichome-based defense by functioning as a datise component of trichome
chemical defense and/or by regulating the developmieglandular trichomes (Liu et
al., 2006a; Luo et al., 2009). There are some tegbat Pin-lIl Pls can control cell
proteolysis by their action on endogenous proteisaghus controlling protein
turnover and metabolism (Horn et al., 2005; Sin &ide, 2004). Pl might play
important role in several endogenous processeseliis. cAbundant expression of
Solanum americanum PI (SaPin-l1a) in stem especially in companion cells (CC) and
sieve elements (SE) of phloem indicated their noleegulating proteolysis in SE and
phloem development (Xu et al., 2001, 2004).

1.10Capsicum annuum: Occurrence and diversity in Pin-ll genes

Capsicum annuum (Chili pepper) is a domesticated species of g&bassicum from
Solanaceae family native to northern South Amednd southern North America.
Amongst different members of Solanacdaeannuum has the lowest number of
chromosomes i.e. (2n = 24¢. annuum is one of the non-preferred hosts ldf
armigera. Seventy nineC. annuum Pl (CanPls) genes have been identified which
show homology to Pin-1l family and constitute 1,32 0r 4-IRD Pls (Shin et al., 2001;
Kim et al., 2001; Tamhane et al., 2007b, 2009; &, 2015 ). Expression patterns
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of CanPls in different tissues differ qualitatively, quaatitely as well as spatially
and temporally. The flower tissue has significantligher level of Pl activity
compared to the leaf, stem and fruit tissues (Tamalet al., 2009). Precursor Pin-II
Pls comprise of 1- to 8- inhibitory repeat doma(ii®Ds) linked by linker peptides,
which release IRDs upon proteolysis. Several navel diverse Pin-Il Pls having 1-
to 4-IRDs were isolated from developing fruit anens tissues ofC. annuum.
Precursor CanPls interact with the armigera gut proteases and get processed into
their constituent IRDs (Mishra et al., 2010). Ieqursor Pin-1l, the IRDs have ability
of simultaneously inhibiting one or more proteaselaoules (Barrette et al., 2003a,
2003b). Each IRD is a peptide of around 50 amind éa) length with a molecular
mass of ~6 KDa. The sequence of IRDs shows vanisitand at the same time has
conserved 8 cysteine residues that form disulfri#gle (Nielsen et al., 1995; Scanlon
et al., 1999; Lee et al., 1999; Schirra et al.,00ne structural feature of Pin-Il IRD
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Figure 1.9: Models of Pin-Il Pl precursors. Structure and pssagy of theNicotiana and
Capsicum Pls. Clasped bracelet and beads-on-a-string and likectsire is expected to be
assumed by the precurs@anPls. T and C indicate trypsin and chymotrypsin IRDs,
respectively (Modified from Dunse and Anderson, I88vs report, June 2011).

ﬂ Action of proteases at the

is a triple strandefl sheet scaffold present in disordered loop. E&Ih possesses a
single reactive site, which inhibits trypsin (TIj ohymotrypsin (Cl) depending on
whether a Lys/Arg or a Leu residue is present atRA position. The diversity in
CanPls can be assigned to individual IRDs, which shovegugnce variation ranging

from 2-25% within the vicinity of the reactive siteops and C-terminal region.
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CanPls are expected to assume Beads-on-string (CanPdi7Beatelet like (CanPl169)
structure (Mahajan et al., 2015¥igure 1.9). Active site variants of Tl domains ,
‘CPRDC’, ‘CPKNC’, ‘CPRYC’ and ‘CPRNC’; and two typeof CI domains
‘CTPNC’ and ‘CTLNC’ have been reported to be présenong the identified IRDs.
In earlier studies, fruit tissue showed higher egpion of 3- and 4-IRCanPIs while
stem tissue showed higher proportion of expressibnl- and 2-IRD CanPls
(Tamhane et al., 2009). Significantly high expresdevels ofCanPls were reported
upon natural infestation by Lepidopteran insectsl @aphids, demonstrated the
involvement ofCanPlIs in plant defense (Tamhane et al., 2009). Bioticugs aphid
and lepidopteran insect) and wounding stress t@l#et tissues induced deferential
CanPlI profiles (Mishra et al., 2012). Recent stadid the defensive roles of Pls
and/or endogenous roles from various solanaceoeiesp and simultaneous
expression of multipl€€anPls emphasize their prospective involvement in many of
the plant’s biological processes (Sin and Chye420 et al., 2004; Wu et al., 2006;
Johnson et al., 2007; Tamhane et al., 2009; Hiail €2011).

1.11 Antibiosis ofCanPI s towards H. armigera

The efficacy of variou€anPIs againstH. armigera gut proteases and larval growth
and development was demonstrated by Tamhane @085) Eigure 1.10. In vitro
assays showed that most of the trypsin-like agtioftthe H. armigera gut protease

isoforms was inhibited (upto 68-91%) by CanPIshEut CanPls inhibited more than
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Figure 1.10: The effect ofC. annuum Pls on the growth and developmentHfarmigera
larvae and pupae (A) Reduction in larval weighCainPIl fed compared to control diet and
malformed pupae of larvae fed on CanPl diet as ewetpto healthy pupae fed on control
diet. (Tamhane et al., 2005). (B) Reduced larvabhtegain in the larvae fed on recombinant
CanPls (Tamhane et al., 2007b).
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60% of total proteolytic activity of larvae fed @ntton and chickpea plants. Feeding
of C. annuum leaf extracts and purified Pls in varied doseblt@armigera larvae for
two successive generations demonstrated retardaed! lgrowth and development.
Delayed pupation and reduction in fertility anddedity in H. armigera were also
noticed. VariousCanPIs with 1- to 4-IRDs were expressed heterologouslichia
pastoris and the recombinant proteins were characterizedhtir insect inhibitory
potential (Tamhane et al., 2007bl. armigera larvae fed on rCanPI diet showed 30%
mortality and 40% reduced weight among the surgivan the early instars. Pupal
mass reduction of 125% was recorded, leading to decreased fecunditg.4FIRD
rCanPIl- 7 with two chymotrypsin inhibitory sitesdatwo trypsin inhibitory sites
showed the strongest anti-metabolic effect Hhnarmigera among the selectively
studied rCanPlIs. Further exploiting the interadgdrof recombinant CanPIs with.
armigera gut proteases by Intensity Fading Matrix Assisteabed Desorption/
lonization Time of Flight (IFMALDI- TOF) analysidishra et al. (2010) revealed PI

processing patterns and the stability of rCanPf@é@sence of gut proteaseg-bf
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Figure 1.11: Sequence and structural diversity of IRDs. Multigequence alignment of
IRD-7, -9, -12 andNicotiana alata trypsin inhibitor (NaTIl) using DNASTAR and Clusk#
software. (Adopted from Joshi et al., 2014a)

armigera. The stoichiometry of rCanPI17 with protease molesuwas analyzed by
molecular docking. The static complex of CanPI7respnting at least three protease
molecules in close proximity to the RSLs also iadkcits higher potency (Mishra et
al., 2013). Futhermorean silico, in vitro andin vivo studies with individual IRDs
(IRD-7, -9 and -12) ofC. annuum (Figure 1.11) demonstrated their efficacy in
inhibition of insect proteases and thus, the efdctequence variation on inhibition
potential was evident (Joshi et al., 2014a, 2014b).
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1.12 Importance ofArabidopsis and tomato

Arabidopsis thaliana (2n=5) is a small annual flowering plant in thestaud family
(Brassicaceae) and about 750 natural accessiomsh®gn collected from around the
world. Arabidopsis was first discovered by Johannes Thal (hencejati@) in the
Harz Mountains (Gemany) in the sixteenth centénabidopsis is not of agronomic
significance, but it offers major advantages forsibaresearch in genetics and
molecular biology of plants. The successAofbidopsis as a model organism for the
study of plant genetics, physiology, biochemistng alevelopment is mainly due to
relatively small nuclear genome, rapid life cyderge number of offspring, ease of
genetic transformation and ability to grow in tladdratory. In additionArabidopsis
genome contains fewer repetitive sequences thankaown higher plant, greatly
facilitating molecular studies and map-based clgnMutants available for functional
studies have become a great tool in the era ot ptatecular biology. Two principal
methods are used successfully as biological muesgenin Arabidopsis:
Agrobacterium-mediated T-DNA (transferred DNA) transformation dantwo
transposable element systems that originate fronzem@Page and Grossniklaus,
2002). Mostly foral dip method is used fdxgrobacterium mediated T-DNA
transformation forArabidopsis. The primary reasons for the popularity of thedlo
dip method have been its reliability and simplicityhe elimination of tissue culture
technique of regeneration largely reduces handsm# and success can be achieved
even by non-experts (Clough and Bent, 1998). Thamtdges of usindrabidopss

in molecular genetic experiments have been reviewatensively. Recently,
Clustered Regularly Interspaced Short Palindromiepdats (CRISPR/Cas9)
technique has been applied for targeted genomeesgng inArabidopsis (Schiml et
al., 2014; Feng et al., 2014). The implicationstloése discoveries are not only
relevant for plant biologists, but may also affeeolutionary biology, functional and
comparative genomics and agricultural science.

Tomato (2n=12) is one of the most important cragmfd worldwide, because
it propagates easily and has a short lifecycle. atofmas more than 3,000 species that
achieved tremendous popularity over the last cgraumd is grown in almost every
country of the world. Tomato is one of the majortioailture crops of India. India is
one of the largest producers of tomatoes in thddmeith around 11% of the total

global production. Andhra Pradesh is the leadiatesn India for tomato production,
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even after creation of Telangana (https://www.méipd@.com/answers/india/state-
largest-producer-tomatoes-india/). Tomato planés\arnerable to attack of a broad
spectrum of pathogens such as insect, virus, furgus$ bacteria. Numerous
transgenic approaches have been tried in tomaimpoove its tolerance to biotic
stresses and other traits.

Flavr Savr tomato was the first grown GM food crogrmitted for human
consumption. Tomato varieties permitted commergiaticlude: 351N (Portland,
USA), 8338 and 5345 (St. Louis, USA) and 1345-4k@ad, USA) (Gerszberg et al.,
2015). Tomato having approximately 900 megabasédy (fddnome size, is considered
as a model plant for physiological, biochemical amalecular-genetic investigations
(Kalloo, 1991; Gerszberg et al., 2015). In additimmato has been used extensively
as a model system forAgrobacterium-mediated transformation. Recently,
CRISPR/Cas9 technique has been applied for targgtedtic engineering in tomato
and rice (Shimatani et al., 2017).

1.13 Genesis of thesis

Pls are important proteins used to control Lepidapt insect pests. In the past
studies in our laboratory, Pls from Chickpea, Bitgourd, Winged bean and
Capsicum have been well characterized and thedrdantion with insects was studied
by in vitro andin vivo assays. Hence, with this background developmetmanggenic
tomato withC. annuum Pls was further planned and undertaken. The pladtinsect
systems considered in this study &eannuum andH. armigera, respectively.C.
annuum, a solanaceous plant, is a non-preferred host Horarmigera. Early
observations showing reduced fitnesstofarmigera larvae upon ingestion of.
annuum Pls CanPls) inspired us to further investigate this interawti Study of the
induced PI diversity, irf€. annuum, revealed an array of different Pl genes formed as
a result of combinations of various IRDs. The efeaf Pl proteins fronC. annuum
were pronounced oH. armigera and showed not only reduction in larval and pupal
weights but also dramatic reduction in the fegtiind fecundity which was carried on
up to the second generation (Tamhane et al., 2Bgombinant CanPI proteins (3-
and 4-IRD type) inhibitedH. armigera gut proteinases and exerted anti-metabolic
effects on the larval growth and development (Tamehet al., 2007b). The interesting

leads obtained irCanPls with respect to their diversity and efficiency aug H.
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armigera growth retardation, were thus, thought to be putduether and became the
rationale behind my thesis work. Hence, generadiwh characterization of transgenic
plants expressin@anPIs was undertaken. On the other hand, Pls are algarkifior
increasing tolerance to abiotic stress. The stdd@amPIs for abiotic stress in yeast
model might give insights on stress tolerance meishas and would help us in
improving our approach for development of CanPlregping transgenic plants
against abiotic stress. Altogether, functional asseent ofCanPIs in biotic and
abiotic stress tolerance by using transgenic aghexis addressed in the present
thesis. Understanding these aspects will providéuaide knowledge for the
development ofCanPls as a viable transgenic plant protection technolagginst

different stresses. Keeping this in view followioigjectives were formulated.

1.14 Obijectives:

e To study efficacy of CanPI7 and IRD7 for insect tolerance through
Agrobacterium-mediated transformation @éifrabidopsis thaliana.

* To developCanPI7 expressing transgenic tomato usiuyobacterium-mediated
transformation.

» To study and characterize single dom@&anPIs (IRDs) in yeast strain against

abiotic stresses.

1.15 Organization of the thesis

The thesis is organized into five chapters; th& fieing the introduction to plant and
insect interactions and detailed review of techegjuand relevant information
currently available to study their interaction fothe basis of this study. The leads
coming out of the earlier studies @anPIs were taken up as a foundation to further
investigate the functional role @anPIs using transgenic approaches. Second chapter
describes the materials and methods used for alle#perimental work. The third
chapter includes the results of transgefiaebidopsis and tomato plants expressing
CanPls characterized for insect tolerance. Charactednatif the transgenic tomato
plants by label free quantitative proteomics, LCoM@®d UHPLC-Orbitrap based
metabolomics approaches has also been reporteal.yAsst strain expressing single
domain CanPIs (IRDs) have been characterized for abiotic sttedsrance. The

fourth chapter includes the discussion on the tesabitained and the significance of
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this work. Several aspects of transgeAr@bidopsis and tomato plants expressing
CanPIs have been discussed. The outcome of present wwdws light on the
significance and advantage of usi@gnPIs for developing insect tolerant transgenic
plants. Also, yeast expressing recombin@ahPls has been discussed for abiotic
stress tolerance. In addition to this, possible emaglar mechanism of Pl-based
multiple abiotic stress tolerance GanPl expressing yeast strains is described. In the
fifth and the final chapter outcome of the preseotk has been summarized and
some future directions emerging from the presentkwwave also been discussed
which can aid in further understanding CanPl fottdseimplementation in crop
development against stress tolerance. Finallythall literature referred, to develop
protocols and to infer our results in relation tthey systems has been listed as
bibliographychapter at the end of the thesis.
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Materials and Methods

S Ll
RAOHS TR
n
sy Hodul

\

- O\ Geneinsertion

et
s
1mM H,0, m




Chapter 2

Section 2.1Agrobacterium-mediated transformation of Arabidopsis thaliana

2.1.1 Bioinformatics analysis

To investigate the interrelationships and groupiwdhin Pls of various plant species
and CanPl7, phylogenetic analysis was carried The. amino acid (aa) sequences of
11 different Pls were taken from Uniprot databasetp(//www.uniprot.org/).
Phylogenetic analysis of aa sequences and CanglUksee was carried out using

MEGAS software Iittp://www.megasoftware.ngt/Multiple sequence alignment of

deduced aa sequences among all individual IRDsa0PC7 was also performed using
ClustalW progranthttp://www.ebi.ac.uk/clustalw).

Furthermore, three dimensional structures for thedeidual IRDs of CanPI7
were predicted using homology modeling. It was gt&vformed to predict the
structures ofH. armigera trypsins, chymotrypsins and cathepsins. Theseepses
were selected on the basis of sequence divergdtegned from phylogenetic and
sequence analysis. The sequences for trypsins, athypsins and cathepsins were
taken from Uniprot database. Three-dimensional nsofler all the H. armigera
proteases were generated wusing a protein structprediction server
(http://ps2.life.nctu.edu.tw/), which implementsaproach to comparative modeling
by satisfying spatial restraints (Chen et al., 30@quence similarity search was
performed for the selected model using PSI-BLASGiast a database of known
protein structures with default parameters fordation. Taking into consideration the
maximum query coverage, the desired model was peef@nd the predicted models
were validated by MOLPROBITY (Chen et al.,, 2010). dbcking study was
performed to determine the binding energy and aatigsn of IRDs withH. armigera
proteases. Predicted structures of proteases wéned by energy minimization and
restraint relaxation using Swiss PDB-Viewer (v4)1(Guex and Peitsch, 1997). In
order to perform molecular docking, modelsHbfarmigera proteases and inhibitors
were submitted to Patchdock online server (httimitifio3d.cs.tau.ac.il/ PatchDock/)
following the standard package protocols and furttedfined by FireDock online
server (Schneidman-Duhovny et al., 2005). Bindimergy obtained for each
complex was normalized by mean values and repredantheat map format using

MeV software packagesttp://www.tm4.org/meV/ The gradient ruler from -5to 5 is

an indicator of interaction strength. Data werestdted using hierarchical clustering
method (Saeed et al., 2006).
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2.1.2 Construction of plant expression vector
C. annuum variety Phule Jyoti, mid-mature green fruigure 2.1.7), were obtained
from Agriculture College, Mahatma Phule Krishi Vapeeth (MPKV), Rahuri, MS,

Figure 2.1.1:Green fruits ofC. annuum (cultivar: Phule Jyoti)

India. Amplified cDNAs of CanPls were isolated from mature green fruits ©f
annuum and cloned in pGEM-T-Easy vector (Tamhane et @07D). For expression
and transformationCanPI17 gene ORF (Accession No.: DQ005913.1) was amplified
with gene specific primers witBamHI and Sacl restriction sites (Appendix I) using
full-length gene cloned in the pGEMT-T-Easy vedi@@romega, Madison, WI, USA)
as template in insert PCR. The amplicon was digestéh BamHI and Sacl
restriction enzymes (Promega) and cloned into pRIAN vector Figure 2.1.29
(Takara, Shiga, Japan). SimilarfiRD7 gene was cloned in pRI101-AN vector.

NOS terminator
MCS_ AtADH 5'-UTF

promoter

RB

A NOS promoter

NOS terminator

LB

A NPT I

PRI 101-AN DNA
10,417 bp

' ColE1 ori

Sacl BamHI
AtADH 5’-UTR

Hindlll

Figure 2.1.2: (A) Vector map of pRI101-AN vector (Source: Takam@ontech) (B)
Representative image of cloned region of recomhipRhl01-AN vector.
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2.1.3 Confirmation and transformation of Agrobacterium GV3101 strain
Confirmation of Agrobacterium strain GV3101 was done using Benedict's reagent
following the protocol described by Bernaerts an@& [1963). E. coli and
Agrobacterium strain GV3101- pRESC were used as negative antiyeosontrol,
respectively. AdditionallyAgrobacterium strain GV3101 were subjected to antibiotic
(Rifampicin= 50 mg/l) sensitivity for further confnation. Recombinant plasmid was
introduced into thisAgrobacterium strain GV3101 by using freeze thaw method
(Weigel and Glazebrook, 2006).

2.1.4 Germination and growth ofA. thaliana

A. thaliana seeds (~1000) were transferred in microcentrifagiee for surface
sterilization. Then seeds were treated with eth#&ib%) for 30 s. After removing
ethanol from microcentrifuge tube, seeds were edeatith sodium hypochlorite (3%)
containing Tween20 (0.01%) for 5 min. To remove isod hypochlorite and
Tween20, seeds were thoroughly washed with stdiflélled water. After surface
sterilization, seeds were platted on Murashige Skdog (MS) medium (HiMedia
Laboratories, Mumbai, India), at pH 5.7 (Murashiged Skoog, 1962) (150
seeds/plate). Seeds were germinated and growmgnday condition (16 h light/ 8 h

dark, 22°C) for 2 weeks. Then these grown plantsevieansferred on to soilrite
(Figure 2.1.3)

Figure 2.1.3: @A) MatureA. thaliana plant, variety Columbia (Col 0) (B) InflorescenzieA.
thaliana (C) Flower ofA. thaliana.
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2.1.5Agrobacterium-mediated transformation of A. thaliana

Agrobacterium strain GV3101 which contained the gene of intevess inoculated in
Luria-Bertani medig5 mL) containing appropriate antibiotics (100 md¢anamycin
and 50 mg/L rifampicin) and culture was incubate@&C for 1 dayAgrobacterium
cells were collected by centrifugation at 4000 rfan 10 min at room temperature.
Cell pellet was dissolved in equal volume of frgshtepared 5% (W/V) sucrose,
0.01% of Tween 20 and 100 pM acetosyringone, thembated on shaker at 24°C for
2 h. A thaliana flowers (unopened flowers) were infected witigrobacterium
suspension using micropipette (Clough and Bent,819%grobacterium infected
plants were covered with plastic bags to maintagh Inumidity for 1 h. Then plastic
bags were removed and plants were kept in growdimbler till maturation of seeds.

Seeds were collected and stored at room temperfaiui® d (for drying).

