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Abstract

Abiotic stress is one of the major factors thaeetfffood production worldwide
and, therefore understanding stress responsiveipsoand engineering plants for
abiotic stress tolerance is very important. Inghesent study, the biological role
of pea pathogenesis-related 10.4 (PR-10.4; alswkras abscisic acid responsive
17; ABR17) in abiotic stress tolerance has beeestigated. Our investigation
on ribonuclease (RNase) activity of ABR17 suggedteat highly conserved
histidine-69 and glutamic acid-148 are importamtRNase activity. In order to
further investigate the biological role(s) of ABRIfranscriptional profiling of
pea ABR17-mediated gene expression changé®Ri7-transgenicArabidopsis
thaliana plants was carried out using microarrays. Ourltesndicated that pea
ABR17 modulates many plant growth/development gemest of which are
cytokinin (CK) responsive. These results agree vl with previously reported
enhanced endogenous CKs in these transgenic platasvever, no significant
changes in transcript abundance of CK biosynthgetites were observed between
transgenic and wild-type plants, suggesting anrate source of CK il\BR17-
transgenic plants. It is speculated that ABR17 metyas either a CK reservoir
(through its reported CK binding property) or maye besponsible for
isopentenylated-tRNA degradation (through its destrated RNase activity)
thereby increasing endogenous CK pools. Furthesmmicroarray analysis of
salinity stressedBR17-Arabidopsis indicated that ABR17 modulates many stress

responsive genes that included four putative AP@ilfa genes RAP2.6-



At1g43160, RAP2.6L-At5913330, DREB26-At1g21910 and DREB19-At2g38340).
Functional characterization of these genes sugdiebt they are transcription
factors and they play very important roles in abistress response in addition to
growth and development. Moreover, overexpressioRAP2.6L and DREB19
genes enhanced salinity and drought tolerancarabidopsis. Taken together,
our results suggest that pea ABR17 proteins areoitapt in abiotic stress
responses as they may act as source of enhancedrdKbey may also modulate
expression of stress responsive genes to enhaness dblerance in plants.
However, additional research aimed at deciphetiedinks between ABR17 and
CK biosynthesis as well as the mechanism of ABREdiated gene expression
changes should be conducted in order to get msrghts into the biological roles

of PR10 proteingn planta.
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CHAPTER 1 Review of literature

1.1 Abiotic stress and food security

Plant stress can be defined as an unfavorable tommdihat alters the
physiological state of the plant and impairs perfance of vital functions
(Gaspar et al., 2002). Plant stress can be dilbbéc or abiotic in origin. Biotic
stress is caused by living organisms like bactduagi, nematodes, herbivores,
weeds and insects while, abiotic stress is caugeenbironmental factors (like
water, light, temperature, metals and salt) anchaceuntable for significant crop
losses. It estimated that abiotic factors can cedyield by more than 50% in
many major crops (Bray et al., 2000). Minimizatiohcrop loss due to plant
stress is one of the important strategies to aehfewd security for the growing
population. The Food and Agriculture Organizati®®O) estimate that the
World population will reach 8.3 billion by 2030 afetmers will have to produce
30 percent more grain than they do now to feedftihere population (FAO,
2002). Arable land is diminishing at a shockinggrdhe per capita cropland area

is predicted to shrink in most densely populateghtaes (Lal, 2007).

Salinity and drought are among the aforementiort®dtia stresses that
negatively affect arable land and food productidshtaf et al., 2009). For
instance, nearly 20% of the world’s arable landffected by salinity alone and it
is expected to increase up to 50% by 2050 (Wang.e2003; UNEP, 2008).

Globally, the area affected by drought is also gedlg increasing and loss of



agricultural productivity due to drought stress ldouncrease to 20-40%

(http://www.globalresearch.ca/index.php?context=ami&12252. It is

important to note that over 70 Mha of land is algeaffected by drought stress in
rice alone (Ashraf et al., 2009). In addition, tenging climate is expected to
worsen soil conditions, increase water shortagegught, flooding and
desertification (Kurukulasuriya and Rosenthal, 2003AO, 2010). This
reinforces the need to use marginal lands and ¢ed for crop improvement in
terms of higher productivity under adverse envirental conditions (FAO,

2010).

Genetically engineered crop plants for abioticsstes (drought, salinity,
extreme temperatures, water-logging) offer a mesnsproving food security
by helping to sustain farming in marginal and ddgrhlands (FAO, 2002; Wang
et al., 2003; FAO, 2010). However, gene maniparketifor abiotic stresses are
not yet effective in practice because of our lighikmowledge of stress-associated
metabolism in plants (Vinocur and Altman, 2005) this context, it is very
important to understand plant stress responses &b as the biological
significance of genes/enzymes involved in the stdgnaling network. In this
chapter, the effects of salinity and drought s&sssn plants, their signaling
pathways and use of genetic engineering to conthati@a stress are described in

detail.



1.2 Salinity

Soil salinity is the accumulation of excessive btdusalts like sodium
chloride, magnesium sulfate, calcium sulfates aondrbonates sufficient to affect
plant growth (Munns and Tester, 2008). Among la#l salts, sodium chloride
(NaCl) is the most soluble and widespread thatctgfeoil quality (Teakle and
Tyerman, 2010). Soil salinity is caused by difféerehenomena including the
weathering of parent materials, deposition of oaeaalt carried by wind and
rain, irrigation of the crop and insufficient drage (Proust, 2008).
Approximately, 20 percent of the irrigated land ghd percent of the dry land
agriculture is affected by soil salinity (Abdel@tt et al., 2009;

http://www.fao.org/nr/land/ef/ Salt concentration in soil is measured in teofns

electrical conductivity (ECe) and the Sl unit of &8 dS/m. The ECe is defined
as the electrical conductivity of the saturatedtg@asxtract; equivalent to the
concentration of salts in saturated soil or in drbponic solution (Rhoades et al.,
1999). Soil having an ECe of 4 dS/m or more issadgred as saline soil, and
many crops are sensitive even when soil ECe iswbdlodS/m (USDA-ARS,

2008). An ECe of 4 dS/m is equivalent to roughlymM NaCl and generates
osmotic pressure of approximately 0.2 MPa sufficterreduce the yield of most
crops (Munns and Tester, 2008; USDA-ARS, 2008)this section, the effects of
salinity on plant growth, mechanisms of salt tahee and salt stress signaling

pathways are described.



