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Peanut is an important oilseed and food legume cultivated aa rain-fed crop in semi-arid
tropics. Drought and high salinity are the major abiotic séisses limiting the peanut
productivity in this region. Development of drought and saltolerant peanut varieties
with improved yield potential using biotechnological apmach is highly desirable to
improve the peanut productivity in marginal geographies. g\ abiotic stress tolerance
and yield represent complex traits, engineering of regulaty genes to produce abiotic
stress-resilient transgenic crops appears to be a viable ggoach. In the present study, we
developed transgenic peanut plants expressing amrabidopsis homeodomain-leucine
zipper transcription factor AtHDG11) under stress inducible rd29A promoter. A

stress-inducible expression ofAtHDG11 in three independent homozygous transgenic
peanut lines resulted in improved drought and salt tolerare through up-regulation of
known stress responsive genes (LEA, HSP70, Cu/zZn SOD, APX5ES, NCED1, RRS5,
ERF1, NAC4, MIPS, Aquaporin, TIP, ELIP) in the stress gene merk, antioxidative
enzymes, free proline along with improved water use ef ciety traits such as longer
root system, reduced stomatal density, higher chlorophyltontent, increased specic

leaf area, improved photosynthetic rates, and increased trinsic instantaneous WUE.
Transgenic peanut plants displayed high yield compared to en-transgenic plants
under both drought and salt stress conditions. Holisticaj}f our study demonstrates
the potentiality of stress-induced expression ofAtHDG11 to improve the drought, salt
tolerance in peanut.

Keywords: peanut, AtHDG11 (Arabidopsis Homeodomain globarous11
use ef ciency, yield potential

), drought stress, high-salinity stress, water

INTRODUCTION

Peanut or groundnut Arachis hypogaeh.) is globally important legume crop belonging to the
Fabaceae family. Grown for its oil content, feed for both lammand livestock, it forms a major
revenue source for marginal farmers as well as for the coroi@egproducers. About 60% of the
world peanut production comes from the semi-arid tropics (SATch as Africa, Asia, North,
and South America, where extremes of temperature, drougttt,soil salinity are predominant
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(Mace et al.,, 2006; Cuc et al., 2D0&uch unfavorable (Hichrietal.,201Y). Apartfrom transcription factor several other
environmental conditions severely a ect the plant growth andgenes likeNHX, HKT, and P5CSwere proved e cient for salt
productivity. Drought and salt stress are the serious caists tolerance in di erent genetic background$/{an et al., 2011;
a ecting both productivity and quality of peanut in SAT regions Zhang et al., 20)5To date only a small number of genes directly
(Wright and Nageswara Rao, 1994; Reddy and Anbumozhi, 200 proving plant WUE and the associated drought tolerance were
Krishna et al., 20151t is estimated that drought stress alone canidenti ed such as ABA-responsive barley gdd¥Al (Sivamani
cause an annual loss of 6 million tons worth about 520 millionet al., 200)) a putative transcription factoASR1(Jeanneau
USD (Sharma and Lavanya, 2002; ICRISAT, 2006; Bhatnagast al., 200, a gene associated with stomatal movemdRP5-
Mathur et al., 200). Soil salinity in the SAT regions reduces 1 (Ghasem et al., 20))% gene encoding an NADP-malic enzyme
the plants ability to uptake minerals that inhibits growth and (Laporte et al., 2002an AP2/ERF-like transcription factor gene
development of peanut, which is known as “saline induced watedRD (Karaba et al., 20),/and aDREB1ATF gene Bhatnagar-
de cite ect” or “osmotic e ect” (Singh and Abrol, 1985; Nautiyal Mathur et al., 200y Stress inducible expression system was
etal., 1989; Singh et al., 1989; Janila et al.,)1999 found better when compared to strong constitutive in improving
Development of peanut genotypes with improved droughtabiotic stress tolerance through genetic engineering approac
resistance and WUE (water use e ciency) is highly desirablgBen-Saad et al., 2015; Tiwari et al., 2016
compared with those varieties developed only with drought In a recent studyyu et al. (2008jdenti ed and ascertained
tolerance, as always there would be a yield advantage that overexpression ofArabidopsis HDGllgene, a HD-
earlier caseYharma and Lavanya, 2003VUE and yield are START family transcription factor, confers drought resistan
inter-related complex traits in uenced by the interactiorf a in Arabidopsisand tobacco by exhibiting drought tolerant traits
plentitude of genes related to physiological drought-resise  such as increased root growth, reduced stomatal densityh&ur
and yield-associated traitsA(aus et al., 2008 As a result, over expression oAtHDG11under a constitutive promoter has
simultaneous selection of several traits for WUE, droughshown to confer salt, drought stress tolerance, and improved
resistance, yield along with elimination of undesirablegmaic yield in tall fescue, sweet potato, rice, cotton, poplar, whead
regions that were co-transferred during breeding prograsis iChinese Kale@ao et al., 2009; Ruan et al., 2012; Yu et al., 2013,
di cult task and requires tremendous e ort and timeFichards, 2015; Li et al., 2016; Zhu et al., 2D1TPhe HDG11transcription
1996; Yeo, 1998 Further, transferring desired traits from wild factor is a developmental regulator gene that has insigmitcale
to cultivated Arachis species through classical and moleculaiin stress response’ (1 et al., 2008 Constitutive overexpression of
breeding has been limited owing to ploidy nature and crossHDG11in transgenic plants accumulates high amounH@G11
pollination incompatibility barriers Janila et al., 20)3Marker  protein in the nucleus and regulates the expression of several
assisted selection of useful alleles/QTLs could enhameetisen  other stress induced genes which are having HD binding sites
power regardless of breeding constraints. their promoters {{u et al., 2008 However, no experimental data
Genetic engineering or transgenic technology is consitiase is available on the performance AfHDG11under abiotic stress
a versatile and alternative technology to overcome theditiins  inducible promoter.
associated with classical and modern breeding techndogie Inthe presentstudy, we describe the successful transfaiwmat
Signi cant progress has been achieved in unraveling regofat and heterologous overexpression AHDG11 gene under the
mechanisms underlying the drought stress responses and cantrol of a stress induciblétrd29A promoter in a popular
large number of drought tolerant genes have been identi ecpeanut variety JL-24 and discuss the performance under drought
in a model plant Arabidopsisas well as in wide range of and salt stress conditions.
plant speciesHauser et al., 20)1Using the identi ed stress-
responsive genes with putative regulatory roles (transanpti
factors) from the model plants to develop stress resilieopsr MATERIALS AND METHODS
has proven to be an e cient strategy compared to traditional . .
breeding Wolinar, 2012: Basu et al., 2Q1@he e ective use of Plant Material and Cloning of ~ AtHDG11
transcription factors (TFs) for the development of stressitient ~ Gene
peanut crop have already been witnessed in previous studies surhe seeds ofirabidopsis thalinaecotype columbia SALK T-
as heterologous overexpression of individual TROREB1A DNA insertion mutant line (SALK_003819) were procured
(Bhatnagar-Mathur et al., 2007; Sarkar et al., 30MuUNAC4  from Arabidopsis Biological Resource Centre, Japéan €t al.,
(Pandurangaiah et al., 2014and simultaneous expression of 2009. The seeds were surface sterilized with 50% liquid bleach
AtDREB2A AtHB7,and AtABF3 (Pruthvi et al., 2014 Al n1, containing of 0.05% Tween 20 and sown in a mixture of
PgHSF4and PDH45(Ramu et al., 2006 Though drought and vermiculite: perlite: peat moss (2:2:1). Pots were kept in the
salt tolerance mechanisms share common genes, few genes waairk for 3 days, at 4C for strati cation and subsequently
found speci cally involve in salt tolerance. The potentialbsze  transferred to normal growth conditions. Thereafter, plant
of salt tolerance genes are haplophytes and their heterobogowere grown at 22C under long-day conditions (16-h-light/8-
expression pattern with possible mechanism was thoroughlig-dark). Leaves were collected from 30 days old plant and tota
discussedNlishra and Tanna, 20)7The constitutive expression RNA was isolated using “Nucleospin RNAII kit (Macherey
of WRKY3 transcription factor has drastically improved salt Nagel). cDNA was prepared using oligo-dT primer, following
tolerance in tomato along with moderate tolerance to droughthe procedure described by “Revert Aid premium rst strand
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cDNA synthesis kit" (Life Technologies). For ampli cation of Molecular Analysis of Putative Transgenic Plants for