2.1.6 Screening of primary putative transgeni@. thaliana

Seeds fromAgrobacterium infected plants were collected and stored at room
temperature for 10 days (for drying) followed bylccereatment for 2 days. Then
seeds of putative transgemcabidopsis and control untransformed wild type (WT)
were treated with ethanol (75%) for 30 s. Subsetlyieseeds were treated with
sodium hypochlorite (3%) containing Tween20 (0.0166)5 min. To remove sodium
hypochlorite and Tween20, seeds were thoroughhhedsvith sterile distilled water.
After the surface sterilization, seeds were placedMS media plates (150/plate),
containing 50 mg/L of kanamycin. These plates wlen kept in growth chamber
and daily observed till germination. This proceduvas allowed to differentiate

transgenic and non-transgenic plants.

2.1.7 Molecular characterization of putative transgnic A. thaliana

Genomic DNA of transgenic and WT plants was isalatsing standard cetyltri-
methylammonium bromide (CTAB) based extraction prhae(Doyle, 1990). Plant
tissue (~100-200 mg) was grinded by using mortadrestle in liquid nitrogen. Then
CTAB (500 pl) buffer (Appendix 1) was added andibated at 65°C in the water
bath for 2 h. Chloroform (300 pL) was added in sk®mpand mixed manually.
Samples were centrifuged at 13,000 rpm at 25°Q@omin. Then aqueous layer was
transferred into fresh micro centrifuge tube withdisturbing the other layers. After
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separation, ice-cold isopropanol (200 uL) was addesamples and mixed well for
15 min. Then samples were incubated at -20°C for Mext to this, these samples
were centrifuged at 10,000 rpm for 10 min at 4°Gp&natant was slowly removed
and pellet was washed by adding 200 ul of 75% ethand centrifuged at 10,000
rpm for 10 min at 4°C. Supernatant was discardéeat abntrifugation and pellet was
air dried at 28°C. Dried pellet was dissolved in b0 of sterile water. DNA was

quantified using Nanodrop 2000 spectrophotometenelifio Fisher Scientific,

Waltham, MA, USA) and was stored at 4°C.

2.1.8Proteinase inhibitor and protease activity assays

Total soluble protein extracted from leaves of Sekgeold WT and T2 transgenic
plants was assayed for proteinase inhibitory agtivh leaf tissue (200 mg) was
grinded to a fine powder and extracted in 500 pOwé-HCI buffer (0.1 M; pH 7.8)
at 4°C for period of 2 days. The extract was themntrifuged at 12,000 rpm (4°C; 20
min) and clear supernatant was used for enzymaaya Total protein of clear
supernatant was quantified following method desctiby Bradford (1976). For the
enzyme inhibition assay, a suitable volume of ereyeguivalent to 0.4 UH.
armigera gut proteinases (HGP), was mixed with leaf crudegin (2 pg), incubated
at 37°C for 10 min and residual proteinase activitgs estimated using enzyme
specific chromogenic substrates, Benzoyl-L-ArgipyiNitroanilide (BAoNA) or N-
succinyl-L-ala-L-ala-L-pro-L-leu-p-nitroanilide (S®pLNA) (Sigma, St. Louis, MO,
USA), as reported earlier (Damle et al., 20D&nhane et al., 2005). One proteinase
unit was defined as the amount of enzyme that as=e the absorbance by 1.0 OD
under the given assay conditions.

Protease assays using azocasein angNBAas substrates were performed in
order to estimate total protease-like and trypiie-lactivities, respectively. An
azocasein assay was carried out using 1% (w/v}isolof the substrate in the assay
buffer. HGPs were added to 200 substrate and incubated for 30 min at 37°C and
the reaction was terminated by adding 3d0 of 5% trichloro-acetic acid. The
precipitated proteins were centrifuged at 10,0000 for 10 min and 0.5uL of
supernatant was added to 0.5 mL of 1 M NaOH. Thleriance of this solution was
measured at 450 nm. Protease inhibitors were pdpas the following stock
solutions: N-p-Tosyl-L-Lysine Chloromethyl Keton& (nM), N-ethylmaleimide (1
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mM), in water. Inhibitors were first pre-incubatlm 15 min at ambient temperature
with enzyme extracts prior to azocasein additiod antivities were measured as

described above. Control assays were performedtidticorresponding solvents.

2.1.9Insect bioassay of transgenié. thaliana
The efficacy ofC. annum inhibitors was studied by feeding assays usingriatiory-
established culture dil. armigera. H. armigera larvae were obtained from Dr. Alok
Sen (Laboratory of Entomology, Division of Organ@Zhemistry, CSIR-National
Chemical Laboratory, Pune). The culture was mawethiunder controlled conditions
at 25°C, 65% relative humidity with 12 h dark/ 12idht cycles in growth chamber.
H. armigera larvae were maintained on an artificial diet cosgab of(A) chick pea
flour; 50 g, yeast extract; 12 g, wheat germ; Tagein; 3.5 g, sorbic acid; 0.5 g,
methyl paraben; 1 g in 150 ml distilled watgB) choline chloride; 0.35 g,
streptomycin sulphate; 0.02 g, ascorbic acid; 2hglesterol; 0.15 g, multivitamin
multi-mineral capsule (Becadexamin, GlaxoSmithKliRdarmaceuticals Limited,
Bangalore, India), Vitamin E; 200 mg, formaldehydemL, bavistin; 0.3 g, distilled
water; 30 mL andC) agar; 6.5 g in 180 mL distilled water (Nagarkattid Prakash,
1974). A and B were mixed together and molten g@3rwas added. Individual
insects were fed on 1 ¢l cm X1 cm cubes of the artificial diet daily and
subsequent generations were used for feeding assays

The total gut proteolytic activity of a single guitthe fourth instar larva was
estimated. The minimum inhibitor amount (X)Athaliana leaf extract of WT plant
required to inhibit maximum total proteolytic adtyv present in single gut was
calculated and identified inhibitor amount (3X) wasorporated per gram of the
artificial diet. Fifteen early first instar larvagere analyzed for each diet containing
crude protein from transgenic plants and WT gralgo artificial diet without crude
protein was used. Larval weights were taken evagyahd percent weight reduction
in the larvae fed on PI conatining diet was comgare that of larvae fed on diet
containing WT crude protein. Also mortality df armigera larvae was recorded for a

period of 7 days. The experiment was repeatedethric
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2.1.10Statistical analysis

Data was analyzed by one-way analysis of variadd¢OVA) with Tukey-Kramer
multiple comparisons test. Data points were comsitisignificant ap < 0.01 (c),p <
0.001 (b) angb < 0.0001 (a).

Section 2.2Agrobacterium-mediated transformation of tomato

2.2.1Regeneration and co-cultivation studies of tomatocy Pusa Ruby)

Pusa Ruby variety of tomat&janum lycopersicum Mill.), was used in this study.

Seeds of Pusa Ruby variety released by Indian Alguial Research Institute (IARI,

New Delhi) were collected from Sumeet Seeds Ltdi{dashtra, India). It is an early
growing determinate cultivar and fruits are lightilyrowed, medium-sized, lobed and
uniformly red when ripenHigure 2.2.1). Variety is suitable for sowing in spring-
summer as well as autumn-winter seasons and haagavegield of 32.5 t/ha. It is

used for table as well as processing purpose.

Figure 2.2.1 Pusa Ruby tomato: (A) Pusa Ruby tomato varietyvgrin field (B) fruits (C)
Explants used for regeneration studies

For the preparation of explants the seeds were edasfith 70% (v/v) ethanol
for 1 min and washed twice with sterile distillecater. Then seeds were surface
sterilized in the laminar flow with 4% (v/v) sodiuhypochlorite solution containing
0.1% Tween20 for 12 min. The seeds were then wa$kedtimes with sterilie
distilled water. To facilitate germination, seedsra/ then cultured on MS media.
Incubation conditions fom vitro culture, unless stated otherwise, were 25+1°C and
16 h photoperiod of light intensity 2500 to 300X.ILAll media combinations
contained 3% sucrose solidified with a 0.8% agat aith a pH of 5.7, adjusted
before autoclaving.
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Leaf, hypocotyls, and cotyledonary leaf were caéldcfromin vitro grown
seedlings Figure 2.2.1 §. These explants were plated individually, on regation
media, i.e., MS supplemented with zeatin (2 mgftr)the determination of best type
of explant producing maximum number of calli andcts.

For induction of callus and production of multiphoot buds from
cotyledonary leaf explants, MS media supplement#d avfferent concentrations and
combinations of BAP, Kinetin, Zeatin and 2,4-D warsed. Cotyledonary leaves
were collected from 10 days aldvitro grown seedlings. Each cotyledonary leaf was
transversely cut at tips. For shoot formation friiva regenerated callus, MS media
with different concentrations of BAP, Zeatin andZ Were used. For root formation
from the cut ends of regenerated excised shootsmd@ia with different hormones
such as IBA, IAA and NAA were used. Following thevdlopment of sufficient
roots, plantlets were transferred to small plagtits containing soil containing 50%
soil, 25% Soilrite (Kelperilite, Banglore, Indian@ 25% cocopeat for hardening.
These plantlets were acclimated in pots covergdiastic bags initially for 4-5 days in
the greenhouse and plants were maintained furthgraenhouse till flowering and

fruiting.

pBI121
14758 bp

Figure 2.2.2Vector map of pBI121 vector
(Adopted from http://www.snapgene.com/resourcesfpld._files/plant_vectors/pBl121/)

Agrobacterium strain GV3101 with the binary plasmid pBI121 wasdigor
co-cultivation studiesHigure 2.2.2. It contains a reporter GUS gene and a selectable

marker genenptll encoding the enzyme neomycin phosphotransferaséercing
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kanamycin resistance. 10 mL of liquid LB containiB mg/L kanamycin were
inoculated withAgrobacterium culture. Agrobacterium culture was grown for 48 h at
28°C and 200 rpm. Cells were pellet down at 25°@ &m000 rpm, followed by
washing with sterile liquid MS media. The pelletsnr@suspended in 10 mL of sterile
liquid MS media used for co-cultivation experimenEfect of various bacterial
densities and acetosyringone concentrations osftramation efficiency was studied.

Histochemical assay was performed to visualize @Gtivity as described by
Chaudhury et al. (1995). Briefly, co-cultivated yletlons were incubated in GUS
histochemical buffer [50 mM sodium phosphate, p6t 30 mM EDTA, pH 8.0; 0.5
mM KsFe(CN); 0.5 mM KyFe(CN); 0.1% Triton X-100; 1 mM X-gluc (5-bromo-4-
chloro-3-indolyl3-D-glucuronide)] at 37°C for up to 24 h. Chlorophyl cotyledons
was subsequently extracted by incubation in aceteiimanol (1:3) before assessment
for GUS activity.

2.2.2Generation of transgenic tomato plants (TO)

Optimized conditions from regeneration and co-evatipn studies combined with
standard optimized tomato transformation protoooHusa Ruby variety as described
by Sharma et al. (2009) were used for generatigraasgenic tomato plants.

In brief, seeds were surface-sterilized with 4%iwwdhypochlorite solution
for 12 min with intermittent shaking, followed by&4washes with sterile distilled
water. Finally, seeds were germinated on MS mediupiastic square vessels. After
10 days of growth, cotyledons were cut at the spvell as at the base and middle
segments were placed on preculture medium with #d&xial surface in contact with
the medium for 48 h Agrobacterium culture containing binary vector were grown in
shaking culture for 48 h at 28°C and 200 rpm. Cei#se pellet down at 25°C and
5,000 rpm, followed by washing with sterile ligudS media. The pellet was
resuspended in 10 mL of sterile liquid MS mediataoning 200 uM acetosyringone.
Explants were incubated in the bacterial susperfeio80 min and inverted at 10 min
interval during incubation. For every individuabmsformation experiment, there
were also positive and negative controls. Positivetrol means non-transformed leaf
discs, they were not treated withgrobacterium cells and they were placed on
nonselective MS media. On the other hand, negatwdrol means non-transformed
leaf discs, again they were not treated wignobacterium cells but they were placed
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on selective MS media. The explants were thendadotin sterile tissue paper and co-
cultured on the same pre-culture medium for 72 B84C. Co-cultured explants were
transferred to a selection medium containing 1 ngfhs-zeatin for regeneration.
Explants that showed regeneration were sub-cultorgd fresh selection medium
every 2 weeks. Regenerated shoots were excisedtireroallus and transferred to a
rooting medium containing 1 mg/l Indole-3-butyricich (IBA). Those plantlets which
attained good shoot development (~7 cm in heigim)l @roduced roots were
transferred to pots containing 50% soil, 25% deil(Kelperilite, Banglore, India),
and 25% cocopeat for hardening. Initially pots wkept covered in plastic bags for
4-5 days in the greenhouse. After acclimatizatiplastic bags were removed and
plants were further grown till fruiting for seed lleation. The transformation
efficiency was calculated as the percent co-cukidaxplants producing independent
transformation events, leading to regeneration aomplete plant on the rooting

medium.

2.2.3Molecular characterization of transgenic tomato plats
Initial TO rooted kanamycin resistant plantlets evepnfirmed by genomic PCR and
transferred to a greenhouse for fruiting. The semtlected from potentially positive
transgenic plants were selected on MS plates aguntpi200 mg/L kanamycin for
segregation and selection of transgenic progenyrmated T1 plants were
transferred to greenhouse for further investigatRuttative T1 transgenic plants were
examined by genomic PCR, Southern blot and reveasescriptase PCR (RT-PCR)
analysis. PCR amplification of genomic DNA for theesence oanPI7 gene was
performed using genomic DNA as template and geeeip primers (Appendix ).
Total RNA was isolated from Wild type (WT) and smansgenic tomato (T1)
plants under normal growth condition using Trizehgent (Invitrogen, Carlsbad, CA,
USA). For total RNA isolation, plant tissue (100 nwias grinded by using mortar
and pestle in liquid nitrogen. Then 1 mL of Trizehgent was added, samples were
again grinded by pestle, transferred in micro drge tube and vortexed for 5 min at
25°C. Then 300 pL of chloroform was added in saspled mixed till emulsion form
by inverting tubes manually. Sample was centrifuged 3,000 rpm at 4°C for 15
min. After centrifugation, supernatant was transférin fresh micro centrifuge tube
without disturbing separated layers. Samples weg@anawashed with 300 pL of
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chloroform. The aqueous layer was transferred w n@cro centrifuge tube after
centrifugation of sample at 13,000 rpm &t 4or 15 min. After separation, 500 pL of
isopropanol was added to samples and mixed by tingetube for 15 min. Sample
was then kept at 25°C for 5-10 min and centrifuged3,000 rpm for 10 min at 4°C.
Then pellet was washed with 75% ethanol prepareDRRPC treated water. After
mixing, sample was centrifuged at 13,000 rpm forndi® at 4°C. Supernatant was
discarded after centrifugation and pellet was agashed with ethanol. Dried pellet
was suspended in 50 uL of DEPC treated water. @dakt1 uL of DNase in 3.5 pL
of reaction enzyme buffer was added in 50pL ofata RNA. This mixture was
incubated at 37°C for 30 min. Then 2 pL of stoppsgution was added and
incubated at 65°C for 15 min. Total RNA was quaatifusing Nanodrop and was
stored at -20°C. cDNA was synthesized using a sevianscriptase (RT) kit with2
ug purified total RNA, according to the manufactiggrotocol (Applied Biosystems,
Foster, CA, USA). PCR amplification of cDNA was fe@med using specific primers
of CanP17 gene, with tomat®IN-1I andelongation factor 1a (EF) gene as an internal
control (Appendix ).

For Southern blotting, DNA (10 pg) was digested rbgtriction enzymes
(BamHI and Sacl) (Promega), resolved on 0.8% agarose gel andsfeeed onto
nylon membrane (Hybond-NRoche, Switzerland) using standard protocol atingr
to Sambrook et al. (1989). The gene-specific prgt8® bp) was used to hybridize
blotted membranes. Digoxigenin-labeled gene-specifprobe generation,
hybridization and detection was performed with DMgh Prime DNA Labeling and
Detection Starter Kit | according to the manufaetatr instructions (Roche,

Switzerland).

2.2.4Segregation analysis of the progeny (T1) plants efansgenic tomato

The segregation ratios of kanamycin-resistant P<to kanamycin-sensitive (K
plants in the progeny (T1) of self-fertilized priga(TO) transgenic lines were
determined by germinating surface sterilized sdems two TO lines on MS medium
containing kanamycin sulphate (200 mg/L). Afterubation for 2-3 weeks in a tissue
culture chamber (25-27 © C, 16 h light/ 8 h datkge seedlings were scored for

kanamycin resistance. The segregation ratios vwesesaed by Chi-square analysis.
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2.2.5Proteinase inhibitor activity assays of transgenitomato

Total soluble protein extracted from leaves of 2nthoold WT and transgenic plants
(T1, T2 generation) was assayed for proteinasdiiminy activity. Leaf tissues (200
mg) were grinded to a fine powder and extracteaDio uL of Tris-HCI buffer (0.1 M;
pH 7.8) at 4°C for a period of 2 days. The extiaas then centrifuged at 12,000 rpm
(4°C; 20 min) and clear supernatant was used fayraatic assays. Total protein of
clear supernatant was quantified following methedatibed by Bradford (1976). For
the enzyme inhibition assay, a suitable volume rfyme equivalent to 0.4 Hi.
armigera gut proteinases (HGP), was mixed with crude leedtgin (50 pQ),
incubated at 37°C for 10 min and residual protegnastivity was estimated using
enzyme specific chromogenic substrates, Benzoyloginyl-p-Nitroanilide
(BApNA) or N-succinyl-L-ala-L-ala-L-pro-L-leu-p-nitrodide (SAApLNA) (Sigma,
St. Louis, MO, USA), as reported earlier (Damleaket 2005;Tamhane et al., 2005).
One proteinase unit was defined as the amount alrme& that increased the

absorbance by 1.0 OD under the given assay conslitio

2.2.6 Feeding-choice assay of transgenic plants

Two leaves each of WT and two transgenic tomate lirand line 2 (T2 generation)

were arranged in plastic petri plates (15 cm di@metpposite to each other on moist
filter paper. First-instaH. armigera larvae were randomly transferred to the petri
plates (6 larvae/plate; n=3). The amount of tiggmeaining was noted each day at the
same time for four days. The insects preferenceafgrarticular tissue type was

proportional to the amount of tissue consumed. Bre@nsumption indicated greater

preference in the choice assay.

2.2.7Insect bioassay of transgenic plants
Insect resistance of transgenic plants (T1, T2 ggiom) was assayed by using
detached leaves of WT and transgenic tomato plasitgy first instar larvae ofi.
armigera following the method of Senthilkumar et al. (201Br leaf bioassay, fully
expanded leaves of similar size and approximateitgohth old greenhouse grown
transgenic tomato plants were placed in 9 cm pithes containing 2% (w) agar
and covered with filter paper to retain proper mois. To carry out this assay, 15
leaves from WT and 15 leaves from each of thregsgianic tomato lines were taken
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and one leaf per larva of. armigera (60/treatment) was placed in Petri dish. Fresh
leaves were supplied after every 48 h. Individaatdl body mass was measured after
every 24 h period. Also mortality &f. armigera larvae was recorded for a period of 7

days. The experiment was repeated thrice.

2.2.8 Protein extraction and mass spectrometry angis

Total proteome of leaf tissue of 2 month old thTdetransgenic lines and two WT
plants was extracted as described by Kumar €2@16) Figure 2.2.3. In brief, this
comprises, removal of phenolic compounds by prgpeatipitation using 10% TCA/

-
é‘ - D" /I y — S =
v
Tissue Grinding in N2 10% TCA /Acetone Vortexed Iris-buffered phenol

Harvest (pH = 8.0) was added

resuspention
in extraction buffer

- =
v
Solubilizati.on Phenol phase Shak.ing for 10
and alkylation precipitation min at RT

LC-MSE

Figure 2.2.3: Schematic presentation of plant proteome extractiod mass spectrometry
analysis

Acetone resuspension of pellet in 10 mL of extmctbuffer containing 0.7 M
Sucrose; 0.1 M KCI; 50 mM EDTA, 0.5 M Tris-HCI apdi 7.5. The reducing agent
B-mercaptoethanol was added to a final concentratid¥o (vol/vol). Samples were
vortexed and incubated by shaking on ice for 10. iBubsequently, an equal volume
of Tris-buffered phenol (pH = 8.0) was added, aotlt®ons were incubated on a
shaker at room temperature for 10 min. The phehake was transferred to another

tube and four volumes of precipitation buffer, @ning ammonium acetate in ice-
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cold methanol and samples were incubated overmggk20°C. After centrifugation,
the pellets were washed thrice with ice-cold prgaipn buffer and finally, pellets
were dried at 25°C. Furthermore, protein pelletsrewsolubilized in 50 mM
ammonium bicarbonate buffer containing 0.1% Rapig@¥aters, USA). The
dissolved proteins were reduced and alkylated byT Ddnd iodoacetamide,
respectively followed by overnight tryptic hydroigsat 37°C utilizing sequencing
grade trypsin (Promega). The digested peptides vexa@mined with LC-MS§
workflow using nano-ACQUITY online coupled to a SXRT-HDMS system
(Waters, USA). Nano-LC separation was carried oith wymmetry C18 trapping
column (180 pm x 20 mm, 5 pm) and bridged-ethylridy§BEH) C18 analytical
column (75 pm x 250 mm, 1.7 pum). The binary sohsystem comprised solvent A
(0.1% formic acid in water), and solvent B (0.1%nficc acid in acetonitrile). Each
sample (500 ng) was initially transfered to theppiag column and desalted by
flushing with 1% solvent B for 1 min at a flow raté 15 pL/min. Elution of the
tryptic digested sample was performed at a flow @ft300 nL/min by increasing the
solvent B concentration from 3% to 40% over 90 niihead of data acquisition, the
mass analyzer was calibrated using Glu-fibrinogkepB (St. Louis, MO, USA) from
m/z 50 to 1990. The Glu-fibrinopeptide B (GFP-B)swaupplied at 500 fmole/pL to
the mass spectrometer via a NanoLockSpray interfairgy the auxiliary pump of the
nano-ACQUITY system at every 30 s interval for laolass correction during data
acquisition. Data independent acquisition was edrout (LC-M$) as described by
Patel et al. (2009). Further, the percent coeffic variance of retention time was
calculated to assess the separation stability aedficient of variance of 0.3 min,
which also suggested stability in chromatograplepasation. LC-MS$ data were
processed and protein identification was carrietdusing ProteinLynx Global Server
2.4 (PLGS) software (Waters).

