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INTRODUCTION

Grain legumes, together with cercals, have played a key role for the
development of modern agriculture. Since the dawn of civilization, many legume
species have been used as human food (e.g., soybean, common bean, pea, peanut,
lentil, pigeonpea, chickpea etc.), edible oils (peanut and soybean), animal fodder and
forage (alfalfa and clover). Legumes are second in importance for human and animal
dietary needs (Vietmeyer, 1986). They provide 33% of mankind’s nutritional nitrogen
requirements. Worldwide, legumes are grown on about 15% of the arable land (270-
300 million hectares). Demand for grain legumes is increasing over the years due to
high population growth. Moreover, the per capita availability of cropland has
decreased tremendously during the last few years in the developing countries such as
India, China, Pakistan, Bangladesh, and Philippines in addition to many countries in
the Middle East and Africa, indicating a need to increase the production of legumes
and pulses in these regions of the world. During the last century, most agronomic
research and production have focused on increasing yields of food and fiber crops

(Abelson, 1994).

Globally, efforts have been made to improve the productivity of grain legumes
to allow more widespread cultivation of these protein-rich crops. Genetic variation in
legume species and their wild relatives has been an important component for
successful breeding of improved crop cultivars with added value and durable
resistance to insect-pests and diseases. However with the intensification of
agriculture due to the ever-increasing demands for food due to increased population
pressures, the currently available genetic variation in the genetic pool of cultivated

crops and their wild relatives may not be sufficient for further breakthroughs in crop



improvement. Also, there are some complex issues to tackle, such as the abiotic
stresses, that conventional approaches have not been able to solve. Efforts involving
conventional and biotechnological approaches for the genetic enhancement have
immense potential to overcome that complexity and develop resistance/tolerance to
various biotic and abiotic constraints affecting the productivity of important crop

plants of the semi-arid tropics (SAT) of the world.

The application of biotechnological methods for the improvement of crop
plants has been shown to hold great potential. These include (1) Molecular markers
and marker-assisted selection where it is possible to identify and map the factors
controlling characters as intransigent as yield (Thoday, 1961). Loci which account for
a significant genetic variation in traits are mapped using molecular markers based on
random amplified polymorphic DNA (RAPD), restriction fragment length
polymorphism (RFLP), amplified fragment length polymorphism (AFLP), DNA
amplification polymorphism (DAF), sequence characterized amplified regions
(SCAR's), sequence-tagged sites (STS), expressed sequence tags (EST's), and
amplicon length polymorphisms (ALPs). (2) Genetic transformation approaches have
provided opportunities for increasing the productivity of grain legumes for sustaining
the food security worldwide. Genetic Engineering approaches have been shown to be
comparatively precise and fast, leading to better isolation and cloning of desired traits
for combating biotic and abiotic stresses. Genetic improvement for drought tolerance
is crucial in many places of the world where agriculture depends on scarce water
resources.

Groundnut (A'rachis hypogaea L.) is one of the important food legume crops

of the semi-arid tropics of the world. Groundnut is an annual oil seed belonging to the

family of leguminosae and sub-family papillionacea and a native to South America.



However, the geographical classification of groundnut is delineated into six regions:
the America, Africa, Asia, New East Asia, Europe and Oceania (Gregory et al., 1980).
Groundnut comprises of diploid (2n=20), tetraploid (2n=40) and octaploid (2n=80)
and amphidiploid species. Groundnut seed contains over 50% of high quality edible
oil and 25% protein (Norden, 1980). The crop is utilized in several ways; the edible
oil is an important source for human consumption and the meal is used for livestock
feed. It is also used directly for food in industrial countries including USA, Canada
and the European Union. The oil may be extracted and used for cooking and the
residual cake is used most commonly in animal feeds while the shells may be ground
and used as filler in animal feed (Nigam et al., 1991). It is cultivated on 24.8 million
ha land area with a total production of 32.8 million t with an average productivity of
1.32 t ha'. Developing countries account for 96.9% and 93.8% of total production
mainly concentrated in Asia and Africa. Of about 100 countries involved in the
production of groundnut, India ranks first. On the global scale India is the major
producer of groundnut with a total production of 8.9 million tons per year. Other
important countries in the order of their production are China, USA, Indonesia,

Senegal, Nigeria, Myanmar, Sudan, and Argentina (FAO, 2000).

Since the mid-70’s edible groundnuts have increased in both domestic
consumption and export trade. In contrast, the production in Africa has declined by
17% during the last two decades. The major reasons for such low production are
various biotic and abiotic stresses (Cummins and Jackson, 1982). The disease caused
by Aspergillus flavus that produces aflatoxins, for which no adapted genotype with
sustained resistance i¢ available, adversely affects groundnut commodity and quality.
Foliar diseases such as early and late leaf spots caused by Cercospora arachidicola

and C. personatum, respectively, are the most damaging diseases (Subramanyam et



al., 1985). Amongst the insect pest, Spodoptera, legume podborer, aphids and thrips
cause the greatest losses to the groundnut crop (Wightman and Ranga Rao, 1994).
About 80% of world’s production of groundnut is from resource poor smallholder
farmers in developing countries who obtain low yields of 500-800 kg per ha. In many
cases, the poor yields are because of water scarcity primarily due to unreliable rainfall
patterns with frequent droughts, lack of high yielding adapted cultivars, damage by

diseases and pests, poor agronomic practices and limited use of inputs.

The major constraint in the production of groundnut is the unpredictable and
unseasonal rainfall (Nageshwara Rao and Nigam, 2001). Approximately 19% of the
world’s agricultural land is subjected to salt stress and 5% to drought stress (FAO
1996). Annual estimated losses in groundnut productivity, equivalent to over US$ 520
million are caused by drought (Sharma and Lavanya, 2002). Drought is a major
abiotic stress factor affecting yield and quality of rainfed groundnut worldwide. A
major problem is the pre-harvest contamination of groundnut with aflatoxin due to
prolonged drought conditions. Yield losses due to drought are highly variable in
nature depending on timing, intensity, and duration coupled with other location-
specific environmental stress factors such as high irradiance and temperature.
Groundnut is grown mostly under rainfed conditions and is usually facing intermittent
drought conditions, i.e. episodes of water scarcity of differing length between rainfall

events

The conventional methods of combating abiotic stress in groundnut include
(A) agronomic methods where the adaptive response to drought can be increased by
exposing the crop to short duration drought during the vegetative phase, which may
enhance the root development and reduce transpirational losses by limiting the leaf

area development thus allowing the plant to utilize the soil moisture from the deeper




soil profile (B) plant breeding methods which select the genotypes based on their fit
to the historical weather and soil data of target location, thereby improving the overall
efficiency of the crop. However, the major drawback of such drought management
methods is that the available stress tolerant traits in the natural system are not
amenable for breeding strategies due to species barrier and also the lacking of proper

methods and techniques for screening in the segregating populations thus obtained.

In recent years, the genes that are responsible for low-molecular-weight
metabolites have been shown to confer increased tolerance to salinity or drought
stresses in transgenic dicot plants (mainly tobacco). Metabolic traits, especially
pathways with few enzymes have been characterized genetically and are more
amenable to manipulations than structural and developmental traits. Various
transgenic technologies have been used to improve stress tolerance in plants (Allen,
1995). The physiological responses to the stress usually arise out of change in cellular
gene expression (Shinozaki and Yamaguchi-Shinozaki, 1999). As a result, changes in
the integrity of the cellular membrane, imbalance in the homeostatic conditions and
finally the decline in growth or death of the plants are usually noticed (Zhu, 2001).
Plants can be tailored to tolerate stress if the damage that occurs at physiological and
cellular level is known. Certain genes are expressed at elevated levels when a plant
encounters stress. These genes can be classified into: i) Single gene product which
directly protects the cells from the damage. Genetically engineered plants for single
gene products include those encoding for enzymes required for the biosynthesis of
osmoprotectants (Tarczynski et al., 1993; Kavikishore et al., 1995; Hayashi et al.,
1997), or ii) modifyin§ membrane lipids (Kodama et al., 1994; Ishizaki-Nishizawa et
al, 1996), iii) LEA proteins (Xu et al, 1996), and iv) detoxification enzymes

(McKersie et al., 1996). Similarly, many genes involved in stress response can be



simultancously regulated by using 4 wingle gene encoding  stress  inducible
transcription factor (Kasuga ct al . 1999), which wetiv ates of nduces 4 whole cascade
of gene products mn response to stress thus ottering possibihity of enhanaing tolerance
towards multiple stresses including drought, salimity and freezing The gene products
of second group include transeriptional factors (bZ1P. MY C. MY'B and DRI B. ete ).
protein kinases (MAP kinase and CDP hinase. receptor protein kinase, nbosomal-
protein hinase and transcniption-regulation protein hinase, etc ), proteinases
(phosphoesterase and phospholipase C. et¢) which are imolved i wgnal
transductions of stresses and the expression controls of stress-tolerant genes
Transgemc plants may give higher vields due to more etficient metabohsm or
synthesis of specific compounds. or due to o decrease in loss caused by vanous
abiotic stresses However, there are stll o number of unansw ered questions such as (1)
how plant cells sense the water defictt resulting from drought high <alt or cold® (1)
How these stress signals are transduced to nudlear transeription tactors” and 1) how

the expression of the downstream tunctional genes are controlled?

Rescarch approaches utitlizing transgemc crops may offer new means to
improve agnculture, 1n particular in dry areas. as genes specifically involved i the
response to drought have been identified (Liu et al  199%) The tesults of transgenic
modifications for biosvnthetic and metabolic pathwave have so far indicated that
higher stress tolerance can be achieved by genetic engineenng and that the transfer ot
a single trait only margnally increases the tolerance. and that multiple mechanisms to
engineer water stress tolerance must be utilized (Bohrert et al  1995) Therefore, a
holistic approach integrating phesiological and molecular dissection of the tolerance

traits 1s needed to understand the mechamisms underlying drought tolerance, and



eventually to integrate such traits into agronomucally destrable germplasm (Subba

Rao et al 1995)

A holistic approach for
enhancing drought tolerance

| Molecular Markers [ —
>| Applied

“Transformation ;

Drought Responsive Elements * -Anti-oxidative cnzvmes
(rd29A :DREBI1A) {(4anexin) 3
A :

-lon homeostaxis s
(Na -H anuport) MAS

i
.
.
‘e

Osmoregulation Transgemcs Plant Breeding

(codA, PSCF-1294, mtid)

A schematic representation of an integrated approach emploving biotechnological
and traditional plant breeding tools to develop abiotic stress tolerance - crops

(source Sharma and Lavanva 2002)

Transgenic approaches may thus offer powerful means to better understand
and then minimize loss ot yield 1in this important crop duc to the vanous abiotic
stresses Hence. 1t will hikely be necessany to transter several potentially useful genes
nto this legume plant 1n order to obtain a higher degree of tolerance to drought stress
Further, 1t 15 also possible to control the uming tissue-specificity  and expression
level of transferred genes for their optimal function Induction of stress tolerance
through engineening for over-expression of genes encoding for transcription factors 1s

emerging as an attractive proposition for imparting abiotic stress tolerance n

groundnut First, the approach wisely considers that drought stress tolerance may not




be the fact of one single gene The novelty as well as importance of this approach
stems from the fact that the cn-acting promoter sequences of different stress
responsive genes induced 1n response 1o the same stress are simalar to an extent and
thus can be possibly governed at the same ume by modulating the transenptional
factors.

Keeping 1n view these facts, the present study was undertaken to induce
abrotic stress tolerance by transforming drought responsive elements and transeription

factors like DREBIA i groundnut
The main objectives of this study were as tollows

e To standardize the regencration and transformation protocols tor selected

groundnut cultivar with DREBITA by 1er obacterium-mediated gene transter

o To cam out molecular charactenzation of the transtormants to venty the
introduction and expression of the introduced genes

e To carry out studies on the physiological and bochemical factors involved in
the development of possible tolerance to water stress under greenhouse
conditions and selection of transgenic events exhibiting impros ed perfomance

under water hmiting conditions
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2. REVIEW OF LITERATURE




REVIEW OF LITERATURE

Couventional plant breeding mutation breeding ind wide hvbrdization have plned a
significant role n the improvement ot groundnut crop durmg the lawt five decades
Novel approaches lihe plant biotechnology including tissue culture anu genetic
engineering can complement and circument the imitations of cony entional breeding
and other methods for enhancement of quahity and productivity of this vers important
legume of the semi-and tropics (SAT) of the World Developments m the field of
plant genetic engineening and recombinant DNA technology  and the accelerated
impetus given to the conventional breeding programs by marker assisted breeding
methods such as RFL P (Restriction fragment length polvmorphism) RAPD (Random
amplified polvmorphic DNA) AL P (Amphified tragment length polvmorphism)
SSR (Single sequence repeats) markers have greath enhanced the potential in
developing the genetically modified groundnut plants for resistance to both biotic and

abiotic stresses as well as for the nutnitional enhancement

2.1 Genetic transformation

Genetic transtormation for the incorporation of novel genes into groundnut
gene pool has opened up novel opportun ties for crop improsement in this important
legume This could be of particular interest given the ow level of genetic
polymorphism 1n groundnut which makes @ MAS approach ditficult  The
transformation protocols for groundnut arc now well established  Transformation
efficiencies frequently are direculy related to the tissue culture response and therefore

highly regenerative cultures are often transformation competent



2.1.1 Tissue culture and regeneration of groundnut

The basis of an efficient tissue culture svatem 1 that the somatic cells are
totipotent and can be stimulated to regencrate into whole plant as firt proposed by
Schwann and Schleiden (Gautheret. 1983) The tisue culture technology offens
means of rapid clonal propagation. possibilities of wide hvbndization by embrvo,
ovule or ovary culture. somatic hybndization. haploid production through anther and
pollen culture. cell hine selection against varous pathogens, and a number of other
apphications  The achicvements in developmg efficient and reproductble tissue
culture and regeneration protocols have been reported i groundnut (Bhatia et al |
1985, Mckently et al . 1990, Mchently, 1091 Cheng et al . 1992 Kartha ¢t al | 10R1]
Chen et al. 1990, Sharma and Anjaiah, 2000) In vitro regeneraton in groundnut
oceurs  through  embrvogenests  or  organogenests  Regeneration by pnimary
organogencesis occur by the development of shoots directly on the surface of cultured
explants or by nten eming calluc phase te the deselopment of shoots directly from

the callus tissue

Direct regeneration svstem in groundnut has an advantage n the
developmental studies. due to the rapidity of morphogenesis and no requirement of
frequent subculture. besides. de novo production of shoot pnmordia. 15 cxtremely
rapid and synchronous Such a regeneration system favors casy accessibihty of
4grobacterium to the menstematic cells. which are mainly surface cells dunng the
imtial co- cultivation for the genetic transformation (Sharma and Anjaiah, 2000)
Organogenests 1n groundnut. shoot formation in particula. can be freely induced and
complete plants can be obtained from cultures of a wide range of explants The in
vitro response 1n groundnut cultures appears to be strongly influenced by genotype,

age of source explant and hormone content of the tissue culturc medium Prohfic



16

organogenesis has been obtained trom a number of explants such as penole, epicotyl,
hypocotyls. mesocotyl. young leaflets, shoot tips, leat tssue, seed parts mosthy the
cotyledons or tissue surrounding the cotvledonars node, mature and immature
embryos and whole sceds (Bhatia et al . 1985, Mckently et al . 1990, Mckently, 1991,
Cheng et al.. 1992. Kartha ¢r a/ . 1981, Chen ¢t al . 1990) Rapid shoot tormation and
plant regeneration in groundnut via organogeness has been achieved with varving
concentrations of Thidiazuron (TDZ). a substituted phenylurea demvatne, added to
the growth medium (L1 et al. 1994) The use of 1DD/Z has shown to increase the
frequency of shoot development (55-60°0) with hypocotsls and cotvledon explants
(Kanyand et al . 1994) Sphit halves of mature cotyledons ot groundnut responded
with a high frequency (95.5 ©o) of multiple adventitious shoot buds, while producing
a greater number of adyentitious shoot buds per explant on o moditied MS medium
(MMS) with MS norgamic salts (Murashige and Shoog. 1962), BS orgames
(Gamborg ct al.. 1968). and 3 *o sucrose supplemented with BA (20 uM) and 24D

(10 pM) (Sharma and Anjaiah, 2000)

Groundnut cultures are also reported to produce multiple shoots via an
intenvening callus phase Earlier reports on groundnut in witro regeneration have
indicated that differentiation of shoots trom callus can be induced from a vancty of
explants (Narasimhulu and Reddy. 1983) Callus denved from an explant may
differentiate into multiple shoots on callus induction medium or may require a
subsequent subculture on shoot induction medium Ponsamucl ct al . (199%) reported
that plumular explants of groundnut v Okrun cultured »n a preconditioned medium
consisting of BS salts and vitanfins along with 2.4-D (10 pM) and kinetin (1 uM)
produced direct shoot buds on transfer to a medium ennched with brassin (a synthetic

analog of brassinolide which has been shown to promote cell division, cell elongation
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and plant growth at ven low concentrations) Simularhy \ enhatachalam (1999)
reported shoot bud regeneration trom leatlet-derned allus of groundnut on MS
medium containing NAA (2 0 mg L) and hinetan (0 » mg 1) upon subsequent transter
to a medium supplemented with 4 combination of BAP (2 0 mg L) and NAA (0 S

mgl)

The recent developments in the genetic transtormation ot groundnut have
emboldened researchers to pursuc the development of transgenic plants capuble of
producing high quality groundnuts resistant to vanous discases msedt- pests and
abiotic stresses While groundnut tissues are susceptible 1o intection by wild type
strains of 4 rumefaciens (Lacorte et al 1991) several methods for DNA transter
have been used for the transformation of groundnut Novel genes can be introduced
into actively growing groundnut cells using ferobactcrium mediated transformation
or the direct delivers methods such as dle troporation and  mucroprojectile
bombardment Howeser  1grobactcrum-mediated gene transfer s the most broadly

apphied system in groundnuts which has proven to be very successtul

2.1.2 Agrobacterium mediated transformation methods

Imtial studies on groundnut transformation showed gene transfer into the
calluses following the co-cultivation of seedhing-denved hvpocotyl explants with
wild-type 4grobacterium (Dong et al 1990 Lacorte et al 1991 Mansur ¢t al,
1993) Later. the Agrobacterium-mediated transformation by using leat explants of
groundnut was shown to result in a transformation frequency of 2° (Lapen and
George. 1994) Immature embryonic axis was also bzen cmployed a5 an explant for
4grobacterium-mediated transfor"mdnon in groundnut where Mckently et al (1995)

obtained a small number of stably transformed shoots Similarlyv, Xiaoping (1996)

obtamned a very low frequency of transformation with lcaflet explants of 4-day-old
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seedlings of groundnut cv. Ehuad following co-culti ation with 4 fumetactens stram
AGLI harbouring the binary plasmid pBI12] for 2 days and selection on 100 mg |
kanamycin ior selection. Cheng et al (1997) obtaned fertile transgeme plants of
groundnut with a 0.3 % frequency by using lcat segments  The pre-culture of
groundnut  cotyledons on medium for 3 davs prnor o co-cultnation  with
Agrobacterium strain LBA 4404. harboning the plasmid pBI121 contaiming wdA and
npill genes for two days. followed by transter to the embryo induction medium (MS
medium supplemented with 0.5 mg! NAA and 50 mg! BAP) resulted in the
production of transformed somatic embryos at a trequeney of 47 However. the
final recovery of transformed plants was not reported  (V enhatachalam, 2000,
Khandelwal et al.. 2003). Rinsing the leat and eprcoty] explants ot var New Mevico
in half-strength MS medium pror to co-cultivation has been reported more amenable
10 Agrobacterium transtormation than the  runner’ type cultivars The transient
transtormation efficiency significantly inereased trom 12 %o 10 36 %4 for leat eaplants
and 15 %4 10 42 %o for eprcotyls (Egnin ctal . 109%)

The recovery of transgenic shoots with genes of mterest at high frequencies
has been a major bottleneck in groundnut The nucleocapsid gene of tomato spotted
wilt virus along with the wdA and nprll marker genes were attempted with the
groundnut vanety New Mexico Valencia by using Agrobacterium-mediated
transformation (L1 et al, 1997). To circumvent the problem of Jow recovery of
transformed shoots. a non-tissue culture based transformation method involving direct
co-cultivation of cotyledon attached embrvo axis with Agrobacterium treated with
wounded tobacco leaf extract gesulted n a stable 3% transformation frequency
(Rohini and Rao. 2000). However. a highly efficient transformation system from the

cotyledon explants of pre-soaked mature sceds was reported by Sharma and Anjaiah
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(2000) This system offers regeneration of adsentiious shoot buds with over ~90 °,
trequency resulting 1n an effective transtormation trequency of 859, Here 4 number
ot independently transtormed groundnut plants with the coat protein gene ot 1PC\
were produced that resulted in the recovery ot morphologically normal and tertile
plants with the transplantation success rates of up 10 989 This method was also
shown to be independent of the genotvpe and tested with several Spamish and \ srgima
tvpe groundnuts More recently the  {grobuctcriim-mediated transgenic groundnut
plants expressing the hemagglutimin (H) protein of Rinderpost virws have also been
developed as an expression syvstem for the delivery ol recombinant subunit vacane
through fodder a< a means of mass immunization of domestic rumimants as well as

wild hife (Khandelwal et al  2003)
2.1.3 Direct gene transfer methods

Direct DNA transter methods can circumyvent the genotyvpe dependency of
tgrobacterium nfection Direet gend transter has been accomphished by several
methods such as microprojectile bombardment  electroporation of protoplasts and
ntact tissues  micromjection of protoplasts or menstems and polvethvlene glyeol

mediated transformation of protoplasts

Particle bombardment des eloped by Sanford and his co-workers (Sanford et
al 1987, Klemn et al  1988) has been successtully used for direct introduction of
genes 1nto a number of plant species including groundnut I xplant choice for
bombardment can be made on the basic of critenia such as regeneration potential,
favorable metabolic conditions for the expression of 4 particular genictic construction,
or cellular organization that facilitates unambiguous selection of the transformants
Transient expression and stable transformation has been obsened 1n callus ines from

immature groundnut leaflet tissue bombarded with micro carmer particles carrying the
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plasmid DNA (Clemente et al. 1992) Ot 875 lcaflets of the cultnar U Pl PN 4
bombarded. 202 kanamyan resistant calluses were recovered  but only |
untransformed shoot was produced  Smular obsenations were reported by Schnall
and Weissinger (1995) where the regenerated plants trom slow grow ing brown callus
as well as green clusters tormed tollowing the bombardment of leatlets did not result
1n any stable transformants However bombardment of 12 vear old embryogenm
callus derved from immature embryos tollowed by stepwise selection for resistance
to hygromycin B in the semi-solid and hguid media produced transgenic shoots at a
trequency of 1 %o (Oz1a8-Akins et al 199%) Symilarly the shoot menistems of mature
embryonic daxis produced transgeme plants at o rddatnvels Jow  transformation
frequency of 09-1 % (Brar and Cohen 1994)  Transgenie groundnut plants
expressing the ¢ /4c gene for resistance to e Com stalk borer (F lasmopalpus
hignosellus) have been reported by using the somatic embrvos from immature
cotvledons of groundnut tollowimg bombardment with vedtors contaiming codon
modified Bacillus thurmgicnsss erviAc gene along with the hph gene tor antibiotic
reststance with an efficiency of 08S 10 23 transgenic events per bombardment
(Singsit et al  1997) The transtormants expressed e TAC protein up to 01X, of the
total protein as detected by FLISA that was dlso correlated with various levels of
resistance 10 L lignoscllus i insect bioassavs In biohstic studies the transient gene
expression as assayed by GUS histochemistry has been tound to be affected by both
particle size and amount of DNA used for coating The latter was found to be
positively correlated with gene copy number (Lacorte et al 1997) [ ffiaent biolostic-
mediated transformation of both §pamish and \ irginia types of groundnut by using the

embryogenic callus densed from mature seeds was obtained by following single step

selection for hygromycin B resistance (Livingstone and Birch 1999) In ths study. 3
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to 6 independent transformants were obtained after the bombardiment of 10 cm*
embryogenic calluses where the copy number of the introduced genes ranged trom |
to 20 with an average of four copres per recorered transtormant Recent reports,
however, show further increase in transformation cfficiencies that range from 2 6138
to 19.8418.5 per bombardment of § cm’ embryogenie callus with fertility rates of 32

% (Wang et al.. 1998).

Among the different genes of mterest that have been itroduced by particle
gun bombardment are 2S albumin gene from Brazil nut (Lacorte ot al . 1997),
improved essential sulphur contaming amino aad methiomne and svathetic antitungal
peptide gene (Yang et al.. 1998b) A high trequenes transtormantion and regeneration
of somatic embrvos via microprojectile bombardment has been achieved with the
nucleocapsid protein gene (N-gene) from the lettuce 1solate of tomato spotted wilt
tospovirus (Yang et al.. 19981) Pnimary transformants contaiming a single copy of the
transgene expressed the N protein, indicating that a gene silencing exasted 1in - the
pnmary transgenic hnes with multiple gene mtegration More recently, groundnut
transgenics exhibiting a high level of resistance to the peanut stripe virus (PSIV) were
obtained following co-bombardment of embryvogenic calluses derived from mature
seeds of the commercial cultivars Gajah and NC7 wath one of the two forms of the
PStV' coat proten (CP) gene. an untranslatable. full length sequence (CP2) or a
translatable gene encoding a CP with an N-terminal truncation (CP4) (Higgins et al
2004).

Pre-culture and osmotic treatments have been shown to have an important
effect on the transformation e?‘ﬁcnenc) The pre-culture process influences the
competence for transformation of the bombarded epidermal and sub-epidermic cells

on the adaxial surface of groundnut cotyledons. Cotyledons pre-cultured for 3 days on



halt strength MS medium tollowed by 3 h treatment 1 an osmotie medium betore
particle bombardment with a plasnud contaming o cumene nph and wd 4 genes
resulted 1n a high transformation trequency (Yang et al 2001) The brohstic based
svetems for gene delivery into embrvogenic calluses and embivo aves 18 lubor
intensive and requires the bombardment ot a large number of explants to obtun a few
transformed cell lines (1 ®o) which produce transgemic plants at low trequencies that
are often chimeric or result from a few transtormation events Moreover the success
with recovery of fertle transgemc plants tollowing particle bombardment  has

generally been low

Besides biohistics  different methods based on biological or direct DNA
transfer have also been devcloped for the production of transgenic groundnut over the
last few vears Padua (2000) emploved clectroporation of DNA directly into the intact
embrvonic leaflets of groundnut in a modified electroporation bufler supplemented
with 75 pM NaCl A positine effect on the number of shoots and regeneration
etficiency was obsenved by using electne strengths of S00-625 v cm- However such
methods have not set resulted 1n efficient recovers of transgenics for routine

apphications

2.2 Groundnut and abiotic stress

Abiotic stresses Ithe drought low temperature and salimity are environmental
factors that dramatically limit plant growth and productivity where 1n the case of
drought. unpredictable and unseasonal ramfall 1« a major constraint 1o the yicld in
groundnut (Boote and Ketnng J990 Rao and Nigam. 2001) While the area and

production of groundnut has been increasing globally. the total productivity has

remained almost constant over the past decades (Patel and Golakiya, 1988) Low




RJ

rainfall and prolonged dry spelis dunng the crop growth peniad are the main reasons
for low average yiclds in India Annual estimated Tosses - groundnut production
cqunalent to over USS$ 520 mulhion are caused by drought (Subbaao et al | 19958,
Rao and Nigam. 2001, Sharma and Lavanyva, 2002) \ major additional problem s
the contamination of groundnut with aflatonin due to the soil pathogen. Aaperillus
flavus following drought conditions duning maturit and harv esting Y seld losses due
to drought are highly vanable in nature depending on tming intensity. and duration
besides other location-specific environmental stress factors such as high rradiance
and temperature  Although. the conventional plant breeding along with better
mdnagement practices can improsve tolerance to abiotic stresses, @ major drawback

can be the non-amcenabihty of the available stress tolerance trats due to therr

complexity or_species _bamer  Moreover  the laching of proper methods apd
techmques for screening tor drought tolerant trants in the segregating populations

further complicates breeding for abiotic stress wlerance
2.2.1 Methods for combating abiotic stress in groundnut
2.2.1.1 Conventional approaches

Brefly. in comventional methods  genotvpes are exposed 1o drought conditions,
usually intermttent drought spells and progeny selection s made hased on the yvicld
achieved under drought The major drawbach of that approach 1s that vield integrates
the many different components that contribute to the oy erall performance under water
deficit conditions The importance of cach component may differ from environment
to environment, which mtroducc’a lot of genotype by environment interaction
Agronomic management options  \anous  aspects like  providing

supplementary 1mgation, timing. method and intensity of imgation would affect the

Ex 640RY
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vield of the crop (Wright and Nageshwara Rao. 1994). Since n legumes the pod
filling stage is very sensitive to drought. tackhing the crop at such stage with proper
care would increase the yield. The pod vield in groundnut can be mercased by 13-
19% if the crop is irrigated adequately durning the pre-flowenng phase (Nageshwara
Rao et al.. 1985). The adaptine response of groundnut to drought can also be
increased by exposing the crop to short duration drought dunng the vegetatine phase,
which may enhance the root development and reduce trunspirational losses by
limiting the leaf area development allowing the plant to utihize the soll moisture trom
the deeper soil profile (Rao and Nigam. 2001) However, this may not always be cisy

to implement under rainted conditions when ramn are very unpredictable

Plant Breeding. In conjunctton with the agronomic management, genetie
management options 1n groundnut can prove to be a better Jong-term strategy to
improve the vield and pertormance of the crop in water hiniting and drought prone
regions. Selecting the genotypes based on therr fit to the histonical weather and soil
data of target location can also improve the overall efticieney of the crop,
Alternatively. genotvpes that thrive well under imited morsture conditions show 12
% to 144 ° pod wield supenonty. Screemng groundnut genotypes for better
vegetative growth and pod vield under severe end-ot-season and mid season drought
has been an option (see Rao and Nigam. 2001) Genotypie vanations for traits such as
deep root system (Ketering. 1993: Wnght et al.. 1991. Wnght and Nageshwara Rao,
1994). lower mean surface leaf arca (SLA) that contnbutes to higher transpiration
efficiency have also been observed (Wnght and Nageshwara Rao, 1994) Another way
is to evaluate wild species for physiological traits associated with drought and
aflatoxin resistance and identifv suitable DNA markers for drought resistance genefs]

for use in inter-specific breeding to develop drought resistant lines (Rao and Nigam,



(]
»

2001 However, the molecular tools in groundnut are sull in a ser prehinunary state

to implement this sort of approach. at least in the short 1o mid-term
2.2.1.2 Biotechnological approaches

Judicious appheations ot biotechnological tools hold great potential in
alleviating some of the major constrats 1o crop productinaty T ransgenic crops ofler
new means to apply science to improse agnculture i areas ot the world where sub-
optimal rainfall and other abioic stresses are important constrants tor - crop

roductivity  However, « major challenge s D opene CNRINCCnng
p 3 . or challenge o using genetic engineenng tor plant

umprovement of abtotic stress tolerance 1s to identity the nature and the number of

genes that must be antroduced to have a agniticant simpact on plant phenotvpe

e——

Technmiques based on molecular biology and biotechnology enable the selection ot

successtul genotypes, better 1solation and - doming ot tavorable trats and - the
development of transgenic crops ot importance to agniculture: Genetic engineering for
drought tolerance has been suggested to provide o major component of an imtegrated
approach tor  stabihzing and improving crop - production an drought-prone
environments (Subba Rao ¢t al. 1995 Udavahumar ¢t al 199%  Saxena, 2001)
Besides, genetic engineering has been shown to be comparatively fast for the
introduction of novel genes contributing to better drought tolerance (Tarcsvnsha et al

1993, Bohnet and Jensson. 1995, Pron-Smuts ¢t al . 1995, N\u ¢t al, 1996, Bohnert

and Shen.1999, Kasuga et al .1999. Sivamani ¢t al - 2000)

2.3.Genetic transformation technolog)y and abiotic stress

Stress induced gene expression can be broadly categonzed into three groups genes
encoding proteins with known enzymatic or structural functions, regulatory proteins,

and proteins with as yet unknown functions Stress-induced  proteins with known



26

tunctions include water channel proteins hev ensvmes tor osmolve (prohine betaine,
sugars, and polvamines) bioswvnthesis detonitivation enssmes and transport proteins
W hile most ot the regulaton proteins arc imvolved 1 anal transduction tollowing

tress perception, the order in which they act s not known
'22 Structural genes
31 1 Osmoprotectants

Accumulation ot certain organic solutes (Anown as osmoprotectants) s a
common metabolic adaptation tound i diverse tava Many plants inhabiting saline
and and regions respond to stress with an icreased synthesis of osmoprotectants such
as ghvame-betaine thus allowmg the mamtenance of turgor pressure durmg water salt
or cold stress (Sakamoto and Murata 20071 Plants ke spinach and other members
ot chenopodiaceac which are moderatedy water stress tolerant accumulate glyane
betaine and related compounds i thar vacuoles or vtoplasm Thoy also stabihize
macromolecules duning cellular dehvdration and protect the protemns and membranes
against damage by high concentrations of inorganic ions Some osmoprotectants also
protect the metanohe machiners aganst ovidatis ¢ damage such as chohine O sulfate
or beta-dlanine betaine (Hanson ¢t al - 1994) Many major crops lack the ability to
svnthesize the special ssmoprotectants that are naturally accumulated by stress

tolerant organisms  These osmoprotectants based on their chemical structures can be

classified tnto three types

e Betaine and 1ts related compounds such as glvane betaine and choline
e Sugars and polyols such as mannitol trehalose  tructans  ectomine. and
onomtol

e Amino acids such as proline arginine decarboxylase and glutamine svnthetase
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However. the metabolic machiner ot many crop plants lacks the actine
pathwavs to produce these osmuoprotectants One strategy mvolved i obtmming stress
tolerant transgeme plants 18 1o overenpress such osmolvies plants  through
engineenng Theretore introducimg osmoprotentant ssathesis pathwans s a potential
route to breed stress-tolerant crops The finst step imvolved i obtaiming stress tolerant
transgenic plants 18 to engineer genes that encede enzvimes tor steps 1n the svnthests
of the osmolytes which reduce the osmotic potential inside the el due to therr
accumulation made the Cvtoplasm (Brav 1993 Genetie transtormation has allowed
the introduction of new pathwass for the brosvnthesis of vanous compatible solutes
into plants It s behieved that osmorepulation would be the best strategs for this kind
of abtotic stress espectally if osmoregulatory genes could be trggered i response to
drought «alimtv and high temperature N anous strategies are beng pursued to
genetically engineer mcreased osmoprotection in plants that possibly operates through
onidative detonatication by presventing damage o the ccllular structures Many
osmoprotectants hhe ghveme-betaine (Ishitanr et al 1907 MNal et al - 2000),
proline (Delauney and \erma 1993 Nanjo ctal 1999a) chohne onidase (Sakamoto
et al, 2000) glutamine svathetase (Hoshida et al - 20000 argmine decarboxylase
(Roy and Wu, 2001) mannitol onnonitol tructans ectome and other gene products
have been studicd which play 4 1ole in osmoregulation thereby protecting the

membrane and protein complexes (Yang ¢t al . 1996)

Ghcne-betaine  Glycine-betaine appears to be 4 crucial determinant of stress
tolerance Accumulation of this osmolvie 16 induced under vanous environmental
stress conditions including drought. salimty cold. and heat Cholinc being a precursor
of glycine-betaine. plants and bactenal genes for chohine oxidation have been used to

engineer glycine-betaine synthests in Arabidopsis thaliana Hayashi et al | 1997,199%,
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Ala et al . 1998, 1999, Sakamoto et al . 2000). Niconana tabacum tLihus etal 1996,
Holmstrom et al . 2000). Brassica species( Huang ot al . 2000, Prasad ot al . 2000,
Gao et al. 2000), Onza sp (Sakamoto et al . 1998, Takabe of al . 1998, Mohanty ot
al . 2002) and many other plants lacking these enzyines The gene codA encoding tor
choline oxidase from 4rthrobacter globitormis resulted in accumulation of high levels
of betaine and acquired significant tolerance to salt. cold and heat stress in transgense
irabidopsis thaliana (Hayashi et al . 1997, 1995, Al et al . 1995, 1999, Sakamoto,
2000). Transgenic tobacco expressing the hcr 1 gene encoding choline dehvdrogenase
from £ colt accumulated betaine i transgenic plants that also exhibited mereased
tolerance to salt stress as well as tolerance to photomhibition at low temperature
(Holmstrom, 2000) An mmproved protection ot the photosvnthetic apparatus was
thought to be associated with the increased stress tolerance due to the introduced

expression of her4 gene

Proline Free prohine 1s regarded as having multiple roles in stress tolerance in
plants that include osmotic adjustment (Handa ¢t al . 1986), a stabihzer of subcellular
structures (Schobert and Tschesche. 1978) a scavenger of free radicals (Pardha
Saradhi et al.. 1995). a buffer in cellular redox potential, and ¢ major constituent of
cell wall structural proteins that may proside mechameal support for cells (Nanjo et
al., 1999b) Transgenic 4 thaliana plants expressing the prohine dehvdrogenase
(AtProDH) gene 1n antisensc orientation accumulated higher levels of proline
resulting 1n an increased tolerance to both salt and freezing stress (Nanjo et al,
1999a), However, the tolerance to salt stress in this «tudy was based on the ability of
transgenic plants to avowd lodgng only for 6 more minutes over the non-transformed
plant, and not based on any dry weight accumulation data under salt stress Besides.

tobacco plants expressing the PSCSF1294 (a mutated form of PSCS, whose feedback
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inhibition by proline was removed by site directed mutagenesis) resulted i about
two-fold increase in proline accumulation than tne plants expressing wild tvpe torm
(Vigna aconitifolia, PSCS). The clevated level ot prohine sigmiticantly enhanced the
abihity of transgenic plants to grow in medium contaiming up to 200 mM NaCl (Hong

et al.. 2000).