1.2.1 Effects of salinity on plant growth

Salinity affects plant growth in two ways 1) osneositress and 2) ionic
stress (Lauchli and Epstein, 1990; Munns, 20023m@ic stress is caused by the
high salt concentration around roots which resualidehydration due to difficulty
in absorbing water from the soil. lonic stressasised by the toxicity of the ions
accumulated in the leaves and shoot, which evdytredults in death of the plant
or plant organs. Osmotic stress has an immeditget ®n plant growth whereas
the ionic effects dominate the osmotic effect oaly higher salt conditions
(Munns, 2002). Interactions between osmotic amicistress depend on factors
like organ, plant age, genotype, species, ioniengith and salinizing solution

(Lauchli and Grattan, 2007).

In the osmotic stress period, the dehydration tedual loss of water in
cells, decrease in cell volume and reduced celgdton (Fricke and Peters,
2002). Over time, reduced cell division and cgpansion lead to stunted growth
and, as a result, shoot growth and number of gilleanches will be reduced
(Mass and Grieve, 1990; Hernandez et al., 1995avés become smaller and
thicker (Longstreth and Nobel, 1979; Volkmar et d1997). Reduced shoot
growth is considered as a means to preserve calbatey for energy
requirements and recovery after stress relief @adnd Sunkar, 2005). It is also
thought to contribute to osmotic adjustment by shccumulation (Osorio et al.,

1998). Early flowering, dying of older leaves, ilnition of lateral branches and



reduced number of flowers will become apparent ¢vee under severe salinity
stress (Maas and Poss, 1989; Munns and Tester).2@0ts continue to grow
under salinity stress in contrast to reduced shgvotvth in order to increase
surface area for sequestration of toxic ions (Badad Sunkar, 2005). Often, salt
tolerance is correlated with high root growth ratid plant development and
early flowering (Munns et al., 2000 & 2006). Iretlonic stress state, toxic ions
accumulated in the leaves may dehydrate cells amntitit enzymatic reactions
(Lacerda et al., 2003). Toxic ions can also caumsenbrane damage, disturb
solute balances and interfere with nutrient upt@kalkmar et al., 1997). This
results in the death of older leaves resultingeiduced photosynthetic capacity,
which affects overall carbon balance that is negst sustain growth (Munns
and Tester, 2008). In general, salinity affec@nplgrowth by disturbing vital
activities such as photosynthesis, protein synshesitrient acquisition, enzyme
functions, and causes symptoms like stunted groettlorosis, necrosis, and even

plant death (Volkmar et al., 1997; Hasegawa e2a8D0).

1.2.2 Mechanisms of salt tolerance

There are different categories of salinity toleencOne of them is by
reducing the response to osmotic stress and agpatimotic effects like reduced
cell volume, cell elongation and stomatal closuxéurins and Tester, 2008).
Reduced response to osmotic stress results inegreatf growth and increased
stomatal conductance. However, this would be bheiaébnly when plants have

sufficient water (Munns and Tester, 2008). Theepttype of salt tolerance



mechanism is Naion exclusion and compartmentalization, which ésfermed
by Na/H™ antiporter (Blumwald et al., 2000; Hasegawa €t24100; Zhu, 2001).
Roots exclude Naions to reduce accumulation of toxic ions in leagad protect
them from early death during salt stress, and plagits compartmentalize
excessive Naions into the vacuole to avoid ion toxicity in thoytoplasm
(Hasegawa et al., 2000; Zhu, 2001; Munns and T,e2068). Achievement of an
optimal K'/Na" ratio is also important in addition to maintainitgwver N&
concentration and, the higher concentration of simulates N& efflux and
decreases Nainflux (Jeschke, 1972; Maathuis and Amtmann, 199%¥o0f and
Belnstein, 1999; Hauser and Horie, 2010). In aoldito N& ions, reduced
absorption, intracellular compartmentalization aefflux of CI is equally
important for salinity tolerance (Teakle and Tyenn&010). Furthermore,
accumulation of osmolytes or compatible solutes Bkigars (fructose, glucose,
proline, glycine-betaine and alanine betaine), sug@ohols (glycerol and
methylated inositols) and tertiary sulfonium compds, is one of the salt
tolerance mechanisms (Yancey et al., 1982; DelaaneyVerma, 1993; Rhodes
and Hanson, 1993; Nuccio et al.,, 1999; Chen andabMur2002). The
osmoprotectants act as free radical scavengers chaperons to stabilize cell
membranes and proteins and, also act by loweriliglaxeosmotic potential and
restoring intracellular salt concentrations (Yaneg¢wl., 1982; Hare et al., 1998;
Diamont et al.,, 2001). The relative significance tbese salinity tolerance

mechanisms vary with species, salt concentratiemgth of exposure, and local



environmental conditions like soil moisture and laimidity (Munns and Tester,

2008).

1.2.3 Salt stress signaling

The adaptation of plants to any stress dependshenattivation of
cascades of molecular events required for strasepigon to expression of genes
related to stress tolerance (Mahajan et al., 20@8ants respond to salt stress by
activating different signaling networks whose praguwill help them in ion
homeostasis, osmotic homeostasis, detoxificatidress damage repair and
growth control (Zhu, 2002). Different salt sigmai networks including salt
overly sensitive (SOS) signaling, oxidative stressl reactive oxygen species
(ROS) signaling, and abscisic acid (ABA) dependgenhe regulation are

described below.

1.2.3.1 SOS signaling

An increase in extracellular concentrations of Neound plant roots
elicits an increase in cytosolic free “Cdevels and activates the salt stress
signaling pathway called SOS (Knight et al., 199hAu, 2002; Bertorello and
Zhu, 2009; Turkan and Demiral., 2009). Salinityduned changes in the
phospholipid composition of plasma membranes aetiydopholipases which
generate secondary messengers including inositd|5-friphosphate (IP3),
diacylglycerol (DAG) and phosphatidic acid (PA)tihaay activate protein kinase