2.2.9. Extraction of metabolites and UHPLC profilirg

Metabolites of each leaf tissue (100 mg) samplexftwo months old six transgenic

lines and five WT plants were extracted with 1 nfL66% ice cold methanol and

0.1% formic acid followed by sonication for 20 mamd centrifugation at 4°C at

15,000 rpm for 30 min (Kumar et., 201Hidure 2.2.4. Supernatant was filtered

with 0.2 micron filter (Millipore, Hessen, Germanyfn Accela™ ultra high
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performance liquid chromatography (UHPLC) systermhegffmoFisher, Waltham,
USA), coupled online via heated electrospray iamrasource (HESI) with a Q-
Exactive-Orbitrap mass spectrometer (ThermoFishegs used for non-targeted
metabolomics profiling with 3 uL sample injectioolyme. The metabolites were
analysed using a C18 Hypersil Gold column (1.9 grh, mnmX150, ThermoFisher).

The temperature of the column oven and sample neaveas set at 40°C and 4°C,

-9 -1 -

Tissue Grindingin .
Harvest N2 1 mL of extraction buffer Sonication for 20 min

e 1
&= ::'w_ e
Q-Exactive-Orbitrap Filtere.d with Supernatant Centrifugation at 4°C
0.2 micron removal at 15,000g for 30 min

Figure 2.2.4:Metabolite extraction protocol and data acquigitieethodology

respectively. The eluents A (water containing 0.fo¥nic acid) and B (acetonitrile
containing 0.1% formic acid) were used in the etesgray ionization-negative (ESI-)
mode and electrospray ionization-positive (ESI+)dmarhe flow rate was adjusted at
0.6 mL/min with a linear gradient elution for 15mmin the ESI- mode, the MS spray
voltage was 2.8 KV while it was 3.7 KV in the EShiode. The mass scan range was
set from 100 to 1000 m/z and the tube lens wasos#hV. The capillary temperature
was set at 300°C with the aux gas at 5 arbitrarig@nd the sheath gas at 45 arbitrary
units. The resolution of the Orbitrap was fixed &,000. The tandem mass
spectrometry (MS/MS) data were collected with téigion energy range between
10 and 35 eV. Pooled quality control (QC) samplesenmade by mixing all the
samples to check the quality of metabolic profilota. Five QC samples were run
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before analyzing the sample sequence. The stabflitiie system during the analysis
of sample sequence was monitored by running ones@@ple every 10 sample
injections. Extracted ion chromatograms (EICs)smiléucine (lle) and leucine (Leu)
were choosed to verify the resolution of the masscgometer, intensity deviation,
retention time shift and ppm error. Moreover, teention times, mass accuracies and
peak areas of these two selected EICs in the Q@leamvere also verified to validate
the system stability. The raw data alignment arekgecking were carried out using
the Progenesis QI software (Waters and Nonlineawralhics) for positive (ESI+) and
negative (ESt) ionization modesndividually. All the detected ions in each sample
with ANNOVA p<0.005, FDR <1% and minimum fold change of 1.5 leetwcontrol
and their respective inoculated samples, were niaethusing total intensity before
importing into SIMCA-P v. 13.0 software (Umetricdey multivariate data analysis.
The overall pattern and trend in data was analymedCA performed with mean
centered data to check.

Further, OPLS-DA was performed on pareto scalinta da identify the
discriminating metabolites between control and utated samples. The parameters
of the models, such as theé®® R?Y, Q%Y and the RY-, Q*Y-intercepts, were
analyzed to ensure the quality of the multivarratedels and to avoid the risk of over-
fitting using 200 iteractions. The VIP values ddll the peaks from the 7-fold cross-
validated OPLS-DA model were considered as a aoefft for peak selection.
Discriminating variables were selected accordingtheir highest influence on
loading, VIP values (VIP>1.0), S-plot and jack-ladfbased confidence intervals of
OPLS-DA model. ldentification of metabolites wasrread out by searching the
available databases such as KEGG (http://www.kegglc Massbank
(http://massbank.imm.ac.cn/MassBank KNApSAcK  (http://kanaya.naist.jp/KN
ApSAcK) and METLIN (http://metlin.scripps.edu) ugirexact mass and MS/MS

fragmentation pattern$n silico prediction of the mass fragmentation of the caaidid
structures was also performed using Mass Frontisoftware (ThermoFisher) and

compared with MS/MS fragmentation pattern of idiéedi metabolites.
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Section 2.3 Characterization of single domairCanPIls (IRDs) in recombinant

yeast against abiotic stress

2.3.1Cloning of CanPI (IRDs) genes inPichia pastoris

The mature peptide regions of single dom&@anPls (IRDs) were cloned in
expression vector pPIC9 (Invitrogen, Carlsbad, @SA) in P. pastoris GS115
(Joshi et al., 2014b). The primers containdigol and Notl sites were used for
amplification of the mature peptide regions frone flull-length gene cloned in the
pPpGEMT vector using Accuprime Pfx polymerase (Proa)edhe amplified product
was digested wittkhol (Promega) andNotl (Promega) and purified using gel elution
kit (Sigma, USA). Yeast expression vector pPICyre 2.3.]) was prepared by
digesting it with the same restriction enzym&ha| and Notl). The digested insert
and vector were quantified and ligated in 3:1 ratsing T4 ligase (Promega). The
ligated product was used for transformation of cetapt cells ofE. coli strain
(Topl10). Positive colonies were identified by cgldACR. Plasmids were isolated
from them and checked by restriction digestion witiol and Notl enzymes. The
plasmids were digested wittall (Promega) for linearization and were utilized Ror
pastoris (GS115) transformation.

2.3.2 Viability and growth studies of EV and PpIRD strains
TransformedP. pastoris have three different IRDs cloned independentlylRD-7, -

9 and -12, with differential protease inhibitiont@atial. These four differemt vitro

SnaB |
EcoR |
Avr I
Not |

°
<
x

3" AOX1 (TT)

Bgl Il

Figure 2.3.1:Vector map of pPIC9 vector (Source: Invitrogen).
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phenotypes, containing empty and IRD containingareavere assessed on various
conditions by spotting 1@l aliquots of diluted stationary phase culturespbates
containing high salt (1 M NacCl), metal (50 uM Cd@hd 50 uM HgG) and 1 mM
H,O,. These phenotypic tests were performed by seitigiahs of cultures onto solid
agar yeast extract peptone dextrose (YEPD)-basddslYeast cultures were grown
overnight in liquid YEPD and diluted to a densifylo5x1C cells/mL. Four serial 10-
fold dilutions were performed at a final dilutionrttaining 1.5x18cells/mL. 4uL of
each dilution were spotted onto YEPD-based platesiacubated at 28°C for 48 h.
To assay the viability of yeast containing empty amhibitor containing vector, the
overnight cultures were adjusted to £§of 0.1, and the cultures were grown for 14 h
at 28°C with shaking (220 rpm), and the &Pwvas monitored after every 2 h. Time
course growth was plotted and further analyzedr{Geaal., 1997).

2.3.3Trypsin inhibitor activity and protease assays

Different yeast strains under control and stresdditions were grown and pelleted
down. Cell mass was suspended in lysis buffer witlamy protease inhibitor. Protein
lysate of yeast was incubated with trypsin for 1ib et 37°C and residual protease
activity was estimated by BMNA assay. The details of the assay were described
previously (Joshi et al., 2014a). Protease assajyylazocasein and BNA as

substrates were performed as described previonsgation No. 2.1.8

2.3.4Metacaspase activity assay

Metacaspase activity in yeast cells were estimasedescribed by Vercammen et al.
(2004). Intracellular metacaspase activity was rdeteed using a commercially
available fluorogenic system that uses the peptide/al-Arg-Pro-Arg-7-amido-4-
methylcoumarin (Ac-VRPR-amc) as substrate. Theyassa performed using 5M
substrate and cell extract containing 10 of protein made up to total reaction
volume of 10QuL. After 2 h incubation of this mixture in the daak37°C, the release
of fluorescent amc was measurediak of 380 nm andiem of 460 nm with a
FLUOstar OPTIMA microplate reader (BMG Labtech, é@ifiburg, Germany). The

activity is presented as relative fluorescent u@iREUs), calculated by subtracting
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background fluorescence in the absence of celaexfrom the fluorescence obtained

in the presence of cell extract.

2.3.5Quantitative real-time PCR

Total RNA was isolated from the yeast using Trimdgent (Invitrogen, Carlsbad,
CA, USA) and synthesis of the first strand cDNA wasried out with High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystentsoster, CA, USA) using
random primers based on the manufacturer's prot&adative transcript abundance
of subtilisin-like protease 3, calpain-like protedsand metacaspases was determined
by quantitative Real-Time PCR (gqRT-PCR) using 7900Hast Real-Time PCR
System (Applied Biosystems, Foster, CA, USA) ansit$tart Universal SYBR Green
Master (Rox) 2x concentrate (Roche Diagnostics, BmBermany). The relative
expression of serine and cysteine protease geunbsli@n-like protease 3, Calpain-
like protease 1 and metacaspases) was asse&ppdn(ix 11l ). For each gene,
amplification efficiency was assessed by constngcéi standard plot utilizing 5 serial
dilutions of cDNA pool which was prepared by combg aliquots from all the
cDNA samples under study. Actin (ACT1; Accession: t©AA24598) was invoked
as a reference gene for normalization. Reactionfarix)RT-PCR and thermal cycler
conditions were followed as described by Chikate agét (2013). For each
treatment/time point, two biological replicates dleaconstituting three technical
replicates), the average transcript abundance abdeguent fold difference with

respect to the control were calculated.

2.3.6Molecular docking study

In order to analyze the interaction between yeastaoaspase and IRDs, protein-
protein docking was carried out. Structure of y@astacaspase (Ycal) was retrieved
from PDB (PDB ID: 4F60) and structures of IRDs weredicted using homology
modeling (Grant et al., 1997; Wong et al., 201ZpOCK 3.0.1 rigid-body docking
program was utilized for generating Ycal-IRD compkructure. The catalytic
residues of Ycal (CYS220, CYS276) were allowedhteract with the reactive loop
of the IRDs (37CPxNC41). The best composite strmectMas chosen based on the
ZDOCK scores (Chen et al.,, 2003). Top score stractibtained for complex was
energy minimized with the GROMOS96 force field wsiswiss PDB viewer
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(http://spdbv.vital-it.ch/) and binding energy westimated using PDBePISA server
(http://lwww.ebi.ac.uk/msd-srv/prot_int/cgi-bin/piser) (Krissinel et al., 2007).
Occurrence and distribution of different polar natgtions in the active site of Ycal
and reactive loop of IRDs were analyzed using tg®L Molecular Graphics
System, Version 1.5.0.4 Schrédinger, LLC.

2.3.7 Viability and growth studies of metacaspase knockduS. cerevisiae strain
(AYcal)

S cerevisiae metacaspase (Ycal) knockout yeast strain wasgedvoy Prof. Lynn
Megeney (Ottawa Hospital Research Institute, Otfa®@anada) as a kind gift.
Viability and growth curve assay of homozygous aiiphlS. cerevisiae metacaspase
knockout AYcal) was performed to confirm the role of metaeasgn apoptosis and
its correlation with delayed senescence in thegmes of Pls. Overnight cultures of
AYcal strain was adjusted to @pRof 0.1, and the cultures were grown for 14 h at
28°C with shaking (220 rpm), and the gBbwas monitored after every 2 h.

2.3.8GAPDH activity assay

Silva et al. (2011) had shown that yeast metacasppscific substrate and primary
target in the cell is Glyceraldehyde 3-phosphateydeogenase (GAPDH) and hence
its relevance to yeast apoptosis. The assay mixiureL) contained 10 mM sodium
pyrophosphate (pH 8.5), 20 mM sodium phosphate5 M#V NAD, 3 pM
dithiothreitol, and either 1 pg of purified GAPDH @nzyme from yeast extract. After
incubating in a spectrophotometer at 25°C for 5 nwn achieve temperature
equilibrium and to establish blank values, the tieacwas initiated with the addition
of glyceraldehyde 3-phosphate (0.4 uM). Absorbatc@0 nm was recorded from O

to 5 min.
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Section 3.1Agrobacterium-mediated transformation of Arabidopsis thaliana

3.1.1 IRDs of CanPI7 exhibit strong binding efficiacy with various proteases

Multiple sequence alignment of amino acid sequenéd#RD variants of CanPI7 with
other reported gene sequences in the NCBI datahdisated that domain 1 and 3

Linker region

|
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018447)

Figure 3.1.1: (A) Multiple sequence alignment of AA sequence$RID variants of CanPI7.
The region close to the active site showing magiation is marked by box (B) Interaction
energy of binding of all four IRDs withl. armigera proteases compared by using Heatmap
analysis. Heatmap with hierarchical clusteringedétive free binding energy (obtained from
docking study) was normalized by mean values of.dative free energy obtained frokh
armigera trypsins, chymotrypsin, cathepsins and other sepitoteases binding with IRDs of
CanPI7. The gradient ruler from -5 (blue) to 5 jresdan indicator of interaction strength,
where blue colour indicates weak binding and relicetes strong binding. Accession number
of each protease sequence (Uniprot IDs) is givethénbracket. The scale values (-0.37 to
1.0) on the cluster branches indicate the degreeooklation in different interaction and
hence, further used for the clustering.
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were typical trypsin inhibitory domain (TI) whileothain 2 and 4 represented a
chymotrypsin inhibitory domain (Cl)Hgure 3.1.1A). These IRDs showed variation
in active site residues. Trypsin and chymotrypshmhbitory sites had Lys (K) or Arg
(R) and Leu (L),respectively at P1 site of reaetoore. Docking studies revealed
significant differences in binding energies of IRDh those of HGPases suggesting
that inhibitory domains had variable interactiorthAl. armigera serine proteinases.
Among these domains, 1 and 3 showed strong interagtith the lowest binding
energy with variouH. armigera chymotrypsins Kigure 3.1.18. Domain 2 and 4
showed interaction with most of the serine proteasa but they exhibited remarkable
binding withH. armigera trypsins. Interaction patterns for domain 1 anait® most

of the serine proteinases were found to be simid@main 1 and 3 were clustered
together for all the analyzed serine proteinasésievdomain 2 and 4 were clustered
in separate clan. This suggested difference inativeinding patterns of most of the
gut serine proteases with domain 1 and 3 as compar@omain 2 and 4.

100 ——— SLPK1

74 L sTPH

48 SLPI-2
STPI-2

100 L STP3
STPH4
100L—— STPIS
CAPI1
CanPl7
SLPI-3
8al NTPH1
OSPI-1
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Figure 3.1.2:Phylogenetic analysis of CanPI7 protein with PISofaneceous species. SLPI-
1 (S lycopersicum, Q43502), SLPI-2% lycopersicum, Q43710), SLPI-3 % lycopersicum,
P05119), STPI-1 § tuberosum, Q41488), STPI-2 § tuberosum, P01080), STPI-3 §
tuberosum, Q00782), STPI-4§ tuberosum, Q41435), STPI-5F tuberosum, Q43652), CAP-

1 (C. annuum, 049146), NTPI-1 Nicotiana tabacum, Q40561), CanPI7 G. annuum
Q471Q5), OSPI-1Qryza sativa, Q0JR25) used as outgroup.

For evaluating the phylogenetic relationship, anigNeor-joining (NJ)
phylogram was generated based on deduced aminoresidues of total 10 PI

sequences from solaneceous plar®syfa sativa Pl as out group) with 1000
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bootstrap replicates using MEGA (Molecular Evoladoy Genetic Analysis) 6
programs. Within phylogenetic tree, it was seem @anPI7 protein is closely related
to Pl of Solanum tuberosum, which indicated that they are evolutionary clgsel
related than with other P(§igure 3.1.2.

3.1.2 Agrobacterium GV3101 strain confirmation by 3-ketolactose and atibiotic
resistance test

The confirmation of empty strain & tumefaciens GV3101 was conducted based on
specific tests including antibiotics resistance &gl production of 3-ketolactose test
along with positive control oAgrobacterium strain GV3101-pRESC and negative
control of E. coli. EmptyAgrobacterium strain GV3101 and GV3101-pRESC showed
ability for oxidation of lactose to 3-ketolase (& colouration) using the Benedict's
reagent Figure 3.1.3AandB, respectively), whereas negative control straik.afoli
(Top 10) showed no colouration. Antibiotics resis test showed that empfy
tumefaciens GV3101 and GV3101-pRESC (positive control) wersigant towards
rifampicin (50mg/L) in liquid LB medium, whereasgsive control strain oE. coli

(Top 10) was sensitive towards rifampicin.

Figure 3.1.3: Identification of Agrobacterium culture through 3-ketolactose test (A)
Agrobacterium strain GV3101 (empty strain) (B) positive contrivhin (GV3101-pRESC).

3.1.3 Cloning ofCanPI genes

The open reading frame @anPl7 gene was amplified with gene specific primers
modified to includeBamHI and Sacl restriction sites Kigure 3.1.4 and th&amHI
and Sacl digested amplicon was cloned in plant expressieastor pRI101-AN

digested with the same restriction enzymes. Thestégl insert and vector were
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guantified and ligated in 10:1 ratio using T4 ligg®romega). The resulting ligated
construct was then transfered into emply tumefaciens GV3101 strain by
freeze/thawing method={gure 3.1.4. Similarly, IRD7 gene was also cloned info
tumefaciens GV3101 strain.

A B C
u M M 1 2 3 4 M1234 56
10.4Kb weelp 815bp
= 1728bp

F E D

Figure 3.1.4: A schematic representation of sequential stepdmfing of CanPI7 gene in
pRI101-AN vector and transformation igrobacterium GV3101 strain. (A) pRI101-AN
vector digestion witlBamHI and Sacl restriction enzyme (Lane D: digested vector, Lahe
undigested vector, Lane M: 1Kb Marker) (B) Insel€RP of CanPI7 gene (Lane 1-4:
amplification ofCanPI7 fragment, Lane M®X marker) (C) Confirmation of the presence of
CanPl7 (Lane 5 and 6) gene in pRI101-AN vector by the wmgld®CR technique (D)
Confirmation of the presence @anPI7 gene (Lane 1) andRD7 gene (Lane 2) with
restriction digestion of recombinant plasmBaHI and Sacl). (Lane M: marker lane) (E)
Plate culture of transformed colony Afrobacterium strain GV3101 (F) Overnight grown
Agrobacterium GV3101 culture containing recombinant plasmid.

3.1.4 Generation of transgeni@. thaliana using floral dip method
Clough and Bent (1998), screened varidAgsobacterium infection methods and
found floral dip or floral spray method effectivees conventional co-cultivation and

agro-infiltration methods for transformation Afabidopsis.
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We, therefore, implemented floral dip method Aothaliana transformation. Flowers
from 35 days oldA. thaliana ecotype Columbia-0 were infected with two congsuc
(CanP17 andIRD7) (Figure 3.1.5. Unopened flower, an ideal flowering tissue of

Figure 3.1.5: A schematic representation of the sequential stafjagrobacterium-mediated
transformation ofArabidopsis thaliana plants. (A) Growth ofArabidopsis plants (35 days
old) (B) Inflorescence (unopened flowers) @jrobacterium infection to flowers (D) Silique
development stages (E) Formation of mature seedSiligue collection (G) Seed isolation
(H) Seed germination.
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Arabidopsis for transformation (Clough and Bent 1998) wasdtdd to get high rate
of transformation. TwoAgrobacterium strains of GV3101 containing plasmid
pRI101CanPI7 and pRI10IRD7 were used to transforrA. thaliana. Different
developmental stages of flowers of transfornfecthaliana plants were observed
under stereo microscope (Laica S8APO). Siliqueswellected from infected plants,
seeds were removed and dried. Further, these segdsgerminated on selection MS

medium containing kanamycin (50 mg/L).