Mannitol: Transgenic tobacco plants expressing a foreign gene encoding for
mannitol dehydrogenase (muD), from £ col). leading 1o mannutol accumulation
showed improved salinity tolerance (Tarczynski et al., 1993), Salt stress (150 mM
NaCl) reduced the dry weight of wild type plants by 44%0 but had no eflect on the dry
weight of transgenic plants. Subsequently. in transtormed tobacco was transformed
with a construct where mr/D) enzyme was targeted to the chloroplasts, the presence of
mannitol in the chloroplasts resulted in enhanced resistance to oxidative stress due to
increased capacity to scavenge hvdroxyl radicals (Shen et al. 1997)  Ectopie
expression of the mr/]) gene tor the biosynthesis of manmitol in wheat was also shown

to improve the tolerance to drought and salinity stresses (Abebe et al.. 2003).

Fructan: Introduction of fructans 1n non-fructan producing species has been
shown to mediate enhanced tolerance to drought stress in the transgenie plants.
Nicotiana tabacum plants transformed with SacB gene for Levansucrase (an enzyme
generating fructan from fructose from Bacillus subnlis) fused to the vacuole sorting
signal of carboxypeptidase Y from yeast and placed downstream of the 35S promoter
of cauliflower mosaic virus was shown to perform significantly better than the
untransformed controls under drought conditions by exhibiting 55 % more rapid
growth with 33% fresh weight :md 599, greater dry weight (Pilon-Smits et al., 1995).
Subsequently, transgenic sugar beet (Beta vulgaris L.) plants containing SacB gene

was also shown to accumulate fructan to an extent of 0.5% of the dry weight in both
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roots and shoots under drought conditions thus exhibiting improved performance
under drought conditions (Pilon-Smuts et al., 1999). These mproved pertformance
might be related to higher water uptake in the transgemes due to fructan production
and lower osmotic potential in the roots when grown with PEG (-0.4 10 -0.8 Mpa).
However. in the absence of any data on plant transpiration in this study. it 1s doubttul
if such results will have any use under natural soil stress conditions that have higher

speed of soil dehydration.

Trehalose: Trehalose is a non-reducing disacchande of glucose that functions as
a compatible solute in the stabilization of biological structures under abrotic stress 1n
bacteria. fungi. and invertebrates. Trehalose affects the sugar metabohism as well as
osmoprotection against several environmental stresses including high temperature and
dessication. Transgenic tobacco expressing the gene for the trehalose-6-phosphate
synthase (TPS/) subunit of veast trechalose synthase driven by the rhes gene promoter
trom Arabidopsis accumulated 0.8-3.2 mg g DW trehalose and resulted inimproved
drought tolcrance (Holmstrom ¢t al.. 1996). Further. the expression of 77251 driven by
drought inducible promoter rd29 also improved drought tolerance of the resultant
trehalose accumulating tobacco plants (Zhao et al. 2000). Other genes for the
overexpression of trehalose have been used to generate trehalosc-accumulating plants.
Transgenic tobacco plants expressing ofsA and o1 genes from £ coli encoding, for
trehalose-6-phosphate synthase and trehalose-6-phosphate phosphatase respectively
accumulated low levels of trehalose as compared to the non-structural carbohydrates
(Pilon-Smits.  1998). Rice transformation with & trehalose-6-phosphate
synthase’phosphatase (TPSP) filsion gene that includes coding region of E. coli o1sA
and otsB genes resulted in 3 to 10-fold increase in trehalose accumulation without any

accompanying negative pleiotropic effects. Increase in trehalose levels using either
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the tissue specific or stress-inducible promoters resulted 1n high photosynthetie
cfficiency and a decrease in the photo-oxidative damage duning stress (Garg et al.,
2002). Besides. trehalose-producing transgenic rice (Orvza sanva) plants were also
generated by the introduction of a gene encoding a bitunctional tusion (7787 of the
trehalose-6-phosphate (T-6-P) synthase and T-6-P phosphatase (TPP) of £ coli under
the control of the maize ubiquitin promoter (/7). Trehalose accumulation 1n

Ubi I : TPSP plants resulted in increased tolerance to drought. salt and cold.

Sorbitol: Sorbitol has also been shown to have potential in improved
osmoregulation under abiotic stress conditions. The Japanese persimmon transtormed
with apple ¢cDNA encoding NADP-dependent sorbitol-6-phosphate-dehvdrogenase
(S6PDH) resulted in high, medium and low sorbitol producing transgenic events,
However, the loss of photosynthetic activity was found to be low in gh sorbitol
producing lines. indicating an increase in the abihty of sorbitol producing plants to

tolerate salt stress (Gao et al.. 2000).

2.3.1.2 Polyamines

The polyamines are organic compounds having two or more prnimary amino
groups - such as putrescine. cadaverine. spermidine. and spermine. Though 1t 1s seen
that polyamines are synthesized in cells via highly-regulated pathways, their actual
function is not entirely clear. In plants. polyamines accumulate under several abiotic
stress stimuli. including salt and drought. Polyamines are believed to have an
osmoprotectant function in plan cells under water deficit. Typically, the cellular levels
of either putrescine or spermidine or both increasc in response *o the application of

.
different forms of abiotic stress to cell cultures as well as whole plants. Ten-days-old
Zea mays plants salt-stressed for eight days increased the content of putrescine and

spermidine in their roots and leaves, and the increase in leaves was higher than in
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roots. A number of stress factors such as potassium deficiency, osmotic stress, low
pH. nutrient deficiency or light have been shown to stimulate the accumulation of
polyamines, and particularly putrescine in plants. Transgenic cells of carrot (Daucus
carota L.). overexpressing a mouse ormithine decarboxylase (ODC) ¢cDNA o
withstand salt stress and osmotic stress over short penods of 048 h. The tansgenic
cells produced 2-4 fold higher levels of putrescine. Transgenic nee expressing oat ade
¢DNA and Tritordeum Samdc ¢cDNA under control of an ABA-inducible promoter
showed increase in biomass under salimity stress condition compared to the control

(Roy and Wu, 2001).
2.3.1.3 Late embryogenesis abundant (LEA) protcins

LEA proteins represent the category of high molecular weight proteins that are
abundant during late embryogenests (Galau. 1987) These plant proteins accumulate
during seed dessication 1n response to water stress during seed maturation. Amongst
the several groups of LEA proteins. those belonging to the group 3 are predicted to
play a role in the sequestration of 1ons that are concentrated dunng cellular
dehydration. These protemns have 11-mer amino acid motfs with the consensus
sequence TAQAAKEKAGE repeated as many as 13-times (Dure. 1993). The group |
LEA proteins are predicted to have enhanced water-binding capacity, while the group
5 LEA proteins are supposed to sequester 1ons during water loss. Constitutive over
expression of the HVAI. a group 3 LEA proteins from barley conferred tolerance to
soil water deficiency and salt stress 1n transgemc nce plants (Xu et al., 1996).
Transgenic wheat plants containjng the f/1:4/ gene¢ showed constitutive expression of
the transgene resulting in improvement of growth charactenstics under drought
conditions (Sivamani et al., 2000). However, the water use cfficiency (WUE) reported

in this study was extremely low compared to other data reported in wheat cultigens.
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Transgenic rice (TNG67) plants expressing o wheat [ EA group 2 proten (£PMAX0) or
the wheat LEA group 1 protein (PAMA7959) genes resulted 1 mereased tolerance to
dehydration and salt stresses (Cheng ot al., 2002). A /1°4) gene from barley
expressed under the control of a constitutive or a stress-inducible promoter 1n a
recalcitrant scented rice vanety. Pusa Basmati | showed increased stress tolerance in
terms of cell integrity and growth afier the imposed salt- and water-stress treatments

when compared to the untransformed control plants (Rohilla et al., 2002).
2.3.1.4 Transporter genes

An important strategy for achieving greater tolerance to abiotic stress 18 to
help the plants to re-establish homeostasis 1n stress environments by restoring both
ionic and osmotic homeostasis. A number of abiotic stress tolerant transgenic plants
have been produced by increasing the cellular levels of proteins (such as vacuolar
antiporter proteins) that control the transport functions Transgenic melon (Bordags et
al.. 1997) and tomato (Gishert et al.. 2000y plants expressing the /{411 gene showed a
certain level of salt tolerance as a result of retaining more K+ than the control plants
under salinity stress.

In Arabidopsis. a vacuolar chlonde channel. 4rC’L.Cd gene that is involved in
cation detoxification has been cloned (Hechenberger et al.. 1996). More recently., the
AtNHXT gene of Arabidodpsis. which 1s homologous to the Nha/ gene of yeast. has
been cloned and over expressed in Arabidopsis to confer salt tolerance by
compartmentalizing the Na* ions in the vacuoles (Apse et al., 1999). Transgenic
Arabidopsis and tomato plants that over express AINHX genc accumulated abundant
quantities of the transporter in the tonoplast and exhibited substantially enhanced salt
tolerance (Apse et al., 1999 Quintero et al.. 2000; Zhang and Blumwald. 2001).

SOS1 (Salt Overly Sensitive 1) locus in A. thaliana, which 1s similar to the plasma
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membrane Na+ H- antiport trom bactena and tungr and encodes a putative Na+ H+
antiporter was cloned and over expressed constitutively by using the ¢ AM\ 388
promoter The upregulation ot SOS/ gene was found 1o be consistent with 1ts role n
Na+ tolerance possibly by providing a greater proton motive torce that 1s necessary

for elevated Na+ H+ antiporter activities (Shr et al - 2000).
2.3.1.5 Hear shock genes

The heat shock response the increased transerption of 4 set of genes 1n
response to heat or other toxic agent ¢xposure 18 g highly consenved bological
response, occurring 1n all orgamsms (Waters et al  1996) The response 18 mediated
by heat shock transcription factor (HSF) which 1s present in 0 monomeric non-DNA
binding form 1n unstressed cells and 14 activated by stress to an tnimenc form which
can bind to promoters of heat shock genes The induction of genes encoding heat
shoch protens (Hsps) 1s one of the most prominent responses at the molecular level of
organisms exposed to high temperature (kimpel and Kev 1985 Lindquist 19K6

\erling. 1991)

Genetic engineering for increased thermo tolerance by enhancing heat shock
protein synthests 1n plants has been achieved in a number of plant species Increased
thermo-tolerance by constitutive expression of carrot hsp/” ™ gene was achieved in
transgenic carrot cell lines and plants (Malik et al  1999) Transgenic tomato plants
harboning an Arabidopsis thahana Hsf41b (AtklsfAlb) and f} glucuromduse (gusA)
fusion gene under the control of a constitutive Cad} 355 promoter accumulated
higher levels of protemn product of heat-shock induced genes than those of the wild-
type and showed a sigmificantly higher level of thermal and chilling tolerance (L1 et

al 2003) More recently. transformed rice plants constitutively expressing the hspl01



gene from 4 thahana showed enhanced tolerance 10 sudden shifis in extreme

temperature regime better than the controls (Kativar-Agarw al, 2003)
2.3.1.6 Detoxifying genes

In most of the aerobic organisms, there 18 a need to eftectively ehininate the
Reactive oxygen species (ROS) generated as a result of environmental stresses
Depending on the nature of the ROS species. some are highly tonie and rapidly
detoxified by vanous cellular ensymatic and nonenzvmatic mechamsms Plants have
developed a complex antioxidant system by which they scavenge the ROS thereby
protecting the cell from oxidative attach In order to control the level of ROS and
protect the cells from oxidative mjury. plants have developed a complex antioxadant
defense system to scavenge the ROS and these antioxidant systems include vanous
enzymes and non-enzymes. which may also play a sigmificant role in ROS signahing
in plants (Vranova et al . 2002) A number of transgenic improvements in the abotic
stress tolerance have been achieved through the detoxification strategy  Transgemc
plants over expressing enzymes involved in oxidative protection. such as glutathione
peroxidase, superoxide dismutase. ascorbate peroxidases and glutathione reductases
have been developed with improved resistance to salimty and desiceation (Zhu et al |
1999; Roxas et al.. 1997) Tobacco transgenics over expressing SO/ gene in the
shloroplast, mitochondna and cytosol have been generated that showed enhanced
olerance to oxidative stress induced by methyl viologen (MV) in the leaf discs
Bowler et al., 1991, Van Camp ct al . 1996). Over expression of chloroplast C u/Zn
SOD 1solated from pea exhibyted improved photosynthetic performance (~90 %)
inder chilling stress conditions 1n transgenic tobacco (Sen Gupta. 1993) whereas, the
omato Cu/Zn SOD gene enhanced the tolerance to methyl viologen in potato

ransgenic plants (Perl et al., 1993). Tobacco transgenic plants over expressing
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1/nSOD rendered enhanced tolerance to oxidative stress only in the presence of other
antioxidant enzymes and substrates (Slooten ¢t al.. 1995) thus showing that the
genotype and the isozymic composition also has a profound etlect on the relatnve
tolerance of the transgenic lines to abiotic stress (Rubio ot al., 2002). Transgenie
alfalfa (Medicago sativa) plants cv. RAX over expressing AMnSOD in chloroplasts
showed lower membrane injury (McKersie et al.. 1996). Lower concentratons of the
reactive aldehydes and increased tolerance agamst oxidative agents and drought stress
were observed by overproducing alfalfa aldose reductase gene (MsALR) i obacco

transgenics (Oberschall et al.. 2000).
2.3.2 Signal transduction component genes

Genes involved in stress signal sensing and a stress-signalhing cascade in 4
thaliana have been of recent research interest (Wimcos and Bastola. 1999 Shinozaki
and Yamaguchi-Shinozaki. 1999). Components of the same wsignal transduction
pathway are also shared by various stress factors such as drought. salt and cold
(Shinozaki and Yamaguchi-Shinozaki. 1999). There are multiple pathways of signal-
transduction systems operating at the cellular level for gene regulation. Abscisie acid
(ABA) is well known as one such component acting in one of the signal transduction
pathways. Expression of some of the genes in the stress signal transduction cascade 15
mediated by ABA while others act independent of ABA. The early response genes
have also been known to encode transcription factors that activate downstream
delayed response genes (Zhu, 2002). Although specific branches and components
exist (Lee et al., 2001). the siggalling pathways for salt. drought, and cold stresses all
interact with ABA, and even converge at multiple steps (Xiong et al.. 1999). Abiotic
stress signaling in plants involves receptor- coupled phosphorelay. phosphoionositol-

induced Ca2+ changes, mitogen activated protein kinase (MAPK) cascade and
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transcriptional activation ot stress responsive genes (\iong and Zhu, 2001) A
number of signaling components are assouiated with the plant 1esponse 1o high

temperature, freezing, drought and anacrobic stresses (Grover et al L 2001)

Alteration of these signal transduction components i a way to reduce the
sensitivity of cells to stress conditions or such that a low level of constitutne
expression of stress genes 1s induced has been attempted by many workers (For a
review, see Grover et al , 1999). Over expression of tunctionally conseryed At-DBE 2
(homologue of ycast DBf2 kinase) showed striking muluple stress tolerance
lrabidopsis plants (Lee et al  1999) Salt stress-tolerant transgenic plants were
obtamed by over-expressing caleineunn (a (a2« Calmodulin dependent protem
phosphatase), a protein phosphatase known 1o be involved M salt-stress signal
transduction n yeast (Pardo et al. 1998) Transgenic tobacco plants produced by
altenng  stress  signaling through functional  reconstitution of - activated  veast
caleineurin has not only opened up new routes for study of stress signahing but also

for engineering transgenic crops with enhanced stress tolerance (see Grover 1999)

2.3.3 Regulatory genes

Many genes respond to multiple stresses like dehvdration and low temperature
at the transcriptional level are also induced by ABA that protect the cell from
dehydration (Mundy and Chua, 1998 Dure et al . 1989 Skriver and Mundy 1990) In
order to restore the cellular function and make plant more tolerant to stress,
transferring of a single gene encoding a single specific stress protein may not be
sufficient to reach the required tolerance levels To overcome such constrant,
enhancing tolerance towards multiple stresses by a gene encoding stress inducible cis-
acting or trans-acting transcniption factors that regulatc a number of genes down

stream or upstream of 1t may prove to be a promising technology (Yamaguch:-
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Shinozaki et al., 1994). The transcription factor then acti ates a cascade of genes that

act together in enhancing the tolerance towards the muluple stresses.
2.3.3.1 Transcription factory

Transgenic Arabidopsis plants over-expressing a cold mducible transcnption
tactor (CBFI) constitutively showed a freese tolerance sinular to that of cold-
acclimated non-transgenic control plants by ducing expression of cold regulated
(cor) genes (Jaglo-Ottosen et al.. 1998). There was no negative effect on the growth
and development of thesc transgenic plants. CBI7 ¢<DNA when transformed into the
tomato (Lycopersicon esculentum) genome under the control of a CaMV'3ISS promoter
improved tolerance to chilling. drought and salt stress but exhibited dwart phenotype
and reduction in fruit set and sced number (Hsieh et al. 2002)  Another
transcriptional regulator, A/finl. when overexpressed in transgeme altalta (Medicago
sativa 1..) plants regulated endogenous ASPRP2 (a NaCl-inducible gene) mRNA
levels. resulting 1n salinity tolerance comparable to the avarlable salt tolerant mutant
lines (Winicov and Bastola. 1999). The induction of thermo-tolerant by de-repressing
the activity of ATHSF/, a heat shock transeription factor leading to the constitutive
expression of heat shock proteins at normal temperature has been reported 1n
Arabidopsis plants (Lee et al.. 1995). Several stress induced cor genes such as rd294.
corl5A. kinl and cor6.6 are triggered in response to - old treatment. ABA and water
deficit stress (Thomashow. 1998). Over cxpression of Arabidopsis CBFI (CRT/DRE
binding protein) has been shown to activate cor homologous genes at non-acclimating
temperatures (Jaglo et al., 200}). Enhanced tolerance towards multiple stresses such
as cold, drought and salt stress in crops other than the modecl plants like Arabidopsis.
tobacco and alfalfa has also been reported ( Kasuga et al., 2004 Pellegrineschi et al..

2004; Behnam et al., 2006). Transgenic tomato (Lycopersicon esculentum) plants
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with tolerance to chilling. drought and salt stress using a stress inducible ABRCI
promoter trom barlcy HA122 gene to drive the expression of Arabhidopsin CRET (1 ee
et al.. 2003). A cis-acting element, dehydration responsive element (DRE) identified
in Arabidopsis thaliana is also involved in ABA-independent gene cxpression under
drought. low temperature and high salt stress conditions i many dehvdration
responsive genes like 7d29.4. which are responsible for dehvdration and cold induced
expression (Nordin et al., 1991: Yamaguchi-Shinozaki and Shinozaki, 1993; 1w asaki
et al.. 1997). The cDNAs encoding the DRE binding proteins, DREBIA and
DREB2A have been isolated from A. thaliuna and proteins shown to speaifically bind
and activate the transcription of genes containing DRE sequences (L et al., TOOR),
DREBI/CBFs are thought to function in cold-responsive gene expression, whercas

DREB2s are involved in drought-responsive gene expression.

The transcriptional activation of stress-induced genes has been possible
transgenic plants overexpressing one or more transcription factors that recogmze
promoter regulatory elements of these genes. The transenption factor DREBIA
specifically interacts with the DRE and induces expression of stress tolerance genes,
which has also been shown in Arabidopsis (Shinozaki & Yamaguchi, 1997).
DREBIA cDNA under control of 358 promoter in transgemic plants give rise to
strong constitutive expression of the stress inducihle genes and also increased
tolerance to freezing. salt and drought stresses (Liu. ct al., 1998). Strong tolerance to
freezing stress was observed in transgenic Arabidopsis plants that overexpress CBF/
(DREBIB, ¢cDNA under the control of the caulifiower mosaic virus (CaMV) 358

.
promoter (Jaglo-Ottosen et al.. 1998). Overexpression of DREBIA improved drought-

and low-temperature stress tolerance in tobacco, wheat (Kasuga et al.. 2004:
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Pellegrineschi et al.. 2004). The use of stress-inductble rd29.4 promoter munnuzed the

negative effects on the plant growth in these Crop species,

2.4 Physiological evaluation of stress effects on plants

A large number of studies evaluate different transgenic construets in different
plants species, and to different stresses, including drought. salinity, or cold. The
expression of the genes inserted as well as the level of metabohite inerease due to the
construct have been reported in great detail. However, a major challenge to transgemie
research still lies in properly evaluating the phenotvpie responses of the material to
any environmental stress and in the understanding the physiological expression of

inserted genes at the whole-plant level.
2.4.1 Means of stress impositions and evaluation

Stress conditions used to evaluate the transgenic matenial in most of the
reports so far (Shinwan et al.. 1998; Nanjo et al.. 1999: Garg et al.. 2002), arc usually
too sharp, which the plants are very unlikely to undergo 1n a real ficld condition. Also,
the means of evaluation are often dubtous. For example, Pelicgnneschr et al., (2004)
compared the performance of DREBIA transformed wheat seedlings grown in Sx5em
pots against the wild parert by withholding water to 2 weeks. While untransformed
plants end up dying within 10-15 days of stress imposition, transgenic plants
survived. The evaluation of the transgemc matenal was carmed out on ther
performance after the stress period by re-watenng the plants untill matunty. instead of
the biomass accumulated during the stress. Hence most of the growth accounts for
the well-watered period. with’ control plant suffering a dramatic initial sctback.

something they are unlikely to suffer in real field conditions.
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In a separate study. the transgenic plants were exposed to an osmotic stress by
using PEG in hydroponic conditions (Pilon-Smuts et alc 1996, 1999) Winle this
method was. to an extent usetul to test certain responses of the plants under a given
osmotic potential, it offers relatively different conditions than n the soil where the
water reservoir is by definition finite. In such conditions, assessment of the plant
performance based on the differences in water uptake would differ in the field

conditions where the water available is limited.

Increased water use efficiency (WUE) in the transgeme wheat has been
reported by Sivamani et al. (2000). However. in this study. there was no control over
the water loss due to evaporation from the pots. which probably accounts for most of
the water loss. Besides, the evaluation of their transgenic plants imvolved addition of a
given quantity of water every other day from 2 1o 10 wh disregarding the fact that
water requirements increase dramatically during the penod. and domg so would
probably expose the plants to an initial flooding before a very severe stress. Similarly,
other transgenic evaluation protocols investigating drought responses by using fresh
weight (Sun et al., 2001) and other indirect estimates of performance like growth rate,
stem elongation (Pilon-Smits et al.. 1995: Lee et al.. 2003). or survival (Pardo et al.,
1998) are likely to give inconsistent results. Also. in many experiments. plants are

grown in culture chambers with often limitation in the l'ght intensity

2.4.2 Adequate protocols to apply drought

The drought response of plants cannot be investigated without thorough
understanding of the different phases that a plant undergoes under drought in natural
conditions. Also, a complete understanding of the qualitative and quantitative
relationships between soil water and leaf exchange is a must ( Sadras and Milroy,

1996). Two major issues that are typically need to be addressed in stress response
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evaluation of plants include: (i) the means of stress imposition, details about the
stress, and growth conditions (size and water content of pots, including the intensity,
quickness of imposition, etc.), and (ii) hard data on the response of tested matenials to
support conclusions (comparison within the same species). Besides, precise details
about the protocols used to evaluate the performance of plants to any given stress,
should also be given as to assess the performance of materials. Vanous steps n
evaluating the plants for water stress tolerance have been deseribed in great detail
(Ritchie e.t Eljf 13)81: Sinclair and Ludlow. 1986). In this type of experiments, plant
transpiration is evaluated gravimetrically and uses a soil water component to assess
the transpiration response (not a number of days afier imposition of water stress, as in
most water stress studies). Exposure to water deficit s also gradual, to mimue the tyne
of stress that plants would noirmally face in a field environment. In phase 1, the water
is abundant and plant can take up all the water required by transpiration and stomata
are fully open. During this stage. the water loss 1s mostly determined by the
environmental conditions to which the lcaves are exposed. During phase 11, the roots
are no longer able to supply sufficient water to the shoot and stomata progressively
close to adjust the water loss to the water supply so that leaf turgor is maintained. In
phase III. roots have exheusted all the available water resulting in full stomatal
closure and inhibition of virtually all the physiological processes contributing to
growth, including photosynthesis. The fraction of transpirable soil water (FTSW) is
used as a covariate for soil moisture available to compare the response of different
physiological mechanisms to soi} drying. and it has been successfully used across a
wide range of species and plant processes (Ritchie, 1980: Sinclair and Ludlow, 1986;

Weisz et al., 1994; Ray and Sinclair, 1997,1998.). This has been used to design dry-

iown experiments to study the response of plants to drought. where FTSW is taken as
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a function of the fraction of soil water moisture asvarlable to plant for the comparnison
of stress imposed. This protocol has the advantage of mimncking the siuation that a

plant would face in the typical ficld conditions, i.c. a progressine soil drying.

Water use efficiency (WUE) 1s one of the major traits that have been
associated with drought tolerance in groundnut. It 1s so hecause WUE s one of the
three major component of the vield architecture, as defined by Passioura. 1977, as ¥
=1 x TE x HI, where TE stands for the transprration efticiency, a term somewhat
similar to WUE. It is an essential trait which 1s due to the ability of groundnut to
maintain high photosvnthetic activity even under low stomatal conductance without
showing impact on carbon assimilation and vield (Wnght et al . 1994) The practical
difficulties associated with the measurement of water use efficiency have prompted
the exploitation of other easily measurable traits such a8 SCMR. Specific leat area,
leaf nitrogen and C13. Water use efficiency has an established relanon with the
various easily and non-destructivels measurable traits hke SLA. SCMR, C13 and
0O18. Bindumadhava et al. (2003) and Rao et al. (2001) observed that the transpiration
efficiency (TE) that is an alternate measure of water use efficiency was positively
correlated significantly with the SCMR and inversely related with SLA and leaf
nitrogen. Farquhar et al. (1982) also reported that carbon 1sotope discnimination 1s
closely related with TE and is highly correlated with * pecific leaf arca (Wright ct al..
1994). This correlation of water use efficiency with carbon 1sotope discnmination,
specific leaf area and transpiration efficiency enables using all these or aither one of
these traits for the identiﬁcali(:n of genotypes with greater ‘i ranspiration cfficiency
(Hubick et al., 1986; Wright. et al.. 1988; Wright et al.. 1994). These sumogates are

particularly important to assess TE where it is difficult to assess the transpiration rate

such as field conditions.



2.5 Differential antioxidative responses (o abiotic stresses

To cope with environmental fluctuations and to prevent mmvasion by
pathogens. plant metabolism must be flexible and dynamic Activ e ONMREN Specics,
whose formation is accelerated under stress conditions. must be rapdly processed 1f
oxidative damage to the plant cells and tissues is to be averted. The hfctime of actiy ¢
oxygen species within the cellular environment 1s determined by the antioudative
system. which provides crucial protection against oxidative damage and comprises of
numerous enzymes and compounds of low molecular weight  Under optimal
conditions, cellular homeostasis is achieved by the coordinated action of many
hiochemical pathways. However. different pathways may have different molecular
and biophysical properties. making them differcut in their dependence upon external
conditions. Thus. during events of suboptimal conditions (stress). different pathways
can be affected differently. and their couphng. which makes cellular homeostasis
possible. is disrupted. This process 1s usually accompamed by the formation of
reactive oxygen intermediates (ROIs) because of an increased flow of clectrons from
the disrupted pathways to the reduction of oxvgen (Halhwell, 1989, Noctor and

Fover. 1998; Asada. 1999: Dat et al.. 2000: Mittler. 2002).

The reactive oxygen spectes (ROS) react with ipids. proteins. pigments. and
nucleic acids and cause lipid peroxidation, membrane damage. nactivation of
enzymes, thus affecting cell viability. The antioxidative system of plants compnises
several enzymes and low molecular weight quenchers that arc principally constitutive
and vary in plants at cellular apd subcellular levels. Superoxide radicals generated in
plant cells are converted to H-O- by the action of SOD. The accumulation of H,0,, a
strong oxidant, is prevented in the cell either by catalasc or by the ascorbate

glutathione cycle where APX reduces it to H:0. The enzymatic mechanism of
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detoxification involves dehydroascorbate reductase. glutathione reductase and other
enzymes. Ascorbate and glutathione. other components of the antoxidative defence
system, are found to increase under stress conditions. To counter the effects of stress,
plants undergo a process of stress acclimation. This process may require changes in
the flow of metabolites through different pathways. the suppression of patlaways that
may be involved in the production of ROl during stress. and the induction of vanous
defense genes such as heat shock proteins (HSPs) and ROI scavenging ensymes
(Vierling. 1991: Dat et al.. 2000: Mittler. 2002). The complexity of signaling events
associated with the sensing of stress and the activation of defense and acclimation
pathways is believed to involve ROL, calcium, calcium-regulated protemns, mitogen-
activated protein kinase cascades, and cross falk between ditterent transeniption
factors (Liu et al., 1998: Xiong ct al.. 1999: Bowler and Fluhr. 2000: Kovtun et al.,
2000; Knight and Knight. 2001: Chen ¢t al.. 2002). Interestingly. different stress
conditions such as drought and cold can result 1n the activation of similar stress
response pathways (Seki et al.. 2001: Chen et al.. 2002). Thus, a high degree of
overlap may exist between gene clusters activated by different stresses. This overlap
may explain the well-documented phenomena of “cross tolerance.” in which a
particular stress can induce resistance to a subsequent stress in plants which may be

different from the initial one (Bowler and Fluhr. 2000).

2.6 Chlorophyll a fluorescence as a tool for rapid screening during abiotic stress

Drought stress is known to inhibit photosynthesis through altcrations in the

proportion of photochemical affd energy-dependent quenching as a result of inhibition
of the enzymatic sites that consume ATP and NADPH. The fluorescence quenching,

predominantly caused by photochemical and energy-dependent mechanisms, is
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strongly influenced by the utilization of NADPH and ATP photosynthesis (Kriuse

1d Somersalo, 1989).

Chlorophyll-a fluorescence (CF) emutted by green plants reflects the
photosynthetic activities and faciittated msight into the mechamsm of’ fluorescence
emission (Krause and Weis. 1991). This indication of the fate of excitation energy In
the photosynthetic apparatus has widely been used as an indrcator of stress (Willits

and Peet. 2001). A lot of information has been obtained trom the fluorescence
transient (Govindjee et al. 1986 Krause and Wenw, 1991, Govindjee, 1995),
Transients recorded with high time-resolution fluormeters. ¢ ¢ with the Handy-PEA.
have provided accurate information (Strasser and Govindjee, 19924, 1992h, Strisser
et al.. 1995), on precise detection of the imtial fluorescence 10 The shape of the O-J-
I-P transient has been found to be very sensitive to stress caused by changes in
different environmental conditions. ¢ g hght ntensits.  temperature,  drought,
atmosphernc CO; or ozone elevation and chemical influences (Snivastava and Strasser,
1995, 1996, 1997; Tsimilli-Michael et al.. 1995, 1996, 1999, 2000, Van Rensburg ct
al.. 1996; Kriiger et al.. 1997. Ouzounidou et al.. 1997, Clark et al, 199K, 2000, Force
et al., 2003). as well as by senescence (Prakash et al.. 2003) The quantitative analysis
of the O-J-1-P transient was introduced (Strasser and Strasser. 1995) and further
developed as the *JIP-test’ after the basic steps of the transient. by which several
selected phenomenological and biophysical structural and functional parameters
quantifying the PSII behavior were calculated. The JIP-test. has proven a very useful
tool for the in vivo investigation of the adaptive behavior [ 1he photosynthetic
.
apparatus and, especially, of PSII to a wide variety and combination of stresses, as 1t

translates the shape changes of the OJ- I-P transient to quantitative changes of the
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selected parameters (Strasser and Tsimilli-Michael, 2001a.b: Tsimulli-Michael and

Strasser. 2001).