C and trigger CZ release (Xiong and Zhu, 2002; Shilpi and Naren@Q5;
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Hong et al.,, 2010). Calcium signals are senseda byyristoylated calcium-

binding protein (SOS3) which in turn interacts aativates a serine/threonine

protein kinase called SOS2 (Liu and Zhu, 1998; tdakt al., 2000; Ishitani et al.,
2000; Liu et al., 2000; Bertorello and Zhu, 20080S2 has a regulatory FISL
motif in its C-terminal end and SOS3 activates S®@2his motif in a calcium
dependent manner (Halfter et al., 2000; Albrechalet2001). SOS2 together
with SOS3 regulate the expression levels of a plasmembrane N#&H*
antiporter gen&0S1 and also activate the transport activity of /M8 antiporter
protein (Shi et al., 2000; Qiu et al., 20080S1 mRNA is unstable under normal
growth conditions and salt stress indu&3S1 mRNA stability through ROS
mediated NADPH oxidase (Chung et al., 2008). Dmsalinity stress, N&H"
antiporters are involved in Naexclusion and compartmentalization and
overexpression of these proteins has resultedlirtadarance, emphasizing their
importance in salt signaling (Apse et al., 199BWald et al., 2000; Shi et al.,
2003; Yang et al., 2009). SOS signaling protelas mteract with other vascular
transport N& and H/C&" proteins and regulate Nanovement as well as €a
homeostasis (Uozumi et al., 2000; Rus et al., 2@y, 2002; Cheng et al.,
2004). Furthermore303A which encodes a pyridoxal (PL) kinase that is
speculated to function upstream of ethylene andnhgoroduction in root hair and
O which encodes a cell surface adhesion proteinimedjufor normal cell
expansion under salt stress have been reportedajitabt al., 2008; Turkan and

Demiral, 2009).



1.2.3.2 Oxidative stress and ROS signaling

Oxidative stress is a consequence of ionic and teraffects caused by
salt stress, where ROS accumulate in cells mone ttie@ normal equilibrium for
these species (Pang and Wang, 2008; Miller e2@1.0). Reduction of molecular
oxygen (Q) results in ROS such as, superoxide radical)(@ydrogen peroxide
(H202) and hydroxyl radical (*OH), and during salinityet formation of ROS
increase (Asada and Takahashi, 1987; Apel and B0®4; Pang and Wang,
2008). At lower concentrations, ROS act as sigigafholecules while at higher
concentrations they damage lipids, proteins andermiacids (Gomez et al., 1999;
Hernandez et al., 2001; Pang and Wang, 2008). ssSineluced ROS triggers
ROS scavenging systems consisting of antioxidakés darotenoids, ascorbate,
glutathione, tocopherol and antioxidant enzymes lguperoxide dismutase
(SOD) and catalase (CAT) in order to help plantsecwith the oxidative stress
damage (Asada, 1999; Miller et al., 2010). RO$gensense salt stress-induced
ROS and activate mitogen-activated protein kind&RK) cascades (Knight and
Knight, 2001; Miller et al., 2010). Through theopess of phosphorylation
MAPK cascades transfer information from sensorscetiular responses and
regulate the expression of transcription factorgsfTand stress-related genes
(Tena et al.,, 2001; Nakagami et al., 2005; Pang \Afathg, 2008). In plants,
SIMK (salt stress inducible MAPK), SIPK (salycyleid induced protein
kinase), ANP1 Arabidopsis Nicotiana protein kinase-like protein kinase), MPK3,

MPK6, NDPK2 (nucleoside diphosphate kinase 2) haeen implicated in



osmotic stress signaling (Munnik et al., 1999; Kowvet al., 2000; Mikolajczyk et
al., 2000; Moon et al., 2003). Although no ROSsserhas been unambiguously
identified in plants, redox-sensitive TFs such aPRMd (non-expressor of
pathogenesis-related genes 1), heat shock TFs )ldsBsphosphatase inhibitors
are speculated to be involved in stress induced R&seption (Mittler et al.,
2004; Pang and Wang, 2008). Identification of R@&nsors and an
understanding of how different cellular signalingtworks are linked to the ROS

response are the future challenges to be addressed.

1.2.3.3 ABA dependent signaling

ABA is an important phytohormone that is involvedviarious aspects of
plant physiology and development including, seedetigment, seed dormancy
and synthesis of seed storage proteins and lipitCarty, 1995; Bentsink and
Koornneerf, 2002; Finkelstein et al., 2002). Irdi&idn, it plays a crucial role
during osmotic stress and is therefore referredsta stress hormone (Shinozaki
and Yamaguchi-Shinozaki, 2000; Zhu, 2002; Raghazeed al., 2010). ABA
regulates the expression of important ion trangpsriike N&/K* antiporter
during salinity stress (Shi and Zhu, 2002; Yokoakt 2002). Proteins from the
SOS salt signaling pathway interact with ABA regota and ABA regulators
also interact with K channel (Vranova et al., 2001; Cherel et al., 2@ et al.,
2002; Quintero et al., 2002; Ohta et al., 2003; iKeh al., 2006; Yoshida et al.,
2006). The K channel plays an important role in stomatal opgrind closing

and, disturbed Khomeostasis may contribute to salt sensitivityuZhal., 1998;
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Rus et al., 2004). In addition, ABA and its bioshgtic genes have been found to
increase during salt stress and therefore ABA eslated to be involved in ion

homeostasis during salinity (Xiong and Zhu, 200&8gFavendra et al., 2010).

1.3 Drought

Drought is one of the major environmental factohsittaffect crop
productivity and it can be defined as extendedaokof water deficiency resulting
in severedamageo crops and yield loss (Boyer, 1982; Heim, 2002; Aslet al.,
2009; Farooq et al., 2009). Plant water deficitadeps when the water demand is
more than the supply. The supply and demand dependthe available soil
moisture and crop evapotranspiration rate, respsgti Prevailing weather
conditions like air temperature, relative humidaiyd wind determine the rate of
crop evapotranspiration (Heim, 2002). Drought lsssified into four distinct
types based on the duration and intensities of msttertages (Dracup et al.,
1980; Wilhite and Glantz, 1985; Heim, 2002). Met#ogical drought is
described as a temporary period of dry weather laydfrological drought is
associated with the shortfalls of water supply frgraund water, streams, lakes
and rivers, while socioeconomic drought is a situmivhen drought begins to
affect people and their livelihood. Finally, agittiral drought occurs when a
low precipitation adversely affects crop product{@racup et al., 1980; Wilhite
and Glantz, 1985). In general, in the context mfpcproduction drought is

defined as inadequate plant-available water ovyegraod of time (Hounan et al.,
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1975). In this section, the effects of droughtpsant, mechanisms of drought

tolerance and drought signaling are described.