Table 3.1.1Transformation efficiency a€anPI17 andIRD7 in A. thaliana

Construct Total seeds Plants survived on Transformation
germinated selection medium efficiency (%)
CanPI7 2250 14 0.62
IRD7 3800 31 0.82

3.1.5 Selection and molecular characterization ofansgenicA. thaliana

The selection method was applied to germinatedlisgsdf T1 seeds ohrabidopsis

to obtain kanamycin-resistant plants. Followiigbidopsis transformation protocol
with pRI101 constructs containir@anPIs (CanPI7 andIRD7) putative transformed
plants were obtained, which conferred kanamycirstasce vianptll gene. In floral
dip method, higher frequency of transformation waserved folRD7 (0.82%) as
compared tahat withCanPI7 (0.62%), which may be due to the difference in size
the genes used for construct development. Flopahaithod was found to be suitable
and easy forA. thaliana transformation usinganPl genes. Approximately, 6050
seeds were screened on selection media using theseonstructs {able 3.1.).
Putative transgenic lines were differentiated fraon-transformed plants by their
good growth and dark green foliage on selectionimd®rimary transformants were
selected based on their resistance to kanamycin rfgL) (Figure 3.1.9.
Kanamycin-resistant seedlings were clearly dististyged from non-resistant seedlings
by green expanded cotyledons whereas non-resistealings had pale unexpanded
cotyledons. Transformants had long hypocotyls, eagmon-resistant seedlings had
short hypocotyls. Transformants were also iderttifig well-established roots within
the selective medium. The transformed and nonfpamed plants were

differentiated in 10 days. After 10 days, transfants continued to grow and
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remained green, while untransformed plants remasneall, turned white and died in
two weeks on selection medigigure 3.1.6. Seeds of T2 plants roduced after self-
pollination of T1 plants were germinated on setectinedia. These plants were used

for assessment of insect tolerance by activitpyaasd insect bioassay.

Figure 3.1.6: Screening for transgenfrabidopsis plants. (A) Transgenic seedlings that have
stably integrated kanamycin phosphotransferapt|} transgenes showing healthy growth
are selected for kanamycin-resistance after 14 déagelection on 50 mg/L kanamyc{B)
Magnified view of transgenic plants with green eosland healthy growth on selection
medium (C) Positive control consisting of WT plagiown on MS media (D) Negative
control consisting of WT plants grown on MS medantaining kanamycin. None of the
plants show green colour and good growth.

Homozygous T2 plants were selected based on sdgneganalysis of their progeny
resistant to kanamycin selection media. Furthezse¢htransgeniérabidopsis plants
were examined by genomic PCR. Germinated kanamsasistant T2 transgenic
plants are shown irF{gure 3.1.7). The presence dfanPI7 transgene in developed
T2 transgenic plants was confirmed by PCR analysiisg transgene specific primers.
Genomic DNA was isolated from putative transgeiried ofCanPI7 andIRD7 using
CTAB method Figure 3.1.7. This DNA was used as template for PCR with 35S

forward and gene specific reverse primers.
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L4 L5 L6 L7 L8 L9 L10 L11 L12 L13
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Figure 3.1.7:Growth and characterization of T2 transgenic liFsGrowth of T2 transgenic
lines in soilrite (B) DNA isolation of transgeniaaWT lines, Lane 1-10: DNA of transgenic
lines, Lane 11-13: DNA of WT plants (C) Genomic P&Ralyses to detect the presence of
IRD7 in putative transgenic plants. M- 100bp ladder, Ipbsitive control, L2- negative
control, L3 to L6 test of putative transformed pgéanf IRD7 and L7 to L9 wild types plants
(D) Genomic PCR analyses to detect the presenc@aoP!7 in putative transformed\.
thaliana plants. M-1kb ladder, L1 - positive control ©anPI7, L2 - negative control, L3to L7

- test samples of putative transgenic plantsCmPI7, L8-L11 -test samples of WT plants.

A product of 1728 bp and 1184 bp was amplified frgemomic DNA of randomly
selected transgenic lines wi@anPI17 andIRD7 transgenes. PCR analysis confirmed
the presence dfanPl17 andIRD7 transgenes in individual transgenic lines and PCR
positive transgenic lines were randomly selectedséoeening by insect bioassay. No

gene specific amplicon was detected in the WT cbiplants.

3.1.6 Proteinase inhibitor activity assay indicatessariable inhibition of HGP
activity

The inhibitory activity of protein extracts of tregenic and WTArabidopsis leaf
tissue was assayed against HGP. Crude extracamggenic lines (Linel and Line2)

of CanP17 andIRD7 exhibited significantly higher HGP inhibition asrapared to
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Figure 3.1.8: HGP inhibitory activity of WT and transgenic plar®raph indicates the
concentration in terms of HGP inhibitory units (HGB) in WT and transgenic leaves.

crude extract of WTHigure 3.1.8. HGP inhibition was observed higher in transgenic
lines of CanPI7 as compared with transgenic linesIBD7. Qualitative analysis of
crude protein of WT and transgenic leaves reve#bad inhibition of trypsin-like
activity was higher than inhibition of chymotrypdike activity of HGPs.
Quantitatively in transgeni€anPl7 lines, the amount of HGPIs was 1.98 to 2.09
times higher in case of trypsin like activity whie88 to 2.05 times higher for
chymotrypsin like activity in transgenic leavesamsnpared to those in WT leaves.
Similarly, in transgeni¢RD7 lines, the amount of HGPIs was 1.24 to 1.5 timghdr

in case of trypsin like activity while 1.12 to 1.8&es higher for chymotrypsin like

activity in transgenic leaves as compared to tho$¥T leaves.

3.1.7 CanPI7 transgenic Arabidopsis retards the growth and development ofH.
armigera larvae

After feeding for 7 days, average mass of larvaedie AD and WT were 92.26 mg
and 81.85 mg respectivelffiure 3.1.9. Most of larvae recovered from AD and WT
diet reached to higher larval mass (>75 mg). Larveeovered fromCanPI7
transgenic lines remained in larval mass range2ef ® 71.7 mg. Larvae feeding on

77



Chapter 3

100 mAD
mwT
“ CanPI7 -
MIRD7
T a
HE 1
= i
- el li
40
a
‘a
c
20 ns b $
ns 2 C
oy
. i i
o | memutam -.
Day0 Day1 Day2 Day3 Days DayS Day8 Day?

Figure 3.1.9:Larval mass of first instad. armigera larvae fed on diet containing leaf crude
protein of WT and transgeniérabidopsis plant. Larval mass was recorded after every 24 h
for 7 days. Data was obtained from the averagewéiSE) of 60 larvae per treatment from
independent experiments performed in triplicatean8ard mean errors are indicated. a***,
b** and c* indicate that values are significantlifferent from each other gt < 0.0001p <
0.001 and < 0.01 respectively, ‘ns’ denotes non-significant.

diet containing crude protein @fanPI7 transformed plants had significantly reduced
mean larval mass at 4, 5 and 7 days as compana tdVioreover, larvae recovered
from IRD7 transgenic lines showed larval mass range of #®.89.7 mg. Highest
reduction in mass of larvae was upto 22.12%CanPI7 transgenic line diet as
compared to that on diet containing WT crude pnooe 7" day.

AD WT  CanPI7 IRD7

1Y

Figure 3.1.10:Representativel. armigera first instar larvae fed on diet containing leaiae
protein of WT and transgenfrabidopsis plant for 7 days.
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Representative image of larvae recovered at theoéitl day experimental period is
shown in Figure 3.1.10. No significant differences in larval mortality raten
transgenic and WT diet were noted. Together, fep@ixperiment established that
larvae fed on AD containing crude protein of traersg Arabidopsis plants
expressing a multidomaifanPI7 gene showed a higher reduction in their mass
compared to that of larvae fed on diet containingde protein of transgenidRD7

plants.

Section 3.2Agrobacterium-mediated transformation of tomato

3.2.1 Variable regeneration response of tomato ciNar ‘Pusa Ruby’

The development of an improved protocol for simpled efficient regeneration
system was carried out for tomato indeterminatéwaul Pusa Ruby. The regeneration
capacity of three types of explants (segments fingpocotyl, cotyledonary leaf and
leaf) were compared in tomato. Leaf, hypocotyls aatyledonary leaf were grown
on MS medium supplemented with zeatin (ZA) (1.0loh@igure 3.2.7. The highest
regeneration capacity was found in cotyledonany leeplants, i.e., 74% of the
cotyledonary cultured, produced callusigure 3.2.2. The second highest
regeneration response was observed in hypocotys, ©4.3% produced. The

minimum regeneration response obtained was forebealfants (56.3%).

A

f

AFA RN

Figure 3.2.1: Regeneration response of different tomato explghtsCotyledonary leaf (B)
Hypocotyls and (C) Leaf placed on regeneration omadiCorresponding response of tomato
explants (D)xotyledonary leaf (E) hypocotyls and (F) leaf ogereration medium.
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Figure 3.2.2:Graph showingegeneratiomesponse of different tomato explants.

Different sets of experiments were carried out itad fbest medium for tomato
regeneration. In a preliminary experiment, we cora@dhe effect of different media,
differing only in their growth hormone compositiora the regeneration of cultivar
Pusa Ruby. In the first set of experiments fourntmres such as zeatin (ZA), 6-
Benzylaminopurine (BAP), Kinetin + Indole-3-acetiacid (IAA) and 2,4-
Dichlorophenoxyacetic acid (2,4-D) were added in Mi®dium to find the best
medium for callus regeneration. Medium which camdi zeatin at 1 mg/l gave the
best results in terms of regeneration percentage naorphological quality of the
regenerated plants compared to the medium contggB&P, Kinetin + IAA, and 2,4-
D (Figure 3.2.3. BAP and Kinetin produced reduced percentage ofrrexgdion (73
and 67.6%, respectively). Response of all the wffe combinations and
concentrations of growth regulators supplemented #iS for the induction of callus
from cotyledonary leaf explants are presentedTable 3.2.) It was observed that
Kinetin+ IAA, ZA and BAP had positive effect towardhoot regeneration. However,
2,4-D supplemented MS did not show any responsartdsshoot bud formation.

In second set of experiment, 4 different hormoneceatrations were
suplement to the MS medium and regeneration ofaexplwas done on these media
to examine their effect on shoot induction and rtlegvelopment. The maximum
callus regeneration, i.e., ~78% was observed imM8ium supplemented with zeatin
1 mg/L Figure 3.2.3A) (Table 3.2.). Transfer of cotyledons to regeneration medium
stimulated shoot buds in callus within 3 weeks.@hmds emerged mostly from the
proximal
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Figure 3.2.3:Regeneration response of cotyledon explants ons;alhoot and root induction
media(A) Callus regeneration in cotyledon explants of &oncultivar “Pusa Ruby” placed
on callus induction mediunB) Regeneration of shoot buds in callus of tomato axgl on
MS medium supplemented with ZA. The data were talitar 5 weeks of culture. (C)
Rooting of excised shoots in root induction mediBA= 1mg/L).

Table 3.2.1Regeneration response from cotyledon explantsfiardnt callus, shoot
and root induction media.

Media Media composition (mg/L) % Regeneration

Callus induction

C1l Kinetin (1)+IAA (0.1) 67.6+ 3
C2 BAP (1) 73+2.7
C3 Zeatin (1) 78.6 £3.5
c4 2,4-D (1) 74.6+2.9
Shoot induction

S1 BAP (1) 32+2

S2 Zeatin (1) 44.3 +3
S3 TDZ (1) 22+2.6
S4 BAP (0.5) + zeatin (0.5) 36 +4.5
Root induction

R1 NAA (1) 62.2+3.5
R2 IAA (1) 85.3+4.5
R3 IBA (1) 92.7+3.1

*Values are mean of three experiments (SD).
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end of the cotyledons. Shoots were also initiatechfthe remaining wounded parts of
the cotyledons. The development of shoot buds astsii MS containing ZA 1 mg/L
compared to other medi&igure 3.2.3B (Table 3.2.). Successful induction of roots
in plantlets is an integral part of regeneratiamdis. In the third set of experiments
excised shoots were transferred on MS medium sopgieed with various auxins,
viz. IAA, IBA and NAA. Induction of root was observedithin 15 days Figure
3.2.30. MS medium containing 1 mg/L IBA was found to the most effective in
producing maximum number of strong and healthy so@iable 3.2.). For
acclimatization,in vitro rooted shoots were removed from rooting medium and
washed to remove adhering gel and transplanteth&lip pots containing autoclaved
soilrite. Plants were kept under culture room ctbods for 7 days, then transferred to
greenhouse and placed under shade until growthobserved. Rooted plantlets were
transferred to soil mixture containing soilrite acdcopeat (2:1:1) where they

acclimatized successfully.

3.2.2 Co-cultivation studies oAgrobacterium strain GV3101

Tomato is a natural host fégrobacterium, valuable to present plant transformation
techniques. To monitor early events of plant trammeftion 35S-GUS construct was
used, since it ensures that the GUS coloratioresrisom transformed plant tissue.
Interaction betweeA. tumefaciens strain GV3101 with the cotyledonary leaf explants
of tomato variety (cv Pusa Ruby) exhibited the arp to be susceptible towards

infection. GUS positive regions were detected pn@idantly along the cut ends.
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Figure 3.2.4:Effect of various concentrations of bacterial dgnsn transient GUS
expression of explants. Standard mean errors dieatred.
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Parameters affectinggrobacterium-mediated genetic transformation such as
optical density of bacterial culture and acetogyoime (AS) were optimized in present
study. Transient transformation efficiency was canep according to the percentage
of GUS-positive explants after co-cultivation. Bartal suspensions with optical
densities of 0.01, 0.05, 0.1, 0.2 and 0.5 were .ugedong the various optical
densities (Olgyg) tested, it was observed that maximum transfoomafv5.3%) was
observed at ORo of 0.5 while minimum (39.6%) was at @9 of 0.05 Figure
3.2.4). Transformation frequency of transient GUS exgi@sin explants were found
to be increasing with increase of the optical dgradi the Agrobacterium suspension.
Increasing bacterial suspension concentrations edéykncreased the contamination,
and higher necrosis rat@.the present study, addition of 200 umol AS ia thedium
could significantly increase the frequency of tians GUS expression in tomato
explants Figure 3.2.9. Also use of AS increased the area of infectibtramsformed
explants. Our results indicated that AS might bduafle to improve the
transformation efficiency for tomato explants. Thsults showed tha&grobacterium

strain GV3101 was active in cut surfaces of leafiea.

Figure 3.2.5: Magnified view showing histochemical localizatiofih GUS activity (blue
colour) at the cut ends of cotyledonary leaf exdanf Pusa Ruby. (A) Control explants
(without infection) (B) Infected explants at O.D0=1 (C) Infected explants at O.D.= 0.2 (D)
Infected explants at O.D.= 0.5 (E) Infected expaatt O.D.= 0.2 supplemented with 200puM
AS in infection medium (F) Infected precultured kxps at O.D.= 0.2 supplemented with
200uM AS in infection medium.

No histochemical staining was detected in the explaf control plants as shown in

Figure 3.2.5 Using this optimised regeneration and co-culioraparameters, future
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studies were conducted to transfeanPl7 candidate gene in the tomato plant for

conferring insectesistance.

3.2.3 Regeneration and molecular characterizationfdransgenic TO plants

For tomato, different transformation methods arailable, but Agrobacterium-

mediated method was preferred for cultivar PusayRsince it is a welkestablished
(Sharma et al, 2009) and highly efficient proceduie study the rol€anPI7 gene in
insect resistancé. tumefaciens strain GV3101 having plasmid pRI1L@BNPI7 was

used to generate transgenic tomato pldfitufe 3.2.9.

Figure 3.2.6: Various stages o$olanum lycopersicum var. Pusa Ruby transformation (A)
Germination of seeds (B) Preculture of cotyledonkgf explants (C) Co-cultivation of

explants withA. tumefaciens (D) Formation of shoots on callus of transformeglamts after

5 weeks (E) Surviving shoots of selection mediunpiiesence of 100 mg/L kanamycin (F)
Elongation of healthy shoots following kanamycitesgon. (G) Rooting of elongated shoots
(H) Hardening of plantlets in soilrite in growthashber (1) Putatively transformed plant (TO)
transferred to plastic pots containing soil mixturgreenhouse.
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Callus formation was seen in positive control erfdaon medium without
kanamycin. Negative control explants, which wer¢ infected withAgrobacterium
placed on selection medium, did not showed calusmation and necrosis was seen
because of kanamycin. Response of positive andtimegeontrol explants indicated
that regeneration and selection system was appteprespectively. After 2-3 weeks,
formation of calli was observed due tpt gene which deactivates the antibiotic
(kanamycin) selection. In addition to this, it wasbserved that most of
Agrobacterium treated explants showed growth on selective mediantaining 100
mg/l kanamycin and this indicated the first sigatt@anPI7 was transformed into
explants Figure 3.2.9. After 3-4 weeks, shoot buds started to emerge fthe calli.
The root formation ability shown by the transfornsubots was another evidence that
transgenesGanP17 andnpt) were transformed. Root development was seendotsh
within 15 days. Around 4 weeks later, the regemeraiantlets were transferred from
glass bottles to soilrite. Before taking to the egeouse, the plantlets in pots
containing soilrite were acclimatised in plant gtbwhamber at 2% 1 °C with high
relative humidity (70%) at a photoperiod of 16 I #bdays. Regenerated plantlets
were transferred to greenhouse and were coverddplasstic bags for first 4 days.
The independently derived transgenic lines exhibitehenotypes that were
indistinguishable from the untransformed contralrps (WT) except for line 2, which
showed change in leaf morpholodyiqure 3.2.7). Transgenic line 2 exhibited oval
type leaves compared to pinnate type leaves of Wdute 3.2.8. Overall, 7.5%
efficiency of tomato transformation was achievedmBto transformation events gave
rise to 9 kanamycin resistant TO plants, which wemefirmed as transgenic origin by
genomic PCR analysis. DNA isolation of WT and tgersc plants was done using
CTAB (Figure 3.2.9A and treated with RNAse to remove RNA contamimatio
(Figure 3.2.9B. Further, these transgenic tomato plants werenaead by genomic
PCR Figure 3.2.9Q. A band of the expected size (1728 bp) was dedeict putative
first generation transgenic plants. This indicatadcessful integration of thH@anPI7
transgene into the tomato genome. The PCR prodast mot detected in non-

transgenic WT, the negative control.
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Figure 3.2.7: Different stages of WT and transgenitomato plants.
(A) (i) Flowers(ii) fruit (iii) seeds of (iv) WT plant
(B) (i) Flowers(ii) fruits (iii) seeds of (iv) Transgenic (TO) goit.

Figure 3.2.8: Representative picture of transgenic and WT I|€Af) Leaflet and (B)
compound leaf of transgenic line 2 (C) Leaflad (D) compound leaf of control WT plant.
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Figure 3.2.9: Molecular analysis of TO transgenic plants (A) DNgblation of WT and
putative transgenic plants (B) RNase treatmentetbove RNA contamination Lane M:
marker; Lanes 1-6: DNA from transformed plants; ¢an8: DNA from WT (C) PCR
amplification of the 1728 bp and 188bp fragmentsthaf transgene (35S €anPl7) and
elongation factor gene, respectively. Lane M: markenes 1-6: DNA from transformed
plants; Lane 7-8: DNA from WT; Lane 9: negative [gate control.

3.2.4 Molecular characterization of transgenic T1ldmato plants

Seeds of T1 plants that were produced after sdliRption were germinated on
selection mediumHKigure 3.2.10A. Of the 55 seeds tested from two separate TO
plants, 34 turned out positive for tRanPI7 transgene following kanamycin selection
screening Table 3.2.9. WT plants were unable to grow on selection mexdfgigure
3.2.10B. Though the untransformed seeds could germirthty; did not develop
leaves and roots on selective medium. Further ethiessgenic tomato plants were
examined by genomic PCR, Southern blot and RT-P&Rotal of 6 healthy and best
grown transgenic lines (L1, L2, L3, L4, L5 and L@&pre randomly selected for

further investigation.
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Figure 3.2.10:Growth and selection of T1 planf8) Germination of T1 seeds on selection
medium (B) WT seeds on selection medium (negativerol) (C) 2 month old T1 transgenic

plants in greenhouse. (D) 4 months old T1 transgptdants in greenhouse (E) Transgenic
fruit collection (F) Transgenic seeds (T2) collenti

3.2.4.1 Mendelian inheritance pattern of T1 seeds

Seeds from the TO lines were germinated on seleatiedium supplemented with 200

mg/L kanamycin. For each transgenic line, 20-2%lseeere used and the numbers of
resistant plants on selection medium were calctilaiée result is as presented in

Table 3.2.2 Antibiotic screening of T1 seeds revealed sedre@gaccording

Table 3.2.2Segregation o€anPI7 gene in T1 progeny of transgenic tomato plants

TO plants Response of T1 seeds on kanamyciry® value

selection medium

Total Kan’ Kar’
WT 20 0 20 60
Line 1 25 18 6 0.04
Line 2 20 14 6 0.26

Kdr= kanamycin resistant; Kan kanamycin susceptible

to Mendelian ratio 3:1 (resistant: susceptitfes 0.05,%* = 3.841) for kanamycin

tolerance as expected for typical single dominameginheritance. The appearance of
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transgenic seed on selection medium is showrFigute 3.2.103. As can be seen
from the photographs, transgenic seeds grew féséer the WT plants on selection
medium. They? test indicated non-significant difference betwespected 3:1 ratio
and observed values. These results showed that-DEA insert was transmitted to
the next generation and expressed in the ratiootgg@dor a single dominant gene.