2.7 Conclusion

Over the last few years. there have been mnereasimg research efforts 1n
engineering stress-tolerant crops. While conventional plants breeding techmiques and
methodologies have been somewhat successful in imparting tolerance agamst abotic
stresses in groundnut. the next step. i.c. the use of marker assisted selection (MAS)
for groundnut breeding. is hampered by the lack of genctie diversity in cultivated
groundnut. Genetic engineering approaches could lead to simpler and more effective
gene based alternatives for combating biotic and abiotic stresses. Several gene
transfer approaches have been attempted to improve tolerance to abione stresses 1n
different plants species (Holmberg and Bulow, 1998). Stress-induced protens with
known functions include water channel protemns. key enzvmes for osmolvie (prohne,
betaine, sugars, and polvamincs) biosynthesis, detoxification enzvines, and transport
proteins (Tarczynski et al.. 1993 Pilon Smits et al.. 1995: Xu ctal.. 1996, Sivamani et
al.. 1996, Bohnet and Jensson. 1996: Bohnert and Shen. 1999 Kasuga et al., 1999),

However. in the case of such a complex stress as drought stress, and to restore
the cellular function and make plants more tolerant to stress. transfernng of a single
gene encoding a single specific stress protein may not show the required stress levels.
To overcome such constraints. enhancing tolerance towards multipic stress by a gene
encoding a stress inducible cis-acting or trans-acting transcnption factor that regulates
a number of genes and activatét a cascade of genes that act together in enhancing the
tolerance towards the multiplc stresses seems to be a promising technology
(Yamaguchi-Shinozaki and Shinozaki, 1999). Drought being a complex trait that

involves many genes, the strategy of switching on a transcription factor regulating the
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expression of several genes related to abiotic stress seems to be an attractive target
category for manipulation and gene regulation in groundnut, which can survive for a
cntical period under stress conditions. As the DRE related regulatory clement s
known to exist in a number of crops. the DREBLA ¢DNA and rd29A promoter may

be useful to improve the stress tolerance 1n groundnut by pene transter




3. MATERIALS AND METHODS
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MATERIALS AND METHODS

3.1 Tissue culture
3.1.1 Plant material

Healthy seeds of groundnut (Arachus hpogaca 1) were obtamed  from
ICRISAT (International Crops Rescarch Institute tor the Semi-And Tropies),
Patancheru. India and stored at 10 °C until use Al the experiments were cammied out

with the cultivar JL 24.
3.1.2 Explant preparation and shoot regeneration

The seeds of groundnut cultivar JI' 24 were surtace sterthzed with 700
cthanol for 2 min and washed with 0.1% (w v) aqueous mercurie chlonide contatming
1 10 2 drops of Tween-20 for 8 min on a rotary shaker The stenhized seeds were
nnsed four to five times in stenle distilled water and soaked i stertle water tor 4 h
The seed coat was then removed and the cotyledons were separated using pointed
forceps. The embryonic axis was removed surgically and cach cotyledon was cut into
vertical halves to obtain the cotvledon explants for use n genetic transformation: The
regeneration and transformation system used for adventitious shoot desclopment
using cotyledon explants was as developed carlier at ICRISAT by Sharma and
Anjaiah (2000).

3.1.3 Culture conditions

For all the experiments on the regeneration clongation and rooting of shoots,
»

a modified MS basal medium (Murashige and Skoog, 1962) containing MS 1norganic

salts, BS organic constituents and 3°o sucrose was used. pH of the medium was

adjusted to 5.8 prior to the addition of 0.8% agar and was autoclaved at 15 psi
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pressure for 15 min. The regeneration experiments were carmed out in 90 mm N\ 16
mm sterile disposable plastic petri-plates scaled with Parafilm®. while the clongation
and rooting of the in vitro-formed shoots was carmed out 1 15 mm X 25 em long
glass culture tubes plugged with non-absorbent cotton plugs wrapped i one layver of
cheese cloth. Cultures were maintained at 2621 “C’ with 23 h photoperiod provided by
white cool fluorescent lamps having 60 pFm-S"' hight mtensity and 1 h of dark

period.

3.2. Genetic transformation
3.2.1 Bacterial strain and plasmids

The Agrobacterium tumefaciens strain C-5K carrving the genes of interest in g
binary plasmid was used for transformation expeniments. The recipient 4 tumefaciens
strain C 58 had chromosomal resistance to rfampicin and hanamyen and routinely
maintained on the selecton medium. For use n plant genetic transformation
experiments. the binary plasmid contaimng DREBIA dnven by the drought-inducible
promoter from rd294 gene of A. thaliana (rd29A:DREBIA) and CaMV 358
constitutive promoter were mobilized into Agrobacterium by clectroporation (hig. |
A.B). These plasmids were same as reported by Kasuga et al. (1999) and were kindly
provided by Dr. K Yamaguchi-Shinozaki. JIRCAS. Janan. The plasmid rd29A:DREB

was constructed by Liu et al. (1998).

3.2.2. Isolation of plasmid DNA
Plasmid DNA was isolfted according to the procedure reported by Sambrook

et al. (1989). Various steps in the procedure were as follows:

Components
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e GTE buffer: 50 mM glucose. 25 mM Trs (PH N 0), TOmM DT A (PH R )
o Lysis buffer: 0.2 N NaOH and 1°, SDS (treshly prepared)

e 5 M Potassium acetate. pH 5.2

e RNase (10 mg/ml)

e Chloroform

e Isopropanol

e 70% ethanol

e TE buffer: 10 mM Tris (pH 8.0)and | mM EDTA (pH 8 0)
Method

Plasmid construct pBI29ApNot was mamntamed in 7 coli strain DHSu and
grown on LB (Appendin 5) agar plates contaiming 100 pg ml ampicilhn Smgle
1solated colonies were grown 1n 10 ml of | B medium overmight at 37 "C on a rotary
shaker at 220 rpm. 10 ml of the bacteral suspension was pelleted by centrifuging for
10 min at 6000 rpm. The bacterial pellet was suspended in 600 pl of GITE bufter and
placed on ice for 5§ min. To the resuspended bacterial solution, 1200 ul of freshly
prepared lysis buffer was added and the samples were placed onace After S min 900
ul of 5 M potassium acetate was added to the lysed bactenal suspension and the
samples mixed well by mverting the tubes slowly and placed onice for S min The
solution was centrifuged fo- 10 min at 14.000 rpm and the supernatant was transferred
to fresh tubes to which 3 to § pl of RNase (10 mg L) was added followed by
incubation at 37 °C for 30 min Equal volumes of phenol chloroform was added to
remove proteins present i the DNA muxture following bnef centnfugation. After
removal of the organic phase. .equal volume of ¢hloroform was added to the agueous

phase and centrifuged for 30 sec. The aqueous phase was collected in fresh microfuge

tubes to which 0.8 volumes of isopropanoi was added and nuxed by gently inverting

to precipitate the nucleic acids. The sample was centnfuged at 10.000 rpm for 10 min.




The pellet containing the plasmid DNA was brefly washed with =0 cthanol mir-

dned and dissolved in 30 pl of TE.
3.2.3. Agrobacterium-mediated transformation

A single colony of 4gro bacterium strain ¢ S8 harboning binary vectors was
grown overnight in a yeast extract broth (YEB) contaming S0mg ml kanamycin on an
incubator shaker. The OD of the overmight grown culture was ensured to be in a range
of 0.6 to 1.0. Aliquots of 12.5 ml of the culture was taken 1 a 30 ml tube and
centrifuged at 5000 rpm for § min. The supernatant was discarded and the precipitated
cells were washed with 10 ml of sterile half MS medium follow ed by centrifugation at
5000 rpm to collect the cell precipitate. The preciptated cells were then resuspended

in 25 ml of sterile half MS and used for co cultin ation

Agrobacterium-mediated transformation of groundnut was carmied out by
using the cotyledon explants as desenibed by Sharma and Anjatah (2000)  The treshly
excised cotyledons were bnefly immersed with their proximal cut ends mnto the
suspension of Agrobacterium contaming the plasmud  with 355 DREBIA or
rd29A:DREBIA for a few seconds and implanted on SIM with cut ends embedded in
the medium for 72 h. The co-cultnated cotyledons were transferred to SIM
supplemented with filter-sterilized cefotaxime (250 mg/l) at a density of five explants
per plate for two wk until multiple shoots appear on at least 70% of the explants.
Utmost care was taken to embed the cut ends into the medium. The explants beanng
shoot buds were transferred to SIM contamning 250 mg’l cefotaxime and 100 mg/ |
kanamycin to initiate selectior and enrichment of the transformed cells. After 2 wk
the proximal parts of the explants containing multiple adventitious shoot buds were
excised and transferred to SEM containing 125 mg/ kanamycin for two to three

subcultures of 4 wk duration each. The elongated shoots (3-4 cm) were cultured on
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RIM without any antibiotics for rooting of the shoots It tahes about 2 wh to produce

multiple adventitious roots on shoots cultured on RIM
3.3. Acclimatization and transplantation of putativc transgenic plants

Rooted plants were transferred to pots (6 inch) contaiming a munture of sand
and soil (1:1) and incubated in a growth chamber at 25 10 28 °C under high hunudity
(-89%) conditions for about 2 wk for hardening Imtally, the potted plants were
covered with polythene bags for about 5 d. The well-established plants were
transferred to bigger pots (13 inch) contaiming autoclinved sand and sorl (1 1) and
maintained in the containment greenhouse tor further growth and matunty  In the
greenhouse. irrigation was stopped about 10 d before hanv esting.

3.4. Molecular analysis of putative transgenics

The primary transformants (T0) were analyzed for presence and expression of
the introduced genes following transfer to greenhouse Molecular analysis ot the
putatively transformed plants was carried out to deternune whether the matenial was
transgenic as well as to determine the copy number and or the mtegnty of the DNA
nsert and transgene expression.
3.4.1. Extraction and purification of genomic DNA from peanut leaves

The genomic DNA was extracted from the p itative transformants following
the method described by Sharma et al. (2000). This method 16 based on the Dcllaporta
DNA extraction method followed by a DEAE-cellulose purification protocol. Briefly,
protocol for the extraction of ggnomic DNA from groundnut was as follows:

Solutions

e Extraction buffer: 100 mM Tris-HCL. pH 8.0. 50 mM EDTA. pH %.0, 500
mM NaCl, 10 mM B-mercaptoethanol.



o 20% SDS
e 5M potassium acctate

e Isopropanol

e 10 mg/ml RNAse A

o TE buffer: 10 mM Tris-HCL. pH 8 0. | mM FDTA. pH RO

¢ DEAE-cellulose suspension: 7.5 Whatman DF $2. 2 M NaClL TV bufler
»  Wash Buffer: 400 mM NaCl. TE bufter pH ".5.

e Elution Buffer: 2 M NaCl, TE buffer (10 mM), pt{ 7 §

Young leaf tissue (0.5 g) 1s collected trom the putatinely transtormed
groundnut plants growing in the containment greenhouse The samples are freese
dried by immersing in liquid mtrogen and Ivophilized tor 10-15 mun before
homogenization to a fine powder with a pestle und mortar  The frozen powder was
transferred to a 25 ml polypropylenc tube to which 15 ml ot the extraction butfer and
I ml of 20% SDS were added and mixed gently prior to mcubation in a water bath at
65 "C for 15 min. The samples were then brought to room temperature betore adding
5 ml of potassium acetate (pH 5.0) followed by incubation on ice for 30 mun The
tubes were then centrifuged for 20 mmn at 13,000 rpm at room temperature The
supernatant was collected and transferred to another tube avoiding disturbance of the
interphase. The genomic DNA was further precipitated with 06 volumes of
150propanol, mixed gently and incubated for 30 min ar -20 "C hefore centnifugation at
10.000 rpm for 10 min. The supematant was discarded and pellet washed in 7046
ethanol followed by air-drying.

Prior to the purificatiog of DNA. 700 pl of TE (pH 8.0) and 10 ul of RNAse
(10 mg/ml) was added to the dried pellet and incubated at 37 “C for 2-3 h The DNA

was diluted with two volumes of sterile distilled water before adding 1 m! of DEAE-

cellulose suspension with gentle mixing for 3 min so as to maximize the interaction
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between the DNA and DEAE-cellulose matnix, The minture was centrifuged for 30
sec at 3.000 rpm to allow the sedimentation of DEF AL -cellulose particles binding the
nucleic acids. The supernatant was carefully discarded and the pellet resuspended 1n
1.2 ml of the wash buffer to eliminate the proteins, polysacchandes, and secondary
metabolites not bound to DEAE-cellulose. This step was repeated twice for better
results. 0.5 ml of elution buffer was then added to the DLAF-cellulose pellet and
mixed gently prior to centrifugation at 3000 rpm for 30-45 sec. The supernatant was
collected in a fresh eppendorf tube and this step was repeated with 0.3 mi of the
clution buffer. The supernatants were caretully pooled and precipitated by using 0.6
volumes of isopropanol followed by centrifugation at 10,000 rpm tor 10 mun at room
temperature. The supernatant was discarded and the pellet washed with 1 ml of 70%,
cthanol and centrifuged at 13000 rpm for 2 min The peliet was arr-dried and

dissolved in 50-100 pl of TE buffer (pH 8.0) for long-term storage at =20 °C
3.4.2. Rapid mini preparation of genomic DNA for quick PCR analysis

Plant DNAzol is an ¢xtra strength DNAZol™ reagent (Invitrogenk U.S.A))
that is specifically formulated for the 1solation of genomic DNA - from plants. The
procedure for DNA extraction by using plant DNA/ol reagent s based on the use of u
novel guanidine-detergent lysing solut.on, which hydrolyzes RNA and allows the
selective precipitation of DNA from a vancty of plant tssues. The whole protocol can
be carried out at room temperature and time imolved in the extraction of the DNA 15

very less and the method is very efficient and quick.

Components

e DNAzol® reagent
e Chloroform
e DNAzol® + ethanol mix (1: 0.75)
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o 70 and 100% ethanol
o TE buffer: 10 mM Tris-HCL+~1 mM EDTA. pH X0
Young leaf tissue (100 mg) was taken and ground i hgquid N+ 0 a fine
powder. To the ground tissue 300 pl of DNAzol" reagent was added and incubated at
25 °C with gentle shaking. After S min, 300 ul of chloroform was added 1o the above
mixture and vortexed for few seconds. The mixture in the eppendort tube was further
incubated for 5 min at 25 “C before being centnfuged for 10 muin at 12,000 pm The
clear supernatant was transferred to the fresh tubes with additon of tao volumes of
absolute ethanol. The samples were mixed well by inverting the tubes tor 6 10 8 times
and were stored at room temperature for 5 min and centrifuged for 4 min at 5,000
rpm. The supernatant was discarded and 300 pl DNAZzol" - cthanol mix was added to
the pellet to precipitate the DNA and followed by vontexing and storage at room
temperature for S min. The samples were centrifuged for 4 min and the supernatant
was discarded. The pellet was washed with 70% cthanol and the samples were
centrifuged at 5,000 rpm for 4 min. The cthanol solution was discarded and the pellet

was air dried and dissolved in 70 pl of Tk
3.4.3 PCR analysis of putative transformants

Initial screening of the putative transformants was done by PCR for the
presence of nptll and DREBIA gene sequences. The 700 bp region of nprll gene was

amplified by using 22-mer oligonucleotide pnmers as reported by Hamull et al. (1991)

as follows: forward primer: 5.GAG GCT ATT CGG CTA TGA CTG -3 and the

reverse primer: 5 -ATG GGG AGC GGC GAT ACC GTA - 3°.

The integration of the DREBIA cDNA into the genomic DNA was also

analyzed by using the 28-mer primers designed to obtain a 500 bp amplicon. These
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mcluded. the forward primer: §'-CGG GTC GTA AGA AGT TTC GIG AGA CTC
G-3". and the reverse primer: 5°- TCC GCC GIG TAA ATA GOC 10C ACC AAC
G- 3". To differentiate the introduced DREBIA sequence from the possible natne
DREB sequences, a 769 bp rd29 DREBIA junction fragment was amphtied by using
24-mer primers including the forward pnimer: 5°-GGC CAA TAG ACA TGG ACC
GAC TAC-3'. and the reverse primer: 5°-GTT GAT 1CC GGG ATT CGG AGT
CTC-3.

The PCR reaction was performed with 50 pl of a total reaction minture
containing 150 ng of genomic DNA. 5 pl of 10X PCR butfer (- MgCl), 15 pl ot 50
uM MgCla 1 ul of 10 mM dNTP mix. | pl of 10 pM Primer L1 pl of 10 yM Primer
11, and 0.25 pl of 1.25 units of Tag DNA polymerase. The total volume was made up
10 50 ul with sterile distilled water. The control devord of the template DNA was used
1n each set of reactions with each pnmer. The amplification reactions were carmied out
by using the Eppendorfx thermal cycler by uung the tollowing conditions
denaturation at 94 °C for 60 sec. anncaling at 38.5 “C (npell). 50 "C (rd 20A), 55 °C
(DREBIA) and 64 °C (rd29-DREBIA junction fragment) for 45 sec and extension at
72°C for 90 sec for 32 cycles with the final extension at 72 °C for 4 min (one ¢ycle).

Fidelity of the amplicons was venfied by resolving the amphified fragments on
to a 1.2% agarose gel followed by transfer to Hybond -ve nylon membrane
(Amersham) and probing with non-radiolabelled npril genc. the Hindlll fragment
containing 965 bp coding sequence of rd294 promoter and BamHI fragment with 64K

bp DREBIA cDNA region resp’ectively by using Alkphos direct system ( Amersham).
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3.4.4. Southern blot analysis

Steps involved in Southern blotting were as deseribed by Sambrook o al
(1989): Digestion of the genomic DNA with an approprate restriction cnzyme, gl
clectrophoresis of the restriction fragments. transfer of the DNA 1o a mion or
mitrocellulose membrane, hybridization of the blot with a labeled probe, and
autoradiography to detect the signal.

Materials

¢ Denaturation buffer: 1.5 M NaCl and 0.5 M NaOH

e Neutralization buffer: 1.5 M NaCland 0.5 M Tris, pH ™8
e 20X SSC (175.5 g’L of NaCl and 88.2 ¢ 1 Na-citrate)
e 250mMHCL

¢ Blotting tray

¢ 3M Whatman paper

e Hybond-N" Nylon membrane (Pharmaciax )

e UV crosslinker (Pharmacia® )

e Paper towels

e Parafilm®

e 500 gm weight

¢ Pasture pipette

Digestion of the genomic DN A with restriction enZymes and electrophoresis
Restriction of the genomic DNA was carnied out overmght by incubating the

samples at 37 °C. The untransformed genomic DNA was taken as control sample. The

genomic DNA (25-30 pg) from each of the putative transformants was scparatcly

digested with BamH] that has two restriction sites and EcoR1 with a single site within
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the plasmid pBI29NotAP DNA to ascertain the Integration pattern: based on siz¢
separation and number of copies of insent respectively The reaction min comprised of

the following:

10-25 pg genomic DNA: § ul of 10X restriction buffer. 2 units n 25 ul ot
restriction enzyme: 7.5 ul of sterile distilled water to make the tinal volume of’ S0 ul
The digested genomic DNA was electrophoretically separated on (89, agarose el

casted in 1X TAE and electrophoresis was performed at 40 volts for 310 4 h
Transfer of the DNA to a nylon or nitrocellulose membrane

The agarose gel resolving the restncted DNA - fragments was placed
plastic tray and depurinated 1n 250 mM HCl with gentle shaking at 10 10 20 rpm for
15 min. The gel was rinsed with distilled water and denaturated in solution consisting
of 1.5 M NaCl and 0.5 M NaOH for 15 min with gentle shaking  The above
denaturation step was repeated with fresh solution for another 15 muin The
denaturation solution was drained off and the gel was gently ninsed twice with
distilled water and the gel was placed 1n a neutralization solution (1 S M NaCland 0 §
M Tris. pH 7.5) for 15 min. The neutralization step was repeated again with a fresh
solution for another 15 min To carry out the capillary bloting to transfer the
restncted DNA from the gel on to the nylon membranc. the nylon membrane and 3
sheets of a 3M Whatman filter paper were cut to the exact size of the gel to be
transferred. The nylon membrane was soaked 1n 20X SSC A bloting tray was taken
and a glass plate was placed on the blotting tray. A fiter paper was placed 1n such a
way that both ends of the filter paper wick were immersed 1nto the 20X SSC placed 1n
blotting tray. A sheet of a 3M Whatman® filter paper of gel si7¢ was placed onto the
blotting paper. The gel was placed carefully on top of the filter paper starting from

one side and with the well side facing down with two additional sheets of filter
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papers. On this, pre-soaked nylon membrane way placed on the gel with marked side
facing the gel. Air bubbles from the gel were remoned by gently rolling a glass pipette
over the gel and a sheet of Whatman® paper cut to the size of the gel was placed over
the gel. The area all around the gel was covered with Parafilm’ 10 prevent contact of
the top paper towels with the wick. A stack of paper towels was placed on top of the
Whatman paper placed over the gel and a weight of 500 gm was hept on top of the
papers. The blotting was performed overmight for complete capillary action | ater the
blot was dried at room temperature for 10 min and the DNA was cross-hnked by

placing the blot DNA side down on a UV transilluminator for 3 10 6 mm

DN 4 hybridization with non-radioactive probes

The hybridization step was carmned out oy using the commercially available
Alkphos Direct labelling and Qctccu/on System (Pharmacia). @ non-rachoactive
chemiluminiscent system. Thc,f';;obc w/a.s labeled with alkahine phosphatase enzyme

that reacts with the added substrate. CDP-Star™

(Pharmacin) and emits photons i
the form of signals that can be idenutied on an X-ray film Temperature m the
hybridization oven was set at 55 "C. The Blot was placed 1n the hybndization bottle to
which a pre-heated pre-hybridization solution was added and hept for hybridization

Probe DNA of 10 pl was taken in an eppendort tube and heated at 100 "C by placing
the sample in a boiling water bath for 5 min and imm.sdate transfer of the sample on
ice for 5 min to denature the DNA. The sample was briefly spinned down prior to use

To this denatured DNA. 10 ul of reaction buffer, 10 Wl of cross Iinker (2 pl of cross
linker added to 8 ul of distilled water) and 2 pl of enzyme labeling reagent was added
followed by a brief spin. Subsequently. the sample was placed in a water bath sct at
37 °C for 30 min. The blots were probed with non-radioactive lubelled (Alkphos

Direct labelling and Detection System: Pharmacia) PCR amplicons.
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The above labeled solution was added to the pre-hybndization butter
(Appendix 8) present in the hybridization bottles without touching the membrane.
After overnight hybridization at 55 "C. the used probe was discarded and the
membrane washed twice with the primary wash buffer (Appendin 9) at 88 °C tor 10
min each. Subsequentiy. the secondary wash was given for S min at room temperature
followed by 30 min storage in the sccondary wash buffer (Appendix 10) pror to

autoradiography.
Autoradiography and X-ray film development

Drops of chemiluminescent detection solution (CDP-Star™) were added to
the blot and excess solution of CDP-Star™ was drained oft by touching the tip of the
blot on to the tissue paper where excess droplets can be soahed The blot was placed
1n a plastic wrap and an X-ray film was placed over it in an exposure film cassette m

dark room and exposed tor 45 mun.

X-ra) film development

The X-ray film was removed from the cassette and placed i a tray contaming
the X-ray Kodak GBX developer for 60 to 120 sec followed by washing with water
for 30 sec. The film was further placed in u tray containing the Kodak GBX fixer for

60 to0 120 sec. The film was rinsed with water for 2 min followed by ar-drying

3.4.5. RT-PCR analysis

Reverse transcription followed by the polymerase chain reaction (RT-PCR)
leading to the amplification ofspecific RNA sequences 1n c¢DNA form 15 a sensitive
means for detecting RNA molecules: a means for obtaining material for sequence
determination and 2 step in the cloning of a c¢DNA copy of the RNA. Vanous

strategies that can be adopted for first strand cDNA synthesis include the reverse
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transcriptase reaction that can be primed by the down stream PCR, pnimer annealed to
the RNA by random hexamers or by an oligo dT primer at the poly A tail ot mRNA

(Kawasaki, 1990). RT-PCR analysis of the putative transformants growing i the

greenhouse was carried out by using the Thermosenipt R1-PCR s \wnmﬂ)
—

. N e
RT-PCR analysis was carried out on I8 independent transtormed plants of 1,

generation (P1 to P18). Total RNA from the putative transformants was iolated by
using TRIzol reagent (Invitrogen) according to the manutacturer’s protocol (Appendin
I'1) and the amplified products separated on 1 2% agarose gel Primer \L‘qucncc\ und
PCR conditions for the npril transcripts were the same as desertbed i PCR analyais
For the DREBIA. the forward and reverse prmiers  used  were S5
CGAGTCTTCGGTTTCCTCAG-3"  and  S-CAAACTCOGCATCTCAAAC ALY
respectively (Pellegrineschr et al.. 2004) with the PCR profiles of an imtial

denaturation at 94 “C for 5 min followed by 34 amplification cycles (94 € tor 48«

o4 -C ftor I'min. and 72 °C f(lr(i s))v\nh a fingl extension evele at 72 € for Snun
3.5. Inheritance of transgenes in T, and T, gencration

To plants were selfed to get T, progeny A total o' 40 sceds. § seeds trom cach
primary independently transformed transgemic event (RD2. RD4. RDIL. RDIZ,
RDI13, RD14. RD15, RD19, RD20. RD21. RD23. RD25. RD2K. RD30) were sown
for further inheritance studies in T, generation (a totsi of 70 V'I, plants were taken).
Inheritance studies were carried out based on PCR analysis for the presence of nprl}
gene in plants transformed with the plasmid pBI29ApNot containing the
rd29A:DREB1A gene construat. PCR positive plants were further tested by Southern
blot analysis for gene integration and for determination of the copy number. Self-
fertilized progeny of T, plants were germinated and raised to matunty 1o get T,

progeny. Eight seeds of five independent transformed events of T, generation (RD2,
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RDI1. RDI12. RD19, RD20) were sown and the replicates were tested for gene
segregation, which were carried out based on the PCR posttive results and analvais

The transgene integration was turther confirmed through PCR analysis tor uprll and

DREBIA genes.

3.6. Dry down experiment for screening the performance of transgenic

groundnut

The water stress was created i dry-down cvpeniments followmng the
procedure described by Sinclair and Ludlow (1986). For this, 8 pots were filled with
dry red soil up to the brim. Initially three seeds per pot were sown and later thinned 10
one plant per pot. The plants were subjected to natural solar radistion with regulated
air and temperature (night day) in the glasshouse. The experiment was started 21 d
after seed germination. The pots were fully saturated and lett overmght to dran the
excess of water. Subsequently. the pots were covered by placing the entire pot in a
plastic bag. bunching the bag opeming around plant stem and strictly twist tving ot
This was to prevent soil evaporation, so that water loss from the pots was only due to
transpiration. A tube was fitted in all the pots. which protruded out of bag <o that the
pots could be irrigated when required. The imtial (target) weight was recorded after
the pots were covered with polvthene bag so that target weight corresponded to when
the soil was at 100% water saturation (field capacity). On the subsequent days. the pot
weights were recorded and the transpiration of cach plant wis calculated by
subtracting the present day pot weight from the previcus day's pot weight. plus water
possibly added (see after) on the previous day. The weights of the pots were recorded
daily in the momning. The water lost per day in the control pots was added back.

However, in order to expose the drought-stressed (DS) plants to a progressive water
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deficit. the drought stressed plants were allowed 1o loose a manimum of 70 g of water

per day. Any transpiration in excess of 70 g per day was added back to the plant

The experiment was termunated when the rato of the tanspration of the
stressed plant to average transpiration (three days) of control plants reaches 0.1 bor
cach genotype, the daily transpiration of cach stressed plant m the water-deficnt
regime was divided by the average mean transpiration of the well-watered control

plants.

TR = transpiration of stressed plant average transpiration of control plants
Then a second normalization was done by dividing that ratio ot cach individual plant
by the mean ratio of the first 3-4 davs of the expennment The latter would provide an
estimate of the ratio for cach plant under well-watered conditions (no stress unul 6"
or 7" days after submitting plants to water defient  stage D, and would then allow
correcting for plant-to-plant vanatons. Total transpirable sorl water (T'TSW ) e the
total amount of water that the plant was able to make avardable for transprration, was
calculated as the difference between the saturated werght and the weight at the end of
the experiment (when normalized transpiration of water stressed plants s below 1004
of the transpiration of controls). The values of FTSW for cach pot was calculated by
subtracting the daily pot weight from the initial pot weight (saturated) and dividing
the difference by the total transpirable soil water (TTSW).
FTSW = daily pot weight-initial pot weight
Initial pot weight-final pot weight
The FTSW threshold Value. the point from where plant’s transpiration begins

its decline was calculated by a plateau regression procedure with SAS (SAS Institute,

1996) by using NTR as a function of FTSW and plotting a graph with FTSW on X-

axis and NTR on Y-axis. The data of NTR-FTSW and the numbcr of days to end




65

point was subjected to average linkage cluster analvsis for prepanng dendrogram by

using Euclidian distance of NTSY'S pe. (Version 2.10 d).
3.6.1 SPAD chlorophyll meter reading

SPAD (Soil Plant Analysis Development) Chlorophyll meter (SPAD-S02,
Minolta) reading is a unit less value which corresponds to the relative amount of
chlorophyll concentration in the leaves by estimating the vamation hetween hight
disintegration at 430 nm. where chlorophyll a and b have peak wayclength to that at
750nm of near infrared without transmittance. SPAD chlorophyll meter reading was
been taken on the secondary leaf from the internodal position on the mamn branch
Readings were evaluated at three different intervals of time at start of stress, after 7
days of stress imposition. and at the harvest. Eight readings were made on cach plant

and then averaged.

3.6.2 Specific leaf area (SLA)

At the time of harvest, leaflets of the whole plants were collected and
processed to measure the leaf area with the LI 3100-lcaf arca machine. Later, the
leaves were oven dried at 80 C and dry weights were taken. The rato of leaf dry

weight to the leaf area is defined as a specific leaf area of the respective plant.

3.6.3 Carbon isotope discrimination
The carbon isotope discrimination. A"C of the remaining leaf ground samples
was measured by mass spectrometry method. The carbon isotope discnmination

values were computed as follows assuming the isotopic composition of atmospheric
CO, as -8 per million by using the formula, A"°C = (6"°C air-6"'C product)(1+8"°C

product/1000).



3.6.4 VPD (Vapor pressure deficit)

The daily temperature and relative humidity (RH) in the contamed greenhouse
chambers was carefully recorded on a daily basis to caleulate the VAPOUT pressure
deficit (VPD). The VPD values for each hine were caleulated for the number of days

the last plant was harvested in the dry down treatment and were a craged thereafier,

3.7. Chlorophyll-a-fluorescence measurements (O JIP)

The quantification of the CF FO-J-1-P transient (JIP test) s based on the
polyphasic fast phase fluorescence nse from two extreme fluorescence mtensities, FO
to Fm at ca. 30 ms (Strasser ct al.. 2000). CF transients of dark-adapted mtact leay es
of the plants were measured by using a Plant Ffficiency Analvser (Hansatech 1 td.
King's Lynn. Norfolk. UK). The transients were induced by red hght (600 mmolm 2
s_1 excitation intensity) at 650 nm provided by an array of sin hght-emitting diodes
The Chl fluorescence measurements were done on pre-darhened plants For the
measurements the plants (60 pots) were covered with a large black cloth after
nightfall on the evening before taking the measurements. The measurements were
taken between 08:00 and 10:30 next moming and the data were transferred to a
computer where all calculations were performed using the “*BIOLYZER™ computer
programme (Maldonado-Rodriquez. 2000) according to the JIP test equations

(Strasser and Tsimilli-Michael, 2001).

3.8. Biochemical aspects involved in possible tolerance to abiotic stress

Leaf tissues were harvasted at different stages of stress under a typical dry
down cycle. These were collected at the stages where the plants reached the NTR 0.8,
0.6, 0.4, and 0.2 along with well-watered control (NTR 1.0). Separate extractions

were made for determining the concentrations of proline, MDA ( Malondealdehyde)
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as well as each antioxidant enzyme. The specific en/yme activities were expressed on

the hasis of the total soluble protein of the samples,
3.8.1. Estimation of total soluble protein

The fresh leaf tissue collected at difterent stages of dry-down cycle was
homogenized in a pre-chilled mortar at 4 °C 1n protein extraction bufter pH 7.0 (Tns
HCI 30 mM, DTT | mM. ascorbic acid | mM. Na:EDTA | mM. MgCly S mM,
PMSF 1 mM with PVP 6 mg'ml). The homogenate was centrnifuged at 12, 000rpm for
15 min at 4 °C. The total soluble protein was estimated by Bradtord's method
(Bradford, 1976). The assay mixture contained 100 ul of the protemn extract to which
5 ml of the diluted dye binding solution was added. The tubes were stored for S min
for the development of colour after mixing. The blue color developed was measured
by using a spectrophotometer (Beckman DUR 530) at 595 nm. The protem content
was determined by calculating the standard curve drawn tor the pure commercial

bovine serum albumin (BSA).

3.8.2. Estimation of proline
The content of L-proline in the leaf samples was estimated by the method
described by Bates et al. (1973). For this. 500 mg of the leaf tissue was homogenized
in 10 ml of 3% sulphosalicylic acd (w\). The homogenate was filtered through
Whatman filter paper No. 1 and the filtrate was further used for assay of proline. Two
ml of the filtrate was added with equal volume of acid ninhydnn (50 mg of ninhydrin
+ 1.2 ml glacial acetic acid+ 0.8 ml 6 M o-phosphoric acid) and incubated for 1 h at
100 °C in a boiling water bath. *After the colour development, the tubes were placed
on ice for 5-10 min for the termination of the reaction. 4 ml of toluenc was thereafier

added to the reaction mixture and vortexed well for 5-10 sec. The two immiscible
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layers formed were carefully separated by using a pipette. The upper laver contaning
the toluene was used for the estimation of praline. The pink colour was measured by
using a spectrophotometer (Beckman DU K 530) at 520 nm absorbance A standard
curve was prepared by using the commercial praline to caleulate the prohine

concentration in the samples.

3.8.3. Estimation of lipid peroxidation

Lipid peroxidation was measured 10 terms of MDA content (Dhindsa et al.,
1981 ). 1 g of the leaf tissue was homogenized in 8 ml of 84 inchloroacete acad
(TCA). The homogenate was centrifuged at 12, 000 rpm for 18 min at 25°C A 2 ml
aliquot of the supernatant was mixed with equal volume of 20°% TCA containing
(0.5% thiobarbituric acid. The mixture was heated at 100 C for 30 nun, quickly cooled
followed by centrifugation at 10000 g for 10 min The absorbance of the supernatant
was recorded at 532 nm (Beckman DUk 530) The non-specific turbidity was
corrected by Aqu subtracting from A<:: The concentration of MDA was caleulated by

using an extinction coefficient of 155 mM™" em ' (Heath and Packer, 196K).