1.3.1 Effect of drought on plant

Water is a universal solvent that constitutes 8% the fresh weight of
plants and maintains the turgidity and temperawfrecells (Kirkham, 2005).
Water deficit results in loss of cell turgidity aradfects plants’ physiological
processes (Vaadia et al. 1961; Reddy et al., 200/pater stress affects plant
growth and development by affecting cell divisiaell expansion, membrane
integrity, protein synthesis, lipid synthesis, cblehyll and carotenoid production
(Hsiao, 1973; Zwiazek and Blake, 1990; Fan et1#194; Riccardi et al., 1998;
Farooq et al., 2009; Jaleel et al., 2009). Theaichf drought stress is greater
when it occurs during early vegetative growth, flmimg and reproductive stages
(Trippi and Thimann 1983; Farooq et al., 2009).gémeral, drought stress results
in leaf wilting, leaf desiccation, leaf area redowf leaf abscission,
photosynthesis reduction and poor yield (Winsto@9@ Golakiya and Patel,

1992; Reddy et al., 2004).

1.3.2 Drought tolerance mechanisms

Plants adopt various adaptive mechanisms to copt wrought
conditions, which include drought escape, droughbidance and drought
tolerance (Farooq et al.,, 2009). Drought escapelves strategies like early

maturation that helps plants avoid drought condgigkumar and Abbo, 2001,
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Araus et al.,, 2002). In the case of drought avmda plants maintain cell
turgidity either by saving water or by absorbingtevamore efficiently, and
different strategies include stomatal closure,ctidéir barrier, reduced leaf area
and root adaptations (Ludlow and Muchow, 1990; Ba#l., 1994; Sandquist and
Ehleringer, 2003; Kavar et al., 2007). Droughetahce mechanisms include the
accumulation of osmoprotectants, antioxidants, dehyg, late embryogenesis
abundant (LEA) proteins and cell wall related pirtgKramer and Boyer, 1995;

Turner et al., 2001; Farooq et al., 2009).

1.3.3 Drought stress signaling

Drought stress elicits effects in plants that amailar to those caused by
the osmotic stress component of salt stress ank & integrated by many
signaling networks (Zhu, 2002: Shi, 2007). Diff@reintegrating networks
include C4&" signaling, oxidative signaling, kinase cascades ABA signaling
(Zhu, 2002). The integration of salt and drougghal transduction is illustrated
in Figure 1-1. While plant cells maintain low cgtasmic levels under normal
conditions by C& ATPases and GHH" antiporters, the G& concentration
increases in response to drought in a manner sirtolaghat in salt stress as
previously discussed (Sze et al., 2000; Hirsch,1200hite and Broadley, 2003).
Although calcium signals are considered to be usalein response to stress,
their stress-specific responses are not yet cogiplanderstood (Shi, 2007; Kim

et al., 2009). It has been suggested that differen
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stimuli activate different GA permeable channels localized in distinct locations
within a cell and generate location specific spafi®* elevation with varying
frequency, period and amplitude with different stim(Evans et al., 2001; Shi,
2007). For example, under drought stresg! €ignals are important for stomatal
closure to reduce water loss and’ Csignals are activated by ABA induced®4
production (Pei et al., 2000; Kim et al., 2010)n dddition, it has also been
demonstrated that drought-induced cytoplasmit’ @scillations are sphingosine-
1-phosphate (S-1-P) dependent (Ng et al., 200he G&" signals are perceived
by different proteins including calmodulins (CaMsglcium dependent protein
kinases (CDPKs), G4 and CaM binding TFs and the targeted downstream
effectors include proteins involved in various gkl metabolic processes and
physiological adjustment (Day et al.,, 2002; Shi 020 Kim et al., 2009).
Therefore, Ca2signals are important regulators of the plant sasp to osmotic

stress conditions.

The involvement of ABA in cellular development aindthe salt response
has been previously discussed (section 1.2.3.3A Aiosynthesis is regulated
both by developmental cues as well as by stressukt{Xiong and Zhu, 2003;
Raghavendra et al.,, 2010). ABA is a very importaignaling molecule in
drought stress and it is involved in the regulatdrstomatal closure to minimize
water loss (Zhu, 2002; Xiong, 2007; Kim et al., @1 Based on promoter
studies, it has been suggested that, during drostgbds, ABA is synthesized in

vascular tissues and guard cells (Christmann et2805). ABA regulates
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stomatal closure either by increasing cytosolié*@avels as mentioned earlier or
by recently understood €aindependent routes, and many kinases and
phosphatases assist in ABA regulation of guardsdglevchenko et al., 2005;
Xiong, 2007; Kim et al., 2010). In the Ealependent route, elevated*Ckevels
inhibits plasma membrane proton pumps and inwardch@nnels and activate
anion outward channels, which in turn leads foeflux and reduced osmolarity
in guard cells leading to stomatal closure (Scheoed al., 2001; Fan et al., 2004,
Pei et al., 2005). In Gaindependent regulation, protein phosphatases 2gpe
(PP2C) ABA negative regulators (such as ABI1, AR HAB1) will interact
with  SNF1 (Sucrose-Nonfermenting Kinasel)-relatedrotggn  kinases
(OST1/SnRK2.6/SNnRK2E, SnRK2.2/SnRK2D and SnRK2.Bi&h) that act as
positive regulators of ABA and stomatal openingdRavendra et al., 2010). In
the presence of ABA, the recently identified ABAeptors RCARs/PYR1/PYLs
that belong to the Betvl super family, bind with ABand ABA negative
regulators to form the RCAR-ABA-PP2C complex t@ask negative regulation
and to activate SNF1 kinases (Klingler et al., 2010he SNF1 kinase OST1
activates the anion channel SLAC1 and inhibitsocatthannel KAT1 through
phosphorylation which results in release of osnadificactive compounds and
deflation of guard cells and stomatal closing (Geigt al., 2010; Kim et al.,
2010). In addition to regulation of stomatal clesuABA also regulates
expression of many genes that code for products diktioxidants, compatible
solutes and signal transduction components thatirm@ved in physiological

adjustment under drought stress (Leung and Giraul#88; Finkelstein and
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Rock, 2002; Raamanjulu and Bartels, 2002; Raghawert al., 2010). Few
examples of these antioxidant encoding genes ieclyghes for glutathione S-
transferases, superoxide dismutase, catalse, aseogeroxidase, glutathione
reductuase, proline, sugars, proteases and LEA&ipso{Hoth et al., 2002; Jiang
and Zhang, 2002; Zhu, 2002; Xiong, 2007; Milleakt 2010). In addition, ABA

also activate the expression of ABFs/AREBs (ABApmssive Element Binding
Factor/Protein) type TFs, basic region/leucine eipipZIP)-type TFs like ABI5,

apetala-2 (AP2)-type TFs like ABI4, and MYC/MYB-&gpTFs that are key
regulators in expression of stress responsive gamaer osmotic stress

(Raghavendra et al., 2010).