The presence offanPI7 transgene in putative T1 transgenic plants was
confirmed by PCR analysis using transgene spepifimers fFigure 3.2.11 A and

B). A product of 323 bp was amplified from genomil® of randomly selected

A Transgenic Negative B Transgenic wT Negative
wr lines control lines control
1 1 1
r ) l-‘-\ r VT 1 I-L\
U L2 13 W15 e M

M T 4 2B uw 15 6

- — — e - - Pin-Il

c Transgenic Negative
wT Iinles control
r—l—‘ I L ]
L1 2 13 14 IS5 e
“ .

Figure 3.2.11:Molecular analysis of T1 transgenic plants (A) P&Rplification of the 342
bp and 173 bp fragment of the tomato PINII abahPI7 genes, respectively. Lane M:
marker; Lane 1-2: DNA from WT; Lanes 3-8: DNA frotransformed plants; Lane 9:
negative template control (B) PCR amplificationtioé 1728 bp and 188bp fragments of the
transgene (35S €anPl7) and elongation factor (EFel gene, respectively. (C) RT-PCR
analysis ofCanPI7 expression from transgenic tomato and WT. Lane dBNA from WT;
Lanes 3-8: cDNA from transformed plants, Ekdnd Pin-Il gene were analysed as internal
control; Lane 9: negative template control.

CanPI7 transgenic lines. No amplicon was detected in WAE control plants. In
addition, an amplicon of 188 bp for housekeepingegéActin) was generated from
genomic DNA of the WT and the transgenic plantsheck the quality of DNA. PCR
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Figure 3.2.12: Southern blotting of T1 plantéA) Probe preparation M: marker L1-L2:
Template for probe preparation, L3: probe (B) DNifgestion with BamHI and Sacl
restriction enzymes (C) Southern blot hybridizataralysis of six transgenic PCR positive
T1 lines. The genomic DNA (digested wiamHI andSacl) hybridized withCanPI7 probe.
Lane 1: genomic DNA from WT; Lanes 2-7: genomic DKém six T1 lines.

analysis confirmed the presence@dnPI7 transgene in individual transgenic lines.
Then PCR positive transgenic lines were randomlgcsed for later screening of
insect resistance. Semi-quantitative RT-PCR wafpred to analyze the expression
of CanPI7 gene and tomato PIN Il gene using total RNA pregarom WT and

transgenic leaves. Accumulation of mMRNAs of tramegevas detected only in T1
plants Figure 3.2.11Q. Tomato PIN Il 8y Pin-2) and elongation factaxr-(SylEF-1)

MRNA transcripts used as reference genes, weretddten all the T1 and non-
transgenic plants. The same 6 transgenic lines GathPl7 gene representing two
independent events as explained above were seliect&buthern blot analysis using

genomic DNA of transgenic plants witbanPI7 probe to determine the transgene
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integration in tomato genome, which confirmed thespnce o€CanPI7 gene Figure
3.2.12. Detected bands were very faint in line 1 antl@.such bands were detected

in the non-transgenic WT plants.

3.2.6 Proteinase inhibitor activity assay of T1 trasgenic plants shows variable
inhibition of HGP activity

The inhibitory activity of protein extracts of trsgenic and WT tomato leaf tissue was
assayed against HGP. Transgenic plants exhibiggtfisantly higher HGP inhibition
as compared to WTF{gure 3.2.13. Qualitative and quantitative analysis of WT and
transgenic leaves revealed that inhibition of tmypike activity was about 4 to 6
times higher while that of chymotrypsin like actvof HGPs was 4 to 7 times higher
in transgenic leaves as compared to those in WiMetealLine 1 exhibited maximum
inhibition of chymotrypsin like activity while Line3 indicated more of trypsin
inhibitory activity. Overall, HGP inhibition was ebrved to be better in transgenic
line 1 as compared to that of Line 3.

I BApNA W SAApLNA

0.6 KKK

'_‘_‘ KKK
0.5
0.4 xK

0.34

HGPIU/g
fresh wt

0.24

0.14

WT Linel Line2 Line3

Figure 3.2.13:HGP inhibitory activity of WT and transgenic lea\@4). Graph indicates the
concentration in terms of HGP inhibitory units (HGB) in WT and transgenic leaves (T1).
Standard mean errors are indicated. ** and *** gade that values are significantly different
from each other gi < 0.01 and < 0.001, respectively.
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3.2.7CanPI7 transgenic (T1) tomato plants retard the growth ad development
of H. armigera larvae

H. armigera larvae of the first instar were fed on transgdegves of all the three
lines separately with WT leaves as control. Repriediwe image of larvae recovered
at the end of 7 day experimental period is shown Figure 3.2.19. Insects made
severe damage to WT leaves compared to the traicsglants Figure 3.2.19. After
feeding for 7 days, average mass of fifteen lap@eline fed on transgenic leaves
ranged from 4.4 to 9.5 mg per larva depending 0@ While on WT leaves it was 11
mg per larva Figure 3.2.15. Larvae feeding on leaves fro@anPI7 transformed
plants had significantly reduced mean larval mass 8, 4 and 6 days as compared to
larvae fed on WT. Based on mass of larvae recovéamethis insect bioassay
experiment, larval population was distributed imémious groups: 3.1-4.9 mg, 5.0-9.9
mg and 10.0-20.0 mg. Larvae from transgenic lirmsained in the lowest larval
mass range (3.1-4.9 mg) upto almost 6 days of fgedhile entered into next range

group of 5.0- 9.9 mg) on thd" day.

WT Transgenic

Figure 3.2.14: Representatived. armigera first instar larvae fed on WT and transgenic
tomato plant leafs. Three independent plants weed per assay and data were obtained from
the average weight (zSE) of 60 larvae per treatrfrent independent experiments performed
in triplicate. Representative WT and transgenic dmmleaves showing damage after
infestation byH. armigera larvae.

Most of larvae recovered from WT leaves reachedigber larval mass (>10 mg).

Larval mass reduction was observed in all the tinaesgenic lines, however, it was
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Figure 3.2.15:Larval mass of first instat. armigera larvae fed on transgenic lines and WT
plant leaves. Larval mass was recorded after ey for 7 days. Standard mean errors are
indicated. a***, b** and c* indicate that valuesessignificantly different from each otherpat

< 0.0001p < 0.001 ang < 0.01 respectively, ‘ns’ denotes non-significant.

much higher in Line 1compared to Lines 2 and 3 wgixodays of feeding. On the
seventh day highest reduction in mass of larva&j6@as observed in transgenic line
3 as compared to larvae fed on WT leaves and veasnabre compared to line 1 and
2. However, no significant differences in larval madity rate on transgenic and WT
leaves were noted. Together, feeding experimeabksied that larvae fed on tomato
plants expressing€anPl7 gene under a constitutive promoter showed a sogmit

reduction in their mass when compared with thdaofae fed on WT leaves.

3.2.8 Molecular characterization of transgenic T2amato plants

Seeds of T2 plants that were produced after sdliapion were germinated on
selection medium. Homozygous T2 plants were salebtsed on analysis of their
progeny resistant to kanamycin. Further, thesesgamic tomato plants were

examined by genomic PCRiQure 3.2.19.

M1 2 3 45 6 7 8wrP M9101112131415 1617181920212223 24 wr P

.

————— ——

[ < 1728bp

Figure 3.2.16: Molecular analysis of T2 transgenic tomato plam€R amplification of

CanPI17 gene (1728 bp) was carried out by using 35S fawaimer and gene specific
reverse primer. Lane M: 1Kb marker; Lane WT: DNAnr WT; Lanes 1-24: DNA from

transformed plants; Lane P: Positive control (pidstemplate).
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The presence dfanPI7 transgene in putative T2 transgenic plants wadirooed by

PCR analysis using 35S forward primer and geneifspeeverse primer. A product
of 1728 bp was amplified from genomic DNA of randgrselected transgenic lines.
In addition, fragment of 188 bp for Eftivas amplified from genomic DNA of WT
and transgenic plants to check the quality of DNPCR analysis confirmed the
presence ofCanPI7 transgene in individual transgenic lines and PGitive

transgenic lines were then randomly selected teescifor inhibition activity assay

and insect resistance. No amplicon was detectdweiNVT control plants.

3.2.9 Proteinase inhibitor activity assay of T2 trasgenic plants shows variable
inhibition of HGP activity

The inhibitory activity of protein extracts of trsgenic (T2) and WT tomato leaf
tissue was assayed against HERy(re 3.2.1%. Transgenic plants (T2) exhibited
significantly higher HGP inhibition as comparedwfl. Qualitative and quantitative
analysis of WT and transgenic leaves revealedittmiition of trypsin-like activity
was about 5.7 to 6.1 times higher while that ofnabtrypsin like activity of HGPs
was 8.6 to 11 times higher in transgenic leavesoaspared to those in WT leaves.
Overall, HGP inhibition was observed to be betteransgenic Line 1 as compared to
that of Line 2 and Line 3.
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Figure 3.2.17:HGP inhibitory activity of WT and transgenic plaiff®). Graph indicates the
concentration in terms of HGP inhibitory units (HG@B) in WT and transgenic leaves.
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3.2.10CanPI7 transgenic (T2) tomato plants retard the growth ad development
of H. armigera larvae

H. armigera larvae of the first instar were fed on transgdeaves of all the three
lines (T2) separately with WT leaves as controlpieeentative image of larvae
recovered at the end of"®ay experimental period is shown iRigure 3.2.18.
Insects made severe damage to WT leaves compatbd tansgenic plant§&igure
3.2.19. After feeding for 7 days, average mass of fiftdarvae per line fed on
transgenic leaves ranged from 9.3 to 11.7 mg peraldepending on line while on

WT leaves it was 17.22 mg per lanfadure 3.2.19. Larvae feeding on leaves from

Wt Transgenic

2R ERY

Figure 3.2.18: Representative WT and transgenic leaves (T2) shpvdamage after
infestation byH. armigera larvae. Representatié. armigera first instar larvae fed on WT
and transgenic tomato plant leafs (T2). Three ieddpnt plants were used per assay and data
were obtained from the average weight (+SE) of &ibde per treatment from independent
experiments performed in triplicate.

CanPI7 transformed plants had significantly reduced meaval mass at 2, 3, 4, 5, 6
and 7 days as compared to larvae fed on WT. Bagedass of larvae recovered in
this insect bioassay experiment, larval populatias distributed into various groups:
3.1-4.9 mg, 5.0-9.9 mg and 10.0-20.0 mg in thiseexpent also. Larvae from
transgenic lines remained in the lowest larval rasge (9.7-13.6 mg) on th& day.
While, most of larvae recovered from WT leaves healcto higher larval mass (>15
mg). On the ¥ day the highest reduction in mass of larvae wasmled in transgenic
Line 2 as compared to larvae fed on WT leaves amlalso higher compared to Line
1 and 3. However, no significant difference in &Ermortality rate on transgenic and
WT leaves was noted. Together, feeding experim&mabéshed that larvae fed on
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Figure 3.2.19:Larval mass of first instard. armigera larvae fed on transgenic lines (T2) and
WT plant leaves. Larval mass was recorded afterye®4 h for 7 days. Standard mean errors
are indicated. a***, b** and c* indicate that vakiare significantly different from each other
atp < 0.0001p < 0.001 angb < 0.01 respectively, ‘ns’ denotes non-significant.

transgenic tomato plants (T2)express@anPI7 gene under a constitutive promoter
showed a significant reduction in their mass whemared with that of larvae fed on
WT leaves.

3.2.11 Choice assay of T2 transgenic tomato plants

Feeding-choice assays showed tHatrmigera larvae consumed less transgenic leaf
tissue than that of WT tomatdrigure 3.2.20. By the end of the %4 day, larvae
consumed all WT tomato leaves and showed lessrprefe forCanPI7 transgenic
leaves. Such avoidance to feeding on transgenwesebyH. armigera larvae clearly
indicated the increased insect resistance in teamsgplants, which deter larval
feeding.
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Figure 3.2.20: Performance oH. armigera feeding on WT tomato leaves and transgenic
leaves in choice assalyeeding assay indicated preferenceHofarmigera first-instar larvae
for WT leaves over transgenic leaves for their comstion.
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3.2.12 Proteome profiling of transgenic leaves

Proteome analysis of three transgenic lines (T1) WAl lines was performed as
detailed in materials and methods chapter. Oubt#l 12272 proteins identified, 25
showed differential accumulatiofgble 3.2.3. The ratio of normalized intensity of
proteins from WT and transgenic plants revealede@msed or decreased expression in
the leaf tissue. CanPI7 protein was detected uhjignethe range of 51 to 1435.51
fmole in the leaves of three T1 transgenic linekjlevit was completely absent in
WT. Enzymes related to photosynthesis such as xglds®, aldolase, reductase and
phosphopentokinase were up accumulated (1.53-60bd). f Similarly, enzymes
involved in biosynthesis of secondary metabolies carboxylase ammonia-lyase,
transferase and aldolase and other enzymes sucbehgdrogenase (ascorbate),
transferase, peroxidase, carboxylase, phosphatasenylpyro-phosphatase,
phosphatise, lactoperoxidase, pentose phosphatevgatand fructose/mannose
metabolism enzymes were accumulated (1.53-5.8otH1.5 to 2 fold, respectively)
as compared to WT plants. Ammonia-lyase involvedrmno acids, glycine, serine,
threonine, valine, leucine and isoleucine metabohlgas also accumulated up to 5.8
fold. Other proteins such as glutathione peroxidase heat shock protein (Hsp70)
were highly upregulated in transgenic plants. Heve superoxide dismutase
enzyme of phenylpropanoid biosynthesis was downulaggd by 3.7 fold. Other
proteins such as cysteine proteinase, eukaryatitskation initiation factor, profilin
and plastocyanin were also lower in transgenictplas compared to WT. Moreover,
defensin protein was uniquely detected in onlyggemic plants. All other proteins in

transgenic and WT plants did not reveal any change.

3.2.13 Metabolome profiling of transgenic leaves
UPHPLC-based global metabolic profiling of leaf WAhd six transgenic tomato
plants (T1) were performed. Reproducibility andogity of system were validated
using various parameters before the samples weasured. Stability of the system
was based on the retention times (RT), peak anmedsnéensity coefficient variation
of Leu (0.148) and lle (0.145) in all the QC samsplMass accuracy was ~2 ppm
during data acquisition. These results indicated #hability and reliability of system
were qualified for analysing the samples for datquésition. Principal component
analysis (PCA) which is was employed on whole mataluiata set to observe a
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Table 3.2.3: LC-MSF identification of differentially expressed proteirin T1
transgenic tomato plants compared to WT plants.

Accession Description MW pl PLGS Pepti Theoreti Cover- Digest Fold
No. (Da) (pH) Score -des -cal age Peptides change
Peptides (%)

Up-regulated proteins

K4BEO1 Chlorophyll 28287 5.3z 8525.8t 9 13 61.7¢ 9 6.5¢
a-b binding
protein

P25306 Threonine 64896 5.07 179454 32 41 60.67 27 5.81
dehydratase

K4BEOO Chlorophyll 28301 5.33 7578.81 7 13 56.17 7 5.1
a-b binding
protein

P0O737( Chlorophyll 2805¢ 4.97 5282 6 13 54.7 6 5
a b binding
protein 1B

K4B876 Chlorophyll 28024 4.97 29997.7 7 13 52.45 6 3.89
a-b binding 6
protein

K4B6A3  Ferredoxin 40553 8.63 3418.19 8 33 29.55 8 2.27
NADP
reductase

Q40151 Hsc70 71470 4.98 1531.59 13 52 27.18 13 2.24

H1ZXA9 Heatshock 71345 4.94 24318 14 52 31.95 14 2.24
protein 70

KACVX2  Proteinase 12572 8.24 8262.21 5 12 72.97 5 211
inhibitor i

K4D9L5 Heatshoct 7709¢ 5.3t 2408.1¢ 20 55 34.2¢ 17 2.05¢
cognate 70
kda protein
2-like

KACR9C Heatshoct 7118( 4.94 2035.1° 13 52 36.0¢ 13 2.01
cognate 70
kda protein
2-like

H1ZXA8 Heatshoct 7074z 4.8¢ 1801.3: 15 51 31.21 14 1.97
protein 70
isoform 2

K4B6C3 Fructose 42643 6 2008.93 9 28 37.46 9 1.93
bisphosphate
aldolase

Q5NE20 Carbonic 34445 6.73 8582.78 12 32 47.04 12 1.89
anhydrase

K4CVX5 Wounc- 1235¢ 7.0z 3745.. 4 10 56.3¢ 4 1.87
induced
proteinase
inhibitor

K4D48¢ Rubisco  4920¢ 8.6¢ 25990.¢ 27 38 63.31 22 1.7¢

9

K4CMY9 Phosphoribul 44393 5.92 12420.6 18 31 56.5 15 1.71
okinase

K4BLT6 Rubisce 4988: 5.64 1333.8¢ 6 42 15.61 6 1.6€

KADFV4  Glutathione 19271 4.94 6838.47 8 17 52.94 8 161
peroxidase

Down- regulated proteins
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Q40143 Cysteine 38919 8.33 13706. 8 21 9.83 3 3.12
proteinase 3 1
Q7XAV2  Superoxide 2226¢ 6.0 28625 6 11 38.7( 4 3.7C
dismutase 86
Cu Zn
K4DBU7  Profilin 10806 5.81 1549.2 2 6 50 2 2.27
8
P17340 Plastocyanin 16981 4.87 90513. 8 10 40.58 5 2.27
chloroplastic 91
Uniquely detected in transgenic plants
BING67¢ Defensit 843¢  85% 6477.¢ 2 5 22.36¢ 2
27
Q4z1Q5 CanPI7 28501 6.10 12245 9 17 53.435 8
11

potential clustering behaviour and pattern in metitd data set. Unit variance scaled
PCA score plots showed fairly clear differenceswieein WT and transgenic leaf

tissue, indicating significant changes in their abelite profiles. PCA trajectory plots

A B .,
1 M Control 2
o ¢ I Transgenic X 0@
s ®
n Y ) : o
o B
. o « -
¢ 60 B 60
Cc D
C-L1.M4 (PLS-DA): Validate Model on \
$M4.DA(0) Intercepts: R2=(0.0, 0.39), Q2=(0.0, -0.304) ma ° o
i
®

Figure 3.2.21:(A) Comparison via PCA considering all samples of ®hd transgenic plants
(B) Comparison via OPLS-DA considering all samptésWT and transgenic plants (C)
Permutation test results for OPLS-DA models witlo momponents and 200 permutations.
(D) S-plot obtained from metabolic profiles considg all samples.
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Table 3.2.4: Differentially accumulated metabolites identifiecorh UPHPLC in

transgenic tomato plants.