3.8.4. Estimation of Superoxide dismutase (SOD; E. C. 1.15.1.1)

SOD (EC 1.15.1.1) activity was assayed by the photochemical method
described by Giannopolitis and Ries (1977). 500 mg of the freshly harvested leaf
tissue was homogenized in chilled 0.1 M phosphate buffer pH 7.0 containing
0.1mmol/L-1 EDTA. The homogenate was centrifuged at 10.000 g for 15 min at 4
°C. The supernatant was used as enzymc source for the estimation of SOD activity by
monitoring its ability to inhibit ’the photochemical reduction of nitroblue tetrazolium

(NBT) (Dhindsa et al.. 1981). Each 3 ml reaction mixture contained 50 mM sodium

phosphate (pH 7.8), 13 mM methionine. 2 mM riboflavin, 75 mM NBT, 100 nM



69

EDTA. and 0-200 ml of the enzyme extract. After the final addition of nbotlavin, the
tubes were shaken and placed in th reaction assembly The reaction was started by
switching on the light and was run for 10 min. Identical tbes with the reaction
mixture were Kept in the dark that served as blanks. The hght was switched of! when
the tubes were covered with a black cloth to stop the reaction. Fnzyme activity
(units/ml) was proportional to (V' v-1), where \' equals the change 1n absorbance per
min in the absence of SOD. and v equals the change m absorbance per min in the
presence of SOD. One unit of SOD activity was defined as the amount of ensyme
required to result in a 50% ihibition of the rate of NBT (A-mtro blue tetrazolum
clloride) reduction measured at 560 nm. SOD activity values were expressed 1 units

per mg of protein.
3.8.5. Estimation of Glutathione reductase GR (EC 1.6.4.2)

500 mg fresh lcaf tissuc was used for the extraction in an ice bath in 10 ml of

0.1 m potassium phosphate buffer (pH 7.5) contaiming 0.1 M EDTA. 200 mg PV'P

(MW= 25.000), 1% w/v Bovine serum albumin (BSA) and 200 uM f
mercaptaethanol. The lcaf extract was filtered through Whatman filter paper (No.1)
and further used for assay. GR activity was estimated following the oxidation of
NADPH at 340 nm as described by Schuedle and Bassham (1977). The assay buffer
contained 0.5 ml phosphate buffer (pH 7.5). 0.1 MM N.\DPH and 0.1 mM GSSG to a
final volume of 1 ml. The reaction was initiated by adding 100 ul enzyme to the

cuvette and the decrease in the absorbance at 340 nm was recorded. The enzyme

activity was expressed as uM NADPH oxidized per min per gm ol the issuc.
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3.8.5. Estimation of Ascorbate peroxidase APCX (EC J.11. L

Total activity of APOX was measured spectrephotometrically by the method of Chen
and Asada (1989). The extraction medium for leaf APON contamed S0 mM
potassium phosphate buffer (pH 7.8). 0.1 mM EDTA. 190 P\ P-10, | mM ascorbate,
and 0.1% Triton X-100. The leaf extract was filtered through Whatman filter paper
No. 1 before being used for the enzyme assay. For assay of the ensyme actinaty, the
rate of hydrogen peroxide-dependent oxidation of ascorbic acid was determuned i a
reaction mixture that contained 50 mM Hepes-KOH (pH 7-0) contning 1 mM
ascorbate. 1% (v/v) Triton X-100 and enszyme extract (Chen and Asada, 1989 ). The
reaction was initiated by the addition of 10 pl of 10° (v v) H-0 and the oxidation
rate of ascorbic acid was estimated by following the decrease in absorbance at 290 nm

(Beckman DU® 530) for 3 min.

3.9 Statistical analysis

For the phenotypic evaluations ANOVA and Tukey™s test procedures were
executed to analyze the data for the averages and F predicted value for comparison of
different transgenic lines with the wild type cultivar JI 24. The mean regression
analysis was derived for each trait by regressing the mean values of all hines for
particular trait. In the biochemical experiments. the data was scored and analyzed

based on mean and SE values (standaid error) using student’s t- test
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RESULTS

The present study was carried out by Agrobacterium-mediated genetic trunsformation
of groundnut (4rachis hypogeac L.) by using the transcnption factor DRERIA drven
by the constitutive CaM?" 35S promoter as well as a drought responsive promoter
rd294 for improving abiotic stress tolerance. The results obtained 1n this study have
been mainly organized under tissue culture and transformation studies. molecular
characterization of the putative trafisgenic plants followed by physiological and

biochemical evaluation of the transgenic groundnut plants

4.1. Tissue culture and Transformation

Co-cultivation of the cotyledon explants with the 4 tumefaciens strain 58
carrying the plasmids of interest (Fig. 1A. B) for 48 to 72 h resulted in the production
of large number of putative transgenic shoot buds from oyver 90 of the explants (Fig.
2B-E). Each responding explant produced multiple adventitious shoot buds that (Fig
2E) differentiated within 2 to 3 wk of culture iiitiation on a modified MS contaiming
20 uM BA and 10 uM 2.4-D (shoot induction medium. SIM) Multiple shoot buds
differentiated at the proximal cut end (Fig. 2C-E) within 14 days 1n over 80% of the
explants. Transfer to SIM supplemented with cefotaxime (250 pg/ml) and kanamycin
(50 pg/ml) at this stage resulted in the development of these adventitious shoot buds
(Fig. 2 E). However, no further elongation of the shoot buds was observed thereafter
on SIM. Hence, the explant portion bearing shoot buds were cut nto two to four
pieces (Fig. 2 F) and transferred on to the shoot elongation medium (SEM) containing

MS with 2 uM BA and kanamycin (100 pg/ml) for at least three passages of 4 week
2 G).

each when elongated shoots were rescued at the end of each passage (Fig.
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Frequently, four to eight shoots were recovered trom cach responding explant. Afier 3
to 4 passages of subculture, >85% of the shoots transformed with td29A:DREBLA
plasind construct attained a size of 3 10 4 em. However the shoots having
358:DREBIA transgene did not elongate well in vitro conditions and show ed retarded
symptoms (Fig. 3 A, B). The shoots exhibiting bleaching were discarded at carh stage
and only the healthy ones were maintained for rooting. The clongated shoots (4-6 ¢m
in length) were rooted on root induction medium (RIM) containing MS medium with
5 uM NAA but devoid of any selection antibiotic. Roots appeared within 2 wh after
culture on RIM in most of the shoots and were allowed 1o develop further tor 4 wh
(Fig. 2 H) before their transplantation to the greenhouse  following  thar
acclimatization (Fig. 2 1). Over 90% of the rooted shoots transformed with the
rd29A:DREBIA construct survived and appeared to be phenotypically normal, while
the those containing 35S:DREBIA showed stunted growth and high rates of mortahity
(Fig. 3 B). Only 10% of the rooted shoots from the latter could be recovered for

transplantation.

4.2. Transfer of the plants to greenhouse

The rooted shoots were transplanted to pots contaiming a mixture of sand and
soil (1:1) and maintained under high humidity conditions 1n a plant growth cabincet
before being transferred to the P2 level containment grecnhouse until harvest. kifty
independently transformed plants with the rd29A:DREBIA and 18 plants with
35S:DREBIA constructs were successfully transplanted to the greenhouse (Fig. 2°1)
and their T1 generation seed oellected. Thirty transgenic cvents of rd29A:DREBIA
and all 18 events of 355:DREBIA were advanced to T2 generation 35S.DREBIA

plants exhibited stunted growth even under greenhouse conditions (Fig. 2 (') and
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approx 16 % (3 out of I8 primary transformants) of these plants were sterile with no

seed set.

4.3. Phenotypic analysis of 35S:DREB1A and rd29A:DREBI A plants

The growth pattern of 35S:DREBIA groundnut tranformants was compared
with those with rd29A:DREBIA and wild type JL 24 plants under both n vitro and
greenhouse conditions. The 35S:DREBIA plants exhibited acute growth retardation
and a very low survival percentage as compared to the rd29A:DREBIA plants (Fig 3
B. C). TO generation plants with 35S:DREBIA after bemg transterred to the
greenhouse showed greater mortality rates. The plants of both the tvpes were further
advanced to subsequent generations and their seed collected. A sigmificant difference
was observed in the number of seeds produced by both the types: ISS.DREBIA
plants producing less number of seeds as compared to the rd20A:DRFBIA plants
The germination pattern also varied amongst the two types of plants in T1 generation
where 40 % of the 35S:DREBIA plants demonstrated severe growth retardation
within 7 d of emergence: however, 70% of these resumed growth thereafier. The

rd29A:DREBI A plants appeared to be visually normal in their growth pattern.

4.4. Analysis of transgenics

Overall, 69 regenerants recovered from a total of 125 cotyledon explants co-
cultivated with rd29A:DREBIA gave a regeneration frequency ot 40 %. Although. 69
regenerants survived the in vitro selection. PCR analysis for nptll and DREBIA genes
confirmed gene integration only in 50 of these regenerants giving a transformation

H
frequency of over 72 %. This indicated that there were very few escapes that survived
the selection process. Besides, the transgenic T0 plants obtained with 35S:DREB1A-

containing construct were relatively lower in number as compared to the
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rd29A:DREBIA containing transformants. Results of 358°-DREBIA transgenic TO
plants revealed that total of 30 TO regencrants were obtamed from an il 129
cotyledon explants resulting in a low regeneration frequency (22 °4) urthermore,
PCR analysis showed that only 18 of the 30 primary regenerants contained the
DREBIA transgene. Overall. the transformation frequency of the 358 drven
DREBIA plants was 62 %. Because of high mortality and retarded growth of the
35S:DREBIA plants, all the subsequent expenments were carmed out with the

putative rd29A:DREBIA transformants only
4.4.1. Molecular analysis of transgenics

@independently transformed plants of rd29A DREBIA (RDI to RD30)

in TO generation were analyzed by PCR. Southern blot analvais, and RT-PCR PCR

—_— -

analysis of TO plants was carmed out for the amplification of the w«img regions of
nptll and DREBIA genes. Based on the PCR analysis. it was concluded that 72-74¢¢
of the plants of TO generation showed the amplification of the expected size of the
respective gene fragments (Fig. 4 A. B) These amplicons were turther confirmed by
Southern blot analysis by transfernng the PCR amplified fragments to the nylon
membrane and probing with non-radiolabelied nprll gene. the Hindlll fragment
containing 965 bp coding sequence of rd294 promoter. and 500 bp BamHI fragment
of DREBIA. This was necessary to ascertamn the fdehty of the PCR gencrated
amplicons and identify the positive clones that might have produced very small
amplification products that might have been recorded as negatives i cthidium

bromide stained gels. »

The PCR results were further confirmed i T2 gencration plants by

amplification of a 769bp rd294-DREB junction fragment, which ehminated the
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probability of false positives due to the endogenous rd294 DREBIA gene in

groundnut (Fig. 7 B).
4.4.1.1. RNA extraction and RT PCR analysiy

Total RNA extracted from the transgenic samples show ed intact bands of 258,
and 178 RNA, when analyzed on 1.2°% formaldehvde agarose gels. The A260 280
ratio of the total RNA was 1.9 to 2.0 in all the tested samples thus indrcating very
Iittle contamination of the RNA by protein and polysacchandes. Yields m the range of
500-600 g per 1.0 g of leaf sample were obtained in all the samples extracted PCR
amplification of the extracted RNA by using nprll gene pnimers was negatine, thus
confirming the absence of genomic DNA contamin~tion in the samples, RT-PCR was
carried out on all the independent events of 35S:DREBIA where thirteen plants
cxpressed nprll and DREBIA genes. RT-PCR studies on the ¢DNA from the selected
transgenic plants containing rd29A'DREBIA showed positive amphification of the
700 bp nprll gene fragment in all plants under unstressed as well as stressed
conditions. (Fig. 6 A). However. nonc of these events expressed the DRERIA gene
under normal well-watered conditions. The plants were thercafter subjected to water
stress conditions following a typical dry-down protocol and expression of DREBIA
was studied. The RT PCR resulted in the amplification of the 500bp DRERIA

transcript only after 3-5 days of withholding water (Fig 6 B).

4.4.1.2. Inheritance studies

Fourteen independently transformed TO evenis (RD2, RD4. RDI11. RDI2.

RD13, RDI14, RD19, RD20” RD21. RD22. RD25. RD2§&. RD30 and RD33)
containing rd29A:DREBI1A were advanced to T1 gencration and T2 generations. In

order to study the Mendelian inheritance pattem in the T1 progeny. 5 seeds of cach
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T1 event were sown and PCR analysis was performed on a total of 0 (5°14) 71
plawts for the amplification of nprll gene (Fip § A1, A2). Of these 70 plants, 46
showed amplification of nprll gene fragment that followed the Mendehan ratio of
3:1(Table 3: Fig. 5 A). However. progeny trom the event RD21 did not show the
Mendelian segregation ratio (x3" 8.06). Gene integration pattern in the nuclear genome
of the putative transformed plant containing rd29A DREBIA was \cnfied through

Southern blot analysis.

The PCR positive plants in the T1 generation were further advanced to 12
gencration where 8 seeds per T1 event were sown for further study on the inhentance
pattern. Of the 72 T2 plants from 9 independent 1O events, $7 showed the
amplification of a 700bp nprll gene fragment (lable 4: Fig 7 A). The putatine
transformants were also analyzed for the presence of the rd 294 promoter regron by
using Southern blot analysis where 7 events showed the integration of the rd 294
promoter (Fig. 8 A). Further. the Southern blot analysis of T1 individuals indicated
that the number of copies of the DRER/A transgene in the tested plants vaned from
one to four (Fig. 8B). Amongst these, 6 events (RD2. RDIIL RDI2, RD14. RDI1Y,
RD20) were further studied for the genc integration pattern by using T2 generation
plants where plants from 5 events (RD2. RDil. RDI2. RD19 and RD20) showed

single copy inserts while those from the event RD14 showed four copies of the

transgene ( Fig. 8 B).
The results of the molecular analysis of the transformants produced through

Agrobacterium-mediated gene‘transfer method indicated that the transgenic plants

showed the Mendelian inheritance (3:1) of the introduced genes in the Ty and T,

generation while the Southern blot analysis indicated that the copy number of the

transgene varied from one to four. These plants also exhibited stable gene expression
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based on RT-PCR analysis of the respective genes The transgeme events having one

10 two gopies of the transgene were sele
”P__ € £ u} selected tor subsequent pane cvpression and

phenotyping studies

Table 3. Inhenitance of nptll gene in T; generation groundnut plants transtormed with

rd29A DREBIA gene construct

No.1 Number of “Number of
Event ! 0 umber of .
[ ;2] generation PCR positive TP(‘R negatine |I A1 segregation®
plants tested** plants J plants 4 12 _
RD2 S I 4 { ] 4‘ 006
RDA4 b AL 3 T 2 I 06
e - T
RDI1 5 4 j 1 | 006
— ——— -
RDI12 5 5 ) 0 l 167
RDI3 5 3 } 2 | 06
RD14 5 2 [ 3 326
RDI19 5 4 ! 006 '
e - . -
RD20 5 3 2 06
—— e ey
RD21 5 | 4 | N Ob*
RD22 5 3 2 06
RD25 5 > ’ . 126
S R T U ——
RD28 5 4 1 | 006
U —
RD30 5 5 0 Lo
o — ——
RD33 5 3 2 06

*Significant at 5% probability at 1 degree of freedom. where the tabulated 2
value 1s 3 841
**Plants were T, progenies denved from independently transformed Tq events
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Table 4. Inheritance of nprll gene in T generation groundnut plants ttanstormed with
rd29A DREBIA gene construct

T,Plant | No. T, No. of npr 11 No. of npr T Genotypic | RH
No.* plants PCR positive | PCR negative | ration | segregation**
tested** plants planty l_ | 12
- - +
RD2-2 8 5 3 | 25158 1 0 66
I -
RD4-3 8 7 773808 T 06
RD11-2 8 o 2 - Ry i 000
N R
RDI12-4 8 5 3 [ 2srs 0 66
RD19-1 8 6 2 ”T T3 f 000
RD20-2 8 ) o T 4o L 260
|
- i - |
RD25-4 8 7 | IS0S 0 66
RD28-2 8 7 T mas Y e
RD30-1 g 6 BN Y oo
- - L |

* The tabulated * value at 5% probability at 1 degrec of freedom 18 3 841
**Plants were T2 progenies dertved from independentls transtormed 11 events

4.4.2. Preliminary physiological screening

Plants of 14 transgenmc events with rd29A DREBIA inl-2 generation along
with the untranstormed wild type control J1 24 were evaluated for thar phvaiological
performance by exposing them to progressine water hmiting conditions in- the
greenhouse 1n dry-down conditons (Fig 9 A, B) A platcau regression procedure
using NTR as a function of FTSW was calculated by SAS to find the threshold at
which the stomatal closure began to occur. 1¢ when transpiration begans its dechine
upon progressive <ol drying This allowed the calculation for the number of days
between 1nitial decline of trarfspiration and end of the dry-down expenment for the
plants of each transgenic event Iniial assessment of the 14 transgenic events showed

that they differed 1n their transpiration responses to so1l drying (Fig 9 C, D) Plants of
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the wild type J’l.‘gf started to show wilting symptoms (loss of turgor) by 21 davs of

stress thereafter showing severe symptoms. While it took 27 davs for the WT ) 24 10
reach stage u (NTR<O.I). the transgenic events did not st;.ow any wiltmg symptoms
even after 21 days. Thereafier. the transgenic events vaned 1n ther response to drving
conditions where a few transgenic events mcluding RD2. RD4. RDI1 and RD19
showing no symptoms. while events RDI4. RD22 and RD25 showed reduced level of
svmptoms when compared to WT JL 24. The transgenic events diftered largely in the
number of days to reach the end point: RD14 reached the end point in 29 davs, about
the same as WT JL24. while RD4 reached the end point by 82 duy.\ﬂll cvents tested
were compared based on the FTSW' threshold where transpiration declined and found
that all the transgenics had a decline starting at lower FTSW than the W1 JI 2:3)/\
dendrogram based on the similanty in FTSW threshold values and the number of days
to reach the end point under water defieit conditions revealed that these transgenmic
events could be broadly classified into four groups (at a similarity index value of 0.6).
This clearly distinguished the water use pattern amongst these events, thus indicating

that they differed in their transpiration response to water deficit conditions (Fig 10).

4.4.3. Evaluation of the transgenic plants by using dry down methodology

Five events from across different clusters of the dendrogram (Fig 10), having
transpiration responses ranging from very similar to very different wath respect to W1
JL 24 were selected for subsequent cxperiments to study the vanous parameters for

their physiological evaluation as follows:
4.4.3.1. Plant growth and devalopment under well-watered conditions

Average shoot weight (g plant™'). root weight (g plant”') and leaf area (cm’ plant’') of

the tested transgenic events and their wild type parent were measured for the pre-
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treatment biomass (initial) and the post-treatment bromass (final) of WW plants
(Tahle 5). There were difterences in the mitial shoot w cight between the transgeme
events and their wild type. Significant ditferences were seen 1n events RD2 and RDI11
that shpwed a lower initial shoot growth than WT 11 24 und RD20 whose imtial shoot
weight was comparat_ile. Although the events RD12 and RD19 had & somewhat Jow or
imitial shoot growth it was not significantly difterent from the W71 J1 24 and RD20
Regarding the final shoot weight. the transgenic events RD12, RD20 and RD1T did
not vary significantly with respect to the final shoot weight of the WT JI 24
However, the transgenic events RD2 and RD1Y were observed to have accumulated

higher final shoot biomass.

In terms of the initial root weight. except o the event RD 20, there were no
differences in of any of the tested transgemic genotypes Moreover, there were also no
significant differences between the final root growth of the transgenic events and the
WT JL 24. Observations revealed a larger imtial leaf area of RD20 than i RD2 and

RD11, whereas it was intermediate in W7 JI 24 and other transgenic events

By contrast, there was no significant different in the final Jeaf arca between

any of the genotypes. Overall, the imitial leaf area of the event RD 20 and J1. 24 were

the highest.

e

4.4.3.2. Transpiration under well-watered conditions
A considerable range in transpiration was observed amongst the tested events

under well-watered conditions (Table 6). The pattern of transpiraion was essentially

similar in all the genotypes exZept for the fact that the transpiration of WT JL 24 was

among the highest. The cumulated transpiration differed significantly between the
et R

P—

transgenics and the wild type.
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Table 5. Average shoot weights. root weights and feat area of the ditterent transgenie

lines and their wild type parent under well watered condiions in pot
expeniment Data are those of the pre-treatment ham est at 28 1) AS (nitual),

and those of the post-treatment har et (final)*

Event No. Shoot Wt, RootW¢. T Leaf ares
(g/plant) (g¢/plant) ;' (cm’/plant)
i Initial ’ Final [lnitial J' Final | initisl | Final
o+ et !
WTJL 24 5790 | 1085° 06T [ rest a2 swt |00 2
RD 19 415%™ | 1558 o4t [ ﬁn"_‘{ 46581 | 1440 18
RD 12 438 | 1300 1 04t | 162 1 a01 s T 1522 20
RD 20 577 T 1a1a™ [ oak T 209" J,f o8 0% | 1314477
RD2 3650 | 1483 mvﬂL 1 75] N W] s s
RD 11 3200 | 130 | 044 | 1707 | st ast | 1470 75
Grand Mean 45) R7 09 1190 460 1 1345

*Values followed by the same letter are not significantly ditferent at the 5% level

by using Tukey's test

Events RD2. RD11 and RDI2 had 4 lower cumulated transpiration than WT J1 24

Overall, the cumulative transpiration of event RD20 and W T JI 24 were similar and
signficantly higher than 1 RD11 Since large differences in cumulated transpiration
in the expeniment were observed despite similar leaf ireas. the stomatal conductance
of different transgenic events was measured under well-watered conditions The
stomatal conductance of RD2 and RD11 was over two-fold lower than the WT JL 24

Al\t}'xough the stomatal conductance of RD20 and WT JL 24 was similar, that of RD12
and RD19 was significantly lower than that of the untransformed controls The

transpiration efficiency (TE) of the well-watered plants was computed and a

significant genotypic vanation 1n TE was found which was significantly higher in
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RD2. RD11, RD12, and RD19 than in WT J1. 24, These results indicated that all

transgenic lines except RD20 had a significantly higher TF. However, non-significant

difterences could be observed with respect to their TE under well-watered conditions

amongst the transgenic events.

Table 6. Stomatal conductance (Gs). average biomass produced (delta DW) and
transpiration efficiency (TE) of different transgenic lines of groundnut their

wild type parent under well-watered conditions in pot experiments®.

Delta biomass Y _ '

Event number (@ /plant) cot‘:::l:::l“ 1 r:;;_:g::ct;on
WTIJL 24 6.25" T e
RD 19 BXEE T R
RD 12 TS T ]
RD 20 9.69" ot 1T TR0k
RD2 3,06 Ty Y T
RD 11 or e et
Grand Mean 10,79 ‘ G E e

*Values followed by the same letter are not significantly different at the 5% level

by using Tukey's test.

4.4.3.3. Plant growth and development under water deficits

The effect of drought stress on the growth of the plants was observed by
examining the final plant dry biomass at the end of the experiment that was found to
be about two-third of those 1 well-watered conditions (Table 7). Although, there
were no significant differences in the initial biomass of the pre-harvested plants under
water limiting conditions. evcr:t RD20 showed a higher shoot dry weight than WT JL
24. However, event RD11 and RD12 had a lower shoot biomass than the rest of the

transgenic lines but not significantly different from WT JL 24. On the other hand, the
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root dry weight was significantly higher m RD20 and W I 11 24 than the rematning

transgenic events The leaf area of RD2 was lowst of ] although ot stemieantly

ditterent from RDI1 In contrast the leat area of RD20 was on a higher side tollowed

by WT JL 24 and RD19

Table 7. Average shoot weights root weights and leat area of the difterent transgenic
lines and therr wild tvpe parent atter undertahing 4 progressin e drought

stress 1n pot experiments*

Shootwt. | Rootwt., L.caf arca
Event number (g /plant) (/ plant) (cm’ plant)
———— -}
WTIL 24 027" oo 1102 60*
RD 19 TR R 1082 78
4 - — -
RD 12 9 7 a0 T T qoasart
RD 20 192" T oo 1204 71"
ot T i ' I
RD2 11 44" 1 62°, N2
RD 11 9o I 052 1
—_— e ——— — -
739 047
Grand Mean 1058 ! | 14
4 a— - - -

*Values followed by the same letter are not sigmificantly ditferent at the $% level

using Tukey's test

4.4.3.4. NTR-FTSW relauonship

The transgenic events differed 1n the response of NTR to FISW and were
clearly distinguishable from WT JL 24 (Fig 11 A-F) Overall the transpiration of all
the transgenic events started decliming at lower FTSW values (dner soil) under
drought stress than WT JL 24 A typical “slow wilting’ phenotype was observed
towards end of the dry-down water stress treatment (Fig 9 E) The NTR of events
RD2, RD11 and RD19 dropped at sigmificantly smaller FTSW values than RD20 and

WT JL 24 (Table 8) While the WT JL 24 showed a dechne 1n transpiration at high



84

Table 8. The fraction of transpirable soil water (ETSW) pomnt at which the stomat

closure begins to occur as estimated by plateau regression n the glasshous

experntments*

Event number FTSW -Threshold SE <T Confidence })

~ n.«__l limits |
WT JL 24 05472 00211 nenea noeon
RD 19 03655 TR r;, 1199-0 191,
WD 12 0 4461 L0021 T (0 40430 3KK(
)‘ RD 20 0 4935 00 T 0450520 2%
FD 2 02826° 05T 7 05003124
{—RD 11 0 398]4™ L0 0209 t TTacie o avnm

errand Mean 0416 '[ )

*Values followed by the same letter are not aigiuficantls ditterent at the 5% level

using Tukey's test

FTSW values (0 55. high so1l mosture content) the transgenic event RD2 showed o
dechne 1n transpiration at a much lower FTSW threshold (0 28 lower soill mossture
content) Overall, all the tested transgenic events cosed therr stomata at fower FTSW

values (0 28-0 49) under drought stress in comparison to WT JI 24

4.4.3.5. Water extraction and cumulated transpiration

At the end of the drought stress period. the total amount of water extracted
from the soil by transpiration (TTSW) was measured by subtracting the final pot
weight from the 1tial pot weight There was no wignificant difference 1in TTSW
between any of the genotypes tested throughout the drought stress penod (Table 9)

Similarly, the cumulative transpiration was computed as the sum of daily transpiration

from 1mtiation until the plant depleted all the soil water (FTSW 0 1) Overall, while




85

the cumulative transpiration of RD20 was the highest, RD2 and RD11 had a lower

cumulative transpiration under drought stress than did WT JL 24 (Table 9),

The total biomass produced during the dry down ovele (A biomass) showed
significant differences among the transgenic cvents thus indicating  apparent
differences in the biomass produced per umt of water used (TE). The increase in
biomass produced during the dry down period (A biomass) in RD2 than the W1 J1
24. RDI12, and RD11. While analyzing TE of the transgemic cvents tested. 1t was
observed that the WT JL 24 (4.21) had the lowest TE than the other transgenic events,
although. at par with the RD12 (4.25). Morcover, while the events RD2 and RDIV
showed sigmificant differences 1n their TE when compared to the untransformed J1
24, RD20 and RD11 and WT JL 24 did not vary sigmificantly with respect their TF

under drought stress.

Table 9. Average transpirable soil water (TTSW). cumulative transpiration
(cumulative T). average biomass produced (delta DW) and transprration

efficiency (TE) of different transgenic hnes of groundnut throughout the

drying cycle.
Event number | 115 | Cumulstive T Delta biomass | -
(g/plant) (g/plant) (g/plant) |

WT JL 24 85(.8" 1651*" 6.98™ e
RD 19 870.4* 16614 8.74% 524"
RD 12 838° 1558 6.56¢ | 425
RD 20 901.8* 1716° 7.65" l 443"
RD 2 904.4* 1645% 953 T 579
RD 11 899.3 1530" 6.95™ 4.59%
Grand Mean 877.5 s 1627 7.74 475

*Values followed by the same letter are not significantly different at the 5% level

by using Tukey’s test.
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4.4.4. Exploring surrogates of TE

4.4.4.1SLA, SCMR and 4"'C analysis of pre harvest and well-watered treatmenty

Observations revealed that for the pre-har est treatment the specifie leat urea
of the transgenic events did not vary significantly among themsehves (Table 10)
However, significant differences were obsened m the specific leaf area of events
RD2. RD19 and RD20 when compared to the WT JI 24 Simlarhy, in the well-
watered treatment also. there were no differences i the speaific leaf area of the
transgenic events and the WT JL 24. The trait SCMR was not significantly difterent

under well-watered conditions (Table 10).

Results for the carbon isotope discrimination A"'C trait indicated that i the
pre-harvest treatment, the event RDI1 showed a sigmficant varation in the A”C
values in contrast to the RD19, RD20. and RD 2 and WT J1 24 while it was
intermediate for the event RD12. However. under well-watered conditions, RD20O had
a higher Carbon isotope discrimination (A''C) followed by RD2 and RDI1 that was

significantly different from the others.

4.4.4.2 SCMR, SLA and AV'C under drought stress treatment

Specific leaf area analysis of the transgenic events as well as the WT JL 24
revealed that there were no significam differences 1n the SLLA of either of these under
drought stress treatment (Table 11). The SCMR readings were taken at three different

times throughout the stress treatment. At the beginming of the stress treatment, SCMR

for event RD2 was significantly higher than the WT JL 24. Fvents RD 11 and RD20

were intermediate at this stage, whereas. RD 12, RDI9 and WT JL 24 had lower

values for this trait (Table 11). Again. dunng the mid-experiment measurements. RD2

showed a significant variation in contrast to the WT JL 24.
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Table 10. Average values of Specific | caf Area (SI A), SCMR and \1'C of the
different transgenic lines and therr wild type parent under well-watered
conditions in pot exper.ment. Data are those of the pre-treatment ham est at

28 DAS (imitial), and those of the post-treatment han et (final)

SLA (g/em’) SCMR | 3¢
Line No.*
s, ] D -
Initial Final Initial Final Initial Final
e 4 T S,

119.7° | 1879 | 4137 | 3630* | 2123 | 20069

RD 19 2004° | 18714 | 3762™ | 354kt | 208" | 2047
RD 12 189.4%| 2002 | 4162 | 36| e | 07
RD 20 4| 2028 | M0 v | st | e
RD2 204 | 1921 | 40350 | sos | 20 | 2000
RD 11 184.4% | 201.0° 3787_;_?:7}”" S 2087
Grand Mean l 189.3 l 195.5 l 3895 !‘ X(TK(! —|. 5!31 T 20(;5

*Values followed by the same letter are not significantly different at the S level

by using Tukey s test.

Finally, at the end of the drought stress period. the SCMR diftered significantly in the

transgenic plants when compared to the untransformed Ji 24 Overall, ¢ sigmificant

vanation was observed amongst the all transformed events including W7 J1 24 for

the SCMR trait for the first two sets of rcadings with the maximum value for RD 2

and minimum for WT JL 24. A non-sigmficant asymmetry for SLA mcasurement

amongst all the events was observed. However. no sigmificant ditferences were

kP . o
observed for the Carbon 1sotope discrimination A7 10 the transgenic events as well
r d

as the WT JL 24 during drought stress treatment
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Table 11. Average values of Specific Leat Area (SI 4), SCMR and A13C of difterent

transgenic lines of groundnut thioughout the diving ayede D

of the post-treatment harvest (final) after the

experiment

SLA Tt
(g/cm’) W
Event number i
Post Post | Beginning of |
treatment | treatment | the drying
harvest harvest ’ cycle
WTJL 24 237 | a5 | seie
|
RD 19 1939° | 2140° | 36av
RD 12 200 1* 20 98" JT XE» 4—7_’ -
RD 20 2055 | 2077 A
RD2 188" 21 3¢ a208
RD 11 3| 2w e
Grand Mean 199 4 :L .

2R I 07
L

Ju—

ata are those

termunation ot the

SCMR

-

the
drying
cyele

1) 1:!-

..

41380
4138
413

44 73"
FREE
,

4170

[P

Middle of

i
i
I

b

Post
treatme
nt
harvest

19 12"

40 R&"

45 68"

—_——

4512°

49 R0"

473 ’

p 488 |

*Values followed by the same letter are not sigmiticanthy different at the % level

by using Tukey’s test

4.4.4.3 Relation among the traits SCMR, SL4 and C13

A significant negative correlation was observed between the SCMR and STA

under drought stress conditions (r=0 9470, P 001 Fig 12 A) and with the well-

watered conditions (r=0 8110, P<0 05, Fig 12 B) There was, however, no sigmficant

relationshup between the SLA and SCMR with A"'C under drought stress and well-

watered conditions (Figs 13. 14)

4.4.4.4 Relation of TE with SL4, SCMR and A"'C

Results indicated that the reciprocity of the TE with sts surrogate traits

including SLA, SCMR and ABC was non-sigmficant under well-watered regime
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(Figs 15 A, 16 A, 17 A). However, unlike in well-watered conditions, there was a
significant variation amongst the .ested events under drought stress for T+ ranging
between 4.211 and 5.796 that had a sigmficant negatnve correlation with SLA
(r=0.8237: Fig. 15 B) and a positive correlation with SCMR(r 07389, Fig 16 B)

However, the TE did not sigmficantly correlated with A"'C (1 g 17 B)
4.4.4.5 Relationship between TE and FTSW -threshold

Results obtained 1n the dry down expeniment strongly indicated the evistence
of a strong correlation between the TE and FTSW threshold values of the transgenic
events as well as the WT JL 24 (r=0 9124, P- 0 001, Fig 18) Hence. the events that
closed their stomata in dner sotls (low FTSW threshold value) utilized the water more

cfficiently than the others thus resulting in a higher T1
4.4.5. Effect of water limitation on Photosystem 11 (PSII)

Drought-induced decrease 1n the fluorescence as dernved by Fyvim s
measure of the cumulative photo oxidative damage to PSIT that 1 considered to be an
important parameter for evaluation of the response of plants to oxidative stresses
including drought. The present dry-down setup. howeser. did not show any negative
effect on the Fv/Fm of the transgenic groundnut plants after subjecting them to sonl
drying conditions. The results thus obtaned indicatc that there 1 no effect on the
Fv/Fm-value as long as the effect of drought 1s reversible 1e NTR - 01 when all
phystological processes in the stressed plants are \rtually seized There also did not
seem to be any effect of drought stress on the fluorescence transient 1n both the
transgenic events and the WT JL 24 (Fig. 19 A. B). thereby indicating that even under
conditions where FTSW declined to a value of 0, the photosynthetic electron transport

was operating well. Control and drought-stressed transients had very similar
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amplitudes, which indicated that there was little drought-induced decrease in the size
of the photosynthetic apparatus. In general, the drought stress did not seroushy aftect
the photosynthetic system and FvFm values of the transgeme groundnut plants as

well as the WT JL 24 under the dry down set up used 1n this studs
4.4.6. Biochemical characterization

The effect of water stress on several key biochenucal parameters were also
studied in the WT JL 24 and the selected 5 independent transgemic events  These
included the major antioxidant enzymes such as Supcronide dismutase. Glutathione
reductas and Ascorbate peroxiduse. The levels of prohine which 1s imphicated as
having the role of osmoregulation as well as an antoxidant were also determined
immediately after the imposition of water stress and at different intervals following
this (0, 3, 6, 9 and 12 days) in the leaf tissues. To study the level of pid perosidation,
MDA (Malondealdehyde) levels were estimated which s an indication of the tree
radicals.
4.4.6.1 Effect of water stress on Superoxide dismutase activity (E. C. 1.15.1.1)

The superoxide dismutase (SOD) activity. which 18 responsible for the
elimination of superoxide radicals in the cells following stress imposition did not
statistically vary under well-watered conditions ( Table 12). However. the activty of
SOD increased significantly in the iransgenics after the intiation of drought under a
mild water stress (3 DAS) that showed a higher activity in the transgenic events
(5.205-6.33 U/mg protein) when compared 10 the WT JI. 24 (4.562 U mg proten).
Thereafter, on progression of the stress. the transgenic events RD2 and RDII
maintained a higher SOD activity as compared to WT JL 24: RD2 showed a

significantly higher activity at 6 DAS in contrast to the WT JL 24 (Table 12). At
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higher water stress levels (9 and 12 DAS) all the transgemic events showed a
significant increase in their SOD activity levels in contrast to the W1 J1 24 It was
also observed that almost all the trunsgenic ines exeept RD20 showed a sigmiticantly
higher (P<0.001) enzyme activity at higher levels of stress (9 and 12 DAS) in contrast

to the that at 0 DAS (Fig. 20). In contrast. there were no sigmificant difterences in the

SOD activity in WT JL 24 throughout the dry-down ¢yele




‘able 12. Mean activities of Superoxide dismutase (SOD) in whole leaf’ extracts of transgenic as well as wild type groundnut plants during

progressive dry down cycle. (The SOD activities are expressed as units mg" protein where N=5; Mean values + SE).