1.4 Genetic engineering for abiotic stress toleraec

As discussed previously, physiological and bioclwamichanges in
response to different abiotic stresses include mman& disorganization,
generation of ROS, accumulation of osmolytes, amants, chaperonines,
dehydrins, PR and LEA proteins, expression of Thd stress related genes,
changes in phytohormone profile, inhibition of ptetnthesis and changes in
nutrient acquisition (Mahajan et al., 2008; Munng dester, 2008; Ashraf et al.,
2009; Farooq et al., 2009; Teakle and Tyerman, R0OB&nes and gene products
induced/synthesized during the stress respons¢idaroth in stress tolerance as
well as stress signaling (Yamaguchi-Shinozaki aridné&aki, 2006). For
example, detoxification enzymes, antioxidants, LE#oteins, molecular

chaperones help plants to tolerate stresses, kihgeses and TFs help in inducing
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stress responsive signal cascades in response$s §¥ amaguchi-Shinozaki and
Shinozaki, 2006). Genomics, proteomics, metabatemand transgenic
technologies have been very helpful in identifygane products involved in plant
defense signaling response pathways and in intmegusuch genes into crop
plants to get stress tolerant phenotypes. Someessiul examples of abiotic

stress tolerant transgenic plants are discussenisiisection.

1.4.1 Genes involved in ion exclusion, ROS signaljimnd osmotic adjustment

lon homeostasis is an important process in plantitsatolerance that is
obtained by proteins called antiporters (see sectio2.3.1) and genetic
manipulation of antiporters has been useful in getiveg salt tolerant plants. For
example, salinity tolerarArabidopsis and canola plants have been developed by
overexpressing the N&K™ antiporter transport genea&tNHX1, SOS1 and SOS3
(Aspe et al., 1999; Zhang et al., 2001; Shi et 2003; Yang et al., 2009).
Arabidopsis plants overexpressinGmCAX1, a putative antiporter accumulated
less N&, K™ and Li" ions and were tolerant to higher levels of Mad Li" ions
during germination (Luo et al., 2005). Furtherma@eabidopsis overexpressing
the wheat N&H" antiporterTNHX1 and H pyrophosphatas&/P1 showed salt
and drought stress tolerance (Brini et al., 200Bimilarly, potato folanum
tuberosum) plants overexpressing the barley antiporter gévidHX2 had greater
salinity tolerance compared to their wild type cruparts (Bayat et al., 2010).
Antioxidant enzymes have also been helpful in gatimey abiotic stress tolerant

plants. For exampleBrassica species overexpressing glutathione synthetase
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showed cadmium tolerance (Zhu et al., 199@)tabacum overexpressing pea
Cu/Zn SOD genes showed enhanced resistant to azdueed foliar necrosis
and oxidative stress (Gupta et al., 1993; Pitchet Zilinskas, 1996) and rice
plants transformed with wheat catalase exhibitedharoed cold tolerance
(Matsumura et al., 2002). Furthermore, simultaseexpression of superoxide
dismutase $OD), ascorbate peroxidas@RX) and nucleoside diphoshate kinase
(NPDK) conferred greater tolerance to oxidative stresgd high temperature

stress (Kim et al., 2010).

Similarly, manipulation of plants for increased d&s/ of osmotic agents
(glycine betaine, osmotin, fructan, trehalose, ipmletc.,) has resulted in abiotic
stress tolerance. Abiotic stress tolerance insganic plants engineered for
elevated glycine betaine and proline content ag bgamples. For instance,
transgenic cotton Gossypium hirsutum L.) expressingAhCMO that encodes
choline monooxygenase, a major enzyme in the sgighaf glycine betaine,
conferred salinity tolerance due to accumulatioa digh level of glycine betaine
(Zhang et al., 2009). Furthermore, whektt{cum aestivum L.) expressindetA
encoding choline degydrogenase froEscherichia coli conferred salinity
tolerance by accumulating higher levels of glychetaine (He et al., 2010).
Similarly, transgenidVledicago truncatula expressingi*-pyrroline-5-carboxylate
synthetase (P5CS from Vigna aconitifolia conferred osmotolerance by
accumulating higher levels of proline content (Mmsrdet al., 2006). Other

examples of gene manipulation for increased osmslyinclude improved
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tolerance to water and salt stress in transgenieatvbverproducing mannitol
(Abebe et al., 2003), freezing tolerance in tranggébacco plants with higher
fructan content (Li et al., 2007) and enhanced ipleltabiotic stress tolerance in
transgenic rice plants with increased trehaloseerdnGarg et al., 2002). In
addition to manipulating transport enzymes and dgnagents, the manipulation
of other abiotic stress response intermediate motke LEA and heat shock
proteins (HSPs) has resulted in tolerance to teatpex extremes, salinity and
drought. For example, expression of barley LEAtgroHVA1 has resulted in
enhanced tolerance to water deficit and salt siresge and wheat (Xu et al.,
1996; Sivamani et al., 2000; Chandrababu et a4R0Similarly, overexpression
of HSP, DnaK1 from a halotoleranCyanobaterium resulted in enhanced salt
tolerance inN. tabacum (Sugino et al., 1999) and overexpressiomibispl01 in
rice resulted in enhanced heat tolerance (Katiygardval et al., 2003). These
examples demonstrate that the intermediates afssignalling pathway that help
plant to adapt to the extreme environmental comatti can be utilised in

engineering plants for stress tolerance.