Metabolites Formula Mass Fold Pathway
change
Up- accumulated
L-Malate CHO, 134.02 2.70 TCA cycle
Isocitrate CH O, 192.02 6.14 TCAcycle
L-Glutamate GH,NO, 147.05 243 Amino acid
D-Glucarate CH, .05 210.03 198 Pentose and
glucuronate
3-(3'-Methylthio)propylmalic CH,OS 22205 3.71 Glucosinolate
acid
D-Glucuronate CH, .0, 194.04 2.74  Ascorbate and aldarate
2,5-Dioxopentanoate 8.0, 130.02 6.62 Pentose and
glucuronate
4-Aminobutanoate C,H,NO, 103.06 3.38 Alanine, aspartate and
glutamate
3-Phosphonooxypyruvate 80P 183.97 8.38 Calvin cycle
Down- accumulated
Tomatidine GH,NO, 41534 025 Secondary metabolism
Solasodine C,H,NO, 41332 0.18  Secondary metabolism
1,2-Dihydroxy-5- CH,,0,S 162.03 0.04 Cysteine and
(methylthio)pent-1-en-3-one methionine
2-Aminobenzoate C,H,NO, 137.0 0.44  Tryptophan
2-Hydroxy-2,4-pentadienoate &0, 114.03 0.23 Phenylalanine
Glutathione C,\H;;N,OS 307.0 0.11 Cysteine and
methionine
L-Phenylalanine (H,,NO, 165.07 0.22 Amino acid
Indole-3-acetaldehyde C,HNNO 159.06 0.20  Tryptophan
Serotonin GH,N,O 176.09 0.20 Tryptophan
2-Hydroxy-2,4-pentadienoate C,HO, 114.03 0.30 Phenylalanine
Chlorogenic acid GH, O, 354.09 0.05 Phenylpropanoid,
Flavonoid
5-O-Caffeoylshikimic acid C,H, O, 336.08 0.05 Phenylpropanoid,
Flavonoid
Rutin G H,0, 61015 0.10 Flavone and flavonol
Quercetin CH,0, 302.04 0.10 Flavone and flavonol

clearly illustrated differential pattern with sificant metabolic deviationsF{gure

3.2.2)). Orthogonal partial least squares-discriminaratiygsis (OPLS-DA) model was

100



Chapter 3

generated for WT and transgenic plants. OPLS-DAresquot revealed complete
separation between WT and transgenic plants witbh thistinguished clusters.
Moreover, permutation tests with 200 iterationsttfar confirmed that OPLS-DA
model was robust. Metabolic variables with highiadle importance in projection
(VIP >1) and influence on loading were used fotHar analysis. Jack-knifed-based
confidence interval was used to remove variablah Yaw reliability. S-plot from
above generated model between WT and transgeniotyges identified key
intermediate metabolites of various biosynthesishways such as pentose and
glucuronate, ascorbate and alderate, glucosinadatmndary metabolism, flavonoid,
flavone, flavonol, TCA cycle, amino acid biosyntisesind Calvin cycle Table
3.2.49. A marked increase in level of L- malate and isate of TCA cycle was
apparent in transgenic plants compared to WT. Aalthily, it was observed that L-
glutamate was upregulated in transgenic plants.iovar metabolites from
glucosinolate, ascorbate and aldarate pathways alsceupregulated in transgenic
plants. Increase in the level of D-glucarate arddpxopentanoate of pentose and
glucuronate pathway in transgenic compared to WAS apparent. Secondary
metabolites such as tomatidine and solasodine asede in transgenic plants,
compared to WT plants. Further, transgenic plahtsved reduction in the levels of
metabolites related to amino acids metabolism sisch,2-Dihydroxy-5-(methylthio)
pent-1-en-3-one, 2-aminobenzoate, 2-Hydroxy-2,4gmdenoate, glutathione, L-
phenylalanine, Indole-3-acetaldehyde and serotoihlorogenic acid and 5-O-
Caffeoylshikimic acid of phenypropanoid and flaviwho pathway were
downregulated. Similarly, two of the metabolite®ni flavone and flavonol

metabolism, such as rutin and quercetin were degulated.

Section 3.3 Characterization of single domairCanPIls (IRDs) in recombinant
yeast against abiotic stress
3.3.1. Ectopic expression of IRDs confers tolerandewards different stresses
Stress tolerance of PpIRBtrains was evaluated in serial dilution testsshamved in
Figure 3.3.1 Yeast cell with an empty vector (EV) showed spsibdity to elevated
salt, heavy metal and oxidative stress as sigmficgowth retardation was marked
(Figure 3.3.1A). PpIRD strains containing either IRD 7 or 9 or 12 of CnP
appeared to be highly tolerant to various abidtiess inducing agents. Moreover,
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Figure 3.3.1: Growth of yeast cells expressing (A) empty pPIG&tor (EV) and IRDs
namely (B) IRD-7, (C) -9, (D) -12 in yeast extraeiptone dextrose (YPD) broth and plate
supplemented with 50 uM CdCBO uM HgC}, 1 M NaCl and 1 mM BD, stress.
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PpIRD-9 strain Figure 3.3.1Q containing IRD 9 showed higher tolerance to fadf t
stresses than those in IRDHidure 3.3.1B and -12 Figure 3.3.1D. Previous study
from our laboratory has also shown that IRD-9 haghdr protease inhibition
potential as compared to IRD-7 and -12. In growmtnve analysis (14 h), IRD-9
showed faster rescue of the phenotype analogahsit@f the control condition under
all the stress conditions. In case of PpIRDand -12 strains, initially growth was
retarded up to 4 h, indicating as extension ofldlggphase under stress condition; later
the cells were adapted to stress condition. Stadsptation resulted in the normal
growth of yeast cells in the exponential phase séhesults clearly demonstrated that

expression of Pls provided endurance against veabiotic stresses.

3.3.2. Enhanced expression and trypsin protease iifition (TPI) activity in
PpIRD" strains
Gene expression analysis of CanPI-IRDs in PpIRbwed that all the three IRDs

(IRD-7, -9 and -12) overexpressed as compared tetEAih under stress inducing

‘v

Fold difference in
transcript abundance
el

. Control

= g
3 (=] S0 uM CdCl,
B 50 uM HgCL,

£ 1 MNaQl

% Inhibition of
trypsin activity

D ImM H,0,

EV IRD-7 IRD-9 IRD-12

Figure 3.3.2: Protease inhibitor and protease gene expressiah aativity of CanPlI
expressing yeast cells under stress. (A) Fold miffee in transcript abundance of IRDs; (B)
trypsin inhibitory activity.
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conditions Figure 3.3.2A). Parallel to this transcriptional activation, rantellular TPI
activity was also observed to be significantly ligin PpIRD strains after stress
inducing agents’ treatment as compared to EV sfifaigure 3.3.2B. Cell lysate of
IRD-9 expressing strain showed maximum proteas#iion activity as compared to
IRD-7 and -12 expressirg pastoris strains under all the stress conditions. Furtlser a
pPIC9 has alpha secretion tag before IRD sequextecellular TPl activity of one
of the three IRDs, i.e. IRD-9 was tested and fotmdbe higher as compared to its

intracellular activity Figure 3.3.3.

80 1
70 1

B Extracellular PI activity
60 - B Intracellular PI activity

% Inhibition

EV IRD9 EV_50uM IRD9 50
CdCI2  pM CdCI2

Figure 3.3.3: Extracellular and intracellular trypsin Pl actwibf EV and IRD9_PpIRD
yeast cells under 50 pM CdQtress. Significant inhibition of trypsin activityas observed
in extracellular media (50 pg of protein) of IRD®IRD", which was indication of secretion
of overexpressed Pls. While, before reaching telle¥ extracellular secretion considerable
amount of Pl is expressed inside cell and thussgiesidual inhibitory activity of cell lysate
(50 pg of protein). Values are the means of threasurements with standard error.

Before reaching to level of extracellular secreti@monsiderable amount of PI
probably expressed inside cell that may gave resimhiracellular inhibitory activity
of cell lysate (50 pg of protein). Similarly, PpIRBtrains showed enhancement of PI
activity on stress stimuli, which might inhibit theellular proteases which are

involved in protein degradation under stress.
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3.3.3. Inhibition of serine (SP) and cysteine protse (CP) activities in PpIRD
strains

In stress conditions, the gene expression and atigiy activity of SP and CP
increased rapidly in EV cells as compared to therob condition Figure 3.3.4Aand
B). Overexpression of subtilisin-like protease 3 a@atpain-like protease transcripts
was observed in PplRDstrains Figure 3.3.4A). However, at activity level no
significant difference in SP and CP activities vadiserved in stress inducing agent
treated cells as compared to the control cellssE&ins showed elevated level of SP
and CP activity, while PpIRDcells showed optimal level of protease. This iithih

of SP activity might be due to SP inhibitor. Howevihe cross reactivity of IRDs
toward inhibition of CP might have influence on utgion of CP expression and
activity in PpIRD strains under stresBigure 3.3.4B.

A
S0 uM CdCl, 1 50 pM HgCl, I 1 M NaCl : 1 mM H,0,
I I
4.5 I @Subtilisin likk protease I
o 4 I @Calpain like Prolcaw I
- 1 E I I
S 3 _ ﬁ' : M ) ' & fl
Sz 25 1 I I
== 2 1 : !
<% 15 - : :
=9 I 1 :
=z |1 ! - 1
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0
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Figure 3.3.4: (A) Fold difference in transcript abundance oftdigin like and calpain like
protease and (B) serine and cysteine proteasetediin yeast cells expressing IRD-7, -9 and
-12 under stress inducing agents like 50 pM Gd&l uM HgC}, 1 M NaCl and 1 mM kD,
compared to control condition. Values are the mednthree measurements with standard
error.
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3.3.4. PpIRD exhibits reduced metacaspase activity under stregenditions

The metacaspase mMRNA level was markedly elevateBMinand PpIRD strains
under controlled condition. Similarly, the metacaspexpression level appeared to be
stimulated also by stress-inducing agerfEsgre 3.3.5A). Metacaspase specific
substrate was further used to assess the levelethomspase activity in EV and
PpIRD" under various stress conditions. PplRilains showed 50-60% reduction in
metacaspase activity as compared to EV stilaigu(e 3.3.5B. This indicated that
under stress condition the metacaspase activity imbtited by the induced

expression of IRDs.
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Figure 3.3.5:(A) Metacaspase gene expression and (B) intrdaelinetacaspase activity of
CanPI expressing yeast cells under stress inducing adiget50 uM CdG), 50 uM HgC}, 1
M NaCl and 1 mM HO,. Values are the means of three measurements taitbard error.
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3.3.5. Reactive loop of IRDs forms multiple contast with the active site of
metacaspase (Ycal)

Comprehensive view of IRD-metacaspase complex stidha IRD was bound at the
active site region of metacaspase and blockeddbesa of the substrate to the active
site Figure 3.3.6A-0). Close view of this interaction depicted the fation of a
hydrogen bond in the reactive loop of IRDs (CPXX&)d the active site of
metacaspase (His220 and Cys276). In IRD-7 anda®onyl oxygen atoms of Asn40
of IRD reactive loop formed hydrogen bond with noaspase active site residue i.e.

His220 Eigure 3.3.6 AandB). In case of IRD-12 and metacaspase complex, there

Cystl

Asndl
Lys39

Pro3s

V5276
% Cys37

His220

Figure 3.3.6: Interaction between the active site of yeast nasjgase (Ycal) and reactive
loop of IRD evaluated by docking analysis. Reacto@p of (A) IRD-7, (B) IRD-9 and (C)
IRD-12, showed close interaction with metacaspatigesite residues (His220 and Cys276).
In case of IRD-7 and IRD-9, Arg39 of reactive lolmpms hydrogen bond with His220 and
Cys276, respectively.

was absence of polar contact in interacting regigigure 3.3.6Q. IRD-9 showed
stronger binding to metacaspase with energy of @&#/mol as compared to IRD-7
(18 kcal/mol) and IRD-12 (19 kcal/mol). Results ided from energy calculations

were in well accordance with our earlier reportssfi et al., 2014b). This indicated

that interaction of IRD with metacaspase was simit IRD-trypsin interaction.
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Substrates with arginine/lysine residue at the B&dition could act as superior and
specific substrates for metacaspase. The S1-S3quosif binding pocket of Ycal

constituted negative environment and showed enldamhdeding affinity towards

positively charged amino acids. The reactive lobfRDs contained arginine/ lysine
(positively charged) residue at the P1 positiomstlincreasing the reactivity and
specificity of IRDs toward Ycal. Ycal-IRDs complstiowed enzyme-substrate like
binding with relatively higher binding energy. Daeff studies provided supportive

indication of the interaction between two heteragers partners, Ycal and IRDs.

3.3.6. Metacaspase knockouB. cerevisiae strain (AYcal) shows PpIRD like
growth characteristics and maintenance of GAPDH adtity in PpIRD * strains

To examine the effect of various stresses on toevir of AYcal cells, the time-
dependent changes in optical density §gDof culture were measured subjected to

various stresses. As shownHigure 3.3.7A growth ofAYcal strain was delayed
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Figure 3.3.7: (A) Growth of metacaspase knockout yeast ag¥dal) in the YPD medium
supplemented with 50 uM CdCB0 pM HgC}, 1 M NaCl and 1 mM kD,. (B) Intracellular
serine protease and metacaspase activityricel cell under stress.

during the first 2 h of exposure to stress indu@ggnts, but it started to increase after
3 h, the density of thaYcal culture was higher and almost alike of thdsseoved in
the absence of stress. Growth pattern of Avcal strain was comparable like

PpIRD' strains, specifically more similar with growth i¥D-9 expressing yeast cell
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under stress. Assessment of various protease tegiwhowed that SP activity was
significantly increased after stress treatment, leviCP activity was marginally

increased. Metacaspase activity was almost absetitthe different stress conditions

(Figure 3.3.7B.
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Figure 3.3.8: GAPDH activity of EV, PpIRD (IRD-7, -9 and -12) andYcal strain under
multiple stresses. Values are the means of thresumements with standard error.

It was observed thatYcal and PpIRD strains showed maintenance of GAPDH
activity under various stresses, while there wassicterable reduction (50%) in this

activity in the case of EV strainkigure 3.3.9.
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Discussion
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Rapid and broad spectrum development of molecw@ahrtiques for agricultural
exploitation has been mainly observed from thetlagie decades. The database built
using these techniques is being employed to imptiogeguality and yield of various
crop plants. Molecular studies on plant resistamoechanisms allowed the
identification of genes whose manipulation coulgiove plant resistance to insect
pests. Analysis of natural variation at all levelsiological organization, i.e. genetic,
transcriptomic, proteomic and metabolomic, has bergossible due to recently
developed technologies. Utilizing this informatiagenetic engineering has further
become a reasonable solution to increase planétaese against many biotic and
abiotic stresses as well as to improve food qualitg yield. New transformation
technologies using targeted/ untargeted approactassalso aid to unravelling the
mechanism(s) behind resistance mediated by newsgEnethermore, an examination
of plants resistant to different insects allow ibentification of genes, which are
crucial for plant resistance to pests and can benpial targets for developing
transgenic plants. Thus, plant transformation tetdgies have radically changed
biological research and have a major impact on ergovement towards biotic and
abiotic stress resistance.

In the present work, an attempt has been madeghdigint functional analysis
of proteinase inhibitor fron€. annuum (CanPl) using transgenic approach. For this,
Agrobacterium-mediated transformation was carried to producensganic
Arabidopsis and tomato plants. Furthermore, model yeast systeam used to
functionally characterize single doma@BanPIs (IRDs) for abiotic stress tolerance.
The inferences drawn in our studies can be coe®)atalidated or extrapolated for
other transgenic studies prevalent in rest of tbddv The results are discussed in this
chapter in the context of the available literatared their potential utility in crop

improvement through transgenic approach.
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Section 4.1: TransgenicArabidopsis thaliana with multidomain CanPl7 shows
better insect tolerance than that with single domai IRD7

Many plant species have a long life cycle and #fecdlt for genetic transformation,
which makes it time-consuming to produce transgehimes for functional
characterization of genes. thaliana have being used as model plant for most of
molecular studies focussing on plant responsestioivorous insects. Results derived
from A. thaliana might be helpful for understanding plant resiseamaechanism
against insects in other plants considering assomphat genes involved and the
resistance mechanisms are conserved among spes@entfin et al., 2007).
Arabidopsis is not of agricultural important crop but have hextensively used as a
model plant due to its user-friendly features, sashrelative small genome size and
short generation time (Van Poecke and Dicke, 20Bdjthermore, many important
tools, such as single-nucleotide polymorphism a;rdyll-genome microarrays and
wide mutant collections, are available to enabldecwar studies (Meinke et al.,
2003; Clark et al., 2007). Columbia -0 is the mmmnhmonly used\. thaliana variety

in plant-insect interaction studies and serves m@asappropriate host to several
herbivore species (Van Poecke et al., 2007). ®tedso far no strong sources of
resistance have been observed.ithaliana, however variation in resistance to insect
herbivores has been reported among diffeAgabidopsis accessions (Snoeren et al.,
2010; Todesco et al., 2010).

Pin-Il proteinase inhibitors (PIs) are the focudto$ research because of their
large structural-functional diversity and relevameeplant defense. Heterologous PI
genes expressed in some other plants has led sscreasistance to a varied range of
insect pests (Abdeen et al. 2005; Quilis et al.4208chneider et al. 2017). The
effectiveness of Pls against other pathogens ssitlacteria, fungi and nematodes has
also been reported. Up-regulated yet specializedxptession upon wounding and
insect infestation provides insights into the etiolu of Pl based plant defence
mechanisms against insects. PIs, being an innatepthe plant defense system for
protecting them from insects, fungi and bactendijldt enough variability to interact
with a wide range of proteases they come acrossieMer, insects have also been
shown to be adequately adaptable to the existeheéh@r endogenous Pls of their

host plants or transgenic Pls. Thus, discovery @matacterization of novel Pls to

address induced and inherent complexity of insedt pgyoteinases is obligatory.
112



Chapter 4

Keeping this aspect in view, Pls derived from nasth plants containing
multidomains of inhibitors active against variamis proteinases could be a more
effective approach to provide sustainable cropgmtiin against insect pests.

In earlier reports from our lab it was shown tBatinnuum possesses an array
of Pin-Il PI (CanPIs) genes ranging from 1- to 4- IR@anPIs are known for their
differential patterns of expression in variousues CanPls displaying high isoforms
diversity with Pls of 1- to 4-IRDs, have been isethand characterized to assess their
defense potential against Lepidopteran proteasese $1. armigera has limited
exposure taC. annuum, this insect is less likely to have developedstesice toC.
annuum proteinase inhibitor. Further studies have alsveated the induced
accumulation of multi-IRBCanPIs in leaves in response to mechanical wounding and
insect infestations (Tamhane et al, 2009). Varyimibition of trypsin,
chymotrypsin, elastase and total gut proteinaseviées of Lepidopteran insects
using single domain (IRD7) and multi-domain CanR##IRD) was previously
reported from our laboratory (Tamhane et al. 200ddishi et al., 2014a, b). Moreover,
structure prediction and docking studies of IRD@nal with proteases were also
performed to exhibit its interaction with targebf@ase (Joshi et al., 2014a).

In the present study, structure prediction and ohacktudies of CanPI17 with
proteases exhibited that all the four reactivessitere exposed on unordered loops
which facilitated its interaction with multiple et protease molecules, affirming its
higher inhibition potency. Initial binding energyoraparison and hierarchical
clustering analysis provided overview of specifiteraction ofCanPls with various
proteases. It may also give speculation about nuddection and effect of various
inhibitory domains onH. armigera digestive proteases. Moreover, insights into
underlying mechanism of differential inhibition teten proteases by IRDs could
potentially be useful in designing improved strasdor insect control. Furthermore,
single domainIRD7) and multidomairCanPI7 (4-IRD), were selected fan planta
characterization  through transgenicArabidopsis.  Agrobacterium-mediated
transformation of Arabidopsis using floral dip method obtained transformation
efficiency of 0.62 % CanPl7) and 0.82% IRD7), respectively. Similar
transformation efficiency range was reported bytguol followed by Clough and
Bent (1998). Evaluation of biological activity GanPls (IRD7/ CanP17) expressed
in transgenicArabidopsis leaves was performed using HGP inhibition assayd€
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protein of CanPI7 and IRD7 from respective trangg@nabidopsis showed increased
inhibition of HGP activity as compared to WT plankowever, compared ttRD7
transgenic, CanPl17 transgenic lines showed higher inhibition in HGR&en
expressed idrabidopsis. The present findings corroborate with our eadiata on Pl
activity of H. armigera feeding on artificial diet (AD) containing recombint PI
(Tamhane et al., 2007b). The clear decrease onthgikin and chymotrypsin like
specific activities confirmed the potential for elit interference ofCanPls on H.
armigera proteases and eventually its digestion. Crosgiv@gdn binding of trypsin
or chymotrypsin molecules to either Tl or CI sitgsCanPI17 was also earlier reported
which suggested that the reactive site loops rethiadequate conformational
flexibility to allow recognition by a variety of pteinase molecules. This might be the
key reason behind the higher inhibition of HGP lbyde protein from transgenic
CanPI7 Arabidopsis. Similar inhibition pattern was observed in otlsardies, using
protein extract of transgenirabidopsis expressing PIs against various proteases.
Co-expressing two barley proteases inhibitors,atystand trypsin inhibitor genes in
Arabidopsis showed significant inhibitory activity against corarcial proteases such
as papain / trypsin and also inhibited cathepsiarg} L-like activities of spider mite
(Tetranychus urticae) (Santamaria et al., 2012). TransgeAi@abidopsis expressing
HvCPI-6 had also showin vitro inhibition of cathepsin L- and/or B-like proteiresss
activity of two aphids,Myzus persicae and Acyrthosiphon pisum (Carrillo et al.,
2011). Plant extract from transgemicabidopsis expressing protease inhibitor from
barley showed strong inhibition of chymotrypsinigty as compared to WT plants
(Losvik et al., 2017). Overall, our results of ibiion assay imply thaCanP17 could
effectively inhibit the gut proteases Bif armigera which are complex mixtures of
several isoforms of trypsin, chymotrypsin and elass.