Event number Unstressed IDAS 6 DAS 9 DAS 12 DAS

RD 2 53431 0.1979 6.338 +0.2147 7.691 +0.3573 8308+ 0.5957¢ | 11.230 +03626***
RD 11 5.236 1 0.1702 5548 +0.172 6.290 + (.1955* 7.387 + 0.3501 9.96() + ().3913%**
RD 12 5.346 1 0.0468 5.205 £ 0.1946 T281 * 0.3170%#+ 7.702 + 0.1734* 9.828 + (.258]***
RD 19 5.576 3 0.0509 55320159 0.226 + 113078 6.192 - 0.208 9.645 + (03931 44+

e ———— - lr———«a-— e e e ‘“""""'“": "'_‘_"’—“ e —— P e e
RD 20 | 5469 L L2SK SERO:0090 | 5631 - 02478 5975 - 0.2929 6.990 - 0.4316*

__T,_,_.,m oo e T e 2 = "‘7"‘ S —— e U S U |

WTIL 24 S B e SA-02071 LSRRG - 07642 5226 - 01045 |

* Indicates the level of significance from the mean values for the untransformed JL 24, (P- 0.05: P~ 0.01) by using student’s t test.



i

IS PO RUISK S§ (1) g tgr -d) b7 1f POULOJSUENUN I 10} SIN[EA URIWE I} WAL} BRSO [2A7] 3y SALIPUL

Ty e e g e e oo e e oy e o e =
LOSOO - K515 KP90°0 - L0680 PRLO0TERRED  FELO0 T 86LY0 SHL0D < 9EEE0 FUAM
S s que ; e — - I J_l
+ X000 Regy) 6LED0 - 6080 LTSOOT06EED L OFE00 T L9910 ESLO0 T 00 0z
«ESELO S 21660 LPO0 T 68280 P00 T 979t 081070 + toFto ST + SYUPS0 ol (Y
8Y9C0 68820 1990°0 7 90850 81900 + L98S°0 FSIT0+ 905E0 LIGD0 T 6680 T ay

*+£L60°0 ¥ 6018°0) £901°0 + S1S9°0 «80F0°0 + 09090 PLAO + 8LTYO PEp00 + 9ZIr 0 ' (AR ]

$SLY00+S6880 | H11L00T085L0 | +9880°0F 950L0 £T80°0 ¥ LYSK 0 01£0°0 T 9£15°0 ay

—

svaz SVa 6 SVa9 SVa £ passansuf) | JoquInu JUIAY

- ]

(3S ¥ sanjea ueapy *p-N atoym urajord  Jus g se passaidxa a1e sonIANdE XOdV Y1) 3[0K3 umop A1p aaissaidosd

Buunp sweid nupunod ads PIt™ SB []om Se OWdASURY Jo SPRIXD J83] djoym Ul (XOJV) 2sopiosad 2ipqroosy Jo SINIALOE URDA "] qEL



4.4.6.3 Effect of water stress on Ascorbate peroaidase activiny (EC 1.11.1.11)

Water stress showed a distinet eftect on the {v orbare Porovdase (APOY)
activity 1n the transgenic events as well as the W1 J| 24 durmg the dryv down
expenment (Table 13) The differences 1n the APON activiny were not significant
under well-watered conditions at the beginming of the evpenment However, after 3
DAS. APOX activity 1n the leaves of the transgenic plants exposed 10 progressive sorl
drying showed a 20% increase as compared to the untranstormed contol The specific
activity of APOX was significantly higher in RD2 (1 8 fold) and RD11 (1 $6- fold)
than the WT JL 24 plants at 6 DAS Further. at 9 DAS the APON activity of RD2 was
approximately 1.5 fold higher (0 7480 uM mg protein) than the W1 J1 24 (0 4907
uM/mg protein). However, a significantly higlier APON activity was obsernved 1n
RD19 followed by RD2 1n contrast to WT JI 24 at 12 DAS (nlihe the observed
SOD activity, the APOX activity in the transgenic events RDI2,RIDIY and RD20 did
not show a sigmificant increase when compared to that observed at 0 DAS (hig 22)
However, differences 1n the APOX activity were obsersed between RD2 and RD1T at

12 DAS. Agan, the WT JL 24 did not show any significant difterences in APOX

activity at different stages of water stress A reduction in APOX acnvaty at 3 DAS
observed 1n RD19 was unexpected
4.4.6.2 Effect of water stress on Glutathione reductase activity (EC 1.6.4.2)

Glutathione reductase (GR) that catalysis the NADPH-dependent reduction of

oxidized glutathione did not show any significant increase in activity under no or mild

water stress during 0 and 3 DAS (Table 14) The transgenic events RDI1 and RD12

showed a sigmificant increase (P<0 05) 1n GR activity when the plants faced water

stress for 6 days (6 DAS) The GR activity increased thereafter where the events
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RDI11, RD19 and RD20 showed a higher activity at 9 DAS in contrast to the W1 J1
24 All of the transgenic events showed a sigmificantly higher GR actinaty at 12 DAS
(P<0 001 for RD2 and RD 19) and (P<0 01 tor RD11 RDI2, RD20)  The GR
activity 1n the transgenic events was tound to be significantly higher at 6 9 and 12
DAS at least at P<0 05 when compared 10 0 DAS (Fig 21) The GR actinvity in the

untransformed JL 24 was not significant throughout the stress penod
4.4.6.4 Effect of water stress on Proline levels

There were no sigmificant differences in the prohine content of the transgenic
events and the WT JL 24 under well-watered conditions as well as at the beginnming of
the stress at 3 DAS (Table 15) However. its content increased at 6 DAS thereby
indicating significant differences (P 0 01) 1n the prohine content of all the trunsgenic
events (869 8-916 3 um g) except 1n RD20 which did not sigmificantly difterent trom
the untransformed control (797 2 uM g) The clevated prohine levels in all transgenic
events with the exception of RD20 were significantly higher than the WITJI 241 2-
| 4-fold at P< 0 01) at 9 DAS Simularls. the clevated proline level of the transgenic
events at lower NTR value at 12 DAS showed a sigmificantly higher increase (125

1 3-fold P< 001) over WT JL 24 Since 3 DAS 4 significant increase was observed in

the proline level of all transgenic events as well as the W1 JI 24 indicating the

ortre k2]
accumulation of proline soon after encountering Water «tress (hig 23)
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44.6.5 Effect of water stress on free radicals (MDA; Malondealdeh yde)

An increased accumulation of hpd peronides s aindicatine of enhaneed
production of toxic oxygen species The level ot MDA (one of the major [BA
reactive metabolites) increased in the drought stressed plants In the present study. the
MDA levels did not change m the transgenic events as well as the untransformed
control under unstressed (well watered) or a mild stress (3 DAS) conditions {Table
16) However, WT JL 24 at 6 DAS showed a sigmiticant increase in MDA when
compared to the transgenic events RD2, RDI2. RD19 and RD 20 The MDA levels in
the WT JL 24 at 9 DAS and 12 DAS increased sigmificant!y in contrast o the
wransgenic events (P< 0.001). Significantly. there were no differences in the MDA
content in RD2, RD11 and RD12 throughout the drving cvele However, significant
differences 1n the MDA level was observed in RD19 and RD20 as well as the W
24 at 9 and 12 DAS 1n comparison to the unstressed plants (0 DAS) thereby

indicating that the increase in MDA content was dependent on the specific response

of plants to water stress (Fig 24).

4.4.6.6 Ratio of Antioxidants

The balance between SOD and APOX (and or CAT) activity an cells s
considered to be crucial for determiming the stead: state level of O2 and H202
Results based on the ratio of specific activiies of SO and APOX indicated that until
9 DAS. these were 1dentical during all the stages of stress n the transgenic events
(10.56-12.1) and WT JL 24 (11.2-120) However. a decrease 1n the SOD APOX ratio

was observed at 12 DAS 1n WoT JL 24 (8 5) as compared 1o the average ratio of all the

transgenic events (11.2).
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5. DISCUSSION
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DISCUSSION

The explosive increase in world population, along with the continuing
deterioration of arable land, scarcity of fresh water. and increasing environmental
stress pose serious threats to global agricultural production and food secunty (Garg et
al.. 2002). Although conventional plant breeding has led 10 some successes in
breeding crop varieties with improved adaptations to abiotic stresses such as drought,
high salinity and temperature. further progress in breeding for abiotic stress tolerance
may require the use of modern molecular tools. Classical methods such as positional
cloning and insertional mutagenesis have been used with success to identify genes
having a major effect on the phenotypic variation. However, these methods are
limited by genomic size and/or by the lack of transposons 1n the species bemg studied
Therefore. there is a continuous need to integrate biotechnological approaches such as

transgenics and genomics (transcriptomes. protcomics. metabolomies) with plant
physiology and plant breeding so as to build an infrastructure for applying these tools

for crop improvement. However. in the absence of molecular tools to introgress

drought tolerance traits into germplasm. transgenics offer attractive opportumties for

' i + specific abiotic stress-linked processes 1n
incorporating novel genes that may regulate specific abiotic stress-linked pr

plants (Sharma and Lavanya. 2000).
Several gene transfer approaches have been attempted to improve tolerance to
abiotic stresses in different plants species (Holmberg and Bulow, 1998 Vinocur and

Altman, 2005; Umezawa et al.. 2006). Depending on the developmental stage and the

external stimuli, the stress responsive genes are classified as dehydrin-induced. ABA-

responsive, or late embryogenesis abundant (LEA). Stress-induced proteins with

known functions include water channel proteins, key enzymes for osmolyte (proline,
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betaine, sugars, and polyamines) biosynthesis. detoxification enzymes, and transport
proteins (Tarczynski et al., 1993: Pilon Smits et al.. 1995. Xu ¢t al., 1996; Bohnen
and Jensson, 1996; Sivamani et al., 1996; Bohnert and Shen. 1999: Kasuga «f al.,
1999). However, tolerance to drought is very unlikely to be the effect of a single gene.
Hence, a more appropriate strategy would be to switch on regulatory genes (COR,
rd294) or a transcription factor regulating the expression of several genes related to
abiotic stress (Bartels and Sunkar. 2005: Chinnusamy et al., 2005). Many genes that
are induced by various environmental stresses have been identified. cloned and
characterized which include several families responsive to desiceation (Y amaguchi-
Shinozaki et al.. 1992). low temperature (Nordin et al., 1991 Welin et al.. 1008), cold
(Gilmour et al., 1992; Horvath et al.. 1993) and others stresses (Tarczynski et al.,
1993; Xu et al.. 1996: Sivamani et al.. 2000; Bohnert and Shen, 1999). Genetie
transformation of plants by using genes encoding for stress inducible cis-acting or
trans-acting transcription factors are known to regulate a number of genes. These have
been shown to activate a cascade of native genes that are involved i response to
stress and may be effectively deployed for abiotic stress tolerance in crop plants
(Shinozaki and Yamaguchi-Shinozaki. 1999).
Groundnut (Arachis iaypogaca L.) is one of the important food legume crops
of the semi-arid tropics (SAT). The molecular tools that could help assisting the

breeding activities for complex traits such as drought and other abiotic stresses are not

vet available in groundnut. Due to the lack of sufficient polymorphisms in groundnut.

marker assisted selection is rate limiting. Besides. Q1. mapping in groundnut is also

limited by the non-availability of molecular markers and difficulties in its genotyping.

Therefore, in our efforts to improve the drought tolerance of groundnut. an ABA-

independent transcription factor DREBIA driven by the stress-responsive promoter
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from rd294 of A. thaliana was used 1o develop transgemic plants tollowing
Agrobacterium-mediated genetic transformation. The present work, to the best of our
knowledge is the first ever attempt wt engineertng groundnut for abiotic stress

tolerance. The results obtained in this study are bemng discussed here

Regeneration and transformation studies

Regeneration potential in tissue cultures s attected by the tvpe of explant,
culture conditions, and age of the explants (Sharma ¢t a1, 1v00) derobacterium-
mediated genetic transformation of groundnut by using the de-embryonated coty ledon
explants was carned out successfully followimyg the transformation protocal reported
earlier from ICRISAT (Sharma and Anjarah. 20000  The regeneration  and
transformation system showed high regeneration potential and  trequency  of
transformed shoots. As previously reported by Sharma and Anjmah (2000), the
transformation procedure is simple. rapid and resulted inoa large number of
transformants as compared to several other reported systems for groundnut (Kartha ¢t
al.. 1981: Bhatia et al., 1985: Chen et al.. 1990; Mchently et al.. 1990, Mchently,
1991: Cheng et al., 1992). This system. based on cotvledon explants from mature
seeds favours efficient Agrobacterium-mediated genetic transformation duc to- the
rapidity of morphogenesis and no requirement of frequent subculures The target

cells for transformation are those at the proximal cu surfaces of the cxplants These

types of explants that produce adventitious shoot buds through direct regencration
have been shown to be excellent for obtaining transgenic ferile plants 1n several other

crop species as well (Moloney et al.. 1989).

In the present study, the DREBIA gene was driven cither by the CaM}’ 35S

,
promoter for constitutive expression or by the promoter of rd94 gene from 4
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thaliana for drought stress-responsive expression DREB/ 4 has been shown to bind 1o
the cis-acting DRE and regulate the expression of many stress-related genes under
drought, salt and cold stress conditions 1n . {rabidopsis (Luy et al . 1998) DRI 18 also
known to be involved in the ABA indcpendent gene expression under  stress
conditions in many dehydration responsive genes like rd2v4 that sre responsble tor
dehydration and cold induced expression (Yamaguchi-Shinozaki and Shinosaki.
1993; Iwasaki et al. 1997, Nordin et al. 1991) However, a vamation m the
transformation efficiency was observed in the transgenic events for the two difterent
constructs used 1n this study A large number of putative transgenic groundnut plants
(TO generation) were regenerated that included I8 cvents trom 3585 DRIBIA
(constitutively expressed) and 50 events trom rd29A DREBIA (stress-inducible)
constructs These differences might be duc the fact that the 358 DREBIA plants
expressed DREBIA constitutively. thus resulung in the alteration of structure und
physiology of the plant In the present studies. 1t was observed that constitutive
expression of DREBIA had adverse imphications on the shoot clongation as well as
rooting of these plants 1n vitro resulting in a low recovery of the transformants

Previous reports on constitutive overexpression of the DREBI C BE genes in plants

also showed an undesirable dwarf phenotype (Liu et al . 199K, (nlmour et al . 2000)

However, there are no reports on the negative effects of constitutive expression of
[} §

DREBI A on the overall transformation frequency

In the present study. constitutively expressed DREBIA (355 DREBIA) plants

exhibited stunted growth even under control condinons 1n vitro as well as in the

greenhouse. Moreover, 16% (.3 out of 18 primary transformants) of the 35S DREBIA

plants turned out to be sterile with no seed set Similar observations have been

reported earlier in 4 thaliana where the constitutive expression of DRLBIA n
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Arabidopsis transgenics resulted in impros ed stress tolerance at the expense of growth
and productivity (Kasuga et al.. 1999). In contrast. all the S0 independent. primary

transformants (TO) with rd29A:DREBIA showed a normul phenotype and were
completely fertile and produced viable seeds. These plants appeared nomal and their
phenotype closely resembled that of the regenerated or untransformed control plants

The phenotypic differences observed in the constitutn ¢ly expressed DRER LA plants
might be due to the fact that the genes were being expressed all the ime, whether or
not the plant is under stress. These results are in accordance with those previously
reported by in tomato expressing Arabidopsis CRBFI (Hach et al. 2002)

Overexpression of CBF/. severely reduced growth 1n tomato, thus suggesting that
heterologous CBF/ also affects developmental nrocesses i transgemie plants Such
plants showed a decrease 1n fruit size. seed number. and fresh werght as compared
with the wild-type plants under normal conditons These results gave a strong
indication that constitutive expression of the DREBIA transgene in plants results i
stress tolerance at the expense of growth and productivity (Kasuga ot al, 2004),
However, a recent report on the constitutive eapression of DREBIA by using
revealed that Ubil:CBF3 (DREBIA) and Ubi1:ABF 3 plants displayed normal growth
and seed-set (Oh et al.. 2005). The use of a stress inducible promoter in the present
work appeared to minimize the negative cffccts on the plant growth where no
significant differences in the growtn pattem were observed in rd29A:DREBIA plants

under non-stress conditions. This observation also support carher reports indicating

that the rd294 promoter as stress inducible and allows gene expression dunng

exposure to stress conditions TShinwari et al.. 1998). However. this 15 in contrast to @

. , . showed growth
recent report on transgenic potato expressing DREBIA gene that showed gr

retardation under the influence of the rd294 promoter (Behnam et al.. 2006).
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Nevertheless, considenng that rd20A DREBIA did nat eflect the gronth of

. roundnut plantlets n vitro. all further work was restncted to these transgenie plants

Stable intcgration and expression ot toreign genes in transgeme plants are of
critical importance for the successful apphication of genetically: engineered crops 1n
agneulture A vanety of molecular and biochemical tools mcluding polvmerase chain
reaction (PCR). reverse transcription PCR (RT-PCR) Southern hybrdization,
Northern hybndization, ELISA. In-gel assavs, and W estern immunobloting have
been extensively used to confirm the presence copy number and expression of
transgenes (Cao et al, 1991) The most common and powertul wins of detecting the
presence of transgene are PCR and DNA gel blot hvbridization In the present studies
the presence of nptll and DREBI1 genee was confirmed o the priman
rd29A DREBIA transformants by PCR analvas An additonal the fidehty of PCR

amplicons was ascertained by transferring the PCR products to the nvlon membranes
followed by hybndization with the gene fragment Further confirmation of the
integration pattern and copy number of the transgenes was carned out through
Southern blotting where the putative transformants carrving the DRFRBIA - gene

showed one to four copies ot the insert

Instability 1n the transgene expression 15 one of the major probiems in the

transgenic plants In the present study. a few of the TO transformants failed 1o express
the transgenes (DREBIA and nptll). but were found to be positine 1in PCR for these

genes This mught be attmbuted to the gene wlencing and interactions between

or different transgenes. which result n

multiple coptes of the same transgene
»
unexpected expression patterns of foreign genes Additionally. sev eral other factors

such as transgene rearrangements and stlencing may prevent the transgenc €Xpression

(Kumpatla et al.. 1998, Matzke et al . 1994)
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The expression of the nprll and DREBIA genes before and after the water stress
treatment was determined in individual plants of the T} transgemc events by RI-
PCR. As expected, nprll was constitutively expressed i all plants before and after
water stress, while DREB/A dnven by the rd2v4 promoter was not induced under
stress-free conditions. Transcripts of the DREBI4 gene dmven by the rd294 promoter
were detected after only 5 d of water stress. These obsers ations indicate that the 4
thaliana rd294 gene promoter is an effective water-stress-inducible promoter In
groundnut. Earlier work on histochemical analysis for expression of the rd29.4 wdA
fusion showed that the uidA gene cxpression was induced by desiccation in transgenic
Arabidopsis rosettes (Shinwari. 1999). Similarly. in wheat also the DRF B4 genc
expression under rd294 promoter showed a level of expression, which was, similar 1o

that observed in Arabidopsis (Peliegnneschr et al . 2004)

Stable integration and faithful inhertance of the transgenes 15 of immense
importance in application of transgenic technologs (Mohanty ¢t al . 2002) To venty
the inheritance of transgenes 1n the present study. 14 independent TO events were self-
pollinated to obtain segregating T1 progeny for genetic analysis In the T1 progeny.
13 transgenic events showed a segregation pattern of 3 1 for the nptl] marker gene
These studies revealed that the putative transgemic plants generally followed the
Mendelian segregation ratios for the transgenes in the T» generations as well. thus

confirming the success of the transformation procedure.

Evaluation of transgenics

Stress conditions usedsfor the evaluation of transgenic matenal 1n most of the

. v p N2
studies reported so far (Shinwari et al.. 1998: Nanjo ¢t al., 1999, Garg et al., 2002).

have been usually too sharp, which the plants are very unlikely to undergo 1n a real
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field condiion The overexpression ot DRERB/ 4 has been shown to delay plant death
following withdrawal of imgation 1n transgenic wheat (Pellegnneschn et al, 2004),
while an improved tolerance to salimty 1n potato (Behnam ot al  2006) and low-
temperature has been reported 1n tobacco (Kasuga et al  2004) However, the
protocols used for the evaluation of transgenic plants for abiotic stresses often
nvolved the use of young plants grown in small pots disregarding water content 1in
nots that are usually mamntained under mappropnate light and growth conditions
(Tarczynski et al , 1993, Pilon-Smuts et al 1996 \uctal 1996 Pellegnneschi ot al |
2004) However, such procedures to impose stress o4 the phenotypic evaluation of
transgemc plants to study their response to drought and other stresses have been
questioned (Sinclair et al , 2004) In the present studv @ morc reahistic physiological
response to progressive soll drying has been adopted so as to include @ proper control
of so1l moisture depletion This also ensured that the test plants were exposed 1o stress
levels and kinetics of water-deficits similar 10 those Itkels to occur under ficld
conditions This dry down procedure involved using the fraction of transpirable soil
water (FTSW) as a covanate for soil moisture availabihity tor comparing the response
ot different physiological mechamsms to soil drving that has also been used
~uccessfully across a wide runge of crop species (Ritchie 1980 Sinclair and Tudlow

1986, Weisz et al , 1994, Ray and Sinclair 1997 199% )

Imtial assessment of 14 transgemc events under the diy-down conditions

showed that they differed 1n their transpiration responses 1o sl drying  The

. ber of days to
dendrogram based on stmilanity in FTSW threshold +alues and the num y

end point under water deﬁc'lt conditions revealed that the events could be broadly
. : 1
classified into four groups of 06 s] (similanty ndex) This index  clearly
e genot
distingwished the water use patten among the tested events with the genotypes
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located in the upper part of the dendrugram (including JL24) using the water at a
faster rate that those located in the bottom part, thus suggesting that these events
differed in their transpiration responsc to water deficit. These results confirm that the
drought responsive element (DREB/.4) inserted in the transgenic groundnut events
were probably associated with stomatal regulation Contrasting transgenic events can
be further used to assess the physiological response of stomata under drought; event
RD4 could withstand drought for longer penod while the event RD14 was similar to
the untransformed control. A selection of contrasting trunsgenic events in this study
selected from different locations in the dendrogram, was turther used 1n detarled
experiments to confirm these results and to investigate the hink between the
differences in stomatal closure and TE. This approach 18 1in contrast 10 most other
studies that chose extremes based on phenotype or gene copy number (Behnam et al |

2006).

There seemed to be a himited effect of the transformation on the overall shoot
biomass. The physical appearance did not differ 1n the transgemic events when
compared to their wild type parent. Only shight differences n the carly growth were
observed in the transgenic events RD2. RD11. and RDI9 It was interesting to note
that the event RD11 show ed somewhat lower growth than the other tested transgenic
events under well-watered conditions. This could possibly be due to gene expression

modulation by the position of gene ntegration. Similar effects have also been

reported in other transformation systems (Jackson et al.. 2004) In fact, in the present

study, the overall growth was better 1n most transgcuic events than 1n untransformed

'ontrol. In previous studies, it has been found that constitutive expression of DREBIA

ansgene in Arabidopsis plants resulted in stress tolerance at the expense of growth

1d productivity (Kasuga et al., 1999).
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The PCR and RT-PCR analvsis used for \

enfication and expression ot the

transgenes 1n the transgenic plants revcaled that the /)Ry RI4 gene was speatically

induced under water stress conditions Theretore, there 1 sull an unansw ered question

as why large phenotypic differences in Tt and us were obsen ed under well-watered
conditions. According to previous work (Shinozah and amaguchi-Shinozaks. 2000),
it has been shown that DREB/A transcripts were induced only tor a short period after
stress imposition while the transcripts of vanous genes activated by DRLHT 1 could be
detected for a longer period. Hence. 1t 18 possible that 1n the present study, even the
plants under well-watered conditions might have expenenced some sort of stress at
some point before the imitiation of the experiment. ¢ g. a shight temperature mcrease

on a hot day that could trigger a stress response, where the transenipt could not be

detected.

Under well-watered conditions. 1t was ohserved that none of the transgenic
cvents had smaller roots than in n the untransformed controls In contrast. the root
dry weight of all the transgenic events, except RD20 was lower than that of the
untransformed controls following water stress According to the overall tramework
for plant performance under water deficit being defined as Yield T x TH x Hi
(where T 1s the total transpiration. TE 15 transpiration efficiency and HI 1s harvest
index; (Passioura, 1977), the performance of transgemies 1 this study would have a
high TE component. but their hmited root growth under drought might undermine

their T component, and could be a causc for concern However, we found no
Al

differences between the transgenics and the wild type in the amount of water
extracted from the pot, thus suggesting that despite their roots being smaller under
drought, they were efficient at extracting water from the water-hmiing sl

conditions. In fact, in this type of system. roots are usually not in hmited amount to
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fully extract the soil moisture, Further investigation would be needed to explore the

root growth of the different transgenic events in o system allowmng their growth in

decp soil layer, such as long and large PVC ¢vlinders.

The present study clearly indicated that there were no sigmificant differences
between the selected transgenic events in the leaf arca of the pre-treatment plants and
or of the post-treatment harvest under the well-watered moisture regime. However,
drought stressed plants of events RD2 and RD11 had lower leat arcas than the drought
stressed plants of WT JL 24. This suggested that the leat expansion might have
stopped at lower FTSW values in untransformed controls (dryer soil) than i the
events RD2 and RD11 (Devi et al.. unpublished results). Since reducing leat’
expansion or reducing leaf area is an efficient way for drought-adapted speaies 1o
limit evaporation under water-limited environments (Nageswara Rao et al, 2001), 1t 1s
likely that this mechanism could also contribute to water cconomy in the transgenic
plants tested in the present study.

Water use efficiency (WUE) 1s onc of the major trats that have been
associated with drought tolerance in groundnut (Rav and Nigam. 2001).
Transpiration efficiency (TE: biomass produced per unit water transpired), an
alternate measure of water usc efficiency 1s an essential trait duc to the abihity of
groundnut crop to maintain high photosynthete activity even under low stomatal
conductance without showing impact on carbon assimilation and yield (Wnght ct al.,
1994). The most striking result of the present work 1s that most transgenic events had
higher TE under well-watered conditions than in WT JL 24, with some events
showing up to 70% increase compare to WT JL 24. Also. one event, RD2, had also
about‘ 50% higher transpiration efficiency under drought stress conditions. Thesc

~—.

diﬁe;;?:cs can be considered as very large, compare to the range of vanation usually
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found for TE between germplasm accessions in other crops. In fact, this study s, as
far as we know. one of the first to test the range of phenotypre vanations tor 11 by

using isogenic materials. Such type of material 1s likely to be of great interest 1o re-

explore the physiological mechanisms invols ed in high TE m groundnut.

It seemed that the differences in TF under well-watered conditions were well
related with the stomatal conductance data. There was a significant negative relation
between TE and Gs data R™ = 0.76) under well-watered conditions. This a8 in
agreement with the theory on transpiration efficiency. which states that high TF s
achieved under conditions of low stomatal conductance (Farquar, 1982; Condon et al
2002). Indeed. Sinclair et al. (2005) have recently established through model analysis
that a maximum daily transpiration rate. imposed by stomatal closure during the high
irradiation period of midday would lead to substantial water saving and increased T

in sorghum,

Efforts to breed groundnut genotypes for high T, ve. the major tran
conferring tolerance to intermittent drought in groundnut (Wnght ¢t al.. 1994) have
obtained limited success. This is in part because the molecular markers that could
assist the breeding activities for such a complex trait as TE are not yet available in
groundnut. Moreover. several surrogate traits that show a relationship with Tk that
have been used in the breeding activities ((Hubick et al.. 1986, Wnght, ct al.. 19KK,
1994; Wright et al., 1994).) do not always show a very tight association with TE In
fact. all the work done in relation to TE in groundnut has used the germplasm matenal
with inherent variation probably hiding the genuine traits related to TE. Among the
surrogate traits underlying TE. it has been proven that TE has an cstablished relation
with the various easily and non-destructively measurable traits like SLA and SCMR

(Wright et al., 1994; Nageswara Rao et al.. 2001, Bindumadhava ct al., 2003), ac
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(Farquhar et al.. 1982: Udayakumar et al.. 199%) und A0 (Bindumadhava et al..

2003). The question remains as w hich of these surrogates are really televant?

One of the objectives of the current \tudy was 1o examine that relationship
amongst the five sclected transgenic events and untransformed J1 24, and 10 re-
explore the relations between the surrogate traits and TE In this study, consistent TH
advantage in few of the transgenic events have been obsened in companson to the
wild type parent that ranged from 50 to 100°, and both under well-w atered and w ater-
deficit treatments. Preliminary data indicated that the rd29A DREBIA transgemc
events usually had more consenative use of water that 15 in agreement with
inferences interpreted from other NDREB /A transgenic materals ke wheat (Condon et

al.. 2002: Pellegrineshi et al.. 2004).

TE of the transgenic events selected for this study had o significant nepative
correlation with SLA(r=0.8237). These results are similar to those reported by Wright
et al. (1994) and Nageshwara Rao and Wright (1994) for non-transgeme groundnut
that showed a positive correlation (r 0,90 to (.93*#) hetween speaific leaf area
(SLA. ratio of leaf area to leaf dry weight) and A''C. and a negatnv e relationship with
TE. thereby confirming that SLA can be used as a surrogate measure of Th in
groundnut. Although, a slose correlation of SLA with TE has been established 1n
controlled experiments. the strength of correlation vaned (r-0.71 to 0.94) between
SLA and A'’C (Wright et al. 1994) when tested over a range of groundnut genotypes
and environments (Wright et al. 1996).

Since TE in groundnu_t is controlled mainly by mesophyli rather than stomatal
factors (Roy, 2001; Wright et al. 1994 Rao et al. 1995; Sheshshavee et al 1998.
Udayakumar et al., 1998), parameters such as SCMR. which is strongly linked with

mesophyll efficiencies, should also be linked with TE. Indeed. a strong relation is
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usually found between TE and SCMR. In the present study. TF also had u significant

positive correlation with SCMR (r=0.7359). These obser ations are in accordunee

with the earlier study by Rao et al.. (2001) that show stgmficant correlations hetw een

the SPAD Chlorophyll Meter Readings (SCMR). SLA and specific leat mitrogen

(SLN) in groundnut and suggested that SCMR could be ued s a rapid, low

=CON,

non-destructive technique to screen large breeding populations for ST A or S] N

Despite the sevcral reports on relationships between  carbon 1otope
discrimination (A"'C) and TE (Farquhar and Richards, 1984, Farqubar ot al 1089,
and increasing the scope for using A13C as an indirect selection tool 10 assess the
genetic variability in TE in groundnut (Hubich et al 1986, Wright ¢t al 1988, 1904,
Roy et al., 1995; Sheshshayee et al. 1998: U'dayakumar et al . 1998), the relatonshp
between TE and A"*C could not be established in the present study This could be due
to the fact that the transgenic material used in this study was basically sogenic 10
untransformed JL 24 and differed only duc to the insertion of a DRER! A gene This
probably suggests that another mechamsm confernng differences in Tt operates in

these transgenic events. Furhter investigations on this aspect are currently on going

Drought-induced decrease mn the fluorescence parameter v Em, which s a
measure of accumulated photo-oxidative damage to PSIL s considered to be an
important parameter for cvaluation of the transgenic plants. However, a decrease in
Fv/Fm may be a result of different effects of a particular stress. In the first case, this
might be due to the PSI fluorescence contnbution to Fo (up to 30%0). As a result. the

chloroplasts with a lot of PSI. the P$I-contributior to Fo will be relatively mgh and as

i v e sec case, the spillover
a consequence the Fv'Fm-value will be lowered. In the second ¢ p

affect due to de-stacking of thylakoids where the antennac of PSII and PSI can make

contact would result in an energy flow between the two antennae (energy flows from



114

PSII to PSI). However. in case of higher plants the membranes are stacked and only

PSI] can be in stacked membranes, while the PSI s 1n the destacked parts, This leads
to a physical separation between PSII and PSI and limuts the energy loss ot PSIE due
to spillover. Thirdly. during photo-inhibition. the hght energy knocks vut PSII
reaction centers. but they do not immediately disappear from the membrane As o
consequence, the variable fluorescence 1s lost but there 1s stll a contrbution to bo
This would result in a decline of Fv Fm-value that is proportional to the oxygen
evolution activity. The present drv down set up. however, had no effect on the kv Fm
of the groundnut plants. The gradual soil dryving treatment did not atfect the tunction
of PSII of the groundnut plants. In a previous study, Garg et al (2002) estimated
photo-oxidative damage to the PSII reaction center by measunng the Fy Fmon the
rice leaves that were dark-adapted for 10 min prior to the measurements at regular
intervals (25, 50. 75. 100 h) dunng 100 h of cortinuous drought stress Here, the
measurements were madc only after a 10 min dark adaptation, in contrast to overnight
dark-adaptation in our study. The results thus obtained were the development o the
Fv/Fm as a function of the time. Therefore. the patterns are difterent for the difterent
events over the 100 h stress period. In our study. overmght dark-adaptation prior to
making measurements in the groundnut plants was more than enough to recover from
any photo-inhibition. Therefore. it can be concluded that the drought treatment needs
to be lengthened in order to detect an cffect on the Fvim of the transgenic events
under water stress conditions. The point where this value decreases might. theretore,

result in a predictiv~ threshold value for the drought resistance of the transgenic
plants.

Many plants accumulate free proline in response to the 1mposition of

environmental stress such as high salinity. low temperature and drought ( Hare et al.,
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1998). In response to osmotic stress. uam

ArEantms accumulate vompanble

osmolytes to adjust their intracellutar OSmoetic potential and o protect sab-cellula

structures against stress damage (Anmengaud et al . 2004) N siemticant ditference

m the accumulation of proline levels were detected 1 the Teay oe ot wild tvpe I 204
and transgenic plants carrving rd29A:DREBIA when grown under standand stress-
tree condition. However. proline accumulation was more pronounced and imcreased
significantly in the leaves of the transgemic events than i the W1 J1 24 plants
exposed to water deficit conditions. The high concentration of prohine n transgeniv
plants under severe water stress suggested that the production of proline 1s an adaptive
response to osmotic stress. It has been shown that there s an increased accumulation
of proline in the sos/ mutant under salt stress. which probably reflects mereased
cellular damage by salt stress in the mutant (Liu and Zhu, 1997) Simubar increise in
proline content was also shown n transgenic tomato plants over-expressing AAINTLAV]
under high salinity conditions (Fujita et al. 1998 Zhang and Blumwald, 2001)
Moreover, the overproduction of proline in tobacco leads to an increased tolerance to
osmotic stress (Kavi Kishore et al.. 1995). In bactenia, several studies have shown that
proline accumulation confers stress tolerance (Leisinger. 1996). 1t scems that in plants
also. the accumulation of proline could be a part of stress tolerance mechamsm (Hare
and Cress 1998; Nanjo et al. 1999). In addition. the overexpression of the

transcription factor CBF3 lead to clevated Jevels of proline and soluble sugars that arc

normally associated with cold acclimation (Gilmour et al.. 2000)

The accumulation of proline in plants under stress can offer multiple benefits

to the cell (Hong et al., 2000). In the present study. we found that free radicals are

formed during water stress. as measured by an increase in the MDA production.