HDG11 gene, 1mL of the reverse transcription reaction was Stable Transgene Integration and Segregation

used with Platinum Pfx polymerase (Invitrogen) according toGenomic DNA was isolated from 1T T, and Tz putative

the manufacturer's instructions. The 2.1kb cDNA fragmeffit o transgenic and non-transgenic plants using CTAB method

AtHDG11 (Atlg7336Pwas ampli ed from cDNA using gene- (Doyle and Doyle, 1997 PCR analysis was carried out with

speci ¢ primers. The amplied cDNA fragment was column di erent combinations of gene, promoter, andptll specic

puri ed (Qiagen) and cloned intopTZ57R/T (MBIFermentas) primers for detection of cloned components. PCR ampli cation

vector following manufacturer's protocol. was carried outin a 2BL reactions containing 100 ng of genomic

DNA as a template. The PCR was initiated by a hot start at

) ) 94 C for 5min, 30 cycles of 9€ for 1 min, 55 C for 1 min, and

Construction of Plant Transformation 72 C for 2 min. The amplicons were resolved on 0.8% agarose gel

Vector With AtHDG11 electrophoresis.

The 2.1kb of AtHDG11 coding region was released from  Southern analysis was carried out using 2§ of puried

pTZ57R/T vector usingXhol and Notl restriction enzymes genomic DNA from selected ;TPCR conrmed transgenics

(NEB) and ligated intopGreen002®inary vector between along with non-transgenic plants. DNA was digested witiol

stress inducible promoteAtrd29A-and-polyA terminator. The enzyme, electrophoresed, and blotted onto a positively charged

resulting recombinant vectorAtrd29::AtHDG11:PolyAwas nylon membrane (Hybond-N). Radiolabeled PCR product of

mobilized along with the helper vectpSougnto EHA105strain ~ AtHDG11gene was used as a probe. Hybridization and washing

of Agrobacterium tumefacieriyy electroporation (Eppendorf) were carried out at 5& as described bgambrook et al. (1989)

method. Recombinant colony &. tumefacienstrain carrying

the construct was selected using colony PCR method. Seélectecreening for Drought and Salt Stress Tolerance by

colony was cultured in YEP broth (5iy/mL) and rifampicin  Outdoor Lysimetric Dry-Down Experiment

(10mg/mL) and allowed to grow at 2& on a shaker with 180 The abiotic stress response in selectgdransgenic plants along

rpm. When the OD (Ao reached 0.4-0.5, the bacterial culturewith NT plants were carried out under eld conditions using

was removed and centrifuged at 5000 rpm for 10 min a4 the lysimetric dry-down conditions as described Jagana et al.

the pellet was dissolved in 50mL of half strength MS medi&2012) Selected peanut transgenic lines were grown in the PVC

with 100mM of acetosyringone and the suspension was used fdysimeters (120 20cm) consisting of 50kg soil. Plants were

co-cultivation.PGreen0029-binamector without any transgene Watered regularly for 1 month to gain full eld capacity. Drght
served as an empty vector control. stress was imposed in 1 month old plants by withholding the