1.4.2 Genes encoding kinases and phospolipases

Kinases (MAPKs and CDPKSs) are an important classnaiymes that are
part of signal transduction pathways activated byious abiotic stress factors,
and manipulation of these enzymes has resultedoid, dight, drought and
osmotic stress tolerance. For instance, overegjmesf OsCDPK7 enhanced

salt, cold and drought tolerance (Saijo et al.,®00Similarly, overexpression of
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OsMAPKS increased tolerance to drought, salt and coldst®(Xiong and Yang,
2003). In addition, the overexpression of MAPKKEngDSVI1 was shown to
regulate ROS and enhance tolerance to dehydratioice (Ning et al., 2010).
Furthermore, overexpression ANDPK2 (NDP kinase 2) an@RK2C (a SNF1-
related protein kinase 2) il thaliana resulted in multiple abiotic stress tolerance
(Moon et al., 2003; Umezawa et al., 2004). Mokently, a calcium/calmodulin-
regulated member of the receptor-like kinase, CRIt&% been shown to be a
positive regulator of cold tolerance through knactk mutant analysis (Yang et
al., 2010). In addition, it was suggested tB@&_K1 plays a role in bridging
calcium/calmodulin signaling and cold signaling {\geet al., 2010) and therefore
it may be worth overexpressittRLK1 to see whether it enhances cold tolerance
in plants. Similar to kinases, protein phosphags which are involved in
membrane lipid hydrolysis are also important impldefense signaling and some
have been used in engineering plants for abiotessttolerance (Katagiri et al.,
2001; Hong et al., 2010). For exampléyrabidopsis overexpressing
phospholipase D has demonstrated enhanced freezing tolerancet @li,e2004)
and maize overexpressirgmPLC1 enhanced drought tolerance (Wang et al.,
2008). Similarly, overexpression of phosphatidy$itol-phospholipase C2 in
canola enhanced drought tolerance (Georges €2(19) and overexpression of
nonspecific phospholipase C (NPC4) in Arabidopsis enhanced hyperosmotic
stress tolerance (Peters et al., 2010). These @&ansuggest that signaling
molecules like kinases and phopholipases have tateutility in enhancing

abiotic stress tolerance in crop plants.
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1.4.3 Genes encoding TFs

TFs are DNA binding proteins that bind to speadifieelements present in
promoters of the genes they regulate to controletkgression of mRNA from
DNA (Latchman, 1997). They regulate gene expressig activating or by
repressing the recruitment of the enzyme RNA pohase to the specific genes
they regulate (Karin, 1990; Nikolov and Burley, 99 It is not surprising that
5% of theArabidopsis genome encodes TF genes, given the importanc&ofrr
plant growth, development and stress responsesH{R&nn et al., 2000). In
signal transduction net work, TFs play importantesofrom perception to
expression of stress responsive gene expressiomgyiachi-Shinozaki and
Shinozaki, 2006). To date, the biological rolesrainy TFs and themis-acting
elements have been identified and transcriptioeglilatory networks for abiotic
stresses irabidopsis are represented in Figure 1-2 (Yamaguchi-Shinozaki
Shinozaki, 2006; Saibo et al., 2009). In conclasibF encoding genes have been
very helpful in generating abiotic stress tolerghants and a few specific

examples are discussed below.

1.4.3.1 AP2 family genes

AP2 family is one of the major TF families Arabidopsis comprising 147
genes (Feng et al., 2005). In addition to thepontant function in plant growth
and organ development, AP2 TFs play critical ratestress signaling (Saleh and

Pages, 2003; Guo et al., 2005). The ERF (ethylesgonsive element binding
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factor) subfamily proteins regulate expressiontai/kene inducible pathogenesis
related genes and other stress related genes lyndino ethylene response
elements (ERE) or GCC boxes found in their pronsotg@hme-Takagi and

Shinshi, 1995). On the other hand, the DREB (dedtizh responsive element
binding factor) subfamily proteins regulate the regsion of low temperature and
/ or water deficit responsive genes by binding tceeat or dehydration response
elements (CBF/DRE) in their promoters (Stockingeale 1997; Gilmour et al.,

1998).

Among DRE binding proteins, DREB1A and DREB2A afle tmost
studied genes and they are inducedrabidopsis in response to low temperature
and dehydration, respectively (Liu et al., 1998he overexpression @REB1A
enhanced freezing and dehydration tolerance irsgg@mcArabidopsis plants but
affected plant growth and development (Liu et d998). However, the
expression ofDREB1A with the stress inducible rd29A promoter resulted
minimal effects on plant growth and improved toler to multiple abiotic
stresses (Kasuga et al., 2004). Furthermore, ex@ression ofArabidopsis
CBF3/DREB1A and ABF3 in Oryza sativa enhanced abiotic stress tolerance (Oh
et al.,, 2005). In addition, over-expression ofer@sDREBIA in Arabidopsis
induced stress inducible genes and improved toteram drought, high-salt, and
freezing stresses demonstrating the regulatory sbIBREB proteins in stress
responses and suggesting the potential utilitPsDREB1A in producing stress

tolerant, transgenic crops (Dubouzet et al., 20033imilarly, heterologous
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expression ofArabidopsis CBFL/DREB1 cDNA in Lycopersicon esculentum
resulted in enhanced tolerance to chilling and atke stresses (Hsieh et al.,
2002). In case of DREB2A, posttranslational madifion is required for
activation and overexpression of constitutive actBREB2A resulted in
significant drought stress tolerance in transgehiabidopsis (Sakuma et al.,
2006). Furthermore, a DREB gene from soyb@mDREB2 when overexpressed
in tobacco caused accumulation of higher levelged proline compared to the
wild type plants under drought conditions and coef® drought and high-salt
tolerance (Chen et al., 2007). Similarly, anotb&EB geneGmDREB3 from
soybean enhanced tolerance to cold, drought, agiddailt stresses with minimum
effects on plant growth when overexpressed usirg Ra29A promoter in
Arabidopsis (Chen et al., 2009). Furthermore, overexpressibthe drought
responsive geneCBF4 in Arabidopsis resulted in the activation of a C-
repeat/dehydration-responsive element containirgndtream genes involved in
cold and drought adaptation, and enhanced freemgdrought stress tolerance
(Haake et al., 2002). These examples illustrat¢ BREB genes have critical
roles in regulating stress responsive genes tratrequired for plant survival

under drought, cold and salinity stress.

Similar to DREB genes, ERF genes also regulatsst@sponsive genes
and have been useful in developing stress tolepdamts. For example,
overexpression of the soybe®mERF3 gene resulted in enhanced salt and

drought tolerance in addition to disease resistamtebacco (Zhang et al., 2009).
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Similarly, tobacco plants expressing the sugaragere So)dERF3 encoding an
ERF-AP2-type TF had increased tolerance to droagbtosmotic stress without
any affects on plant growth and development (Tiagt al., 2009). Furthermore,
overexpression oArabidopsis RAP2.2 resulted in improved plant survival under
hypoxia stress, while T-DNA knockout lines of tigisne had poorer survival rates
than the wild type (Hinz et al., 2010). In additi@n example of successful AP2
TF transgenic under field condition include ovemegsion of AP37 with the
OsCcl promoter in rice that enhanced tolerance tdtipte abiotic stresses
including drought, high salinity and low temperatat the vegetative stage (Oh et
al., 2009). MoreoverAP37 transgenic plants also demonstrated significantly
enhanced drought tolerance at the reproductive stét) a higher seed set of 16—
57% over controls under field conditions (Oh et 2009). These examples
demonstrate that the ERF subfamily AP2 TF has pialeior engineering crop

plants with abiotic stress tolerance.