MDA, a lipid peroxidation product, has been used widely to assess the levels of frec
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radicals in iving cells (Kunert and bderer, 1083y |

wese e tadicals can react wath

many cellular constituents., meluding DN proteins and Iprds eadimy 1o radial

Jhain processes, peronidation. membrane leakage and Production o1 toan
compounds (Davies. 1998) This confirms carlier observations by Al et al (1993 on
the production of free radicals under salimty stress where the resulis indicated
significant negative correlation between the proline levels and MDA production, thus
uggesting that the elevated prohine also reduced free radical fevels m response to
osmotic stress, thereby. sigmificantly improving the ability of the transgeme plants to
better survive under water stress (Fig 23) These results i accordance with those

reported by Hong et al. (2000) on the role of proline i reducimg ovdatine stiess

induced by osmotic stress. 1n addition to its aceepted role as an osmohvie

Central to signal transduction pathwass related to drought and other stresses
are reactive oxygen species (ROS), which are molecules formed by the mcomplete
one-electron reduction of oxygen Drought stress leads to the disruption of clectron
transport systems. Therefore, under water deficit condiions. the main sites of ROS
production 1n the plant cell are organclles like chloroplasts. mitochondna, and
microbodies that have highly oxidizing metabolic activities ROS are gencrally
damaging to essential cellular components. and plants have cvolved vanous ROS
scavenging mechamsms (Shigeoka et al.. 2002) These inddude the enzymes
Superoxide dismutase (SOD), Catalase. and Perovidases. as well as oxidized and

reduced glutathione. Compansons of drought-suscepuble and tolerant cultivars of

herbaceous species have suggested that increased  tolerance 1s correlated with

induction of higher levels or higher responsivencss antionidative defenses to stress

(van Rensburg and Kriiger. 1994: Jagtap and Bhargava. 1995, Sairam ¢t al.. 199%).

Similarly, the tolerant species maintamed lower concentrations of O, than drought-




usceptible species, thereby dimimishing the 1k of ovdatiy Cmpuny (Quattacar and

\avaro-1zzo. 1992, Quartacer ¢t al | [vug,

Transgenic plants o CT=expressing vanous antiontd mt o, yimes and showany
tolerance to drought and chilling have been reported carlier (Rovas ¢ al - oo”
Noctor and Foyer. 1998, Zhu et al , 1909 Oberschall et al - 2000y (n crevpression of
a tobacco glutathione-S-transforase (GS1) and ehaathion. porovdase (GPN) n
ransgenic tobacco seedlings under a4 vameny of stresses tesulted n - ineredased
glutathione-dependent peronidase scavenging and alterations 1 glutathione and
ascorbate metabolism. leading to reduce onidatn ¢ damage (Roxas et al . 1997y Wy ¢t
al (1999) 1solated cDNA-encoding chloroplastic Cu Zn- SOD and mutochondnal Mn-
SOD from wheat where the Northern blot analysis showed that Mn-SOD genes were
stress-inducible. Though Cu Zn-SOD gene did not increase under drought there was
INcrease 1N €xpression on reversion to normal condition The results show that both
Mn-SOD and CwZn-SOD play definite roles m stress tolerance Studies with
transgenic nce over-expressing yeast Mn-SOD showed increased levels of Ascorbare
peroxidase and chloroplastic SOD in the transformed rice compared to the wild type
The transformed rice also showed more saimty tolerance than the wild tvpe
Transgenic alfalfa (Medicago sativa) expressing Mn-superavide dismutase (DNA
tended to have reduced njury from water-deficit stress. and this improsement was
also seen 1n field tnals in yield and survival

the antioxidant responses of SOD and associated

In the present study.

antioxidant enzymes such as APOX and GR 1o water stress was compared 1n wild

type and transgenic groundnut plants containing rd29A DREBIA The increase in

APOX activities 1n leaves 1s probably a response to the enhanced production of

reactive oxygen species, in particular H:0: under water stress (Elotner et al . 1987,
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Smimoff and Colembe, 1988). This work was deemed of terest because previous
work had showed that in water stressed pea leaves there was a currelative increase
between the cytosolic CuZnSOD and APOX activities, thereby suggesting the

coordinated expression of both enzymes (Mittler and Zilinskas, 1994),

Although the transgenic plants in the present study mamtained a rato of
SOD:APOX specific activity that was essentially identical 1o that in wild twpe Jl 241n
plants under well-watered conditions. this ratio differed in the transgenics and the
wild type plants at extreme water stress (12 DAS). Since. the transgeme plants
survived drought for a longer period and also accumulated bromass throughout the
stress, this could indicate that a high SOD:APOX ratio. combined with increased
activity of these enzymes. is necessary for optimum stress resistance, Sen Gupta et al
(1993) in their studies on transgenic tobacco plants also speculated that APX gene
expression could be upregulated as a direct or indirect response to a constitutive
increase in HyO» putatively associated with SOD overexpression n the SOD” plants
Besides, there is a commonality among oxidative stress tolerance mechanisms that are
co-regulated (Neill et al.. 2002; Shigeoka et al.. 2002). Thus. the clevated levels of
APOX and GR in drought-stressed plants could suggest that the drought stress in

these groundnut transgenic events may lead to acchmation tolerance.

In conclusion, this study has been cfficiently successful in developing
transgenic events of groundnut with the DREBIA transcnption factor that is
specifically expressed under the influence of a stress responsive promoter from rd29A
gene. The stress inducible expression of DRERIA these transgenic plants did not
result in growth retardati;n or visible phenotypic alterations as reported carlier
(Kasuga et al., 1999, 2004). The transgenic events. characterized at the molecular

level revealed the integration as well as expression of thc transgenes. The
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wansformation frequency was high >72-74% wth plants exhibiing a low copy

number of the insert, establishing the efficacy of the cotyledon based transic mation

system in groundnut (Sharma and Anjarah. 2000) Physiological evaluation of these
transgenic events showed the promise of transformants of groundnut, with respect to
enhanced tolerance to drought stress. The events exhibited o diversity of stress
response patterns, especially with respect to the NTR-FTSW relatonship Al the
selected transgenic events differed from the wild type parent 1n their normahized
transpiration rate response to FTSW. showing a dechne i transpiration at lower
FTSW values (dryer soil). Most of the tested transgenic events performed relatively
well under water limiting conditions by mamntaning a higher 15, which 18 an
important component of plant performance under imited mossture conditions, two of
the selected events showed up to 50% higher TF under water deficit. Further, the
linkage of other physiological traits such as SLA. SCMR and A''C 1o drought
tolerance provided more insights nto the mechamsme of stress tolerance TH was
positively correlated with SCMR and negatively correlated with the SLA. which are
in accordance earlier reports suggesting SCMR and SLA as rapd, low-cost, non-
destructive techniques to screen large populatons for drought in transgenic plants.
However, the usual relation between TE and A''C was not found, suggesting that
further investigation is needed on what could potentially be a novel mechamsm to
explain differences in TE. Besides. biochemical compansons of transgenic plants and
its wild type parent suggested that increased drought tolerance was correlated with
induction of higher levels of antioxidative defenses. The evaluation of these results
under field conditions will%provide the usefulness of this approach. The overall results

of this study demonstrated that engineering for abiotic stress tolerance by using the
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SUMMARY AND CONCLUSIONS

6.1. Summary

Environmental stresses in arid and semi-arid tropics (SAT) are the major
factors of yield instability in crop production. Plants are constantly being subjected to
external stresses that require them to respond in an appropnate manner. Abotic
stresses directly or indirectly affect the physiological status of an orgamism by altenng
its metabolism, growth, and development. Despite focused efforts to mprove major
crops for resistance to abiotic stresses (1) such as drought. excessive salimty, and low
temperature by traditional breeding. success has been limited. The multigenic and
quantitative nature makes it difficult to breed for abiotic stress tolerance. Therefore,
understanding the responses of plants to their cxternal environment 1s of importance
with respect to basic research. but it is also an attractive target for improving stress
tolerance. Rapid advances in genomic technologies are lcading to an increased
understanding of global genc expression in plants. Investgation of the molecular
mechanisms involved in the abiotic stress response of plants has made substantial
progress in recent years (for reviews. see Knight and Knight 2001; Zhu 2001: Seki et
al. 2003). Stress resistance pathways are inter-related. some genes induced by
different stresses and the over expression of certain regulatory genes are demonstrated

to confer resistance against a number of abiotic stresses (Shinozaki et al., 20003).

The legume family is one of the most important groups of plants worldwide,
as an important source of protein in the human diet, of fodder and forage crops for
animals, of oil crops, and for available nitrogen in the biosphere. Groundnut is

principal legume crop, which has rich source of edible oil (43-55%) and protein (25-

28%) content. It is presently cultivated in 108 countries of the world on 24.8 million




12

hectares with an average productivity of 1.36 tons per hectare: Most of the cultivated

area accounts for developing countries cnacting about 804 of the world production
even though they are unable to produce substantive amount because of the drought as
a major restraint. Pre-harvest aflatoxin contamination 1s a common occurrence m

peanuts that are grown under non-irrigated conditions and exposed 1o prolonged

drought and elevated soil temperatures during seed de elopment.

The mechanism of drought response has been extensively i estigated 1n the
model plant Arabidopsis thaliana. However, little is known about gene expression of
groundnut under drought. Groundnut mamtains a high photosynthetic activity even
under low stomatal conductance without showing impact on carbon assimilation and
yield making the Transpiration efficiency (TE) an essential trant (Wnght ct al., 1994)
for drought tolerance. However, efforts to breed groundnut genotypes for high
transpiration efficiency (TE) and stomatal conductance have obtained imited success.
This is in part because the physiological data and information about the molecular

events underlying the abiotic stress response in groundnut are hmited.

Genetic engineering approaches could lead to simpler and more cffective

gene based alternatives for combating biotic and abiotic stresses 1n this 1important

legume crop. The present study deals with the production of transgenic groundnut

with improved tolerance to drought stress by using the DRERIA transcniption factor
driven by either the CaM}’ 35S promoter for constitutive expression or by the

promoter from A. thaliana rd29A gene for stress responsive expression.

The first objective of this work was to test if the genetic engineering of

groundnut for abiotic stress tolerance can be achieved by stress inducible expression

of transcriptional factor DREBIA without any detrimental effects on plant growth and
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development. The second objective was to investigate and document the molecular
characterization of the transgenic events of groundnuts under water hmiting
conditions I the greenhouse. Finally, the third objective was to carry out  thorough
phenotypic and biochemical evaluation of DRERIA-commming  groundnut
transformants for physiological characterization of possible tolerance to water stress
under greenhouse conditions, and the identification of transgenic events exhibting
improved tolerance to water limiting conditions, The expeniments involved studies on
tissue culture and transformation, molecular and biochemical charactenzation of the
transgenic material, and phenotyping studics. The salient features of this study are as

follows:

1. The present study involved Agrobactcrium-mediated genetic transformation of
groundnut variety JL 24 by using the cotvledonary explants from pre-soaked
mature seeds.

2. The Agrobacterium tumefaciens strain C 58 carrying the hinary plasmids
containing AtDREBIA driven by the stress-inducible promoter from rd.294 gene
of A. thaliana (rd29A:DREBIA) and CaM}’ 358 constitutive promoter
(35S:DREBIA) ior transformation expenments. The plasmids contained nprll as
a sclectable marker.

3. Co-cultivation of the cotyledon explants with the 4. tumefacicns carrying the

rd29A:DREBIA and 35S:DREBIA constructs for 48 t0 72 h resulted in over

70% transformation feequency. The proximal cut ends of the cotyledon explants

resulted in the induction of adventitious shoot buds after 2 wk of culture on

shoot induction medium (SIM). The explants bearing shoot b
on medium (SEM) contamning 250 mg/L

uds were

transferred to the shoot elongati
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cefotaxime and 100 mg/ L kanamyin to initiate selection and ennchment of the
transformed cells for another 2 wk. Thereafier. the proximal pants of the
explants containing multiple adventitious shoot buds were ewveised and

transferred to SEM containing 125 mg L Kanamycin for two to three subcultures

of 3 to 4 wk duration each.

The elongated shoots (3-4 cm) cultured on the root induction medium (RIM)
without any selection pressure were found to be effective for efficient induction
of adventitious roots within 3 wk. The rooted shoots were transferred to pots
containing autoclaved sand and red soil resulted in further acchmatization with

95-100% success rate.

While over 90% of the rooted shoots transformed with the rd20A DREBIA
construct survived and appeared 1o be phenotypically normal, the shoots
containing 35S:DREB1A showed stunted growth and high rates of mortabty (up
to 80%).

Fifty independently transformed plants with rd29A:DREBIA and I8 plants with
35S:DREBIA were successfully transplanted to the greenhouse and were
advanced to T2 generation.

Under greenhouse conditions. over 40% of the 35S:DREBIA cvents showed
delayed germination and severe growth retardation within 7 d of scedling
emergence where 70% of seedlings resumed sub-optimal growth thereafter. In
contrast, the seed from rd29A:DREBIA plants showed normal germination and
growth behavior,

PCR analysis and Southern hybridization of the amplicons with the target genes

carried out for nptll and DREBIA genes in TO transformants amplified the
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expected sizes of gene fragments from 75% of the analyzed putative
tranformants. Transgene integration as confirmed by Southem blotung fur
rd294 promoter region revealed presence of the pene i the TO generation
plants. Southern blot analysis of the 6 tested T1 events with rd29A:DREBIA
indicated single insert in 5 events. while only 1 event showed two copies of the

transgene.

Self-fertilized TO events advanced to T1 and T2 generation were studied for
inheritance patterns of the transgenes. Scgregation analysis of the 11 and T2
generation progeny for the nprll indicated segregation in o Mendehan rutio

3:1).

RT-PCR studies on ¢cDNA from the putative transgenic plants (358 DRI:BIA
and rd29A:DREBIA) showed positive amplification of the nprll gene fragment
in all the selected transgenic events under unstressed as well as water-stressed
conditions. The transcripts of rd294-driven /JDREBIA were detected only in the
plants subjected to 5 d of water deficit.

Initial assessment of 14 transgenic events carried out by using the soil drving
experiments showed differences in their transpiration responses 1o so1l drying.
Wild type (WT) JL 24 started to show wilti:.g symptoms (loss of turgor) much

carlier (55 % of FTSW) followed by severc desiceation symptoms and death

when compared to the rd29A:DREBIA transgenic events(28-49% FTSW).

A dendrogram basedson similarity in FTSW threshold values and the number of

days to end point under water deficit conditions revealed that these transgenic

events could be broadly classified into four groups (at a similarity index value of

0.6). Five events from across different clusters of the dendrogram with




15.

126
transpiration responses ranging from very similar 10 very different with respect
to WT JL 24 were selected for subsequent experiments on their physwlogical

evaluation.

Under well-watered (WW) treatment, the transgemic events RD2 and RDIG
accumulated higher final shoot biomass although there were no sigmificant

differences in the final leaf area between any of the tested genotypes

The cumulated transpiration differed significantly between the transgenic cvents
and the WT JL 24: events RD2, RDI1 and RDI2 had a lower cumulated

transpiration than WT JL 24,

The stomatal conductance (Gs) of several transgenic events measured under

WW conditions was over two-fold lower than in WT J1. 24,

There were no significant differences 1n the imtial biomass of the pre-harvested
plants under water limiting conditions. The leaf area of RD2 was lowest of all,
although not significantly different from RDI1. In contrast. the leaf area of

RD20 was on a higher side followed by WT JL 24 and RD19.

The transgenic events differed in the responsc of NTR (normalized transpiration
rate) to FTSW (fraction of transpirable soil watcr) and were clearly
distinguishable from WT JL 24, with transgemc events dechmng their

transpiration in dryer soil than WT JL 24. The transpiration rate of all the

transgenic events started to decline at lower FTSW values (dner soil) under

an in"WT JL 24. Overall, all the tested transgenic events closed

-0.49) under drought stress in

drought stress th

their stomata at lower FTSW values (0.28

comparison to WT JL24.
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A significant genotypic variation in TE was observed under drought stress
treatment that was significantly higher in transgemie events RD2, RDI11, RDI2
and RD19 than in WT JL. 24. These results indicated that all ransgemic events

except RD20 had a significantly higher TE.

The total biomass produced during the dry down cyele (A biomass) showed
significant differences amongst the transgenic events. thus indicating apparent
differences in the biomass produced per unit of water used (TE) RD2 showed
an increase in the biomass produced during the dry down periad (A biomass)

when compared to the WT JL 24 and transgenic events RD12 and RD1 |

A significant negative correlation was observed between the SCMR and S1.A
under drought stress conditions (r=0.9470, P~0.01) when compared to the WW
conditions (r=0.8110, P<0.05). There was. however. no sigmificant relationship
between the SLA and SCMR with A''C under drought stress and WW
conditions. The relationship of TE with its surrogate trans including SLA,

SCMR and A"*C was non-significant under well-watered regime in all the tested
transgenic events including WT JL 24.

Unlike in WW conditions, under the drought stress treatment (DS) there was a
significant variation amongst the tested even » for TE that ranged between 4.211
and 5.796 that showed significant positive correlation with SLA (r: 0.8237) and

SCMR(r=0.7359). However, the TE did not significantly correlated with A''C,

thus suggesting a lack of relationship between TE and A"C.

A strong correlation was observed between the TE and FTSW threshold values

of the transgenic events as well as the WT JL 24 (r=0.9124, P<0.001) under

drought stress treatment. Hence, the events that closed their stomata in drier
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soils (low FTSW threshold value) utilized the water more efficiently, thus

resulting in a higher TE.

Drought stress did not seriously affect the photosynthetic system und Ky ‘Fm
values of the transgenic groundnut plants as well as the WT JI. 24 under the dry
down set-up used in this study. Drought stress did not affect the fluorescence
transient in both the transgenic events and the WT J1. 24, Control and drought-
stressed transients had very similar amplitudes. which indicated that there was

little drought-induced decrease in the size of the photosynthetic apparatus.

All the transgenic events showed a significant increase i ther SOD activaty
levels at higher water stress levels (9 aud 12 DAS) 1n contrast to the WT JI 24
The differences in SOD activity in the transgeric and the wild type control
plants were found to be statistically significant (P+ 0.001 by t test) for the
transgenic events RD2, RD11. RD12 and RD19 when the plants were exposed

to 12 days (DAS) of water stress.

Glutathione reductase (GR) activity in the transgenic events was found to be
significantly higher at 6, 9 and 12 DAS at least at P70.05 when compared 0 0

DAS. The GR activity in the untransformed JL 24 was not significant

throughout the stress period.

The high concentration of proline content in transgenic plants under water stress
suggested that the production of proline is an adaptive response to osmotic
stress. Proline levels increased significantly after 3 DAS in all transgenic events

as the WT JL 24, indicating that proline accumulated soon after

crease in MDA content was

as well

encountering water stress. However. the in

dependent on the specific response of plants to water stress. There were no
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differences in the MDA content in RD2. RD | and RD12 throughout the drying
cycle whereas its levels significantly increased in he WTJL 24 at 9 DAS and
12 DAS (P<0.001).

The transgenic plants maintained ratios of 10.56-12 1 for 80D APOX specific
activity that was essentially identical to WT J1. 24 (112412 0) plants under well
WW conditions. This ratio differed 1n the transgenies (11 2) and the wild type

plants (8.5) at extreme water stress (12 DAS) levels only

6.2. Conclusions

The transgenic events of groundnut with the DRERIA transcription factor that s
either constitutively expressed or specifically expressed under the influence of a
CaM}’ 358 promoter or a stress responsive rd294 promoter from Arabidopsis

thaliana were successfully developed 1n the present study The stress inducible

expression of DREBIA in these transgenic plants did not result in any growth

retardation or visible phenotypic alterations as was observed with the 358 DREBIA

plants. The transgenic events with relatively low copy number (one to two) of the
transgene were used for phenotyping. Fourteen transgemic events in T3 generation
were phenotypically evaluated in dry dowr expenments to study vanous
physiological parameters including plant response. to sl drying as measured by the
fraction of transpirable soil water (FTSW). stomatal conductance and transpiration

efficiency (TE). The selected events exhibited a diversity of stress response patierns.

especially with respect tathe NTR-FTSW relationship Al the selected transgenic

events differed from the wild type parent i their normahized transpiration rate
response to FTSW, showing a decline in transpiration at iower FTSW values (dryer
soil). Various transgenic events exhibited increased transpiration cfficiency (TE).
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which is an important component of plant performance under limited moisture
conditions. Two of the selected transgemic events showed up to 5% higher
transpiration efficiency under drought stress, which 15 an important component trait of
crop water productivity and plant performance under water-lmited condiions. The
differences in TE observed in the transgenic groundnut events, both under well
watered and water stress conditions offered an 1deal matenal to re-explore the relation
between the different surrogate traits and TE. There was a sigmificant vanation
amongst the tested events under drought stress for TE ranging between 4211 and
5.796 that had a significant positive correlation with SCMR(r ) 7359) and » negative
correlation with SLA(r=0.8237). However. the TE did not sigmificantly correlated
with AC thus suggesting a lack of relanonship between TH and A''C Thi
relationship between TE and A'’C could not be established 1n this study, which could
be due to the fact that the transgenic matenal used 1n this study was basically 1sogenic

to JL 24 and differed only due to the insertion of DRLEBIA

A sigmficant ncgative correlation between the proline levels and MDA

production indicated that the elevated proline reduced the free radical levels n_

response to osmotic stress, and significantly improved the abiity of the transgenic

plants for better survival under water stress. Proline accumulation was more
pronounced and increased significantly 1n leaves of the transgemc cvents than in the
wild-type JL 24 plants exposed to water deficit conditions. The transgemc plants

maintained a ratio of SOD: APOX specific activiiy that was essentially identical to

that in wild type JL 24 plants under well watered conditions. However, this ratio

DAS).

differed in the transgenics and the wild type plants al extreme water stress (12
t stressed plants suggested that

enic lines may lead to acclimation tolerance.

Thus elevated levels of APOX and GR levels in drough

drought stress in these groundnut transg
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Based on the results observed in the present study, 1t can be concluded that
engineering for abiotic stress tolerance by using the DREBT 4 genc of 1 thuliana has
the potential to contribute towards know ledge on the physiological basis of stress
tolerance as well as the development of drought stress toleramt genotvpes of

groundnut in the near future.




BIBLIOGRAFPHY




BIBLIOGRAPHY

Abebe, T., Guenzi, A.C., Martin, B. and Cushman, J.C. 2003 Tolerance of
Mannitol-Accumulating Transgenic Wheat to Water Stress and Sabmty. Planr
Physiol. 131; 1748-1755.

Abelson, P.H. (1994) Continuing evolution of 1S, Agron Sci 264 1383,

Alia, H., Kondo, Y., Sakamoto, A.. Nonaka. H.. Hayashi, H.. Pardha Saradhi, P.,
Chen, T.H.H. and Norio, M. (1999) Enhanced tolerance to hght stress of
transgenic Arabidopsis plants that express the cod4 genc for a bactenal chohne
oxidase. Plant Mol. Biol. 40: 279-288.

Alia, H., Sakamoto, A. and Murata, N. (1998) Enhancement of tolerance of
Arabidopsis to high temperature by genetic engineenng of the synthesis of
glycine betaine. Plant J. 16: 155-161.

Alia, Saradhi, P. P. and Mohanty, P. (1993) Prohne n relation to free radical
production in seedlings of Brassica juncea rased under sodium chlonde stress
Plant Soil 155: 497-500.

Allen, R.D, (1995) Dissection of oxidative stress tolerance using transgenic plants,
Plant Physiol. 107: 1049-1054.

Apse, M.P., Aharon, G.S.. Snedden, W.A. and Blumwald, L. (1999) Salt tolerance
conferred by overexpression of a vascoular Na- ‘H+ antiport in Arabidopsis
Science 285: 1256-1258.

Armengaud, P., Breitling, R. and Amtmann. A (2004) The potassium dependent
transcriptome of Arabidopsis reveals a prominent role of jasmonic acid in
nutrient signaling. Plant Physiol. 136: 25562576,

Asada, K. (1999) The water-water cycle in chloroplacts: scavenging of active oxygen
and dissipation of excess photons. Annu. Rev. Plant, Physiol. Plant. Mol Biol.
50: 601-639.

Bartels, D. and Sunkar, R. (2005) Drought and salt toleran
Plant Sci, 21: 1-36.

ce in plants. Crit. Rev.



133

Bates, L.S., Waldren, R.P., Teare, 1.D. (1973, Rapid determination of free proline for
water stress studies. Plant and Soil 39: 205 307,

Behnam, B., Kikuchi, A., Celebi-Toprak, F., Yamanaka, S.. Kasuga, M., Yamaguchi-
Shinozaki, K. and Watanabe, K. N. (2006) The Arabidopsis DRERIA pone
driven by the stress-inducible rd294 promoter increases salt-stress tolerance n

proportion to its copy number in tetrasomic tetruploid potate  (Solanum
tuberosum). Plant Biotech. 23: 169-177.

Bhatia, C.R., Murty, G.8.S. and Mathews, V. H. (1985) Regencration from de-
embryonated peanut (Arachis hypoagea) plants from clite cultivars using
ACCELL technology. Plant J. 5: 745-753,

Bhatnagar-Mathur, P., Devi, M. J.. Serraj, R.. Yamaguchi-Shinozaki. K.. Vades, V.
and Sharma, K.K. (2004) Evaluation of transgenic groundnut hines under water
limited conditions. /nt. Arachis Newslen. 24: 33-34.

Bindumadhava, H., Sheshshayee, M.S.. Shankar, A.G. Prasad, T.G. and
Udayakumar, M. (2003) Use of SPAD chlorophyll meter to assess transpiration
efficiency in peanut. In: Breeding of drought-resistant peanuts. ACTAR Proc
112: 3-9.

Bohnert, H.J. and Jensen, R.G. (1996) Strategies for engincening waler stress
tolerance in plants. Trends Biotechnol. 14: 89-97.

Bohnert, H.J. and Shen, B. (1999) Transformation and compatible solutes. Sci. Hort.
78: 237-260.

Bohnert, H.J., Nelson, D.F. and Jenson. R.G. {1995) Adaptation to environmental
stresses. Plant Cell 7: 1099-1111.

Boote, K. J. and Ketring, D. L. (1990) Peanut. In Irrigation of agricultural crops, B.
A. Steward and Nielsen, D. R. (eds.) Agronomy Series No. 30. Madison.
Wisconsin; American Society of Agronomy.

Bordas, M., Montesinos, :J Dabauzam. M., Salvador, A., Roig, L.A., Serrano, R. and

Moreno, V. (1997) Transfer of the yeast salt tolerance gene HAL! to Cucumis
melo L. cultivars and in vitro evaluation of salt tolerance. Transgenic Res. 5: 1-

10.



134

Bowler, C. and Fluhr, R. (2000) The role of calcium and activated oxygens as signals
for controlling cross-tolerance. Trends Plans sci 241246

Bowler, C., Slooten, L., Vandenbranden, §.. Rycke. R.D., Botterman, J.. Syhesma, ¢
van Montagu, M. and Inze, D), (199]) Manganese superoxide dismutase can
reduce cellular damage mediated by oxygen radicals in transgemie plants. EMBO
J.10: 1723-1732,

Bradford, M. M. (1976) A refined and sensitive method for the quantitation of
microgram quantities of protein using the principle of protein-dyc hinding.
Analy. Biochem, 72; 248,

Brar, G.S. and Cohen B.A. (1994) Recovery of transgenic peanut plants from elite
cultivars utilizing ACCELL technology. Plant J. §: 745.753.

Bray, E. A. (1993) Molecular responses to water deficit. Plunt Phvsiol 1031034,
1040.

Cao, J.W.. Zhang, W. G.. McEroy. D. and Wu, R. (1991} In: G, S, Khush and G.
Toenniesseu (eds.) Rice BioTechnology, International Rice Research Institute,

Manila, Phillipines, PP. 106.

Chen, G. and Asada, K. (1989) Ascorbate peroxidase in tea leaves: oceurrence of two
isozymes and the differences in their enzymatic and molccular properties. Plant

Cell Physiol. 30: 987-998.

Chen, J-H., Le, S-Y.. Shapiro, B.A.. Currey, KM.. and Mawzel, J.V. (1990) A
computational procedure for assessing the significance of RNA secondary

structure. Comput. Appl. Biosci. 6. 7-18.

Chen, W., Provart, N.J.. Glazebrook, J.. Katagin. F.. Chang. H.S.. Eulgem. T..
Mauch, F., Luan, S., Zou. G. and Whitham. $.A. (2002) Expression profile

matrix of Arabidopsis transcription factor genes Suggests their putative functions

in response to environmental stresses. Plant Celi 14: 559-574.

Cheng, M., Hsi, D.C. H. and Phillips. G.C. (1992) In vitro regeneration of Valencia-

type peanut (drachis hypogaea L.) from cultured petiolules, epicotyl sections

and other seedling explants. Peanut Sci. 19: 82-87.




[IRh]

Cheng, M., Jarret, R. L., Li, Z., and Demski. J. W. (1997) Expression and inhertance

of foreign genes in transgenic peanut plants generated by Agrobuctcerium
mediated transformation. Plant Cell Rep. 16: 541 $44,

Cheng, W.H., Endo, A., Zhou, L., Penney, J.. Chen, H.C., Amoyo, A. Leon, P
Nambara, E., Asami, T. and Seo. M. (2002) A unique  short-chain
dehydrogenase/ reductase in 4rabidopsis glucose signaling and abscisic acid

biosynthesis and functions, Plant Cell 14: 2723.2743,

Chinnusamy, V., Jagendorf, A, and Zhu, J.K. (2005) Understanding and Improving
Salt Tolerance in Plants. Crop Sci. 45: 437-448,

Chinnusamy, V., Schumaker. K. and Zhu. J.K. (2004) Molecular genctic perspectives
on cross-talk and specificity in abiotic stress sygmaling in plants J Ly Bor 85
225-236.

Clark, A.J., Landolt, W., Bucher, J. and Strasser, R.J. (1998) The 1esponse of 7 agus
svlvatica to elevated CO2 and ozone probed by the JIP-test based on the
chlorophyll fluorescence rise OJIP. In: LJ. De Kok and | Stulen (cds),
Responses of Plant Metabolism to Air Pollution and (ilobal Change, Bachhuys

Publishers, Leiden. pp. 283-286.

Clark, A.J., Landolt, W., Bucher. J. and Strasser, R.J. (2000) Beech (Fagus svivatica)
response to ozone exposure assessed with a chlorophyll a fluorescence
performance index. Environ. Poll, 109: 501- 5071.

Clemente, T.E., Robertson, D., Isleib, T.G.. Beute. M.K. and Weissinger. A.K. (1992)
Evaluation of peanut (drachis hypogaca L.) leaflets from mature /ygotic
embryos as recipient tissue for biohstic gen” transfer. Transgeme Res 1. 275-

284,

A.. Rebetzke. G.J. and Farquhar, G.D. (2002) Improving
22131

Condon, A.G., Richards, R.
intrinsic water-use efficiency and crop yield. Crop Sci. 42:1

Cummins, D.G. and JacKson, C.R. (1982) World peanut production. utilization and

research, Special publication, Number16. Athens, Georgia. USA.

Dat, J.F., Lopez-Delgado, H., Foyer. C.H.. Scott, 1.M. (2000) Effects of salicylic acd
on oxidative stress and thermotolerance in tobacco. J Plant Physiol. 156: 659-

665.



136

Davis, T., Yamada, M., Elgort, M.G. and Saier. M. (1998) Nuclootide sequence of the
mannitol (mtl) operon in Escherichia col;. Mol Microbiol. 2, 405-412.

Delauney, A.J., Verma, D.P.S. (1993) Prolinc biosynthests and asmoregulation
plants. Plant J. 4: 215-223,

Dhindsa, R.S., Plumb-Dhindsa, P., Thorpe, T.A. (1981) Leaf senescence: correlated
with increased levels of membrane permeabilty and hpid peroxidation, and
decreased levels of superoxide dismutase and catalase, ./ kxp Bar 32:93-101,

Dong, J.D., Bi, Y.P,, Xia, L.S.. Sun, SM., Song. ZH.. Guo, B.T. Jung, X.C' and
Shao, Q.Q. (1990) Teratoma induction and nopaline synthase gene transfer i
peanut. Acta Genet Sin 17; 13-16,

Dure, L 111, Crouch, M., Harada, J.. Ho, T-H.D and Mundy. J. (1989) Common amino
acid sequence domains among the LEA proteins of higher plants. Plant Mol
Biol. 12: 475-86.

Dure, L. 111 (1993) A repeating 11-mer amino acid motif and plant desiccation. Plant
J. 3:363-369.

Eapen, S and George, L. (1994). Agrobacterium tumcfacions mediated gene transfer

in peanut (Arachis hypogaca L.). Plant Cell Rep 13: 582-586

Eapen, S. (2003) Regeneration and genetic transformation in peanut. current Status
and future prospects. /n: P.K. Jaiswal and R. P. Singh (cds). Apphed Geneties of

Leguminosae Biotechnology. Kluwer Acad. Publ.. pp. 105-186.

Egnin, M., Mora, A. and Prakash, C.S. (1998) Factors enhancing Agrobacterium
tumefaciens-mediated gene transfer in peanut {Arachis hvpogaca 1.). In Vitro
Cell, Dev. Bio. -Plant 34: 310-318.

In: Davies DD (ed.),

Elstner, E.F. (1987) Metabolism of activated oxygen species.
253-315

Biochemistry of plants, Vol. 1 1.Academic Press. London. pp.

FAO (Food and Agriculture Organization of the United Nations) (1996) FAO

Production year book, FAO, Rome, ltaly.
the United Nations) (2000) FAO

FAO (Food and Agriculture Organization of
Production year book, FAO, Rome, laly.




137

Farquhar, G.D., and Richards. R.A. (1984) Isotopic composition of plant carbon

correlates with water use efficiency of wheat genotypes, Aust J. Plant Physiol,
2: 539-552. ‘

Farquhar, G.D., Ehleringer, J.R, and Hubick, K.T. (1989) Carbon 150tope
discrimination and photosynthesis. 4nnu, Rev. Plant Physiol Plant Mol Biol,
40: 503-537,

Farquhar, G.D., O'Leary, M.H. and Baxter, J.A. (1982) On the relationship between
carbon isotope discrimination and intercellular carbon dioxide concentration in
leaves. Aust. J. Plant Physiol. 9: 121-137.

Force, L., Critchley. C. and van Rensen. J.J.S. (2003) New fluorescence parametens
for monitoring photosynthesis in plants. 1. The effect of illumination on the
fluorescence parameters of the JIP-test, Photosvath. Res. 78: 17-33,

Fujita, T., Maggio, A.. Garcia-Rios, M., Bressan, R.A. and Csonka, [.N. (199K)
Comparative analysis of the regulation of expression and structures of two
evolutionarily divergent genes for DI-pyrroline-S-carboxylate synthetase from
tomato. Plant Physiol. 118: 661-674.

Galau, G.A., Bijaisoradat, N. and Hughes. D.W. (1987) Accumulanon kinetics of
cotton late embryogenesis-abundent (Lca) mRNAs and storage protein mRNAs:
coordinate regulation during embryogenesis and role of abscisic acid. Dev Biol

123:198-212,

Gamborg, O. L., Miller, A. A., and Ojima, K. (1968) Nutnent requirements for
suspension cultures of soybean root cells. Exp. Cell Res. 50: 151 154

Gao, M., Sakamoto, A., Miura, K., Murata. N., Sugiira. A. and Tao. R. (2000)
Transformation of Japanese persimmon (Diospyros kaki Thunb.) with a bactenal

gene for choline oxidase. Mol. Breed. 6: 501-510.