water and salt stress was imposed by adding 250 mM salt (NaCl)
solution to the cylinders. Drought and salt stress were caed
Plant Transformation for 30 days. Field capacity of drought stressed plants wasaegul
Peanut Arachis hypogaea. cv. JL24) seeds were obtainedmonitored by weighing the plants using an electrical balance
from Regional Agriculture Research Station, Kadiri, Andhraconnected with a pulley. Leaf samples were collected with € da
Pradesh, India. Mature seeds were surface sterilized wigen-  interval (10, 20 and 30 days) for drought and 5 days interal (
20 for 5-8 min then with 0.1% (w/v) aqueous mercuric chloridel0O, and 15 days) for salt stress; after stress imposition.tyThir
(HgClp) for 7min followed by 5-6 rinses with sterile double days after imposition of drought stress, NT, and transgeraais
distilled water. Blot dried seeds were inoculated on hatfrgjth  were rehydrated by adding the water to their eld capacity
MS media for obtaining aseptic seedlings. Cotyledonary nodend allowed for rehydration. Rehydration capacities of non-
(CN) explants were prepared from 6 days old aseptic seedlinggansgenic and transgenic plants were measured based an thei
as explained byBeena et al. (2005)The CN explants were recovery from drought stress and samples were collected5fte
independently immersed in the bacterial suspensions cagryindays of recovery.
the construct and empty vector for 5min and blot dried
by placing between the sterile Iter paper to remove excesQuantitative Real Time PCR (QRT-PCR)
of bacterial suspension and explants were transferred to thehe total RNA for gRT-PCR analysis was isolated using
regeneration media. Regeneration protocol was followed dsucleospin RNAII kit (Macherey Nagel) from leaf tissues of
discussed bysnuradha et al. (2006) transgenic (% generation) and non-transgenic (NT) plants.
After DNAse | (Fermentas) treatment, RNA was used for
cDNA synthesis using RevertAld premium First strand cDNA
Analysis of Transformants synthesis Kit (Fermentas). Real-time PCR was carried ougusin
Kanamycin Analysis FastStart universal SYBR green master mix (Roche Applied
Allthe T and T, generation seeds were collected from transgeniScience) as instructed in the manual wiltHDG11 gene
plants, surface sterilized with 1% (w/v) bavistin and alldwe speci c primers F-8ATCCAACAACACACGCTCAA-Fand R-
to grow on half strength MS media consisting of 200 mg/L5*AGAAGGATCTTCACCGCTCA 3° ADH3 (EG529529) was
kanamycin, along with the non-transgenic seeds for 10-38daused as an internal control with FX&CTTCAAGAGCAGGT
at 28 C. Healthy plants with green leaves and having good rooEACAAGT-3 and R-8:GAGACATCCTCCTTCGTGCATA-3
and shoot ratio were selected as positives. as primers. Amplicons were analyzed on Roche Light Cycler
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480 Il Real-Time PCR System according to the manufacturerfgslants were determined from the fully expanded third leaf of

instructions. The average values of three biological sampl®T and transgenic lines after 10 days of drought and 5 days

were used to calculate the relative fold expression. Théivela after salt stress using leaf surface imprint methadl (et al.,

fold in expression levels were calculated using db&séware 2009. The leaf imprints were collected and placed on glass

(Hellemans et al., 200 By normalizing with Actin reference gene slide and observed under Olympus microscope (BX3{mpus.

(Condorietal., 20111 Stomatal density and size were determined using OLYMPUS
Known stress responsive genes (Supplementary Table hage Analysis software.

expression was measured in homozygous peanut transgersc line . . .

under drought and salt stress conditions using gRT-PCR. RNAY€termination of Photosynthetic Rate,

samples were isolated from the NT and transgenic lines on 10thranspiration Rate, and Water Use

day after drought stress imposition and day 5th after satts#tr Ef ciency

and their respective control well-watered plants grown in thegas exchange parameters such as photosynthetic rate (P)

lysimetric experiment. Total RNA isolation, cDNA synthesigla  (ymolm 2 s 1) and Transpiration rate (T) (mmol? s 1)

gRT-PCR were performed as mentioned in the previous sectionyere measured in NT and transgenic plants using a portable

Chlorophyll Estimation photosynthetic system Li-6400 (LI-COR, USA) according to

Chiorophyll content of non-transgenic type and transgeniaysia (Babitha et al., 20)5Three measurements were taken from the
. . . . fully expanded third leaf of NT and transgenic lines at 10 days
grown in the lysimetric experiment under well-water, drough interval (10, 20, and 30) for drought and 5 days interval @, 1
and salt stress conditions was measured using SPAD chloliophy, - | 15) for, sal,t stress in the morning (9—11a.m.). Water,Use
meter (SPAD-502, Konica Minolta, Japan) accordingtm et al. E ciency (WUE) was derived from P/T ratio
(2001)andQin et al. (2013)SPAD chlorophyll meter readings () '
were taken from the fully expanded third leaf of non-transigen Measuring Root Parameters
and transgenic lines at a 10 days interval (10, 20, and 30 #&ys after the stress period, plants were harvested carefullyouith
drought and 5 days interval (5, 10, and 15 days) for saltstres  gjsturhing the root system from PVC lysimeter tubes. Shoat an
. root lengths were measured in centimeters (cm) using stathdar
?peiC(l: (I:_eL;aAf(fa\lrifal\l(TS I;'r?(\j) transaenic plants arown in thescale. Fresh weights of root and shoots, number of laterdkroo
p_ ! . r_ sgenic plants grown 1 and, nodules were also recorded. Further, shoots and roots were
lysimetric experiment under well-water, drought, and saless

conditions was measured using a leaf area meter (LI-3000C Lﬁ:;ir;gig?gaz:j ZOTCpr;th h and weights were recorded for

gl(_) 5 rg;?jgﬁlenceesr)(a i;ig:]d#gmgfﬁsrf]aﬁ“neangnﬁggdtit-rg?eoa?o Yield: Numbers of pods and seeds per plant were counted after
Ings were ully exp ' Earvesting the plants. Dry weight was taken after completadry
NT and transgenic lines at 10 days interval (10, 20, and 30) fo

drought and 5 days interval (5, 10, and 15) for salt stress. To;hp?ap;]c:ds inan oven at 6¢ and expressed in terms of grams

ggtg:‘glrnjgtﬁeglizf d;z Zv;jlcgf:;t;afSs_ﬁmtfillgsfo\;\llgre_nov]% r;n?rllzd t Drought Tolerance Index Drought tolerance index (DTI) of
’ W u using wing U8 NT and transgenic plants grown in the lysimetric experiment

under well-water and drought stress conditions was meaksure
based on the pod yield according kautiyal et al. (2002)using
following formula.

Leaf area (cf)
Leaf dry weight (g)

Relative Water Content (RWC)

Relative Water Content in the leaves of NT and transgenic glant DTI ! —
was measured according to th&¢nzales and Gonzales-Vilar, Pod yield under non—stressed conditions
200). Four lea ets from the top leaves of the main stem were ) . )
used for the measurement of RWC. Initially, fresh weights JFW Haf"eSt index (HI): Har_vest md_ex was calculated using the
of the harvested leaves were recorded within 15min, thef le£2lloWing formula as described Byainawadee et al. (2009)
samples were oated on 20 mL distilled water for 5h to attain

full turgidity and turgid weight (TW) was recorded. Then lets Pod yield

were oven dried at 8@ for 48h and dry weight (DW) of Harvestindex(HI)D
the lea ets were recorded. The leaf relative water conteas w

SLAD

Pod yield under stressed conditions

Pod yieldC shoot and root dry weight

calculated using the following formula. Measurement of Free Proline and
FW DW Antioxidative Enzymes
0,
RWC(%)D TW DW 100 Estimation of proline in the leaves of NT and transgenic plants
. . . grown in the lysimetric experiment under well-water, drought
Deter_mmatlon of Stomatal Size and and salt stress conditions was measured accordiriptes et al.
Density (1973) Antioxidative enzymes such as superoxide dismutase