Other examples of AP2 TF genes in abiotic stressrance include
transgenics ofCAP2, CaPF1 SHN and WXP1genes. The 35S promoter-driven
expression ofCAP2 (from Cicer arietinum) in tobaccoresulted in an increase in
leaf surface area and number of lateral roots (Bhetkal., 2006). Furthermore, it
upregulated abiotic stress and auxin response ganedsenhanced dehydration
and salt tolerance in transgenic plants (Shuklal.et2006). Similarly,CaPF1
(from Capsicum annuum) affected expression of genes that contain e#h&CC

or CRT/DRE box in their promoter regions and enlednfreezing tolerance in
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Arabidopsis (Yi et al., 2004). Furthermore, overexpressiontled AP2 family
gene Tsil (for Tobacco stress-induced genel) in tobacco dadumany PR
proteins and enhanced osmotic and biotic stressatote (Park et al., 2001).
Similarly, theSHN (shine) genes enhanced drought tolerance by rajteuiticle
properties when overexpressed Arabidopsis (Aharoni et al., 2004) and
overexpression dfVXP1 (from Medicago truncatula) enhanced drought tolerance
in transgenidVledicago sativa by increasing cuticular wax accumulation (Zhang
et al., 2005). These examples illustrate that A&Bily TF genes are very
important in abiotic stress signaling cascadesthatithey regulate the expression

of many stress responsive genes whose producesseatial for stress tolerance.

1.4.3.2 bZIP (basic leucine zipper)-type TFs genes

The bZIP-type TF family proteins are known to playportant roles in
ABA-dependent gene expression by binding to ABREBAA responsive
elements) of ABA-responsive genes (Choi et al.,02Ghd have been useful in
engineering abiotic stress tolerant phenotypedantp. For example, the ABRE-
binding proteins AREB1, AREB2 and ABF3 activate matownstream genes
including LEA genes, PP2C genes, rd29B and TFs,ragdlate ABA signaling
under water stress (Uno et al., 2000). Furthermtre AtWRKY63 T-DNA
insertion mutant callecabo3 was hypersensitive to ABA, and had reduced
expression of ABA-responsive TF geABF2/AREBL and stress-inducible genes
RD29A and COR47, suggesting a role foktWRKY63 as well asAREBL in ABA

signaling and drought stress response (Ren e2@l0). A wheat bZIP-type TF
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encoding gen&Mipl9 acts as a transcriptional regulatorir/Lea genes, and
when expressed in transgenic tobacco demonstrateiyraficant enhanced
freezing and other abiotic stress tolerance (Koslaiyat al., 2008). Similarly,
another stress inducible bZIP TF ge@®ebZIP23 when overexpressed in rice
improved tolerance to drought and high-salinitesses and sensitivity to ABA
(Xiang et al., 2008). In contrast, a null mutahOsbZIP23 showed significantly
decreased sensitivity to ABA and decreased toleréambigh-salinity and drought
stress (Xiang et al., 2008). Furthermore, the mtutphenotype was
complemented by transforming@sbZIP23 back into the mutant clearly
demonstrating its function and utility in abiotitress tolerance (Xiang et al.,
2008). These examples illustrate the importandeZtiP-type TF family genes in
abiotic stress response and ABA sensitivity, angb aheir utility in genetic

engineering of crop plants for abiotic tolearance.

1.4.3.3 MYB (MYB for MYeloBlastosis) family genes

MYB TF family proteins accumulate in response toAABuring abiotic
conditions and regulate the expression of streggoresive genes likRD22 by
binding to MYB cis-element recognition sites (Aldeak, 2003). Overexpression
of these TF genes has resulted in ABA sensitivitg abiotic stress tolerance.
For instance,CpMYB10 from the dehydration resistant pla@raterostigma
plantagineum, when overexpressed ifrabidopsis, resulted in desiccation and
salt tolerance of transgenics lines in additiorgliocose-insensitivity and ABA

hypersensitivity (Villalobos et al., 2004). Similg AtMYB44 overexpressing
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Arabidopsis showedenhanced abiotic stress tolerance and down-regnoladf
PP2C (serine/threonine protein phosphatases 2@sgerhileatmyb44 knockout
lines demonstrated reduced abiotic stress toleramck upregulation of PP2C
genes compared to the wild type plants (Jung e2808). Therefore, it was
suggested thaATMYB44 confers salinity and drought tolerance by incregsi
ABA sensitivity and by down regulation of genes @iting PP2Cs, which have
been described as negative regulators of ABA sigga{Jung et al., 2008).
Furthermore, the overexpression @sMYB3R-2 from Oryza sativa in
Arabidopsis resulted in up-regulation of cold-related gene&e(IDREB2A,
COR15a, andRCI2A) and tolerance to freezing, drought, and saltssti®ai et
al., 2007). Similarly, riceOsmyb4, OsMYB3R-2, OsSMYBS3 overexpressed
Arabidopsis andRice plants demonstrated enhanced cold and fregalatance
(Vannini et al., 2004; Ma et al., 2009; Su et 2010). Furthermore, the gain and
loss-of function analyses of ABA-inducible MYB ge®AIM1 from Solanum
lycopersicum has suggested its role in regulating trans-menabran fluxes and
genetic control of crosstalk between biotic andoabistress responses in plants
(Abugamar et al., 2009). The ectopic expressiolHAfM1 resulted in ABA
sensitivity, less accumulation of Nand salinity and oxidative stress tolerance,
while tomatoSAIM1 RNA interference (RNAI) plants were less sentitivéABA
and more sensitive to salinity and oxidative sess@Abugamar et al., 2009).
These examples show the importance of MYB TFs guleging the expression of
stress responsive genes and their use in enhaabiatic stress tolerance in crop

plants.
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1.4.3.4 NAC [an acronym for NAM (No Apical Meristen)] family genes