Garg, AK., Kim, J.K.. Owens, T.G., Ranwala. A.P.. Choi. Y.C.. Kochian, L.V. and

Wy, R.J. (2002) Tfehalose accumulation in rice plants confers high tolerance

levels to different abiotic stresses. Proc Natl Acad Sci USA 99: 1589815903,

Gautheret, (1983) Bot. Mag. Tokyo 96: 393-410.




138

Giannopolitis, C.N. and Ries, S.K. (1977) Superoxide dismutases: 1I. Punfication and
quantitative relationship with water-soluble protein an seedlings. Plamt Physiol
J9:315-318.

Gilmour, S. J., Sebolt, A. M., Salazar, M.p., Everard, J. D. and Thomashow, M.
(2000)  Overexpression of the Arabidopsis CBF3 transcriptional activator
mimics multiple biochemical changes associated with cold acchmation Plame
Physiol. 124: 1854-1865.

Gilmour, 8.J., Artus, N.N. and Thomashow, M.F. (1992) cDNA sequence analysis
and expression of two cold-regulated genes of Aratidopsis thaliana Plans Mol
Biol, 18; 13-21,

Gisbert, C., Rus, A.M.. Bolarin, M.C.. Lopez-Coronado, M.. Amllaga, | . Montesinos,
C., Caro, M., Serrano, R. and Moreno. V. (2000) The yeast HAL | gene

improves salt tolerance of transgenic tomato. Plant Physiol 123 393-302

Govindjee (1995) Sixty-three years since Kautsky: Chlorophyll g fluorescence. Auss
J. Plant Physiol. 22: 131-160.

Govindjee, Amesz. J. and Fork, D.C. (eds) (1986) Light Emussion by Plants and
Bacteria. Academic Press, New York. pp. 291-324.

Gregory, N.C., Krapovickas, A. and Gregory. M.P. (1980). Stiuctural vanation,
evolution and classification in Arachis. Advances 1n Legume Science. Royal
Botanical Garden, Kew, UK, pp 469-481.

Grover, A., Kapoor, A.. Satya Lakshmi. O.. Agrawal. S.. Sahi, (.. Katvar-Agarwal,
S., Agarwal, M. and Dubey, H. (2001) Understanding molccular alphabets of the
plant abiotic stress responses. Curr. Sci. 80: 206-216.

Grover, A., Sahi, C., Sanan, N. and Grover. A. ( 1999) Taming abiotic stresses in
plants through genetic engineering: current strategies and perspective Plant Scr

143: 101-111.
Halliwell, B. (1989) Sup.eroxide, iron. vascular endothelium and reperfusion injury.

Free Radic Res Commun. 5: 315-318.
A., Todd. G. and Rhodes. M. J. C. (1991) The

Hamill, J. D. . S., Spencer,
amill, J. D., Rounsley, S Spen studres, Plant Cell Rep.

use of Polymerase chain reaction in plant transformation

10: 221-224.




139

Handa, S., Hands, AK. Hasegawa. PM. and Bressan, RA. (1986) Proline
accumulation and the adaptation of cultured plant cells to w
Physiol. 80: 938-945.

ater stress. Plans

Hanson, A.D. and Bumet, M. (1994) Evolution und metabolic engineenng of

osmoprotectant accumulation in higher plants. In J.H. Chery (ed), Cell Biology:
Biochemical and Cellular Mechanisms of Stress Tolerance 1n Plants, NATO ASI
Series H, Springer. Berlin, pp. 291-302.

Hare, P. D. and Cress, W.A. (1998) Metabolic implications of stress-induced prohine
accumulation in plants. Plant Growth Regul. 21: 79-1()2.

Hare, P.D., Cress, W.A. and Van Staden. J. (1998) Dissecting the role of osmolvie
accumulation during stress. Plant Cell Environ. 21: 535-853.

Hayashi, H., Alia, Sakamoto, A.. Nonaka, H . Chen, T.H.H. and Murata, N. (190%)
Enhanced germination under high-salt conditions of seeds of transgenic
Arabidopsis with a bacterial gene (codA) for choline oxidase. J Plant Res 111,
357-362.

Hayashi, H., Mustardy, L. Deshmum. P.. lda. M. and Murata, N (1997)
Transformation of Arabidopsis thaliana with the cod4 gene for choline oxidase

accumulation of glycine betaine and enhanced tolerance to salt and cold stress.

Plant J. 12:133-142,

Heath, R.L. and Packer, L. (1968) Photoperoxidation in solated chloroplasts 1.
Kinetics and stoichiometry of fatty acid peroxidation. Arch Biochem Biophy
125: 189-198.

Hechenberger M., Schwappach, B., Fischer, W.N.. Frommer. W. B., Jentsch, 1. J. and
Steinmeyer, K. (1996) A family of putative chlonde channels from Arabidopsis
and functional complementation of a yeast strain with a CLC gene disruption. J

Biol. Chem. 271: 33632-33638

Higgins, C.M., Hall, R{1., Mitter, N.. Cruickshank. A. and Dretzgen. R.G. (2004)

Peanut stripe potyvirus resistance in peanut (Arachis hypogaea L.) plants

carrying viral coat protein gene sequences. Transgemic Res 138 1-9.




140

Holmberg, N. and Bilow, L. (1998) Improved stress tolerance in plants by
heterologous gene transfer: Recent achievements and future prospects. Trends
Plant Sci. 3: 61.

Holmstrom, K.O., Mantyla, E., Welin, B., Mandal, A.. Tapio Palva, E., Tunnela, O F.

and Londesborough, J. (1996) Drought tolerance in tobacco. Nature 379: 6K3-
684.

Holmstrom, K.O., Somersalo, S.. Mandal, A.. Palva, E.T. and Welin, B. (2000)
Improved tolerance to salinity and low temperature 1n transgenic tohdceo
producing glycine betaine. /. Exp. Bor. 51: 177185,

Hong, Z., Lakkineni, K., Zhang, Z. and Verma, D.P.S. (2000) Removal of feedback
inhibition of &1-pyrroline-S-carboxylate synthetase. Aust J Plant Physiol, 33:
875-884.

Horvath, D.P,, McLamey, B.K. and Thomashow, M.F. (1993) Regulation of
Arabidopsis thaliana L. (Heynh) COR 78 in response to cold. Plant Physiol
103: 1047-1053.

Horvath, D.P., McLamey, B.K.. Thomashow. M.F. (1993) Regulation of Aratidopsis

thaliana L. (Heyn) cor?8 in response to low temperature. Plant Physiol 103
1047-1053.
Hoshida, H., Tanaka, Y., Hibino, T., Hayashi. Y., Tanaka. A., Takabe, T and Takahe,

T. (2000) Enhanced tolerance to salt stress in transgenic nce that overexpresses

chloroplast glutamine synthetase. Plant Mol. Biol 43: 103-111.

Hsieh, T.H., Lee, J.T., Chamg, Y.Y. and Chan. M.T. (2002) Tomato plants
ectopically expressing Arabidopsis CBF1 show enhanced resistance to water

deficit stress. Plant Physiol. 130: 618-626.

Huang, J., Hirji, R., Adam, L., Rozwadowski. K.L.. Hammerlindl, J.K.. Keller. W.A.

and Selvaraj, G. (2000) Genetic engincering of glycinebetaine production
toward enhancing sfress tolerance in plants: metabolic limitations. Plant Physiol

122: 747-756.
Hubick, K.T., Farquhar, G.D. and Shorter. R. (1986) Corrclation between water-use
efficiency and carbon isotope discrimination in diverse peanut (Arachis)

germplasm. Aust. J. Plant Physiol. 13: 803-816.




141

Ishitani, M., Xiong, L., Stevenson, B. and Zhu, JK. (1997) Genetic analynis of
osmotic and cold stress signal transduction m Arabidopsis: interactions and
convergence of abscisic acid-dependent  and
pathways. Plant Cell 9: 1935-1949.

abseisic acid-ndependent

Ishizaki-Nishizawa, O., Fujii, T., Azuma. M., Sekiguchi, K., Murata, N.. Ohtam, T.
and Toguri, T. (1996) Low-temperature resistance of higher plants s
significantly enhanced by a nonspecific cyanobactenal desaturase.  Nar
Biotechnol. 14; 1003-1006.

luchi, 8., Kobayashi, M.. Taji. T.. Naramoto, M., Scki, M., Kato, T. Tahata, S.
Kakubari, Y., Yamaguchi-Shinozaki, K. and Shinozaki, K (2001) Regulation of
drought tolerance by gene manipulation of 9-cis-cpov ycarotenoid doxygenase,
a key enzyme in abscisic acid biosynthesis in Arabidopsis PlamrJ 27 328.333

Iwasaki, T., Kiyosue, T. and Yamaguchi-Shinozaki. K. (1997) The dechvdration-
inducible rd17 (cor47) gene and its promoter region in Arabidopsis thahana
Plant Physiol. 115: 128.

Jackson, M. W., Stinchcombe, R.. Korves, T. M. and Schmitt. J (2004) Cost and
benefits of cold tolerance in transgenic Arabidopsis thaliana Mol leol, 13

3609-3615.

Jaglo, K.R.,, Kleff, K.L., Amundsen, X., Zhang, V.. Haake, J.Z.. Zhung. T., and
Thomashow, M.F. (2001) Components of the Arabidopsis (-repeat dehydration-

responsive element binding factor cold-response pathway are conserved 1n

Brassica napus and other plant species. Plant Physiol 127 910-917

Jaglo-Ottosen, K.R., Gilmour, S.J., Zarka, D.G.. Schabenberger, O. and Thomasho,
M. F. (1998) Arabidopsis CBF over expression induces cor genes and enhances

freezing tolerance. Science. 280: 104-106

gava, S. (1995) Variation in antoxidant metabolism of drought

Jagtap, V. and Bhar
wap o Moench.

tolerant and drought susceptible varieties of Sorghum bicolor (L.)
Exposed to high light, low water and high temperature stress. J Plant Phystol

145: 195-197.




142

Kanyand, M., Dessai, A. P. and Prakash, C. S. (1994) Thidiazuron promotes high
frequency regeneration of peanut (Arachis hypogaca) plants in viteo. Plams Cell
Rep. 14: 1-5.

Kartha, K.K., Pahl, K., Leung, N.L. and Mroginski. .A. (1981) Plant regeneration

from meristems of grain legumes, soyabean, cowpea, peanut, chickpea and bean.
Can. J, Bot. 59: 1671-1679.

Kasuga, M., Liu, Q,, Miura, S., Yamaguchi-Shinozaki. K. and Shinozaki, K. (1999)
Improving plant drought, salt, and freezing tolerance by gene transfer of a single
stress inducible transcription factor. Nat. Biotechnol. 17: 287.391.

Kasuga, M., Miura, S., Shinozaki, K. and Yamaguchi-Shinozaki, K. (2004) A
Combination of the Arabidopsis DREBIA Gene and stress-Inducible rd2v4
promoter improved drought- and low-temperature stress tolerance 1n tobaceo hy
gene transfer. Plant and Cell Physiol. 45; 346-350.

Katiyar-Agarwal, S., Agarwal, M. and Grover, A. (2003) Heat-tolerant basmati nce
engineered by over-expression of hspl01. Plant Mol. Biol 51: 677-686.

Kavi Kishor, P.B., Hong, Z.. Miao, G.H., Hu, C.A.A and Verma, D.P.S. (1995) Over-
expression of-pyrroline-S-carboxylate synthetase mcreases proline production

and confers osmotolerance in transgenic plants. Plant Physiol 25 13K7-1394,

Kavi Kishore, P.B., Hong, Z., Miao, G.U.. Hu, C.AH. and Verma. D.P.S (1995)
Overexpression  of -pyrroline-5-carboxylate ~ synthase increases  proline
production and confers osmotolerance in transgenic plants. /’lant Physial 10K:
1387-1394.

Kawasaki, S., C. Borchert, M. Deyholos. H. V.ang. S. Braazille, K. Kawai, D
Galbraith, and Bohnert. H. J. (2001) Gene expression profile dunng the snitial

phase of salt stress in rice. Plant Cell 13:889-905.

Ketring, D.L. and Reid, J.L. (1993) Growth of peanut roots under field. Agron. J. 85:

80-85.

Khandelwal, A., Vally, K. J. M., Geeta, N., Venkatachalam, P.. Shailz. y';ds. and
Lakshmi Sita, G. (2003). Engineering hemagglutinin (H) protein of rinderpest

' ‘ i -accine. Plant

virus into peanut (4rachis hypogaea L.) as a possible source of vaccine. Plan

Sci. 165: 77- 84.




143

Kimpel, J.A. and J.L. Key. (1985) Heat shock in plants. Trends Biochem. Sci, 10;
353-357. - 10;

Klein, T.M., Fromm, M.E. and Gradziel, T. (1988) Factors influencing gene dehvery
into Zea mays cells by high velocity microprojectiles. Biotechnol. 6: 021.926.

Knight, H. and Knight, M. R. (2001) Abiotic stress signaling pathways: Specificity
and cross talk. Trends Plant Sci, 6:262-267.

Knight, H. and Knight, M.R. (2001) Abiotic stress signaling pathways: specificity and
cross-talk. Trends Plant Sci, 6: 262-267.

Kodama, H., Hamada, T., Horiguchi, G., Nishimura, M. and Iha, K. (1994) Gienetic

enhancement of cold tolerance by expression of a gene for chloroplast omega-3
fatty acid desaturase in transgenic tobacco. Plant Physiol. 108; 601-608.

Kovtun, Y., Chiu, W.L., Tena, G. and Sheen, J. (2000) Functional analysis of
oxidative stress-activated mitogen-activated protein kinase cascade in plants.
Proc. Nat. Acad. Sci. USA 97: 2940-2945,

Krause, G.H. and Somersalo, S. (1989) Fluorescence as a tool in photosynthesis
research: application in studies of photoinhibition, cold acclimation and frecaing
stress. Philos. Trans. R. Soc. Lond

Krause, G.H. and Weis, E. (1991) Chlorophyll fluorescence and photosynthesis' the
basics. Annu Rev Plant Physiol Plant Mol Biol. 42: 313-49.

Kriiger, G.H.J., Tsimilli-Michael, M. and Strasser, R.J. (1997) Light stress provokes
plastic and elastic modi.cations in structure and function of Photosystem 1

camellia leaves. Physiol. Plant. 101:265-277.

Kumpatla, S.P., Teng, W., Buchholz, W.G.. and Hall, T.C. (1997) Epigenetic
-azacytidine-mediated reactivation of 4 complex

transcriptional silencing and 5
transgene in rice. Plant Physiol. 115: 361 -373.

Kunert, K. J. and Ederer,M.(1985) Leaf aging and hipid perexidation: the role of the

antioxidants vitamin C and E. Physiol. Plant. 65: 85-88.

Lacorte, C., Aragy, F.J.L., Almeida, E.R., Mansur, E. and Rech. E.L. (1997) Transient

expression of GUS and 28 albumin gene from Brazilnut in peanut (Arachis




144

hypogaea L.) seed explants using pariicle bombardment Plamy ¢ clf Rep 16
619-623,

Lacorte, C., Mansur, E., Timmerman, B, and Corderro, AR, (1991) Gene transfer mto

peanut (Arachis hypogaca 1..) by dgrobacterum tumetaciens  Plamt Cell Rep
10: 354-357,

Lee, H., Xiong, L.. Gong, Z., Ishitan1. M., Stevenson, B. and Zhu, JK (2001 The
Arabidopsis HOS! gene negatively regulates cold signal transduction and
encodes a RING-finger protein that displays cold-regulated nucleo-cvioplasmic
partitioning. Gene Dev, 15: 912-924,

Lee, J.H., Hubel, A. and Schoffl, F. (1995) Derepression of the activity of genetically
engineered heat shock factor causes constitutive synthesis of heat shock proteins

and increased thermotolerance in transgenic Arabidopsts Plant ) 8 603.612

Lee, J.H., Van Montagu, M. and Verbruggen, N. (1999) A hughly conserved hinase 1s
an essential component for stress tolerance 1n yeast and plant cells Proc Nail
Acad. Sci. USA 96: 5873-5877.

Lee. 8.S., Cho, H.S., Yoon, GM., Ahn, JW., Kim. HH and Pwm, H.S (2003)
Interaction of NtCDPKI! calcium-dependent protein hinase with NtRpn3
regulatory subunit of the 26S protcasome in Nicotana tabacum Plant J 33
825-840.

Leisinger, T. (1996) Biosynthesis of prolinc. /n F. C. Nedhardt (ed.) Escherichia coli
and Salmonella; cellular and molecular biology. Amencan Society for
Microbiology Press, Washington. D.C. pp 434-44 1.

Li, H.Y., Chang, C. §., Lu, L. S.. L. C. A. Chan, M. T. and Chang, Y. Y (2003)
Over-expression of Arabidopsis thaliana heat shock factor gene (Atlis/A1b)

enhances chilling tolerance in transgenic tomato Rot. Bull Acad Sin 44.129-

140.

Li, Z., Jarret, R. L. and Demski, J. W. (1997) Engincered resistance to tomato spotted
peanut expressing the wiral nucleocapsid genc.

wilt virus in transgenic
Transgenic Res. 6: 297-305.




143

Li. 2, Jarret, R.L. Pittman, R.\. and Demski, JW. (1994) Shoort organogenesis from

cul seed explants of peanut (4rachis hypogaea L) using thidisuron. In
Vitro Cel. Dev. Biol.-Plant 30; 187-191.

Lilius, G., Holmberg, N. and Biilow. L. (1996) Enhanced NaCl stress tolerance n
transgenic tobacco expressing bacterial choline dehydrogenase. Biotechnol. 14:
177-180.

Lindquist, S. (1986) The heat-shock response. 4nmu, Rev Biochem §8: 1181.119].

Liu, Q., Kasuga, M., Sakuma, Y.. Abe, H., Miura, S.. Yamaguchi-Shinozaks, K. and
Shinozaki, K. (1998) Two transcription factors, DREBI and DREB2, with an
EREBP/AP2 DNA binding domain separate two cellular signal transduction
pathways in drought- and low temperaturc-responsive genc cxpression,

respectively, in Arabidopsis. Plant Cell 10: 1391-1406,

Livingstone, D. M, and Birch, R. G.(1999) Efficient transformation and regencration
of diverse cultivars of peanut (Arachis hypogaea L..) by particle bombardment
into embryogenic callus produced from mature seeds. Mol Breed. 5:43 81,

Livingstone, D.M. and Birch, R.J. (1995). Plant regencration and microprojectile-
mediated gene transfer in embryonic leaflets of peanut (Arachis hvpogea 1.)
Aus. J. Plant Physiol. 22: 585-591.

Maldonado-Rodriquez,(2000)Biolizerprogram, www .unige.ch sciences hiology/ioen.

Malik, M.K., Solvin, J.P., Hwang. C.H. and Zimmerman. J.I. (1999) Modified
expression of 2 carrot small heat-shock protein gene. Hsp 177 results n
increased or decreased thermotolerance. Plant J. 20: 89-99.

Mansur, E., Lacorte, C. and De Freitas, V.G. (1993) Regulation of transformation
efficiency of peanut (Arachis hypogaea L.) explants by Agrobacterium

tumefaciens. Plant Sci. 99: 89-91.

H., Neuhuber, F.. and

Matzke, M.A., Moscone, E.A., Park, Y.D.. Papp. 1., Oberkofler,
y ransgene insert in an

Matzke, A.J. (1994) Inheritance and expression of at
aneuploid tobacco line. Mol. Gen. Genet. 245: 471-485,

G.A., Doostdar. H. and Niedz. R.P. (1995) Agrobacterium-

Mc Kently, A.H., Moore,
o ey ) embryo axes and the

mediated transformation of peanut (Arachis hypogaea L.
development of transgenic plants. Plant Cell Rep. 14: 699-703.




146

McKently, A.H. (1995). Effect of enotype on somatic embryogenesis from axes of
mature peanut embryos. Plant Cell Tis Organ Culr, 42- 281 284,

McKently, A.H. Moore, G. A, and Gardner, F.p. (1990.) In vatro plant regeneration of
peanut from seed explants. Crop Sci. 30: 192-196.

Mckently, A.H., Moore, C.A., and Gardner, F.P. (1991) Regeneration of peanut and
perennial peanut from cultured leaf tissue. Crop Ser 31: K33-837,

Mckersie, B.D., Bowley, S.R.. Harjanto. E. and Lepninee, O. (1996) Water defient
tolerance and field performance of transgenic alfalfy overexpressing superoxide
dismutase. Plant Physiol. 111: 1177-1181.

MecNeil, S.D., Nuccio. M.L. and Hanson. A.D (1999} Betaines and related
osmoprotectants: Targets for metabolic engineenng of stress resistance  Plunt
Physiol. 120: 945-949.

McNeil, 8.D., Nuccio, M.L., Rhodes, D.. Shachar-Hill, Y. und Hanson, A D) (200()
Radiotracer and computer modeling evidence that phosphobase methylation is

the main route of choline synthesis in tobacco. /lant Phyvsiol 123 371.380

Mittler, R. (2002) Oxidative stress. antioxidants. and stress tolerance Trends Plant

Sci. 9: 405-410.

Mittler, R. and Zilinskas, B.A. (1994) Regulation of pea cytosohe ascorbate
peroxidase and other antioxidant enzymes dunng the progression of drought

stress and following recovery from drought. Plant .J 5: 397 405.

Mohanty, A. H., Kathuria, H., Ferjani, A.. Sakamoto. A.. Mohanty. P., Murata, N. and
Tyagi, A. (2002) Transgenics of an elite indica nce vancty Pusa Basmati |
harbouring the codA gene are highly tolcrant to salt stress. Theor Appl Genet
106: 51-57.

Molecular cloning and characterization of 9 cDNAs for genes that arc responsive to

desiccation in Arabidopsis thaliana: Sequence analysis of onc ¢cDNA clone that

encodes a putative transmembrane channel protein. Plant Cell Physiol. 33: 217-
224,

Moloney, M.M., Walker, JM. and Sharma, K.K. (1989). High efficiency

transformation of Brassica napus using Agrobacterium vector. Plant Cell Rep.

8:238-242.



147

Mundy, J. and Chua, N-H. (1998) Abscisic acid and water-stress induce the
expression of a novel rice gene. EMBO J. 70227986,

Murashige, T. and Skoog, F. (1962). A revised medium for rapid growth and broassy
with tobacco tissue cultures. Physiol. Plans. 15: 473.497.

Nageswara Rao, R.C. and Wright, G.C. (1994) Stability of the relationship hetween
specific leaf area and carbon isotope discrimination across environments in
peanut. Crop Sci. 34; 98-103.

Nageswara Rao, R.C., Singh, S., Sivakumar, M.V K., Srivastava, K.I.. and Williams.
J.H. (1985) Effect of water deficit at different growth phases of peanut 1 Yield
response. Agro. J. 77: 782-786.

Nageswara Rao, R.C., Talwar, H.S. and Wright. G.(C". (2001) Rupmd asscssment of
specific leaf area and leaf N in peanut (4rachis hvpogaca 1..) using chlorophyl!
meter. J. Agro.Crop Sci. 189: 175-182.

Nanjo, T., Kobayashi, M., Yoshiba, Y., Kakubari. Y.. Yamaguchi-Shinozaks, K and
Shinozaki, K. (1999a). Antisense supression of proline degradation improves
tolerance to freezing and salinity in Arabidopsis thahana. FEBS Lett 461 205-
210.

Nanjo, T., Kobayashi, M., Yoshiba, Y., Sanada. Y.. Wada, K.. Tsuhaya, H.. Kakuban,
Y., Yamaguchi-Shinosaki. K. and Shinozaki. K. (1999b) Biological functions of

proline in morphogenesis and osmotolerance revealed 1n antisense transgenic
Arabidopsis thaliana. Plant J. 18:185-193.

Narasimhulu, S.B. and Reddy, G.M. (1983) Plantlet regeneration from different callus
cultures of Arachis hypogaea L. Plant Sci Lett. 31" 157-163.

Neill, S. J., Desikan, R., Clarke, A., Hurst, R. D. and Hancock. J T. (2002) Hydrogen
peroxide and nitric oxide as signalling molecules in plants J £xp ot 33

1237-1247.
L4
Nigam, S.N., Dwivedi §.L., Rao Y.L.C. and Gibbons R.W. (1991) Registration of

ICGS-1 Peanut cultivar. Crop Sci. 31: 1382-1383.

Noctor, G., Foyer, C.H. (1998) A re-evaluation of the ATP:NADPH budget durm‘g Cy
photosynthesis. A contribution from nitrate assimilation and its associated

respiratory activity. J. Exp. Bot. 49: 1895-1908.




148

Norden, A.J. (1980) Use of the pedigree breeding method to dev clop multiline peanut

varieties. Proceedings of Peanut Brecding Symposium. Amer Peanut Res And

Educ. Soc. 1980. Research Report No 80, North Carohna State 1
Raleigh, USA,

miversity,

Nordin, K., Heino, P. and Palva, E.T. (1991) Separate signal pathways regulate the

expression of a low-temperature-induced gene n Arabidopsis thalana (L..)
Heynh. Plant Mol. Biol. 115: 875-879.

Oberschall, A., Deak, M., Torok, K., Sass, L., Vass. L. Kovacs, I.. Feher, A., Dudns,
D. and Hovarth, G.V. (2000) A novel aldose aldehyde reductase protects
transgenic plants against lipid peroxidation under chemical and drought stress.
Plant J. 24: 437-446.

Ouzounidou, G., Moustakas, M. and Strasser. R.J. (1997) Sites of action of copper in
the photosynthetic apparatus of maize leaves: Kinetic analysis of chlorophyll
fluorescence, oxygen evolution, absorption changes and thermal dissipation as

monitored photoacoustic signals. Aust. J. Plant Physiol 24 ¥1.90.

Ozias-Akins, P., Schnall, J.A., Anderson. W.F.. Singsit, C.. Clemente, T.F., Adang,
M.J. and Weissinger, A.L. (1993) Regeneration of transgenic peanut plunts from

stably transformed embryogenic callus. Planr Sci 93: 185-194,

Padua, V.L.M., Pestana, M.C., Margis-Pinheiro. M. and De Ohveira, D.E (2000
Electroporation of intact embryonic leaflet of peanut: gene trunsfer and

stimulation of regeneration capacity. /n Vitro Cell. Dev Biol Plant, 36 374-K,

Pardha Saradhi, P., Alia, Arora, S. and Prasad. K.V.S.K. (1995) Proline accumulates

in plants exposed to UV radiation and orotects them against 'V induced

petoxidation. Biochem. Biophys. Res. Commun. 201:1-5.

Pardo, J.M., Reddy, M.P. and Yang. S. ( 1998) Stress signaling through Ca2+/
Calmodulin dependent protein phosphatase celcineurin mediates salt adaptation
in plants. Proc. Nafl. Acad. Sci. USA 95: 9681-9683.

Passiours, J.B. (1976) Physiology of grain yield 1n wheat growing on stored watcr.

Aust. J, Plant Physiol. 3: 559-565
potassium in counteracting the effect

Patel, M.S. and Golakiya, B.A. ( 1988). Role of
4:163-167.

of cyclic drought on groundnut. J. Potassium Res.



149

Pellegrineschi ,A., Reynolds, M.. Pacheco, M.. B, R. M. Almeraya, R

Yamaguchi-Shinozaki, K. and Hoisington, 1. (2004) Stress-induced e\pression
in wheat of the Arabidopsis thaliana DREBIA gene delays water stress

symptoms under greenhouse conditions, Genome 47: 493. 500,

Perl, A., Perl-Treves, R.. Galili, §.. Avir, D., Shalgi, E.. Malkin, S and Galun,
(1993) Enhanced oxidative stress defense 1n transgenic potato eapressing tomato
Cu, Zn superoxide dismutases. Theor. Appl. Genet, 85: S8 $76

Pilon-Smits EAH. Terry N. Sears T & van Dun K (1999) Enhanced drough! resistance
in fructan-producing sugar bect. Plant Physiol Biochem 37, 313-317

Pilon-Smits, E.A.H., Ebskamp. M.J.M.. Jeuken. M.J.W., van der Meer, 1. M.. Visser,
R.G.F., Weisbeek. P.J. and Smeekens. J.CM. (1996) Microbal fructan
production in transgenic potato plants and tubers. Ind Craps Prod 8: 35-36,

Pilon-Smits, E.A.H., Ebskamp, M.J M.. Paul. M.J, Jeuken, J W.. Weisheek, and
Smeekens. S.C.M. (1995) Improved performance of trunsgemc  fructan-

accurmnulating tobacco under drought stress. Plant Physiol 107, 125130,

Pilon-Smits, E.A.H.. Terry, N., Scars. T.. Kim. H.. Zaved. A.. Hwang. S.. Van Dun,
K., Voogd, E.. Verwoerd. T.C.. Krutwagen. R W.H.H. and (iddun. J. M (199K)
Trehalose-producing transgemic tobacco plants show improsed  growth

performance under drought stress. J. Plant Physiol 152: 525-532.

Ponsamuel, J., Huhman, D.V., Cassidy. B.G. and Post-Berttenmuller, . (1998) In
vitro regeneratior, via caulogenesis and brassin-induced shoot conversion of
dormant buds from plumular cxplants of peanut (Arachis hvpogaca 1. ¢v

‘Okrun’). Plant Cell Rep. 11: 373-378.

Prakash, J.S.S., Srivastava, A.. Strasser. R.J. and Mohanty. P. (2003) Senescence-
induced alterations in the Photosystem Il functions of Cucumis sativus
cotyledons: Probing of senescence driven alterations of Photosystem 11 by
chlorophyll a fluofescence induction O-J-I-P transients. Indian J. Biochem.

Biophys. 40: 160-168.
Prasad, K.V.S.K., Sharmila, P., Kumar, P.A. and Partha Saradhi, P. (2000)

Transformation of Brassica Juncea (L.) Czem with bacterial codA genc

enhances its tolerance to salt stress. Mol. Breed. 6. 489-492.




150

Quartacci, M. and Navaro-lzzo, F, (1992) Water stress and free radical mediated
changes in sunflower seedlings. J. Plant Physiol, 139, 621628

Quartacci, M.F., Sgherri, C.L.M.. Pinzino. C. and Navari-1220, F. (1994) Superoxude
radical production in wheat plants different] y sensitive to drought, Procecd.
Raoyal Society, Edinburgh, 102: 291.-294,

Quintero, F.J., Blatt, M.R. and Pardo, J.M. (2000) Functional conservation betwoen
yeast and plant endosomal Na(+)/H(* ) antiporters. FLBS Lenr 471 224-228

Rao, R.C.N. and Nigam. S.N. (2001) Genetic options for drought management in
groundnut. /n: N.P. Saxena (ed.), Management of Agnculiural Drought-
Agronomic and Genetic Options. Oxford & IBH Pubhshing Co. Pyvt. 1td New
Delhi. pp. 123-142.

Rao, R.C.N., Udayakumar, M.. Farquhar, G.D., Talwar, H.S. and Prasad, 1.G (199%)
Variations in carbon isotope discrinunation and its relationship with speaific leaf’
area and Rubisco content in groundnut genotypes. dust J Plant Physiol 22:
545-551.

Ray, J. D. and Sinclair, T. R. (1997) Stomatal closure of maize hybrids in response 1o
soil drying. Crop Sci. 37: 803-807.

Ray, J.D., and Sinclair, T.R. (1998) The effect of pot siz¢ on growth and transpiration
of maize and soybean during water deficit stress. J £xp Bor 49:13K1-1386,

Ritchie, J. T. (1980) Climate and soil water. In: Murphy. L. 8., Welch. L. F. and Doll,
E. C. (Eds). Moving up the yield cunc: advances and obstacles. Madison,

Wisconsin: ASA Special Publication Number. pp. 1-24.
Ritchie, J.T. (1981) Water dynamics in the soil-plant-atmosphere system. Plant Soil

58: 81-96.

Rohilla, J.S., Jain, R.K. and Wu. R. (2002) Genetic improvement of Basmati nce for
salt and drought tolerance by regulated expression of a barley Hval cDNA.
Plant Sci. 163: 525-532.

Rohini, V.K. and Rao, K. S. (2000) Transformation of Peanut (4rachis hypogaea L)

a non-tissue culture based approach for gencrating transgenic plants. Plant Sci.

150: 41-49.



181

Roxas, V.P., Smith, RK. Jr, Allen, E.R. and Allen, R.D. (1997) Orverevpression of

glutathione-S-transferase’ glutathione  peroaidase  enhances the growth of

transgenic tobacco seedlings dunng stress. Nat Biotechnol 15 98800}

Roy, M. and Wu, R. (2001) Arginine decarboxylase transgene expression and analysis
of environmental stress tolerance in transgemic nee Plant Scr 160 8608745

Roy, R.N. (1995) In: Integrated Plant Nutntion System, FAQ Fertihzer, and Plant
Nutrition Bulletin No.12, pp. 49-66

Rubio, M.C., Gonzélez, E.M.. Minchin. F.R., Wehb, K.J . Arrese-lgor, ', Ramow, J
and Becana, M. (2002) Effects of water stress on antioxidant enzymes of leay ey
and nodules of transgemic alfalfa overexpressing superoxide  dismutases
Physiol. Plant. 115: 531-540.

Sadras, V.0.. and S.P. Milroy. (1996) Soil-water thresholds for the responses of lead
expansion and gas exchange. Ficld Crops Res 47 253 266

Sairam, R. K., Deshmukh, P.S. and Saxena D €, (199%) Role of antioxidant systems
in wheat genotype tolerance to water stress Biol Plunt 41 387 194

Sakamoto, A. and Murata. N. (2001) The use of bactenal choline oxidase, u
glycinebetaine-synthesizing ensyme. 1o create stress-resistant transgemic plants
Plant Physiol. 125: 180-188.

Sakamoto, A., Alia and Murata, N. (1998) Mectabolic engincening of nice Jeading to
biosynthesis of glycine betaine and tolerance to salt and cold Plant Mol Biol
38:1011-1019

Sakamoto, A., Valverde, R.. Alia. Chen, T.H. and Murata, \ (2060) Tranformation of
Arabidopsis with the codA gene for cholinc oxidase cnhances freczing tolerance
of plants. Plant J. 22: 449-453.

Sambrook, J.. Fritsch, E.F. and Maniatis, T. (1989) Molecular clomng. A laboratory
manual. Cold Spring Harbor Laboratory Press. New York.

Sanford, J. C., Klein, T. M., Wolf, E. D. and Allen. N. (1987) Delivery of substances
to the cells and tissues using a particle gun bombardment process Particle Gun

Technol. 5: 27-37.
sers Guide: Statistics (SAS Institute. Cary. NC).

SAS Institute (1996) SAS U




152

Saxena, N.P.(2001) Management of drought in chickpea- a holiste approach In NP,
Saxena (w')i Mmagement Of Agﬁt‘ﬂl(um] Dr\)ugh( - Agn"\(\ml\.' and ("mc‘lt‘
Options, Oxford & IBH Publishing Co. Pv1. Ltd.: New Delh,

Schaedle, M., and Bassham,
Physiol. 59: 1011-1012.