In order to test the efficacy of CanPI proteinsresged in plants againist
armigera, insect bioassay was also carried out. This stundljcated significant
reduction in larval mass &f. armigera after feeding on AD containing crude protein
from CanPl17 transgenic lines, which substantiated the impat¢h® CanPI7 protein
on H. armigera target proteinases. Our findings were in well adaace with the
earlier reports of insect feeding assay on AD dairtg recombinant CanPI7 protein
(Tamhane et al., 2007b). Based on the previousrte@d inhibitory properties of
CanPl7, a broad spectrum of insect digestive pratgs might be affected by activity
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of inhibitory domains. The inhibition of proteolgsihrough Pls may decrease access
to essential amino acids and consequently proteimctions can be impaired
disrupting crucial physiological events ldf armigera such as nutrition, redox status
and development. In our present studies, singlenanididomain Pls varied in their
biochemical properties like inhibition potentialdabninding efficiencies against target
proteases, growth, etc. Similarly in variousvivo andin vitro studies, transgenic
Arabidopsis expressing different Pls have shown to conferstasce against various
insect species in their respective bioassays. Quegssing Kunitz trypsin inhibitaf
poplar inArabidopsis caused improved resistance agalsarmigera larvae (Hu et
al., 2012). Barley cysteine Pl had shown reducetbpaance of two aphid species in
AD and transgeni@rabidopsis (Carrillo et al., 2011). Also, the protease intobi
from barley had been reported to inhibit aphid felity in transgenicArabidopsis
(Loswik et al., 2017). Transgeni&rabidopsis expressing cowpea trypsin inhibitor
and rice cysteine Pl also conferred resistance h® nematodeRotylenchulus
reniformis (Urwin et al., 2000). Gene stacking of two barlels Ih Arabidopsis
enhanced plant resistance Tiourticae (Santamaria et al2012). Moreover, ectopic
expression of a PMtPil4) gene fromMedicago truncatula in transgenidrabidopsis
conferred resistance against bacterial pathdgsudomonas syringe (Sun et al.,
2015).However, in the present study AD containing IRD@ dbt show significant
reduction in larval mass compared to the contithoaigh inhibition of proteases was
observed as detailed above. The number and clagstgfroteases dfl. armigera
(Trypsins and Chymotrypsins) might not be signifita inhibited by single TI
domain of IRD7. This indicated that the levellBD7 when expressed in transgenic
Arabidopsis might not be sufficiently high to inhibiH. armigera growth and
development.

In conclusion,CanP17 protease inhibitor gene wrabidopsis has resulted to
be more effective and enhance resistance abibiy ¢hsingle domailRD7 transgenic
Arabidopsis. These results demonstrate that, Pls with multipled varying
specificities are better approach for tackling alevrange of insect gut proteases.
These results propose th@anPI7 containing multiple domains of Cl and TI, is a
potential candidate to further elucidate the aoSls properties ofCanPls in

transgenic crop plants. Ultimately, the integratimihCanPl genes into cultivated
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plants may become an effective approach to dewalmgps with improved and durable
resistance towards insect pests.

Section 4.2: Transgenic tomato withCanPI7: Sustainable approach for insect
tolerance

Tomato, being one of the most important food criopthe world, is in constant need
for improvement in agronomic yield and quality teehthe demands of the vegetable
market and processing industry. Many insect resistarieties of tomato have already
been developed and many are in pipeline, whichlmamade available to farmers.
Several attempts to generate transgenic tomatdspkirowing resistance to insect
were and are being made (Abdeen et al. 2005; Dajaahal. 1989). In the present
work, an attempt has been made to establish traisgemato line expressing
multidomain proteinase inhibito€anPI7 gene to improve insect toleran&oteome
and metabolome alterations in transgenic tomatatpié any, were also analysed
using LC-MS and UHPLC-Orbitrap techniques, respectively.

The establishment of simple and efficient regemematsystem is a
fundamental prerequisite of taking advantage dfamad tissue culture for developing
genetically transformed plants. Thevitro culture of tomato has been successfully
used in different biotechnological applicationstsas the clonal propagation of high-
value commercial cultivars and genetic transforomafLi et al., 2011a; Yarra et al.
2012; Namitha and Negi, 2013). Many independenbntsphave previously shown
that tomato plant regeneration achieved througharavgenesis was affected by
several factors such as genotype, explant sougeepfiexplants, media composition
and environmental conditions (Mamidala and Nan®4,12 Namitha and Negi, 2013;
Sherkar and Chavan, 2014; Wayase and Shitole, 26b#)regeneration studies of
tomato different types of explants have been udage of explants not only
determines frequency of the explant organogenesis dso shoots induction
efficiency (Bahurupe et al., 2013; Jehan and Hasear2013). There are many
reports regarding tomato transformation amslitro plant regeneration from different
explants (including seed-cut cotyledons, hypocotidaves, stem sections, pedicels,
petioles and inflorescenceg)n organogenesis (Khoudi et al. 2009; Yasmeen 2009;
Goel et al. 2011; Rai et al. 2013; Namitha and N2@i3; Sherkar and Chavan, 2014;
Wayase and Shitole, 2014). Most tissues of tomatweweported to have high
totipotency; however, the choice of right explangit vary with the genotype. Our
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results implied that overall regeneration abilityasvhigher in cotyledons over
hypocotyl and leaf explants. Our findings were iallvaccordance with the earlier
regeneration studies reported by Mamidala and Nd2@al). Zhang et al. (2012b)
indicated that location of the cutting wound in kxps significantly affected callus
induction and adventitious bud formation. They daesimated that the highest
frequency of bud induction occurred at middle pafrtcotyledon segment. Similar
result was obtained in our regeneration studies als

Plant growth regulators (PGRSs) in growth mediumym@a important role in
regulating callus induction and tissue differemiatof explants in plant tissue culture
technique. According to numerous reports IAA, NAX4-D, ZA and 6-BAP are the
hormones commonly used iinvitro cultures of tomato to ameliorate callus induction
and shoot regeneration (Kantor et al., 2013; Malaidad Nanna, 2011; Ashakiran et
al., 2011; Zhang et al., 2012b; Namitha and Ned13. Kietin, 6- (c,c-
dimethylallylamino) purine (2iP) and ThidiazuronQ{Z) are new plant PGRs used in
some other studies (Ishag et al., 2009; Chauéhrgl., 2010;Wu et al., 2011;
Ashakiran et al., 2011). From our regenerationistychighest callus induction with
simultaneous multiple shoots development was naitld MS media containing ZA
(2 mg/L). ZA is a cytokinin reported to be used stiyp in regeneration and
transformation studies of tomato (Ichimura and CGd95; Costa et al., 2000). Frary
and Earle (1996) used ZA (2 mg/L) for regeneratbtomato cultivar Moneymaker,
while McCormick (1991) used 1 mg/L of it in additido Gamborgs B5 Vitamins for
shoot regeneration.

Rooting is the final step of the regeneration protan plant tissue culture for
generation ofn vitro plantlets. There are several factors affectingrtwe induction
in shoots such as the physiological status of [@emtmedium composition and
growth regulators. Some reports suggested thatofotr induction, tomato does not
require any exogenous PGRs (Mensuali- Sodi etl805; Rashid and Bal, 2010;
Bahurupe et al., 2013). However, in most cased, fiammation would be achieved
with auxins (IAA, NAA or IBA) alone with concentrian ranging from 0.1 to 1 mg/L
(Chaudhry et al., 2010; Ashakiran et al., 2011; Mkia and Nanna, 2011; Zhang et
al., 2012b; Namitha and Negi, 2013; Shitole andseay014; Sherkar and Chavan,
2014). In the present study, maximum root inducfrom the regenerated shoots was
achieved on MS medium supplemented with 1 mg/L IBAdpanah and Khosh-Khui
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(1992) obtained the highest percentage of rootiitg medium containing 0.5 mg/L
IBA. This difference in concentration might be doegenotype difference.

For tomato transformationAgrobacterium concentration in co-cultivation
usually ranges between 0.01 and 1.0 atd@bBm (Jodo and Brown, 1993; Frary and
Earle, 1996; Ling et al., 1998; Krasnyanski et 2001; Pozueta-Romero et al., 2001,
Park et al., 2003; Dan et al.,, 2006; Wu et al.,120Qiu et al., 2007). We found
maximum transformation efficiency at OD 0.5, wher@ea OD 0.2 it was slightly less
than that at 0.5 OD. However, at higher opticalsitgn(0.50D) necrosis rate was
higher, hence, use of bacterial suspension at @i was not feasible for
transformation event. Addition of phenolic compouadetosyringone (AS) to the co-
cultivation media has been shown to increase thestormation frequency in the
present study. Similar findings were observed heostudies also (Park et al., 2003;
Cortina and Culianez-Mica, 2004). Preculture of larfs for 2 days increased the
transformation frequency and area of infectidhe 2 days preculturing treatment has
also been suggested in many reports (McCormick. e1886; Hamza and Chupeau,
1993; Ellul et al.,, 2003). Thus, in the presentdgtufor more transformation
efficiency of precultured explants, bacterial sugien with optical density 0.2 at 600
nm supplemented with 200 uM AC and 2 days of cor@tion period were used.

Transformation efficiencies bggrobacterium method have been reported to
range from 6 to 40% (Vidya et al., 2000; Park et 2003; Sun et al., 2006). In the
present study, tomato transformation efficiency Wa&f6. There were no differences
in plant morphology between WT and Pl overexpredsadsgenic tomato plants,
except that the line 2 of TO generation showed gban leaf morphology, which
might be due to position effect of integration o&risgene. Silencing or ectopic
overexpression of Pl genes in plants has been teghdo affect plant growth in
certain cases, such as tobaaughtshade and lettuce (Zavala et al., 2004a; Ked.e
2007). Furthermore, reduced number of viable seeflsiits of transgenic plants was
observed in the present study, which might be du®werexpression o€anPI7
transgene. Similar observation on reduced seedaetreported by RNAiI mediated
silencing ofSaPIN2 PlIs (Sin et al., 2006).

Based on earlier preliminary studies in transgeiiabidopsis, the CanPI7
was considered as a potential candidate for dewejopnd testing transgenic crop
plants for improved resistance ltb armigera. Moreover, in earlier reports from our

118




Chapter 4

lab, it was shown that neonates as compared tbitistar larvae had more prominent
retardation upon exposure to recombinant CanPI7héisa et al., 2013). Thus, to
obtain maximum effect of CanPI7 protein on growftneonates and first instaf.
armigera larvae and to get insight into antibiosis effecCanPI7 during initial stage
of insect development from crop protection pointvigw, it was crucial to establish
transgenic crop plant, such as tomato overexprg&&anPI7 gene. Protein extracts
from CanPI7 plants exhibited inhibitory activity against HGRyhich was in
agreement with earlier reports of inhibition ass&ysrecombinant CanPI7 protein
from our lab (Tamhane et al., 2007b). Moreoveredént transgenic events showed
variation in inhibitory activities suggesting scoygeproduce more transgenic events
to have maximum and specific protease inhibitotwayg of this multidomain PI.

Insect feeding experiments further revealed that ihgestion ofCanP17
containing transgenic tomato leaves had deleteedigst on metabolism and growth
of theH. armigera insect. Mass of the larvae fed on transgenic plamis observed to
be decreased as compared to larvae fed on WT plBated on these as well as
previous reports of inhibitory properties ©anP17 (Tamhane et al., 2007b), a broad
spectrum of insect digestive proteinases (serimgeprases) might be inhibited by
activity of multiple domains o€anPI7. The possible reasons for reduced growth of
H. armigera larvae could be the amino acid starvation duenldbition of insect gut
proteinases and increased stress on gut prote@xg@session system to express more
and higher amounts of proteinases (Broadway, 1996jeover, because of presence
of multi inhibitory domains in CanPl7, insect migfdce problem in expressing
various forms of proteases leading to detrimerftaes on larvae. In insect bioassay
of T1 transgenic plants, variation in reductionidnval mass was seen at th2 #nd
7™ day among the transgenic lines. Line 1 showedehmighduction in larval mass as
compared to the other transgenic lines"atléy. However on'7day, Line 3 showed
higher larval mass reduction as compared to tranisgéne 1 and 2. This variation
might be due to change in overall inhibition shoby transgenic lines due to
interplay between Pls of tomato (SIPinll) and Canindl transgenic tomato and HGP
proteases. In the present choice assay, functaaysis of CanP17 was performed to
check its potential in mitigating insect infestatidcChoice assay of homozygous T2
transgenic plants confirmed the deterrent propeftyransgenic tomato expressing
CanPI7 protein. Several groups have reported tHereed protection of plants
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towards insect attacks usiij-1l genes (Ryan, 1990; Luo et al., 2009; Dunse et al.,
2010; Majeed et al., 2011). Transgenic tobaccoesging Pin-1l genes from tomato
and potato increased tolerance agaMahduca sexta (Johnson et al., 1989). Potato
PI-Il gene expressed in Chinese cabbage resultembrfierring resistance against
Pieris rapae and Plutella xylostella, (Zhang et al., 2012a). The expression of PI-II
(SaPIN2) in transgenic tobacco plants inhibited the growfhH. armigera and
Soodoptera litura larvae (Luo et al., 2009). Transgenic tomato agressing
carboxypeptidase inhibitors (PCI) and potato Rhtireased resistance against larvae
of Liriomyza trifolii andHeliothis obsolete (Abdeen et al., 2005). Transgenic tobacco
plants expressing the pyramided inhibitor genesfpmtato and taro exhibited broad-
spectrum resistance toH. armigera, Erwinia carotovora and Pythium
aphanidermatum (Senthilkumar et al., 2010). Also, in transgenian&o over-
expression of cysteine proteinase inhibitor frome riconferred protection against
white potato cyst nematode (Urwin et al., 1995)cdRely, transgenic sugarcane
overexpressing cysteine peptidase inhibitor negbtivaffected the growth and
development ofphenophorus levis (Schneider et al. 2017)

Although plant Pls have been found effective agaseveral insects, their
effects are transient in some cases as insectadagst to Pls by (i) over expressing
Pl-insensitive proteinases (Broadway, 1995, 1996,71Jongsma et al., 1995, 1997),
(ii) regulating the level of existing proteinasé&rdadway, 1997; Gatehouse et al.,
1997) and (iii) degrading the Pls (Michaud, 1997 €t al., 1998). After prolonged
exposure and selection pressure mediated by Htaes biotypes of insects may
evolve (Lawrence and Kuondal, 2002). Considerirggtttygh complexity of protease-
Pl interactions in host insect systems and thersiityeof proteolytic enzymes used by
insects to hydrolyze dietary proteins, the choi€eagpropriate Pls is important in
deciding the success or failure of Pl transgen@nfsl. S exigua larvae fed on
detached leaves of tobacco plants transformed tmtsin/ chymotrypsin-specific
potato 2 inhibitor (P12) under the control of congive promoter remained
unaffected and showed 2.5 fold induction of newptiy gut activity that was
insensitive to inhibition by P12 (Jongsma et a@9%). This insect adaption to Pls can
be reduced by using novel inhibitors and multipenes stacking. Novel inhibitor
containing artificial multidomain inhibitors with one potent inhibitor potential than
its natural counterparts can be designed (Outclakoat al., 2004). It has also been
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shown that by stacking two insecticidal genes wlifferent mechanisms of action or
by using combinations of PI genes, the possibilityevolution of adaptation or
resistance in the larvae can be significantly redu@®unse et al., 2010; Chen et al.,
2014). Together, the results presented here sutfigstanP17 in combination with
other PI or resistance transgenes may provideumabbd strategy for the protection of
economically important crop species agalsarmigera pest.

Variations in the efficacies of insect tolerancaseatved in the transgenic lines
in the present study guided us to carry out in ligpbteomic and metabolomics
analyses of the plants. In order to identify diéietial abundance of proteins under
overexpressedanPIl7 condition, a quantitative comparative protein pid was
performed using LC-MS A few reports of comparative proteomic analysfighe
transgenic plant with WT are available (Gong et2012; Ghosh et al., 2016; Zolla et
al., 2008; Tan et al., 2016). However, the targetgn could not be detected in some
cases, possibly due to the low expression of tigetggene and/ or limitations in the
detection techniques (Zolla et al., 2008; Tan gt2016). On the other hand in the
present study, CanPI7 protein was uniquely deteiciéinsgenic lines probably due
to overexpression of the gene under promoter caintai enhancer element of
Arabidopsis and high sensitivity of SYNAPT-HDMS system (WatedsSA) used in
our case. Further, pathway analysis revealed tloat of the differentially expressed
proteins were implicated in photosynthesis, glutath, secondary metabolites,
glyoxylate and dicarboxylate, purine, thiamine, mylpropanoid and nitrogen
metabolism. These up-regulated effects of photbggit might be for generating
extra energy in response to the insertion of exogergenes (Gong et al., 2012).
Similar studies were performed on transgenic leasesotton, maize, mint and
tomato (Gu et al., 2013; Sinha et al., 2013; Wangl.e 2015; Tan et al., 2016). The
transgenic plants also showed up-accumulation ateprs related to stress and anti-
oxidation. The abundance of the threonine deamir@&® protein involved in
isoleucine biosynthesis was increased in transg@temt. TD is generally up
regulated in leaves after herbivore attack andspkay important role in herbivore
resistance by mediating JA-lle signalling and alsts as an anti-nutritional protein by
depleting threonine levels (Gonzales-Vigil et aD11). Likewise, ferredoxin NADP
reductase was also identified as up-accumulatettaimsgenic plant. It has been
demonstrated that transgenic plants overexpre$singdoxin show high resistance to
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many bacterial pathogens (Huang et al., 2004).tRlafensins are cationic peptides
that are ubiquitous within the plant kingdom andohg to a large superfamily of
antimicrobial peptides found in several plants sgm¢De Samblanx et al., 1997;
Thevissen et al., 2000; Aerts et al., 2007). Dafepsotein was uniquely detected in
transgenic plants as compared to their wild copates. These results suggested that
CanPl7 and defensin cumulatively might strengthefemse mechanism against
insects in transgenic tomato lines. Together, dai® suggested that although some
significant differences were detected, the proteopatterns were not substantially
different between leaves of the transgenic tomatb\&T.