Stomata size [Stomatal Length (STL LEN) & Stomatal width.(ST(SOD), catalase (CAT), and ascorbate peroxidase (APX) were
WID)] and Stomatal density (STL DEN) of transgenic and NTquantied in the NT and transgenic plants grown in the
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lysimetric experiment under well-water, drought, and s&less 312 shoot-lets (62.4%) were transferred to shoot elongation
conditions according the method described Byavarthi and medium (SEM) comprising kanamycin (200 mg/L) and

Martin (2010) cefotaxime (10ng/mL). Shoot-lets were further sub-cultured on
SEM with 2 week growth interval to ensure further selection

Lipid Peroxidation (MDA) and Electrolyte of transgenics. Well-developed 262 shoot-lets (52.4%) were

Leakage transferred to root induction medium containing NAA (0.8

Leaf samples from the stressed and control samples froMd/L) without antibiotic. Finally 125 plants were recovered
transgenic and NT plants were used for the measuremerfg5%) with fully developed root system that were placed in
of malondialdehyde (MDA) concentration (a product of lipid Sterile vermiculite containing pots. After hardening for 2
peroxidation) as described bQuan et al. (2004)Leaf discs Weeks, 62 plant-lets (12.4%), were transferred to earthen-pots
were punched from the stress treated and control samples arf@ntaining sterile soil and sand mixture (3:1) and grown end

membrane electrolyte leakage was assayed as descrilsétby greenhouse conditions. The survived 14 putative transgenic
etal. (2004) plants (2.8%) were subjected for functional validation using

various biochemical and physiological parameters.

Statistical Analysis lecul h L q
Chi square (X), probability (P) values, correlation analysis and Mo e(_:u ar C aract_erlzat|on and Transgene
ANOVA (Duncan method) were done by using Software 1BMINheritance Analysis

SPSS Statistics v. 2.0. Graph data represents mgdh D 3).  Integration and segregation analysis of transgene i& T»
Cluster analyses were performed and heat maps were generafi&neration was carried out using PCR and southern blot aisalys
to group the physiological and biochemical traits based om thPCR analysis in 14 @) putative transgenics using di erent

degree of correlation with R Statistical Environmefit Core ~combinations of primers has revealed, eight plants were pesitiv
Team, 201p for all components of the transgenic construct (Supplementary

Figure 2A andrigure 2B). Eight (Tp) putative transgenic peanut
plants were advanced tojTthrough sel ng and the progeny
RESULTS populations () were analyzed for transgene integration and
Developing Transgenic Construct stability through PCR and transgene inheritance analysas w
Full length cDNA clone ofAtHDG11was successfully isolated C@rried out in eight populations to know the zygosity nature
from A. thalina mutant line SALK_003819 and cloned initially Of transgenic lines. Southern blot analysis carried outenes
into pTZ57R/Tvector usingkhol and Notl restriction enzymes independent } transgenic lines and integration of single copy
and later into plant transformation vect@Green002@ between Of transgene has been conrmed in three transgenic lines
At rd29A promoter and polyA terminator. Conformation of ~(Supplementary Figure 2D lane: 1-3) and multiple copies of
the individual clones in the construct was done through PCRNtegration in three lines (Supplementary Figure 2D lane: 5-
analysis, restriction digestion, and sequencing of H@G11 7). While no transgene integration was found in one line

gene. (Supplementary Figure 2D lane: 4). The single copy integrated
Toindividual transgenic lines were advanced tpgeneration by
Development of Transgenic Peanut Plants sel ng. The$2 analysis of transgene inheritance was presented in

Five hundred cotyledonary node (CNN) explants in ve Table 1.

batches were co-cultivated witkgrobacteriunstrain (EHA105) : .
harboringAtHDG11(Supplementary Figure 1A) by exposing the-l_rz-’“’lsgenIC Peanut Plants Over Expressing

proximal cut ends of explants in the bacterial suspensioiDG11 Showed Enhanced Abiotic Stress

Following in ltration, the explants were transferred to Tolerance

shoot induction media (SIM) (Supplementary Figure 1B)Progeny plants derived from single copy integrated transgeni
supplemented with kanamycin (200 mg/L) monosulphate andvere designated #h-HDG11-1Ah-HDG11-2andAh-HDG11-
cefotaxime (1@ng/mL) as selection agent. The well-di erentiated 6. These transgenics were characterized for their abiotic

TABLE 1 | Segregation analysis ofAtHDG11 gene in self progenies (T1) derived frol\tHDG11 transgenic plants.

T1-Generation Total number of seeds Kan & PCR CVe Kan & PCR —-Ve Ratio Test Ratio X 2 P
Plant-1 11 8 3 2.6 31 0.030 0.862
Plant-2 12 9 3 3 31 0.00 1
Plant-3 No seeds - - 0 0 0
Plant-4 11 8 3 2.6 31 0.030 0.862
Plant-5 10 7 3 2.3 31 0.133 0.715
Plant-6 6 4 2 2 31 0.22 0.637
Plant-7 No seeds - - 0 0 0
Plant-8 7 5 2 25 31 0.048 0.827
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stress tolerance in an outdoor lysemetric experiment usingay 10th, while on the other hand transgenic lines, displayed
various physiological and biochemical parametdigre 1A). trivial visual wilting symptoms only on day 30th of post
No signi cant phenotypic variation was observed betweerdrought stressimpositiorHigure 1B). To evaluate the post stress
transgenic and non-transgenic (NT) plants under well-water recovery capacity, transgenic lines, and non-transgenintpla
conditions (data not shown). However, upon imposition of were re-watered to their saturated led capacity and morebr
drought stress NT plants exhibited visual wilting symptoms orthe recovery. All the three independent transgenic linesveced

ENT EAhDGI11-1 = AhHDG11-2 EAhHDG11-6

Relative fold expression of
AtHDG11

S = N W A 0N X
1

Drought Salt

FIGURE 1 | Screening of non-transgenic and transgenic plants for droght and salt tolerance using lysimetric experiment(A) Lysimetric experiment setup.
Representative pictures of stress-induced phenotype of ne-transgenic (NT) and transgenic (T) lines und¢B) drought stress,15 days of stress imposition (left panel)
and 30 days of stress imposition (right panel|C) salt stress, 7 days of stress imposition (left panel) and 15ays of stress imposition (right panel)D) gRT-PCR analysis
of the T3 generation peanut transgenic lines for théAtHDG11 transcript at various time points under induced drought andsalt lysimetric experiments to check the
stress-inducible expression of transgeneAtHDG11 under rd29A promoter.
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with a survival rate of 97.8% from drought stress, wheread\th — mControl  mDrought  msart
plants showed a survival rate of only 5%. c L b ab b b