JA. (1977 Chloroplast glutathione reductase  Plany

Schnall, J.A. and Weissinger, AK. (1995) Genetic transformation 1n  drachus
hypogaea L. Vol 34. In: Biotechnology 1n Agriculture and Forestry Y.P S
Bajaj (ed) Springer-verlag Berlin, Heidelberg, New York, pp, 135-144

Schobert, B. and Tschesche, H. (1978) Unusual solution properties of proline and s
interaction with proteins. Biochem. Biophys. Acta 541; 270- 277,

Seki, M. , Narusaka, M., Abe, H., Kasuga. M.. Yamaguchi-Shinozaki, K . Camine,
P., Hayashizaki, Y. and Shinozaki. K. {2001) Monitonng the expression pattem
of 1,300 Arabidopsis genes under drought and cold stresses by using a tull-
length cDNA microarray. Plant Cell 13: 61-72,

Seki, M., Narusaka, M., Abe, H., Kasuga. M.. Yamaguchi- Shinozaki. K.. Carminci,
P., Hayashizaki, Y. and Shinozaki, K. (2001) Momtoning the expression pattern
of 1300 Arabidopsis genes under drought and cold stresses by using o full-

length cDNA Microarray. Plant Cell 13: 61-72.
Sen Gupta, A., Heinen, J.L.. Holady. A.S.. Burke, JJ. and Allen, R.D (1993)

Increased resistance to oxidative stress m transgemic plants that aver-express
chloroplastic Cw/Zn superoxide dismutase. Proc. Nat Acad Set USA 90 1629.
1633.

Sharma, K. K. and Anjaiah, V. (2000) An efficient method for production of
transgenic plants of peanut (Arachis hypogaea 1) through Agrobacterium
tumefaciens-mediated genetic transformation. Plant Sci 159:7-19

Sharma, K. K., Lavanya, M. and Anjaiah. V (2000) Method for the 1solation and
puriﬁ;:atic;n of ge:.lomic DNA from peanut that 1s sunable for analytical
applications. Plant Mol. Biol. Rep. 18: 393a-393h.

pments 1n transgenics for abiotic

develo
harm. d Lavanya, M. (2002) Recent '
Sharma, K.K. an arid tropics. In. M. Ivanaga (cd.) Genetic

stress in legumes of the semi




153

Engineering of Crop Plants for Abjotic

Stress. JIRCAS Working Report No, A,
JIRCAS: Tsukuba, Japan, pp. 61-73.

Sharma, KK. and Ortiz, R. (2000) Program for the apphication of genenw

transformation for crop improvement in the semiand tropies: In Furo Cell Dev
Biol.-Plant 36: 83-92.

Sharma, K.K., Bhojwani, $.S. and Thorpe, T.A. (1990). Factors affecting high

frequency differentiation of shoots and roots from cotyledon cxplants of
Brassica juncea (L.). Plant Sci, 66; 247-253.

Shen, B., Jensen, R.G. and Bohnert. H.J. (1997) Increased resistance to oxidative
stress in transgenic plants by targeting mannitol biosynthests to chloroplasts
Plant Physiol. 113:1177-1183,

Sheshshayee, M. S., Bindumadhava, H., Prasad. T. G.. Lakshminaravana, M R and
Udayakumar, M. (1998) Oxygen isotope enrichment (A'*0)) as a measure of

time-averaged transpiration rate. J.Lxp. Bot. 56: 3033-3039,

Shi, H., Ishitani, M., Kim, C. and Zhu. J.K. (2000) The Arabidopsis thaliana salt
tolerance gene SOSI1 encodes a putative Na+ H* antiporter. froc Nat Acad
Sci. USA 97: 6896-6901.

Shigeoka , S. , Ishikawa, T., Tamoi, M. . Miyagawa, Y., Takeda. T . Yabuta, T.
and Yoshimura, K. (2002) Regulation and function of ascorbate peroxidase
isoenzymes. J. Exp. Bot. 53: 1305-1319.

Shinozaki, K. and Yamaguchi-Shinozaki, K. (1997) Gene expression and signal
transduction in water stress response. Plant Physiol 115: 327-334.

Shinozaki, K. and Yamaguchi-Shinozaki. K. (1999) Molecular responses 1o drought

stress. Jn Shinozaki, K. and Yamaguchi-Shinozaki. K. (¢ds ) Molecular
Responses to Cold, Drought, Heat, and Salt Stress in Higher Plants. R.G. Landes

Company, Texas, pp.11-28.
»
(2000) Molecular responses to

ces and cross-talk between two stress

Shinozaki, K., and Y amaguchi-Shinozaki, K.
dehydration and low temperatures: differen
signaling pathways. Curr. Opin.

Plant Biol. 3: 217-23.




154

Shinozaki, K., Yamaguchi-Shinozaki. K. Uirao, T. and Kotzum, M, (1992)

Nucleotide sequence of a gene from Aradopsis thaliana encoding 4 myb
homologue. Plant Mol. Biol. 19: 493-499.

Shinwari, ZK., Nakashima, K., Miura, §. Kasuga, M. Schi. M. Yamaguchi-
Shinozaki, K. and Shinozaki, K. (1998) An Arabidopsis gene family encoding
DRE/CRT binding proteins involved n low-temperature-responsive  gene
expression. Biochem. Biophys. Res Commun. 50. 161-170

Sinclair, T.R. and Ludlow, M.M. (1986) Influence of soil water supply on the plant

water balance of four tropical grain legumes Aus / Plant Physiol 13 329.341

Sinclair, T.R., Purcell, L.C. and Sneller. C.H. (2004) Crop transformation and

challenge to increase yield potential. 7rends Plunt Sei 9 70-78

Sinclair, T.R., Hammer. G. L. and Qosterom, k. J V. (200%) Potenhal vicld and
water-use efficiency benewfits in sorghum from himited maximum transpiration
rate. Func. Plant. Biol. 32' 945-952.

Singsit, C., Adang, m. J.. Lynch, R. E., Wang. A.. Cardincau. G. and Oz1as-Akins, P
(1997) Expressions of a Bacillus thuringionsis ery 1 4¢ gene in trunsgemc peanut
plants and its efficiency against lesser cornstalk borer Transgenic Res 67 169-

176.

Sivamani, E., Bahieldin, A., Wraith. J.M.. Al-Niem1. T.. Dyer. W L. Ho, T.H.D. and
Qu, R. (2000) Improved biomass productivity and water use efficiency under
water deficit conditions in transgemc wheat constitutively expressing the barley
HVALI gene. Plant Sci. 155: 1-9.

Skriver, K. and Mundy, J. (1990) Gene expression in response 1o abscisic acid and
osmotic stress. Plant Cell 5: 503-512.

Slooten, L., Capiau, K., Van Camp, W.. Montagu, M.V.. Sybesma. (. and Inz¢, D.

(1995) Factors affecting the enhancement of oxidative stress tolerance 1n

transgenic tobacco. overexpressing manganese superoxide dismutase 10 the

chloroplasts. Plant Physiol. 107: 737-75.
Smimoff, N. and Colombé, S.V. (1988) Drought influences the activity of enzymes of
the chloroplast hydrogen peroxide scavenging system. J. Exp. Bot. 39: 1097-

1108.




185

Srivastava, A. and Strasser. R.J. (1995) How do land plants respond 1o stress
temperature and stress light” .1rchs Sci Gonve 38 135-145,

Srivastava, A, and Strasser. R.J. (1996) Stress and stress management of land plants

during a regular day. J Plant Physiol. 148: 445-455,
Srivastava, A. and Strasser. R.J. (1997) Constructin ¢ and destructive actions of hght
on the photosynthetic apparatus. /. Sc1 Ind Res $6: 133-148

Steinmeyer, K. (1996) A family of putative chlonide channels trom drabidopas and
functional complementation of a yeast suain with a C1.¢° gene disruption
Bio.Chem. 27: 33632-33638.

Stockinger, E., Gilmour, S.J. and Thomashow. M.} (1997) Drabdopss thahana
CBFI encodes an AP2 domain-contaiming transcriptional activator that binds to
the C-repeat/DRE. a cis-acting DNA regulatory element that sumulates
transcription response to low temperature and water deficst Proc Nar Acad
Sci. US4 94: 1035-1040

Strasser, B.J. and Strasser. R.J. (1995) Measunng fas fluorescence transients to
address environmental questions: The JIP-test In P Mathis (ed) Photosynthesis
From Light to Biosphere. Vol V. Kluwer Acad Publ., Dordrecht, pp 977 9K0

Strasser, R.J. and Govindjee (1992a) The F0 and the O-J-I-P fluorescence nse in
higher plants and algae. In: Argyroudi- Akoyunogiou J.H (ed). Regulaton of
Chloroplast Biogenesis. Plenum Press. New York, pp 423 426

Strasser, R.J. and Guvindjee (1992b) On the O-J-I-P fluorescence transient in lcaves
and D1 mutants of Chlamydomonas Reinhardi In Murata N (ed) Rescarch in
Photosynthesis, Vol. 4, Kluwer Acad Publ. Dordrecht, pp 29 32

Strasser, R.J., Srivastava, A. and Govindiee (1995) Polyphasic chiorophyll a

fluorescence transient in plants and cyanobactena. Photochem Photobiol. 61

32-42.

Strasser, R.J., Srivastava, A., Tsimilli-Michael, M. (2000) The fluorescence transient

as a tool to characterize and screen photosynthetic samples. In: Yunus M, Pathre

U, Mohanty P, editors. Probing photosynthesis: mechanisms, regulation and
adaptatio.n. Taylor and Francis Publishers, London pp. 445-483




156

Strasser, R.J., Tsimilli-Michael, M. (2001) Stress 1n plants trom daly rhythm 1w
global changes, detected and quantified by the JIp
75:3321-3126,

test. Clum, Nouvelle (SR()

Subbarao, G.V., Johansen, C., Slinkard, A.E.. Nageshwara Rao, R.C.. Saxena, N P
and Chauhan, Y.S. (1995) Strategies for improving drought resistance in gram

legumes. Crit. Rev. Plant Sci, 14: 469-523.

Subramanyam, P., Moss. J.P., McDonald. D.. Subba Rao, P.V. and Ruo, VR (1985)
Resistance to leaf spot caused by C ercosporidium personatum n wild Arachis
species. Plant Dis. 69: 951-954.

Sun, W., Bernard. C., van de Cotte, B.. Montagu. M.\' and Verbruggen, N (2001)
At-HSP17.6A, encoding a small heat-shock protein in Arabidopsis, can enhance
osmotolerance upon overexpression. PlantJ 27: 307-418,

Takabe, T., Hayashi, Y.. Tanaka, A.. Takabe. T. and Kishitani, § (199%) Fvaluation
of glycinebetaine accumulation for stress tolerance in transgenic nice plants In
Proceedings of the international workshop on Breeding and Biotechnology for

environmental Stress in Rice. October 26- 29. Sapporo, Japan. pp 63 6K

Tarczynski, M.C.. Jensen. R.G. and Bohnert, H.J. (1993) Stress protection of
transgenic tobacco by production of osmolyte mannitol. Sei 259, S08.510.

Thoday, J. M. (1961) Location of polygenes. Agture 191 368- 370,

Thomashow, M. F. (1998) Role of cold responsive genes 1n plant freezing tolerance.

Plant Physiol. 118: 1-7.

Tsimilli-Michael, M. and Strasser, R.J. (2001) Frngerprints of chmate changes on the
photosynthetic apparatus’ behaviour. monitored by the JIP-test. In. Walther G-
R, Burga CA and Edwards PJ (eds) ‘Fingerprints” of Chmate Changes-Adapted
Behaviour and Shifting Species Ranges; Kluwer Acad Plenum Publ. New York,

pp 229-247.

Tsimilli-Michael, M., Eggenberg, P., Biro. B.. Kéves-Pechy, K., Vords, 1. and

Strasser, R.J. (2000) Synergistic and antagonistic effects of arbuscular
mycorrhizal fungi and Azospirillum and Rhizobium mtrogen-.xcrs on the
photosynthetic activity of alfalfa, probed by the chlorophyll a polyphasic

fluorescence transient O-J-I-P. 42 CF App. Soil Eco. 15:169-182.




157

Toimilli-Michsel, M., Kriger, GHJ. and Strasser. RJ. (1993) Suboptimality ae

driving force for adaptation: A study about the correlation of excitation light

intensity and the dynamics of fluorescence emission in plants, In: Mathis P (od)
Photosynthesis: from Light to Biosphere,
Dordrecht. pp .981-984,

Vol V. Kluwer Acad Publ,

Tsimilli-Michael, M., Kriiger, G.H.J. and Strasser, R.J. (1996) About the perpetual

state changes in plants approaching harmony with their environment. 4rchs S
Genéve 49: 173-203.

Tsimilli-Michael, M., Pécheux, M. and Strasser, R.J. (1999) Light and heat stress
adaptation of the symbionts of temperate and coral reef foraminifers probed in
hospite by the chlorophy!l v fluorescence kinetics O-J-1-P. Z, Naturforseh $4 C:
671-680.

Udayakumar, M., Sheshashayee, M.S., Nataraj. K.N.. Bindumadhava, H., Devendra,
R., Aftab Hussain, 1.S. and Prasad. T.G. (1998) Why has breeding for WUF not
been successful? An analysis and altemate approaches to exploit this trait for

crop improvement. Curr. Sci. 74: 996-1000.

Umezawa, T.. Okamoto, M., Kushiro. T. Nambara, E. Oono. Y. Schi. M,
Kobayashi, M., Koshiba. T.. Kamiya. Y. and Shinozaki. K. (2006) CYP707A3.
a major ABA 8'-hydroxylase involved in dehydration and rehyvdration response

in Arabidopsis thaliana. Plan J. 46: 171-182.

Van Camp, W., Capiau, K., Van Montagu. M.. Inz¢. D. and Slooten. L. (1996)

Enhancement of oxidative stress tolerance in transgenic tohacco plants

overproducing Fe-superoxide dismutase i1 chloroplasts. Plant Physiol 112

1703-1714.

Van Rensburg, L. and Kriiger, G. (1994) Evaluation of components of oxidative stress

metabolism for use in selection of drought tolerant cultivars of Nicotiana

tabacum L. J. PlanwPhysiol. 145: 730-737.

Van Rensburg, L., Kriiger, G.H.J., Eggenberg, P. and Strasser, R.J. (1996) Can

screening criteria for drought resistance in Nicotiana tabacum l.. be derived

from the polyphasic rise of the chlorophyll a fluorescence transient (OJIP)? S.
Afr.J. Bot. 62: 337-341.



158

Venkatachalam, P., Geeta, N, and Jayabalan, N, (1998) Induction of somatic embryos
and plantlet development in cel suspension cultures of Arachs '

Ay g 1.
Breed. Sci. 48:231.236. e

Venkatachalam, P., Geeta, N., Khandelwal, A.. Shaila, M. S. and Lakshm Sita, Gi.
(2000) Agrobacterium-mediated genetic transformation and regencration of

transgenic plants from cotyledon explants of groundnut (4rachss hypogaea 1..)
via somatic embryogenesis. Curr. Sci. 78: 1130-] 136.

Venkatachalam, P., Geetha, N., Khandelwal. A., Shaila, M. §. and Lakshnu Sua, G

(1999) Induction of direct somatic embryogenesis and plant regencration from
mature cotyledon explants of Arachis hypogaca L. Curr. Sc1. 77: 269-273.

Vierling, E. (1991) The roles of heat shock proteins in plants. Anme Rev Plant
Physiol. Plant, Mol. Biol. 42: 579-620.

Vietmeyer, N.D. (1986) Lesser-known plants of potential use in agnculture and
forestry. Science 232: 1379-1384.

Vinocur, B. and Altman, A. (2005) Recent advances in engineenng plant tolerance to
abiotic stress: achievements and limitations. Curr. Opin. Biotechnol 16 123.

132.

Vranova, E., Inze, D. and Van Breusegem, F. (2002) Signal transduction duning
oxidative stress. J. Exp. Bot. 53° 1227-1236.

Wang, A., Fan, H., Singsit, C. and Ozias-Akins. P. (1998) Transformation of peanut
with a soybean VspB promoter-uidA chimeric gene. 1. Optimization of a
transformation system and analysis of GUS expression in prnimary transgemc

tissues and plants. Physiol. Plant. 102: 38-48.

Waters. ER.. Lee. G.J. and Vierling, E. (1996) Evolution. structure and function of

the small heat shock proteins in plants. J. Exp. Bot. 4T: 325-338.

Weisz, R., Kaminski, J. and Smilowitz. Z. (1994) Water deficit cffects on potato leaf
growth and transpiration: Utilizing fraction extractable soil water for
comparison with other crops. Amer. Potato J. 71: 829-840.

A. and Palva, E. T. ( 1995) Structure |
enes in Arabidopsis thaliana L.

and organization of two
Welin, B. V., Olson,

low-temperature-induced dhn/lea/rab-like g8
Heynh. Plant Mol. Biol. 29: 391-395.



159

Wightman, J. A. and Ranga Rao, G. V. (1994) Groundnut pests. In J. Smartt (ed.)

The groundnut crop: a scientific basis for improvement. Chapman and 11

all,
London, pp. 395-479.

Wightman, J.A. and Ranga Rao, G.V. (1993) Groundnut insects. In: Sman, J (1-d.)
The groundnut crop. Chapman Hall, London, Pp. 394-469,

Willits, D.H. and Peet, M.M. (2001) Measurement of chlorophyll fluorescence as a
heat stress indicator in tomato: laboratory and greenhouse
Soc. Hort, Sci. 123: 188-94.

compansons J 4m

Winicov, 1. and Bastola, D.R. (1997) Salt tolerance crop plants' new approaches

through tissue culture and gene regulation. Acta Physiol Plant 19, 418.449.

Winicov, 1. and Bastola, D.R. (1999) Transgenic overexpression of the trunscnption
factor Alfin] enhances expression of the endogenous MsPRP2 gene 1n alfulfa

and improves salinity tolerance of the plants. Plant Physiol 120 473-4%0

Wright, G. C., Nageswara Rao, R. C. and Basu, M. S. (1996) A phvsiological
approach to the understanding of genotype by environment interactions & case
study on improvement of drought adaptation in peanut. In: M. Cooper and G 1.
Hammer (eds.), Plant adaptation and crop improvement CAB Int.. Wallingford.
UK, pp. 365-381.

Wright, G.C and Nageshwara Rao, R.C. (1994) Groundnut water relations, In. J.
Smart (ed.), The Groundnut Crop: A scientific basis for improvement, Chapman
& Hall, London. U.K., pp.281- 335.

Wright, G.C., Hubick, K.T. and Farquhar. G.D. (198K) Discnmination in carbon

isotopes of leaves correlate with water use efficiency of field-grown peanut

cultivars. Aust. J. Plant Physiol. 15: 815-825.

Wright, G.C., Hubick, K.T. and Farquhar. G.D. (1991) Phystological analysis of

peanut cultivar response to timing and duration of drought stress. Aust J Agr,
»

Res. 42: 453-470.

Wright, R.B. (1998) The effects of experimental and natural flooding on the

i |
distribution and availability of soil phosphorus in a southeastern floodplain
forest. Ph.D. diss. George Mason Univ., Fairfax, VA.



160

Xiong, L., and Zhu, J.K. (2001) Plant abiotic stress signal transdu

- ' ction: molecular and
genetic perspectives. Physiol. Plant, | 12: 152-166.

Xiong, L., Ishitani, M. and Zhu, jk. (1999) Interaction of OSmMOtC  stress,
temperature, and abscisic acid in the regulation of gene

expression an
Arabidopsis. Plant Physiol. 119: 205.21 1.

Xu, D., Duan, X., Wang, B., Hong, B., Ho, T. H.D. and Wu, R. (1996) Expression of
a late embryogenesis abundant protein gene. })'4/, from barley confers
tolerance to water deficit and salt stress in transgenic rice. Plant Physiol, 110

249-257,

Yamaguchi-Shinozaki, K. and Shinozaki, K. (1993) Charactensation ot the
expression of a dessication-responsive rd29 gene of Arabidopsis thaliana and
analysis of its promoter in transgenic plants. Mol Gen Gener, 236: 331340,

Yamaguchi-Shinozaki, K., Urao, T., Iwasaki. T.. Kiyosue, T. and Shinozaki, K.
(1994) Function and regulation of genes that are induced by dehydration stress
in Arabidopsis thaliana. JIRCAS J. 1: 69-79.

Yang, D.X., Wei, Z. M. and An, H.L. (2001) Transgenic peanut plants obtained by
particle bombardment via somatic embryogenesis regencration system Cell Res

11: 156-160.

Yang, G., Rhodes, D. and Joly, R.J. (1996) Effects of high temperature on membrane
stability and chlorophyll fluorescence in glycine hetaine-deficient and glycine

betaine containir.g maize lines. Aust. J. Plant Physiol. 23: 437-443.

Yang, H. Y., Singsit, C., Wang, A., Gonsalves. D. and Czias-Akins, P. (199%a).

Transgenic plants containing nucleocapsid protein genc of tomato spotted wilt

tospovirus show divergent levels of gene expression. Plant Cell Rep 17: 693.

699.

Yang, H.Y., Gill, R. and_Ozias-Akins. P. (1998b) Transforinaiion of peanut with a
Y., , R. and |

synthetic antifungal peptide gene. In: Congress on in vitro Biology. lsracl.65 p.
i i O,
Zeyong, X. (1992) Groundnut production and research in East Asia in the 1980s. In

Groundnut- 2 global perspective: proceedings of an

Nigam, S.N. (Ed.), '
il .29 Nov 1991, ICRISAT Center, India. Patancheru,

international workshop, 25
A.P., India. pp. 157-165.




161

Zhang, HX. and Blumwald. E. (2001) Transgenic salt-tolerant tomato plants
accumulate salt in foliage but not in fruit. Nar. Biotechnol 19: 765-708,

Zhao, H.W., Chen, Y.J., Hu, Y.L., Gao, Y. and Lin, Z.P. (2000) Construction of a
trehalose-6-phosphate synthase gene driven by drought responsive promaoter and
expression of drought-resistance in transgenic tobacco. Acra Bor Smica 42,
616-619.

Zhu, 1.K. (2001) Plant salt tolerance. Trends Plant Sci. 6: 66-71.

Zhu, J.K. (2002) Salt and drought stress signal transduction in plants. dnnu Rev
Plant Physiol. Plant Mol. Biol. 53: 247-273.

Zhu, L., Tang, G.S., Hazen, S.P., Kim. HS. and Ward, R.W. (1999) RFLP-based
genetic diversity and its development in Shaanxi wheat lines. Acta Bot Borcals
Occident. Sin. 19: 208-213.




FIGUORES



A 358:DREB1A

L el
tbv
wid

i

< @mnﬂnmﬂ-{ ‘

2l
K

B rd20A:DREB1A

s iifezr -
3 Baojd)s E
$ § &

S;@’NPT" NOS-¥ | NOG-3' d

Figure 1A,B. T-DNA regions of the binary plasmids used for Agrobacterium
tumefaciens-mediated transformation. (A) Construct containing nprll and DREBIA
genes under the control of 35S promoter. (B) rd29A:DREBIA bmary plasmid
containing nptll and rd294 driven DREB1A gene (LB, left border; RB, right border;

nptl, neomycin phospBotransferase).




Figure 2A-1. Regeneration of adventitious shoots from cotyledon explants of 4 hy poguca
L (A) Healthy seeds of groundnut vanety JL 24 (B) Embrvo axis 15 removed surgically
from the healthy groundnut seeds and each cotsledon s then cut o vertical halves to
obtain cotyledon explants and co cultivated for 48 72 h (C) Greeming of cotyledons and
mtiation of shoot bud formation from the explants atter = © d of culture (D) Development
of multiple adventitious shoots fwm the cut ends of cotyledon explants after 3 wk (1)
Cotyledon explants beanng multiple shoot buds after 4 wk of culture (}) Development of
multiple adventitious shoots after culture on shoot elongation medium (SEM) after 10 d of
culture (G) Elongation of shoot cultured on SEM after 2 wk (H) Production of muluple
adventitious roots on elongated shoots after 2-3 wk of culture on root induction medium
(RIM) (I) A rooted plant transplanted to a pot and maintained under greenhouse
conditions after 2 wk of transplantation




rd29A DREBIA constructs and growing under controtled i vuro and glass house
conditions (A) Growth differences in 45 d old plants grown in test tube conditions
rd29A DREBIA (nght) and 35S DREBIA (left) (B) Severe growth retardation of 3-
wk old 35S DREBIA plants (nght) as compared to rd29A DREBIA plants (left) of the
same age under n viro condiions (C) Phenotypic  differences obsened
rd29A DREBIA (nght) and 355 DREBIA (left) plants under greenhouse condtions

I —————
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Figure 4A,B. PCR amplification of the nptll and DREBIA genes n 1, progene
of independent transgenic evente (A) PCR amplification of genomic DNA from 1
T, plants showing amplification of 700 bp fragment of nprll gene lanes 1-1% carr
samples from putative transformants, lane 19 15 the untransformed 1 24 and lan
20 is the 100 bp marker ladder. (B) PCR amplification of genomic DNA from |
T, plants showing amplification of the 500 bp DREBIA ¢DNA| lanes 2-1X carr
samples from putative transformanis. lane | 15 the untransformed control, lane 1!
has the plasmid DNA. and lane 20 1s the 100 bp marker ladder
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Figure 5A,B. PCR analysis of nprll and DREBIA genes in 11 progeny of
putative transgenic plants. (A) PCR amplification of the nprll gene n 1,
representing 8 independent transfo-med events of T1 generation. (A1) Lanes 1-
17 carry samples from putative transformants along with lanc 18 with wild type
negative control; lane 19 has the plasmid DNA with lanc 20 having 100 bp
marker DNA (A2) Lanes 1-14 carry the DNA from transgemic plants and lanc
I5 has plasmid DNA as positive control. (B) PCR amplification of genomic
DNA from 16 T, plants showing ampiification of 499 bp fragment of DRERIA
gene lanes 1-16 carry samples from putative transformants, lanc 17-1¥ are the
untransformed JL 24 controls; lane 19 has the plasmid DNA and lane 20
having100 bp marker.
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Figure 6A,B. RT PCR analveis for nprll and DREBI genes under water stressed
and unstressed conditions (A) RT-PCR analvsis of nprdl gene expression
untransformed and transgenic plants under non stress conditions lane 2 7 carnies the
sample RNA from transgenic events where as lanes | and lanes K 10 carmy the RNA
samples of untransformed JL 24 and positive control respectively (B) RT POR o
DREBI 4 gene expression in control and transgenic plants canviag rd29A DREBIA
before and after water stress treatment [ ane -8 carmes RNA 1solated from plants
grown under non-stress conditions with non-transgenic control i lane 9 lanes 1019
has RNA 1solated from plants after S d of water stress lane 20 has ¢ 100 bp ladder
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Figure 7A,B. PCR amplification of the npill and DR.BIA genes in T, progenies
of independent transgenic events (A) Lanes 1-16 carry samples from putative
transformants. lanes 17 and 18 are untransformed controls, lane '9 s the DNA
from plasmid rd29A:DREBIA. and lane 20 15 the 100 bp marker ladder (B) PCR
amplification of genomic DNA from 16 T plants show ing amphfication of the 769
bp fragment of rd29A:DREBIA junction region, janes 1-17 carry samples from
putative transformants. lane 1§ 15 the untransformed control. lane 19 has the
plasmid DNA. and lane 20 1s the 100 bp marker ladder
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Figure 8A,B. Southern blot analysis of DREB/ 4 gene in the genomic DNA of 11
and T2 generation groundnut plants transformed with 4 tumefuciens carrving the
rd29A:DREBIA gene construct.(A) Genomic DNA was restricted with /find 111
which gives a double cut and was probed with non radiolabeled 1d294 gene
fragment from the plasmid DNA(Lanes 2-9 carry RD2 RD4 RDIT RDI2 RD2A
RD24 RD2() RD19 and RD2S. 1an¢ | contained the WT JI 24 and Lanes 11 and 12
carried digested as well as uncut plasmid DNA respectively (B) The DNA was
restricted using Eco Rl to provide a single cut within the T-DNA- The blots were
probed with Biotin labeled DREB! 4 fragment of 499 bp (Lanes 2-7 carry genomic
DNA from events RD2. RDI1. RD12. RD14, RD1Y and RD20. lane | and lance Y
cary DNA from the untransformed controls and a plasmud camying  the

rd29A:DREBIA construct, respectively)




Figure 9A-E. Progressive soil drying in pot experiments conducted in containment
greenhouse conditions (A) A typical dry down setup showing the bagging of pots
and their arrangement under greenhouse conditions (B-D) A randomized drvang
down set up in the greenhouse (F) Phenotype of the wild type parent JT 24 (left)
and a DREB/4 containing event RD2 (nght) after 12 daye of progressive sol

drying
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Figure 10. Dendrogram showing relative similarities in 15 independent groundnut
events (including wild type JL 24) based on FTSW threshold values and the number of
days to end point under water deficit conditions.
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Figure 11A-F. Typical response of NTR to FTSW in transgenic events and
untransformed JL 24 under water deficit and respective curve fit.
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Figure 12A,B. Relationship of SLA and SCMR under well watered and drought stress
conditions in the transgenic events and the untransformed JL 24 under drying down

cycle.
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Figure 24, Effect of drought stress conditions on MDA levels in leaves of transgenic
events and untransformed JL 24 under drying down cycle.
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Appendix 1

Composition of chemicals and stock solutions for modified MS medium (MMS)
(modified from Murashige and Skoog, 1962)

*JAA

Chemical Concentration Stock

MS-Major Salts (50 X)
*NH;NO; 1650 66.0 g 400 ml
*KNO; 1900 38.0 g'400 ml
*MgSO4.7H0 370 17.6 g 400 ml
*KH,PO, 170 14.8 g 400 ml
*CaCl, 440 6.8 £ 400 ml

*MS-Minor Salts (100X) * 1n 1000 m}
Kl 0.83 83 mg
H;BO; 6.2 620 mg
MnS0,.4H,0 223 2250 myg
ZnS0,4.7H-0 8.6 KOO mg
Na;MoO,4 2H.0 0.25 25mg
CuS04.5H,0 0.025 2.5mg
CoCl2.6H.0 0.025 25mg

*BS Organics (100X) * 1n 1000 ml
Nicotinic acid 2.0 200 mg
Pyridoxine mono HCl 2.0 200 mg
Thiamine HCI 25.0 2500 mg

*MS- Organics (100X) : in 1000 ml
Glycin 2.0 ;“" mg
Nicotinic acid 0.5 50 mg
Pyridoxine mono HCl 0.1 50 mg
Thiamine HCl 0s 100 mg

*MS Fe-EDTA (100 X) : 71;1 I”(,]N)() ml
EDTA.2H,0 373 3 .7‘5( %/1
FCSO4.7H20 27.8 2R g

MS-Inositol (100X) y
*Myo-inosito! 100.0 10.0 ¢/

Grow:h regulators 2 22,53 mg/ 100 ml
.ng 220 22.1 mg/ 100 ml
*NAA 1.86 18.6 mg /100 mi




MMS media used at various stages of groundnut regeneration

Amount of stocks* (table) per liter

Item SIM (36) SEM (36-2) RIM

*NH; NO, 10 ml 10 ml 10 ml
*KNO; 20 ml 20ml 20 ml
*MgS04.7H:0 10 ml 10 ml 10 ml
*KH,PO, 10 ml 10 ml 10ml
*CaCly 10 ml 10 ml 10 ml

*MS-Minor 10 mi 10ml 10ml

*B5-Organics 10 ml 10ml 1W0ml

*MS- Organics -

*MS Fe-EDTA 10ml

*MS-Inositol 10ml

Sucrose g
Agar 78




Appendix 3

Preparation of chemicals and buffers used in Southern hybridization techniques

1. Composition of DNA extraction buffer

Component Stock conc | Working conc for 100 ml
Tris IM 20m]
NaCl 5M 56 mi

EDTA (pH8.0) |100mM | 40ml

CTAB 109

f- mercaptoethanol | 0.3 %

H-0 -

40 ml
300 ul (added yust before use)
40 ml

2. Preparation of Pre-hybridization buffer

Hybridization buffer (Alkaline phosphatase) - 25 ml

0.5 M NaCl - 0.73125 gm

Blocking reagent - | gm

Add NaCl of 0.73125 gm and blocking reagent of 1 gm to 25 ml of
hybridization buffer and kecp it for thorough mixing on a magnetic stirrer for

1 hr.

3. Preparation of Primary wash buffer for S00 ml

Chemical Chemical to be
added for 500m!

Urea- 2M 60 gm

SDS-0.1% 500 mg

0.5 M NaPO;-50 mM | pH 7 (50 ml)

NaCl- 150 mM 432¢g

MgCl-1M L | s00ul

Blocking reagent 1 gm




4. Preparation of 20X Secondary wash buffer for 500 mi

1 M Tris base-60.5 gm
2 M NaCl-56 gm
pH set at 10

5. Extraction of RNA through TRIzol method

Grind the leaf tissue in liquid N2 (100 mg). Homogenize the tissue in 1 ml of

TRIzol reagent.

Incubate the sample for S min at 15 to 30 °C.

Add 200 ul of chloroform per 1 ml of TRI1zol reagent.

Shake vigorously for 15 sec and incubate at 15 to 30 °C for 2 to § min.
Centrifuge at 14000 rpm for 15 min at 2 to 8 “C till three phases' form,

Collect the upper aqueous phase (3'4 vol. only) into fresh tubes and precipitate

it with 500 ul of isopropanol.

Incubate the samples at 15 to 30 “C for 10 min and later centnfuge at 14000

rpm for 10 min at 2 to 8 “C.

Decant the supernatant.

Wash the pellet with 70% ethanol (1 ml)’ vortex it.
Spin at 10000 rpm for Sminat2to 8 ‘C.

Dry the pellet in vacuum drier for 5 min.

Dissolve the pellet in RNase frec (30 ul) of water.



Appendix 4

1. Preparation of chemicals and buffers useful in genetic transformation studics

* 2N NaOH: Dissolve 8 gm of NaOH in 100 ml of SDW.

* 5 M Potassium acetate (pH 5.2): Dissolve 49.07 gm of Potassium acetate in

100 m! of water. Make up the pH to 5.2 with acetic acid.
¢ 5 M NaCl: Dissolve 29.22 gm in 100 ml of water

¢ 0.5 M Sodium phosphate: Dissolve 6.9 gm of Sodium phosphate in 100 ml of
water. Adjust the pH to 7 with S M HCI

* 1 M Tris: Dissolve 12.1gm of Tris-HCL. in 100 ml of water. Adjust the pH to
8 with IN NaOH

"¢ 100 mM EDTA (pH 8): Dissolve 3.72 gm of EDTA in 100 ml of SDW water.
Adjust the pH to 8 with IN NaOH.

e 10% CTAB: Dissolve 10 gm of CTAB in 100 ml of SDW.
e 10% SDS: Dissolve 10 gm of SDS in 100 ml of SDW.
e 2.5M CaCls: Dissolve 36.75gm of CaCly in 100 ml of SDW.

o 3 M Sodium acetate (pH 4.8): Dissolve 24.61 of Sodium acetate in 100 ml of

SDW. Adjust the pH to 4.8 with acetic acid.

2. Preparation of 50X TAE.

Chemical Wt in gm Vol. to he added
Tris-HCL 242

Na; EDTA.2H.0 372.2
Acetic acid 57.1ml

Adjust the pH to 8.5; make up the volume to 1L with SDW.




3. Preparation of varied % of ethanol.

Component | Working % | Vol. of ethanol to | Final Volume
be added (ml)
Ethanol 10 10 Make up the vol
to 100 ml with
SDW.
Ethanol 30 30 - do -
Ethanol 50 50 - do -
Ethanol 70 70 - do -
4. Preparation of LB medium (1 L)
Chemical Wt in gm
Bacto—peptone 10
Yeast extract ]
Sodium chloride (NaCl) 10
Agar 15
5

pH
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