Based on the metabolomic results, metabolites vmgbin various pathways
such as TCA cycle, amino acid (L- glutamate), ghicolate, ascorbate and aldarate
pathways were upregulated in the transgenic liesampared to the WT control
plants. Moreover, our analysis showed decreasedhadation of metabolites related
to secondary metabolite pathways, amino acidspfias, flavonols, phenypropanoids
and flavonoids metabolism in the transgenic plamtsomparison to their respective
WT controls. Overexpression 6BnPI7 might modulate biological pathways in plant
cell through inhibition of regulatory proteasesfames involved in several
metabolisms; however, further studies would be ireguto confirm this mechanism.
Le Gall et al. (20114, b) investigated GM tomateith altered flavonol metabolism.
The metabolite profiles of the GM tomatoes duriigeming were compared with
those of non-GM controls by means of 1H-NMR metabuts. The assessment of
GM tomatoes overexpressing the taste-modifyinggamatiraculin was conducted on
a multiplatform approach using GC-MS, LC-MS and MBE-(Kusano et al., 2011).
Lastly, present metabolic data suggested intemastammong various pathways but
was unlikely to specifically contribute to defenoé transgenic plant againgi.
armigera. Untargeted metabolomics-based profiling of tramsg crops are thus of
importance for comprehensive and comparative assggsof transgenic crop plants.
Overall, overexpression of CanPI7 along with indrcof defensin like proteins with
no adverse changes in proteome and metabolomansfgienic tomato as compared to
its non-transgenic counterpart would lead to aasnable strategy to develop insect

tolerance in crop plants such as tomato.
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Section 4.3: Single domain CanPls (IRDs) in recombant yeast indicate
tolerance against abiotic stress

Abiotic stresses, such as extreme temperaturesghtosalinity, chemical toxicity
and oxidative stress are important threats to pimotvth and productivity. Protein
synthesis and degradation, which depend on prdte@pnzymes, are important parts
of the plant responses to abiotic stresses (IngnagnBartels, 1996; EI Maarouf et al.,
1999). Proteolysis in plants is a complex procesmlving several enzymes in
various pathways in many cellular compartments.t€lge proteinases are a major
group of enzymes in this process (Grudkowska angd@aska, 2004). Cysteine
proteinases such as metacaspases accumulate wheestiare exposed to different
abiotic stresses (Callis et al., 1995; Koizumi kt 8993). Metacaspases in plants,
fungi, and protozoa constitute important membersaofonserved superfamily of
caspase-related proteases. Yeast caspase-1 prvatéh, is the single metacaspase in
S cerevisiae, mediates apoptosis triggered by oxidative stoesaging in yeast. Two
Arabidopsis metacaspases, AtMCP1b and AtMCP2b activated apigpike cell
death in yeast. On the other hand, cell damageledsits to synthesis of Pls, which
regulate the activity of cysteine proteinases (Yand Yeh, 2005). The expression of
Pl genes has been noted in salt and water defidit@mperature stress responses of
plants (Dombrowski, 2003; Huang et al., 2007; Sieglal., 2009; Srinivasan et al.,
2009). In peanut, the Bowmane Birk Pl gene wasguleted by water deficit and the
level of transcript accumulation was higher in taté as compared to susceptible
cultivar (Dramé et al., 2013). In chestnut, a eys-Pl gene was induced by low
temperature, salt and heat stresses (Pernas @0@0). Similarly a Kunitz-type PI
was induced by heat and drought stress in BragSiatoh et al., 2001). A soybean
cysteine Pl has been designated a novel role irutatidg the programmed cell death
(Solomon et al. 1999). Furthermore, Shitan et 2007) showed that expression
Bowman Birk inhibitors award heavy metal and mugtidrug tolerance in yeast. The
overexpression of arArabidopsis cysteine proteinase inhibitor gene (AtCYS1)
blocked cell death activated by either avirulenthpgens or by oxidative and nitric
oxide (NO) stress in transgenic tobacco plantsdiighi et al., 2003). Thus, these
reports suggested important role of Pls during tabigtress management and

prompted us to study role of CanPl in abiotic strtederance.
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To examine whether yeast metacaspases are furlttioeated to Pl, we
carried out analyses of IRDs, utilizing recombingeast strains with wild-type and
the disrupted YCAL gene (ycal). We reported thparse of yeast strains expressing
C. annuum protease inhibitorsQanPIls) containing single inhibitory repeat units
(IRD-7, IRD-9 and IRD-12) to various abiotic stresslt was observed that ectopic
expression of IRDs in yeast conferred toleranceatd® different stresses such as salt
(NaCl), heavy metals (CdglHgCL) and oxidative stress ¢B,). These results
demonstrated that expression of Pls provides endaragainst various abiotic
stresses. There is a definite correlation in gromte and inhibition potential of IRDs
indicating the significance of protease inhibition cell survival under stress. There
was a significant increase in intracellular TPt in PpIRD" strain as compared to
EV cells under stress conditions. Domash et aD&20as discussed about regulation
of proteases expression through the modulation Isf éxpression under stress
conditions. Similarly, PpIRD strains showed enhancement of Pls activity orsstre
stimuli, which might inhibit the cellular proteas@gich are involved in protein
degradation under stress. The impact of abiotiesstion the activity of serine and
cysteine proteases was investigated in yeast ttellss observed that the activities of
SP and CP increased rapidly in EV cells, while PplRells showed optimal level of
protease. The inhibition of SP and CP activity migh due to elevated expression
and activity level of Pls i.e. IRDs under stredsaduction of protease under stress
condition could help the cells in clearance of widéd protein load and thus,
overcome the lethal effect of stress. Although IR&e SP inhibitor, the cross
reactivity of IRDs toward inhibition of CP might y& influence on regulation of CP
expression and activity in PpIRBtrains. According to various reports, increase in
protease activity under stress conditions coulddb@ted to physiological processes
such as senescence and programmed cell death (Ralaha 2002). An increase in
proteolytic activity under stress conditions caadeo a disturbance in the balance
between protein synthesis and decay, which mighsegremature senescence and
cell death (Djebali et al., 2008). To prevent thialid mechanisms are required to
control the proteolytic activity at the transcrigtal, translational and post-
translational levels. Solomon et al. (1999) hasashthat expression of cystatin, an

endogenous cysteine PI, can cause inhibition ofpttegrammed cell death related

cysteine proteases, which are induced by biotioxadative stress (Solomon et al.,
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1999). Quian et al. (2014) evidenced that expressib oryzacystatin-l inhibited
cysteine proteases participate in the control ofmn and stress tolerance through
effects on strigolactones. These results suggdistedthere is a definite correlation in
growth rate and inhibition potential of IRDs indiicey the significance of protease
inhibition on cell survival under stresBhus, these observations suggest that ectopic
expression of Pls might lead to inhibition of pemes participating in the growth
control and thus, might provide multiple stresgtahce in yeast cells.

Level of metacaspase activity is an indicator ofvisal status of the cell.
Enhanced transcriptional and translation level @ftanaspase was observed in the
apoptosis or senescence cells (Lee et al., 201&tsieni et al, 2011). It is known that
expression of yeast metacaspase is regulated Ipgcg® stimuli like oxidative stress,
low pH, and high salinity stress. Numerous repdrighlight the interlinking in
ectopic expression of PI, its effect on cysteinetgases and abiotic stress tolerance
(Solomon et al., 1999; Quain et al., 2014). In &Ms, higher metacaspase activity
leads to activation of apoptosis pathway and they result in reduced growth under
stress condition. Inhibition of metacaspase was seePpIRD strain which might
result in delayed senescence in PpIRBains. Docking results between IRDs and
yeast metacaspase, suggested that strong interdmitoveen the reactive loops of
IRD with the active site of metacaspase might be kbhy reason behind delayed
apoptosis and multiple tolerance in yeast cellsastenetacaspases have arginine/
lysine-specific endopeptidase activity, thus vasisynthetic substrates containing an
arginine/ lysine residue at the P1 position couéd deeaved by the metacaspase
examined in this study (Vercammen et al., 2004 fdactive loop of expressed IRD
contains arginine/ lysine residue at the P1 pasitibus enhancing the specificity of
IRDs toward Ycal. These data, in turn, suggest Wetl interacts with IRDs in
substrate specific manner, and these results irpettive inhibition of its activity.
This indicated that under stress condition the nspase activity was inhibited by
the induced expression of IRDs and thus resultedelayed senescence in PpIRD
strains. Growth characteristics of yeast metacaspa®ckout AYcal) were also
studied to confirm the role of metacaspase in satvof the cells. Growth and
metacaspase activity analysis of this knockoutcagid thatAYcal strain exhibited

similar growth characteristics like PpIRBtrains and suggested that metacaspase
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activity of yeast cell under stress might be intefi by IRD expression and thus
exhibited phenotype likaYcal strain (Lee et al., 2010).

Assessment of metacaspase inhibition was perfointaectly by estimation
of invivo GAPDH activity, as it is the primary target of measpase during apoptosis
process. Silva et al. (2014) showed that in yealés GAPDH is the primary target of
metacaspase. Increased activity of metacaspaser wtdess enhances GAPDH
degradation and thus it would inhibit the basicrgpenetabolism of the cell (Joshi et
al., 2014b). Inhibition of metacaspase activityRlg expression causes maintenance
of GAPDH level; this in turn helps in survival agdowth maintenance of the yeast
cells under stress. Assessment of intracellulaiviactshowed that inhibition of
metacaspase activity causes the maintenance &f eatrgy metabolism and thus its
survival. This phenomenon of multiple stress talemvia delayed senescence is
mediated through maintenance of cells protein tven@and energy metabolism by
inhibition of proteases. Together, the resultsraglpimplicate the potential molecular
mechanism of Pl-based multiple abiotic stress &mlee in yeast strains due to
inhibition of cellular metacaspase and proteasestab&spases and proteases from
higher plants may serve similar functions.

Thus in conclusionbioinformatics studies indicated that individualOR of
CanPI7 showed differential interaction withl. armigera proteases. Transgenic
CanPI7 Arabidopsis plants showed better antibiosis activity agaiHstarmigera
larvae compared to transgeniRD7 Arabidopsis. Transgenic tomato overexpressing
CanPI7 showed increased resistance agalhsarmigera larvae. Recombinant yeast
strains expressing single doma@anPls (IRDs) showed multiple abiotic stress

tolerance via delayed senescence.
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Summary

Helicoverpa armigera is one of the most devastating insect pests gf ptants. Biotic
stress caused by such pests and pathogens accespagtiabolic reprogramming in
plants, which in turn leads to accumulation of defee molecules.Capsicum
annuum is one of the non-preferred host plant$iofrrmigera, a polyphagous pest. In
C. annuum (Family: Solanaceae), elicitation of wound respolesels to the systemic
induction of significant amount of protease intobi{CanPl) proteins. In order to
identify the antibiosis property of CanPlI, the istigation of insect responses to
transgenic plants expressif@anPls needs to be performed. Keeping in view the
dynamic nature of insect gut proteinases, carefuiy\ned strategies will surely lead
to development of sustainable solutions Fararmigera control. Furthermore, it is
also beneficial to check activity @anPIs (IRDs) for abiotic stress tolerance, thus,
indicating dual advantage @fanPIs for crop improvement. The major objectives and

the results obtained are summarized below.

5.1. Response of transgeni@. thaliana expressing CanPI7 and IRD7 genes
towards the insectH. armigera

Docking study was performed to determine bindingrgn and interaction of
inhibitory domains of CanPI7 witH. armigera proteinasesCanPI7 andIRD7 genes
were cloned in plant expression vector pRI101-ANd atransformed into
Agrobacterium strain GV3101. Transformation of model plargbidopsis (cultivar:
Col 0) was carried out using floral dip method, evhiavoids plant tissue culture
technique A. thaliana transformation efficiency of 0.62% and 0.82% wakieved
for CanPI7 and IRD7, respectively. Kanamycin resistant plants werefiooed as
transgenic origin by genomic PCR analysis. Progaimact of transgeniérabidopsis
lines showed increased inhibitory activity agairét armigera gut proteinases,
supporting those domains of CanPl protein to becéife and active. Transgenic
Arabidopsis plants exhibited antibiosis effect against firsistar larvae ofH.
armigera. Further, larvae fed on artificial diet containiogide protein of transgenic
Arabidopsis showed delayed growth relative to larvae fed amtrod dief but did not
significantly change mortality ratebl. armigera larvae fed onCanPI7 diet showed

higher antibiosis effect than that ofRD7 diet. Biochemical and molecular

128



Chapter 5

information generated through above study indicéted multidomainCanPI7 can be
a candidate gene for improvement of resistanceadp plants such as tomato against

H. armigera.

5.2. Antibiosis against H. armigera by transgenic tomato over-expressing
multidomain proteinase inhibitor (CanPI7)

Regeneration studies of tomato cultivar Pusa Rubkevearried out for efficienn
vitro propagation of tomato plants. Factors influencisgrobacterium-mediated
genetic transformation, namely, optical density bécterial suspension and
acetosyringone were optimized during present ingason. Using this optimised
regeneration and co-cultivation parameters, fustuelies were conducted to transfer
CanPI7 in the tomato plant for conferring insect resis@nStable integration and
expression of the transgene in TO transgenic g&orrawere confirmed by
established molecular techniques. Overall, 7.5%¢ieffcy of tomato transformation
was achieved. Seeds of TO plants that were prodafed self-pollination were
germinated on selection medium and further, thessmipated plants were examined
by genomic PCR, Southern blot and RT-PCR. Segmuyatsults of T1 transgenic
plants showed that th€anP7 gene was transmitted to the next generation and
segregated in the ratio of (3:1) as expected &ingle dominant gene. Protein extract
of transgenic tomato lines showed increased irdnpiactivity againsH. armigera
gut proteinases, suggesting effective and active od those domains of CanPI7
protein. When analyzed in T1 and T2 generationsganic plants, they exhibited
antibiosis effect against first instar larvae téf armigera. Further, larvae fed on
transgenic tomato leaves showed delayed growttivel#o larvae fed on control
plants but did not change mortality rates significantlgeBing-choice assays showed
thatH. armigera larvae consumed less transgenic leaf tissue thatrof WT tomato.
Moreover, proteomic and metabolomic studies shawatialthough some differences
in proteins/ metabolites accumulation were detectbeé overall proteomic and
metabolomic patterns were not substantially difierbetween the leaves of the
transgenic and WT plant$ogether, the results presented here suggestChrRl7
gene would be useful for protection of economicatiportant crop species agaitikt

armigera pest.
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5.3. Yeast (PpIRD) strain expressing single domainCanPls (IRD) responds
against various abiotic stresses

Pls are involved in abiotic stress tolerance, totingir exact role and mechanism are
yet to be studied. To examine whether single dor@ainPls (IRDs) are involved in
abiotic stress tolerance, we carried out primanalgmes of IRDs, utilizing
recombinant yeast strains with empty vector anddiseupted YCAL1 geney€al).
Growth studies of recombinant yeast strains (Pp)R&xpressingCanPls (IRD-7,
IRD-9 and IRD-12) was assessed under heavy matdl, dalt and oxidative stress.
PpIRD’ strains showed multiple abiotic stress tolerance exhibited sustainable
growth with reduced intracellular proteases (seand cysteine protease) activities
upon exposure to heavy metals, high salt an®,HPpIRD strain displayed
significant decrease in metacaspase (Ycal) activithicating the likelihood of cross
reactivity of IRDs (serine protease inhibitor) withisteine proteaseSaccharomyces
cerevisiae knockout with Ycal AYcal) strain and PplRDexhibited similar growth
characteristics under stress conditions, which destnated the delayed senescence
because of cellular metacaspase inhibition. Dockingy indicated a close proximity
of IRDs reactive site and the active site of metpaae in the complex that indicated
their strong interactions. Maintenance of GAPDHwigt in PpIRD" strain provided
the evidence for the inhibition of metacaspaseviigtand survival of cells under
stress conditions. Thus, these results stronglylicae the potential molecular
mechanism of Pl-based multiple abiotic stress &vlee in yeast strains through
inhibition of cellular metacaspase and proteases.

The present study o@. annuum has brought in to light antibiosis property of
CanPIs (Pin-Il) expressed in transgenic plants, with eagi on their defense role.
The characterization of transgercabidopsis and tomato expressinganPI7 have
indicated high efficiency and promising potential dontrol of H. armigera. Also,
recombinant yeast expressing single donf@amPls have indicated their potential
role in abiotic stress tolerance. Thus, the nafuratcurring gene diversity irtC.
annuum (CanPls) provides an effective dual strategy to reach gloal of crop

protection against biotic stress by pests and atsttess.
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Future directions

The information from transgenic studies revealedhgypresent analysis can be used

in further studies for crop improvement. Pursuirigthee following leads in future

would be worth in order to effectively implemePdnPIs in stress tolerance:

Trials of transgenic plants in green house andd fiebntrolled conditions
following biosafety regulations with whole plantrfassessment of its insect
controlling potential.

Collecting seeds of elite transgenic lines throaghi-crossing and screening of
plants for traits of resistance against insectspast better yield.

Stacking ofCanPI7 with other Pls or Bt genes which will offer enhadéesect
tolerance to prevent or delay the emergence ofteesie. As an extension of
transgenic studies, focus on application of diiférpromoter (replacing 35S
prometer) and removal of selection marker gene &darcin) need to be carried
out.

To prepare synthetic Pls with artificial domaingngssite-directed mutagenesis
and protein engineering to increase efficacy agathferent proteases and
further transformation of these inhibitor molecuile® crop plants.
Characterization of transgenidrabidopsis and tomato expressin@anPls
against abiotic stress tolerance.

To identify and study the endogenous role€aiPIs such as programmed cell

death, growth and development in plant cell.
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APPENDIX

Primers used in present study

Gene Primer Sequence (5-3)

For cloning

CanPl_7 Forward AAAAAAAGGATCCATGGCTGTTCCC
Reverse AAAAAAAGAGCTCCTGTTCATGCTTTTAC
For Genomic
PCR

Tomato PI Forward CTTGGGTTCGGGATATGC
Reverse CATTACAGGGTACATATTTGCC

CanPI 7 Forward GTTCCGAAGCAAGTGCAG
Reverse CATACAGACATAGTGAATAGGC

35S promoter 35S Forward GCTCCTACAAATGCCATCA

CanPI7 Reverse primer

Actin Forward

GAGCTCCTGTTCATGCTTTTAC

CCCAGAGGTACTCTTCCAACC

List of primers used for real-time PCR

Gene Primers Sequence (53
Metacaspase-1 Ycal_FP CATATGCCACAGGAAACAGG
Ycal RP CACGCGTTCTCTATCCACAT
Subtilisin-like protease 3 Ysub_FP TAATCTCCCAGGACCCAATC
Ysub_RP TCCCTGTGCGAAACTCTATG
Calpain-like protease 1 Cal_FP CTTGGTGCTGGAACACCTTA
Cal_RP ATTCCCATCAGTGAGCTTCC
IRD-7 IRD7_FP TGTTGTGCAGGCCTCAAG
IRD7_RP GGTCAGACTCTCCCTCACAAA
IRD-9 IRD9_FF CAATAGTAGTGCAGGCCTCAAG
IRD9_RP GGTCAGACTCTCCCTCACAAA
IRD-12 IRD12_FP TATGCACCAATTGCTGTGC
IRD12_RF CACAAATGAAAGTCCCGTCA
Tomato PI Forward CTTGGGTTCGGGATATGC
Reverse CATTACAGGGTACATATTTGCC
CanPI Forwarc GTTCCGAAGCAAGTGCAC
Reverse CATACAGACATAGTGAATAGGC
Elongation factor Forward GGCCATCAGACAAACCACTC
Reverse TCCTGGAGAGCTTCGTGGTGC
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APPENDIX II

MS composition used for tomato transformation

Component Germination Co-cultivation Selection media Rooting media
MS salt (g/ L) 4.4 4.4 4.4 4.4
Sucrose(g/ L) 30 30 30 30

Agar% 0.8 0.8 0.8 0.8

pH 5.7 5.7 5.7 5.7
Cefotaxime (mg/ L) O 0 400 400
Kanamycin (mg/L) O 0 100 100
Hormone 0 BAP (2 mg/ L) Zeatin (1 mg/ L) IBA (1 mg/L)
CTAB buffer

Reagent Amount to add (for 10 mL)
Cetyltrimethyl ammonium bromide (CTAB) (10% it 3 mL

H20)

5 M NacCl 2.8 mL

0.5 M EDTA (pH 8.0) 0.4 mL

1 M Tris-Cl (pH 8.0) 1mL
Polyvinylpyrrolidone 0.3¢g

B-Mercaptoethanol 0.02 mL

H20 2.48 mL

Luria-Bertani medium

Ingredients g/ Litre

Tryptone 10 g
Yeastextract 5g

NacCl 10 g
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APPENDIX III
Sequences used in the present study:

CanPI 7 nucleotide sequence (GenBank: DQ005913.1) (789b

ATGCECTGITCCCAAAGAAGT TAGT TTCCTTGCTTCCCTACTTGTACTTGGAATATTGCTTCTACATGI TG
ATGCCAAGCCTTGT TCACAAAGAAACGCAAAAGAACCCATATGCACCAAT TGT TGT GCAGGCCGTAAGEG
TTGCAACTATTACAGT GCTGATGGGACT TTCATTTGT GAAGGAGAGT CTGACCCCAACAACCCAAAACCT
TGTACTTTGAACT GTGATCCAAGAATTTTCTATTCAAAGT GT CCACGT TCCGAAGGAAACGCAGAAAATC
GCATATGCACCAATTGCTGI GCAGGCCGT AAGGGT TGCAACTATTACAGT GCTGATGGGACTTTCATTTG
TGAAGGAGAGT CTGACCCCAACAACCCAAAACCT TGCCCTCGGAATTGT GATACAAGAATTGCCTATTCA
AAATGT CCACGT TCCGAAGGAAACGCAGAAAAT CGCATAT GCACCAATTGCTGT GCAGGTCGTAAGGGT T
GCAACTATTACAGT GCTGACGGGACCT TCATTTGT GAAGGAGAGT CTGACCCCAACAACCCAAAACCT TG
CACTCTGAACTGT GATCCAAGAATTTTCTATTCAAAGT GT CCACGT TCCGAAGCAAGT GCAGAACAACCC
ATATGCACCAATTGTI TGT GCAGGCCT CAAGGGT TGCAACTATTACAATGCTGACGGGACTTTCATTTGTI G
AGGGAGAGT CTGACCCCAACCACCCAAAAGCT TGCCCCAAGAATTGTGATCCTAATATTGCCTATTCACT
ATGICTGTATGAAAAGTAA

CanPI7 protein sequence (Uniprot ID: Q4ZIQ5)

MAVPKEVSFLASLLVLG LLLHVDAKACSORNAKEPI CTNCCAGRKGCNYYSADGT FI CEGESDPNNPKP
CTLNCDPRI FYSKCPRSEGNAENRI CTNCCAGRKGCNYYSADGT FI CEGESDPNNPKPCPRNCDTRI AYS
KCPRSEGNAENRI CTNCCAGRKGCNYYSADGTFI CEGESDPNNPKPCTLNCDPRI FYSKCPRSEASAEQP
| CTNCCAGLKGCNYYNADGT FI CEGESDPNHPKACPKNCDPNI AYSLCLYEK

IRD7

EPI CTNCCAGLKGCNYYNADGT FI CEGESDPNHPKACPKNCDPNI AYSLC

IRD9

QPI CTNSSAGLKGCNYYNADGT FI CEGESDPNHPKACPKNCDPNI AYSLC

IRD12

NRI CTNCCAGRKGCNYYSADGT FI CEGESDPNNPKACPRNCDTRI AYSKC
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