To study the role ofAtHDG11 in regulating the salinity |
response, the transgenic lines and NT plants were exposed |tc
high salinity stress conditions. On exposure to 250 mM NacCl,
NT plants showed visual symptoms of chlorosis, severe growth
retardation on 5th day after stress imposition, and everydied
after 15 daysKigure 10). In contrast, transgenic lines did not
exhibit salt-induced stress symptoms even after 15 daysliof s
stress imposition. Transgenic plants recorded increaseeshfr
and dry weights of shoot and root compared to NT plants, both ) — AREBET | ARHBEIEE . ARBDET=E
under drought and salt stress conditiorSigures 2A-C 4B,C).
These results indicate thaAtHDG11 promotes growth and
tolerance under drought and salt stress conditions in tgersc
peanut plants.

Total shoot length (cm /plant )

[

o
=
)

m Control ® Drought mSalt
a a

0
=)

N
e
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To validate the stress inducible naturerd29apromoter, a qRT-
PCR experiment was carried out with the samples recovered
from lysimetric dry-down stress experiments at di erent time
intervals. As shown in theFigure 1D, a gradual increase NE Ah HDGIIFL AhHDG11:2; AhHDGLI:6
in the expression ofAt HDG11 transcript was observed in
the transgenic lines under drought and salt stress, while no
transcripts were detected in the NT. The data clearly indEate
the tight regulation of transgene expression during the dylou
and salt stress conditions.
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Transgenic Plants Displayed Improved
Yield Under Drought and Salt Stress

Conditions
Yield in terms of pod number, pod, and seed weight were
measured in non-transgenic (NT) as well as in transgenic
lines of Ah-HDG1141, Ah-HDG11-2 and Ah-HDG1%1
6 under well-watered (WW), drought, and salt-stress NT Ah HDG11-1 AhHDG11-2 AhHDG11-6
conditions Flgures 3A—D' Pod yIEId has draStlca”y reduced FIGURE 2 | Post-harvest shoot growth and biomass analysis of three

(15 pOdS/plam) in NT plants compared to tranSgeniCS (30" transgenic linesAhHDG11-1, AhHDG11-2, AhHDG11-6along with the control
32/plant) under drought and high salinity stresBigure 3A). untransformed parent JL-24 (NT) under control (well-wated), drought and
Considerable increase in the We|ght of the seed in transgeni salt stress from the con ned outdoor lysimetric experiment(A) Shoot length
lines has been noticed. No signi cant variation in yield and| €™P/ant- () Shoot fresh weights (gm/plan)(C) Shoot dry weights

. . (gm/plant). Alphabets in lowercase indicates the statista signi cance in
weight of the seeds was observed among the transgeni ifferences between WT and transgenics ap < 0.05.

- N
S W <

Total shoot dry weight ( gm / plant )
0

=)

lines.
Transgenic Pla_nts Exhibited Improved determined by leaf surface imprint method. The average stama
Water-Use Ef ciency (WUE) Traits densities of the selected transgenic lines were decreasgt-b

Transgenic peanut lines over expressiitHDG11 developed 60% compared with that of the NT plant§igures 5A,B,D.
deeper root system with increased number of lateral roots anHowever, the stomatal size (length and width) was increased b
root nodules Figures 4A,D,B both under drought and salt- 20% in the transgenic plants compared to NFigure 50).

stress conditions. As shown in théigures 4F,G transgenic In order to know whether the reduced stomatal density
lines showed larger root systems (50—75%), root biomass (6@-ected the photosynthesis or not, the photosynthesis and
70%) Figure 4H), and root nodules (55-65%) compared to NT transpiration rates of NT and transgenic peanut lines were
plants. Stoma plays a key role in keeping the oxidative stresseasured with a 10 days interval (10, 20, and 30th days)
at pace in plants by regulating the transpiration. In order toafter drought stress imposition, 5, 10, and 15th day of salt
understand the role of stomata in enhanced WUE of transgenistress stressed plants and 5 days after recovery from the
plants, we analyzed the stomatal density in the transgerdd\&n  stress. Under well-water conditions both transgenic and-non
plants both under drought and salt stress conditions. Thexada transgenic lines recorded similar photosynthetic rates, dnen,
stomatal density and size of the 3rd fully expanded leaf werender drought and salt stress conditions photosynthetic sate
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FIGURE 3 | Yield analysis of three transgenic lineAhHDG11-1, AhHDG11-2, AhHDG11-6along with the control untransformed parent JL-24 (NT) undecontrol
(well-watered), drought, and salt stress from the con ned otdoor lysimetric experiment.(A) Total number of matured pods/plant.(B) Pod weight (gm/plant).(C) Seed
weight (gm/plant).(D) Harvest index. E) Drought Tolerance Index (DTI). Alphabets in lowercase indiess the statistical signi cance in differences between WT adh
transgenics atp < 0.05.

were drastically reduced in non-transgenic plants. Inténgdy, non-transgenic plantsHigure 6B). As a result transgenic plants
though the number of stomata decreased in transgenic linesecorded higher WUE rates under both drought and salt stress
they recorded 30-50% higher photosynthetic rates comparezbnditions Figure 60).

to non-transgenic lines and maintained higher photosynihet  Traits such as SLA and SCMR were used as indirect surrogates
rates even under severe drought and salt stress conditiofiesr measuring WUE. The SLA and SCMR readings were
(Figure 6A). In contrast, transgenic lines under drought and saltmeasured from drought and salt stress imposed plants for
stress conditions recorded lower transpiration rates coragdo  every 5 days interval and 5 days after recovery from the stres
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Transgenic lines okh-HDG1141,Ah-HDG11-2andAh-HDG1t  and salt stress. However, transgenic linesMADG111, Ah-
6 recorded higher SCMR values compared to NT plants durindtHDG11-2, andAh-AtHDG116 maintained higher RWC (78%
drought and salt stres§{gure 7B). SCMR values increased with on day 10, 68%on day 20, and 60% on day 30th) of drought
duration of both drought and salt stress and highest SCMRa&lu stress in their leave§igure 7C). Whereas, non-transgenic plant
were recorded in transgenic lines 8h-HDG1141. Relatively, leaves had RWC of (55% on day 10, 40% on day 20, and 30%
high SCMR values were observed in drought stress recovered day 30th) of drought stress. Up on release of drought stress
transgenic lines oAh-HDG114,Ah-HDG11-2 andAh-HDG1t fast recovery of RWC observed in transgenic plants (85% RWC)
6 compared to NT plants under WW conditions. Low SLA valuescompared to non-transgenic plants (65% RW@jidgure 70).
were recorded in transgenic lines Ah-HDG114, Ah-HDG11- Similar pattern was also observed in the salt-stress imposed
2, and Ah-HDG116 (Figure 7A) under drought and salt stress transgenic and non-transgenic plan&gure 70).
conditions compared to their control plants and NT plants. SLA  The correlation between the traits contributing to WUE
was decreased with increased duration of stress. in drought and salt stress are listed ifable 2 Root traits

To investigate the current water content in the transgemid a (RL, RFW, and RDW), chlorophyll content (in relative SPAD
non-transgenic plants relative to their maximal water carite units), RWC, TE, HI, DTI, STL LEN, and STL WID under
they can hold at full turgidity under drought and salt stressdrought and salt stress, were positively correlated with etwdro
conditions, relative water content (RWC) was measured. Agsha Apparently, SLA under drought stress negatively correlated
decline in the RWC was noticed in both non-transgenic as welvith root traits (RL 0.61; RFW 0.63; RDW 0.61), chlorophyll
as in transgenic plants with increase in the severity of dmug content ( 0.64), RWC( 0.61), TE ( 0.62), HI ( 0.56), DTI
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( 0.62), STL LEN (0.69), and STL WID ( 0.69), while SLAin Transgenic Plants Exhibited Improved

drought stress positively correlated with stomatal den¢8yL ~ Oxidative Stress Tolerance and High

DEN 0.64), and negatively correlated with STL DENO(75) Proline Accumulation

in salt stress conditions. Stomatal density in drought aatt s Drought and salt stress damage cells and changes in lipid
stresses negatively correlated with all WUE traits, excefit wi composition and lipid peroxidation. Malondialdehyde (MDA),
SLA in drought stress (0.64]&ble 2. a naturally occurring product of lipid peroxidation and it is
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(B) Chlorophyll content (SCMR)C) Relative Water Content (RWC).

the important indicator for the oxidative damage of tissues. Electrolyte leakage indicates the cell membrane stability
Therefore, to measure the drought and salt stress toleranasder abiotic stress conditions. A signi cance dierence in
of transgenic plants we measured MDA content of transgenielectrolyte leakage was observed across the transgesscdird
and non-transgenic plants as an indicator of lipid peroxidatio non-transgenic (NT) plants under stress conditions. Elelyte
Drought and salt stressed non-transgenic plants recordedtgr leakage was high (90%) in the NT plants and it is directly
MDA contents than transgenic plants. MDA contents increasegroportional to the severity of drought stress, while in the
with the duration of both the stresseBigure 9A). transgenic lines it was slightly less (60—70%yre 9B). When
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compared to drought, salt stress caused more damage to tf@nsgenic plants and expression levels of these stress sgpon
membrane resulting in considerable ion leakage in NT plantsgenes were correlated with the expressiofBiG11transgenic
Further, the electrolyte leakage increased in NT plantsh witin the transgenic plants. The obtained data clearly indicates
increase in severity of the salt stress. Whereas, the teaitsiines  all of these known stress responsive genes probably directly o
of Ah-HDG1%11, Ah-HDG112, and Ah-HDG116 maintained indirectly regulated by th&tHDG11protein.
high membrane stability both under drought and salt stress.
Further, to gain insights into the oxidative stress tolemanc
mechanism of transgenic plants, reactive oxygen species (ROS)SCUSSION
scavenging activities were measured in both transgenictplan
and the non-transgenic controls. Antioxidative enzymesDSO Soil moisture stress at various growth stages of peanut often
CAT, and APX are the major enzymes responsible for scavengirignit the quality of production in SAT regions. A number of
ROS in plants under stress. A sharp increase in SOD, APX, arorts were made to improve the traits such as cell turgor,
CAT activity were detected in transgenic linesAdf-AtHDG1t  positive carbon balance, cellular level tolerance and plave ty
1, Ah-AtHDG1%2, and Ah-AtHDG116 upon drought and salt for imparting stress tolerance and crop improvement in peanut
stress and enzyme activities were found to be increased witimder stress conditionsRao et al., 20)2 Lack of genetic
the increase in severity of the stre$3glure 8. The heat map and genomic resources has made molecular and traditional
hierarchical clustering algorithmRgure 11) clearly suggests approaches faint in getting improved peanut varieties. One of
that SOD, APX, and CAT enzyme activities under drought anadhe promising alternative ways is genetic manipulation. Since
salt stress condition were positively correlated with eattfelo these traits were controlled by several genes, transcnifdictors
and negatively correlated with MDA and electrolyte leakagecould be ideal candidates for genetic manipulation, towawpcr
Antioxidative enzyme activities have strong positive clatien  improvement.
with RL, chlorophyll content, and pod yield, RWC, TE, HI,  The presentresearch describes stress inducible overexpress
DTI, STL LEN, and STL WID. However, SLA, STL DEN wereof AtHDG11in transgenic peanut plants that imparts drought
negatively correlated with SOD, APX, and CAT enzyme a@iwit and salt stress tolerance along with improved productivity.
under drought and salt stress conditions. In earlier studies, AtHDG11 transgene was expressed under
A common phenomenon of abiotic stress response igonstitutive promoter CaMV35S’ hence, regardless of
accumulation of osmolyte proline. During drought and environmental cues plants produced extensive root systems an
salt stress conditions, a three-fold increase in the prolineeduced stomatal densityRQan et al., 2012; Yu et al., 2013,
was observed in the transgenic lines dkh-HDG1t 2015; Li et al., 20)6 Under favorable conditions when all
1, Ah-HDG1%2, and Ah-HDG116 compared to NT the requirements are su ciently supplied to the plant, larger
(Figure 90. root system is not required, and this plant type might pose
metabolic load on yield potentiaB(um, 200). Therefore, in the
Elevated Levels of Known Stress present studyAtHDGl} gene expression was tightly regulated
. . under a stress inducible promoted29A. The qRT-PCR data
ReSponS|_Ve Genes Observed in the (Figure 1D) indicates that transgene expression was triggered by
Transgenic Plants rd29Apromoter under both drought and salt stress conditions.
To gure out the mechanisms of drought and salt tolerance in A strong and e cient expression system is more advantageous
transgenic plants, expression levels of known stress responsfor e cient gene functioning of desired traits in transgencrops.
genes in the stress gene network which codes for function@ost of the studies that use constitutive promoter IRBaMV35S
proteinsELIP (Early light induced proteinsfiSP 7Qheat shock  ¢ayse adverse physiological e ects and undesirable phenotypic
protein 70), Cu/Zn SOD (superoxide dismutase), APX (asc@balcharacters in transgenic crops. Constitutive expression of
peroxidase)P5CY1 1-pyrroline-5-carboxylate synthetase), LEAtransgene under unwanted conditions may also cause metabolic
(Late embryogenic abundant protein), TIP (Tonoplast intins stress in transgenic plants. In recent past, several studies
protein), Drought protein, MIPS (Major Intrinsic Proteins), focused on stress inducible promoter ofi29a rabl6a Os
AhAgl (Aquaporin), AhNCED1 (9-cis-epoxycarotenoid ABA2 OS NCED3 BADH etc. for achieving maximum
dioxygenasel) and few of the stress responsive regulatosiress tolerance in dierent transgenic cropSh{nozaki and
genes such a®\hERF{ethylene-responsive element binding Shinozaki, 1993; Zhang et al., 2008; Rai et al., 2009; Sun
factor), AhRNAC4 (NAM, ATAF, and CUC) family proteins 4), et al.,, 201 Recently a maiz&mGAPP promoter (D8) was
and AhRRSHnucleotide binding site leucine rich repeat 5) werereported as suitable for alien gene expression under salt
monitored using gRT-PCR. These stress responsive genes waskerance (ou et al.,, 201p Yi et al. (2010) reported, an
selected based on their expression in earlier studigd@&11 abiotic stress inducible promotéf/sil8that functions in grain
transgenic plants i.eCu/Zn SODAPX, P5CSand RRS5vhose  development of rice. In the present study transgenic peaneslin
expression levels were up-regulated in the transgenic plantisplayed several bene cial physio-morphological characters
(Yu et al., 2008 As revealed by the gRT-PCR ddtgure 10, such as delayed wilting symptoms, better shoot and root ratio,
expression levels of known stress responsive genes wertedlevéamproved biomass under drought and salt stress conditiome T
in the transgenic and non-transgenic plants under droughd an resulted phenotypic data clearly indicates that stress régplila
salt stress. However, the level of induction was more in thexpression oAtHDG11is su cient enough to obtain tolerant
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phenotype only under stress conditions, but not under ideal Root architecture is an important agronomic trait that plays a
growth conditions. Analog phenotypes were observed in peanuhajor role in drought tolerance mechanisi@ifith and De Smet,
transgenic carrying transgens undet29A regulation asuga 2012 of crop plants. The greater water uptake capability of a
etal., 2004; Bhatnagar-Mathur et al., 2007; Vadez et 8I7, Zfevi  plant depends on the greater development of lateral roots and
et al., 2011; Jagana et al., 2012; Sarkar et al., 2014; Raiu etdeeper penetration ability of tap root®¢ dorlodot et al., 2007,
2014. Comas et al., 20)3In this present study, transgenic peanut lines
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FIGURE 9 | Biochemical analysis of transgenic linedhHDG11-1, AhHDG11-2, AhHDG11-6along with the Non-transgenic (NT) plants(A) Malondialdehyde (MDA)
(B) Percentage of ions leakagg(C) Proline (Pro).

carryingHDG11exhibited extensive root system (50-60% morepesides up-regulating cell-wall-loosening proteins, that telu
with increased root nodules and biomass than NT. It has beethe primary root elongation Xu et al., 2014; Cai et al., 2015
established thaHDG11 directly binds to HD binding sites in Deep and profuse root systems not only enhances drought
the promoters of JA biosynthetic genes, i80S AOC3 OPR3, tolerance, but also boosts the nutrient uptake and exclude the
and OPCL1and increases the production of JA content in theexcess salt from the root cells through membrane transporters
root. The elevated levels of JA could further induce a cascadVadez et al., 2007 Thus, HDG11 transgenic plants not only

of auxin signaling genes thatpromote the lateral root forimat displayed drought tolerance but also showed salt tolerance.

Frontiers in Chemistry | www.frontiersin.org 16 March 2018 | Volume 6 | Article 34



Banavath et al.

Drought and Salt Tolerance Transgenic Peanut

FIGURE 10 | Gene expression analysis of known stress responsive genes i
non-transgenic (NT) and Transgenic lines. qRT-PCR analgsdf T3 generation
peanut transgenic lines for the expression of known stressesponsive genes
under induced drought and salt lysimetric experiments. Heamap showing the
expression of known stress responsive genes of stress geneaiwork in
non-transgenic (NT) and transgenic plants under well-watedrought and salt
stress conditions. The log fold change scale is indicated in the heat map.

in the transgenic plants even under severe stress conditions
could have possible by the extraction of water from the deeper
layers of the soil due to profuse root growth and reduced
transpiration associated with fewer stomateigure 6B). The
elevated expression levels of three of the important aquaporin
genes TIPRegon et al., 20)AMIPS (Forrest and Bhave, 20))7
and AhAgl Pan et al., 2009in the transgenic plants in the
present study could be the reason for the maintenance of high
RWC in the leaves of transgenic plants. Plant aquaporins play an
important role in maintaining the plant water relation&lgurel
etal., 1993, 1997; Tyerman et al., 2002

Stomata play a key role in gas exchange and water uptake with
a strong impact on traits associated with transpiration, cerb
assimilation, and WUE. The average stomatal densitirG11
transgenic peanut plants was reduced by 30% while stomata size
increased by 20% compared with that of the NT plants under
drought and salt stress conditions. The reduced stomatasite
apparently contributed to the reduction in water loss that is
evidenced by decreased transpiration rates in transgenidpla
(Figure 6B). However, the reduced stomatal density does not
a ect the photosynthetic rates of transgenic planksgure 6A).
The WUE which is a ratio of the rate of carbon assimilation to
the rate of transpiration drastically increased in the trgesic
plants Figure 6Q). Higher intrinsic instantaneous WUE data in
the present study could be due to the low stomatal conductance
and higher carboxilation capacity of the transgenic plantdem
drought and salt stress conditionSi(bert et al., 201)L

Soil Plant Analytical Development (SPAD) chlorophyll meter
readings (SCMR) and Specic leaf area (SLA) are easily
measureable non-destructive surrogate traits of TE, used fo
selection of drought tolerant traits. Transgenic peanut dine
recorded high SCMR and slightly reduced SLA under drought
and salt stress condition&igures 7A,B. SCMR is an indication
of the light-transmittance characteristics of the leaf ebhi
is dependent on the leaf chlorophyll content and density
(Richardson et al., 2002; Arunyanark et al., 200Beaf
chlorophyll content per unit area positively correlates with the
photosynthetic activity of the leaf. Peanut transgenicdimeth
high SCMR under drought and salt stress could maintain a
higher rate of photosynthesis per unit leaf area compared te non
transgenic plants. SLA indicates thickness of the leavelsioan
SLA of transgenic lines in the present study speci es thicker
leaves and more chlorophyll content per unit area. A similar
phenotype of thick leaves with tightly packed mesophyll cell
and higher photosynthesis rate under drought stress has been
reported for theArabidopsis ERECT4ene, a putative leucine-
rich-repeat receptor protein kinase genklgsle et al., 2005
In the present study the expression of a nucleotide binding
site leucine rich repeat 5AQRRSP which is a homolog of
ERECTAshowed enhanced expression in the transgenic plants
under drought and salt stress conditioRigure 10. As reported
earlier,Arabidopsis ERECT@ene was trans activated bypG11
protein (Yu et al., 2008 Thus, in this study, the increase in
the leaf thickness in the transgenics might be associatéd wi

Leaf water potential is a primary physiological index ofthe up regulation oERECTAlike genes. The increase in shoot
plant water status and so considered the trait as an indicatdsiomass and reduction in SLA supports the possibility for geeat
to know the e cacy of the transgene. Higher water potential assimilation in the transgenic lines under drought and salt
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FIGURE 11 | Overall assessments of physiological and biochemical regmses in non-transgenic and transgenic lines during well-ater (A), drought stress (B),
re-watering (C), and salt stress(D). The relative values of physiological, biochemical pararters for the heat-map analysis. Scale: for the drought and datolerance
capabilities, from brightest blue equal lowest to brightesred equal highest capabilities; for physiological and bthemical parameters, from brightest blue equals most
decreased to brightest red equals most increased.

stress. Previous studies on peanut suggest that SLA and SCMRvated levels ?t5CSgene expression was recorded in peanut
correlates with WUE. As reported earlier in pean&ts( et al., transgenic lines compared to NT both under drought and salt
2001; Sheshshayee et al., 2006; Songsri et al) a0§ttong stressesHigures 9G 10). Transgenic peanut plants not only
positive correlation between WUE and SCMR, and a negativaccumulated high solutes, but also exhibited higher meméran
correlation between SLA and SCMR have been observed in tirgegrity under severe stress conditions. Transgenic pelames
present study. Therefore, high SCMR and low SLAH&fG11 overexpressingiDG11showed signi cantly reduced electrolyte
transgenic lines specify the greater WUE of transgenic peanlgéakage and MDA levelsFigure 9A), thus display greater
lines compared to non-transgenic plants. membrane stabilityKigure 9B) compared to NT under drought
One of the well-studied compatible solute is the amino acidand salt stress conditions. In totality, the obtained dat&ady
proline, which is a multi-functional molecule that plays a wraj indicates that membrane is better protected from stress+edi
role in plant abiotic stress defense. It is actively involved i ROS toxicity. One of the most important defense mechanisms
osmoregulation, scavenging of free radicals, and as a miafec against abiotic stress is the antioxidant system, whicldets
chaperone for stabilizing protein structure, thus protectsnpla ROS molecules such as hydrogen peroxide, superoxide, and
cells from the damaging e ects of various environmentalsses singlet oxygen and keeps an adequate cellular redox balance
(Parvaiz and Satyawati, 2008; Verbruggen and Hermans, 20@8toctor and Foyer, 1998; Asada, 199Supporting this, higher
Szabados and Savouré, 2010; Koyro et al., 2012; De Carvaléeels of antioxidative enzymes such as SOD, APX, and
et al., 2013 A high level of proline content (30—40%) and CAT were recorded in th&lDG1Lkoverexpressing peanutplants
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(Figure 8). Further, the antioxidative enzyme activities were in(2) Minimized water loss through the stomata evidenced
consonance with APX and Cu/Zn SOD gene expression levelly reduced stomatal density; (3) Enhanced WUE traits,
in the transgenic plantsHigure 10, therefore protecting the elevated photosynthetic rates to minimize the yield loss
plants from oxidative damage by enhancing ROS scavengingder stress conditions; (4) Cellular stress toleranceh wit
capability. The results obtained in the present investigatioincreased accumulation proline, LEA, ELIPs, and e cient ROS
were in agreement with the altered antioxidative systemhia t detoxi cation mechanism.
transgenic tobaccoY(u et al., 2008 rice (Yu et al., 2018
tall fescue Cao et al., 2009 sweet potatoRuan et al., 2002 AUTHOR CONTRIBUTIONS
cotton and poplar {u et al., 2015 and wheat (i et al,,
2016. JB, VP, SK, and KG: Performed the experiments; TC, CA, SP,

In the present study we observed that shoot and root length&nd CP: Analyzed the data; CP: Conceived and designed the
biomass were signi cantly (30-40%) higher in transgeniedin experiments; JB, TC, and CP: Wrote the paper.
compared to non-transgenic plants-igures 4A-C,E 2A-C).
Transgenic peanut lines also displayed greater pod numbeACKNOWLEDGMENTS
pod, and seed weight, HI compared to NT under drought and ]
salt stress conditionsF{gures 3A-D). Present data of peanut 1he authors acknowledge the nancial support (No.SR/SO/PS-
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resulted in greater yield under drought stress conditioas. to Prof. Arjula R. Reddy, Emeritus Professor, Department of
well-equipped WUE traits and ne-tuned defense mechanism&lant Sciences, University of Hyderabad, Hyderabad for his
might be contributing to the enhanced biomass and yield ia th inputs in the form of critical comments for the improvement of
transgenic peanut plants under drought and salt conditiohsi{ ~Manuscript. The authors thankful to Dr. R. V. Jayanth Kasyap,
et al., 2011; Qin et al., 2011; Yu et al., 2013; Bhauso e0a#; 2 Asst. Professor in English, Yogi Vemana University, Kadapa,
Manjulatha et al., 2014; Pruthvi et al., 2014 India for verifying the linguistic correctness.

Present study has successfully demonstrated the stable
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