The NAC TF family is one of the largest TF famili@sd genes from this
family have been known to function in developmemptaicess as well as in stress
response (Souer et al., 1996; Olsen et al., 20@kadhima et al., 2007; Yoo et
al., 2007). For instanceAtNAC2 acts downstream of ethylene and auxin
pathways and is involved in lateral root developtreerd the salt stress response
(He et al., 2005). In additiofgNAC1, a drought inducible NAC gene in guard
cells, when overexpressed in rice, significanthhaced percent seed set and
drought resistance under field conditions (Hu et 2006). In addition, these
SNACL1 transgenic rice plants showed drought resistandesalt tolerance at the
vegetative stage as well (Hu et al., 2006). Thessttolerance responseINAC1
transgenic plants has been correlated with indoctibthe MYB TF gene and
genes encoding proteins related to osmotic adjugineell membrane stability
and stomatal closing (Hu et al., 2006). Similathg constitutive overexpression
of OsNACS in rice plants improved tolerance to dehydratiod high-salt stresses
in addition to blast-disease tolerance (Nakashitrel.£2007). More recently, it
has been reported that root specific expressioa 6fAC-type TFOSNAC10
enhanced drought tolerance and improved grain yrelice under field drought
conditions (Jeong et al., 2010). Furthermd&BIAC019 (another NAC family
gene) has been identified as a new positive regulat ABA signaling and
ectopic expression &NACO019 results in ABA hypersensitivity and expression of

stress responsive genes liKORA4A7, RD29b and ERD11 (Jensen et al., 2010).
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These examples demonstrate that NAC family TF gearesinvolved in the
abiotic stress response and have the potentiatltaree stress tolerance of crop

plants when overexpressed.

1.4.3.5 Others

There are many TFs whosgs-elements and function are not clear.
However, transgenic plants obtained by manipulatibthese TFs have resulted
in abiotic stress tolerance. For example, the nAffiF family geneAlfinl
overexpressingVl. sativa plants demonstrated salinity tolerance and enlthnce
endogenous levels of NaCl-responsive gétePRP2 (Winicov and Bastola,
1999). The constitutive overexpression of C2Hzetyinc finger TFSSCOF,
ZPT2-3, and ART1 induce stress responsive genes and confer abibBsss
tolerance in plants (Kim et al., 2001; Sugano et2003; Yamaji et al., 2009).
Furthermore, a nuclear factor Y (NF-Y) TF geMEYAS is strongly induced by
ABA and drought stress anblFYAS5 overexpressingArabidopsis displayed
reduced leaf water loss and drought stress toleraompared to the WT plants
(Li et al., 2008). Similarly, heat shock TFs (HpBse the essential regulators of
the heat stress response and overexpression oArdi@dopsis HSfA2 gene
confers increased thermo-tolerance, and also saltasmotic stress tolerance
(Ogawa et al., 2007). In addition, the GRAS TFe plant specific and play
important role in plant development and stressaesps. A poplar GRAS TF
genePeSCL7 overexpressindrabidopsis showed enhanced drought and salinity

tolerance (Ma et al., 2010). Similarly, abioticests inducible tri-helix TF genes
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GmGT-2A and GmGT-2B from soybean, when overexpressedAirabidopsis,
altered many stress related genes and enhancedfregzing and drought
tolerance (Xie et al., 2009). Furthermore, CAMTAalfmodulin binding
transcription activator) TF family protein CAMTA3b& been demonstrated to be
a positive regulator ofCBF2 expression and possible integral link between
calcium/calmodulin signaling and cold-regulated eyempression (Doherty et al.,
2009). These examples suggest that the bioloGication of many TF proteins
in abiotic stress tolerance is still to be exploraad many of these TF genes may

be very useful in genetic engineering of plantsaioiotic stress tolerance.

1.5 Pathogenesis related 10 proteins

1.5.1 PR proteins

Pathogenesis related (PR) proteins are a groupotéips expressed in plants in
response to different biotic and abiotic stresmuliand they play important roles
in plant adaptations to stress conditions (van L.d®94; Jwa et al., 2001). They
are ubiquitous throughout the plant kingdom andatt@irance of PR proteins has
been established in all the plant organs (Tahigedi et al., 1990; Del Campillo
and Lewis, 1992; Eyal et al., 1993; Van Loon, 1999hese protease resistant
low-molecular (6-45kDa) proteins (Van Loon, 199@r&va, 2005) localize in the
vacuole or apoplast (Bol et al., 1990; Buchel amdHorst, 1999). Originally, PR

proteins were defined as “proteins encoded by ds¢ plant but induced only in
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pathological or related situations” and relatedqirs occurring in the absence of
pathological or related situations were referrecaso”PR-like” proteins (PRLS)
(Antoniw et al., 1980; Van Loon and Van Strien, 999 The criteria to be
included in the PR protein families was “pathogeduiced expression of the
protein in tissue that normally does not expresspttotein must have been shown
in at least two different plant pathogen combinadi@r expression in a single
plant pathogen combination must have been estadlisin independent
laboratories” (Van Loon and Van Strien, 1999). HKweer, some PR proteins
were constitutively expressed and certain pre-s@gsPRLs accumulated in
higher levels after pathogen infection, therefolee t‘pathogenesis related
proteins” became a popular term for all microbediced proteins (Van Loon et
al., 2006). Based on the amino acid sequence mafudtogical activity PR
proteins have been classified into 17 differentifi@s (Van Loon et al., 2006).
The PR families include chitinases, glucanasespm@mdeinases, peroxidases,
defensins, thionins, lipid transfer proteins, thatimlike proteins and
ribonucleases, germin-like proteins (Table 1-1) chhfunction in wide range
from cell wall rigidification to signal transductio(Van Loon et al., 1994; Van
Loon et al., 2006). PR proteins are involved @npldefense mostly as antifungal,
antibacterial, antiviral, insecticidal and nematadi proteins and these functions
are attributed to their hydrolytic, membrane-perbilgang, ribonuclease or
proteinase-inhibitor activities (Edreva, 2005). PRteins are associated with
SAR (systemic acquired resistance) and their indods mediated by different

signaling molecules like salicylic acid, methylpasnate, ethylene, reactive
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Table 1-1Families of pathogenesis related proteins

Family Type member Properties

PR-1  Tobacco PR-1a Unknown

PR-2  Tobacco PR-2 B-1,3-glucanase
PR-3  Tobacco P, Q Chitinase type I, I, IV, V, VI, VII
PR-4  Tobacco ‘R’ Chitinase type I, Il
PR-5 Tobacco ‘S’ Thaumatin-like

PR-6  Tomato Inhibitor | Proteinase-inhibitor
PR-7  Tomato Ry Endoproteinase
PR-8  Cucumber chitinase Chitinase type Il
PR-9  Tobacco “lignin-forming peroxidase” Peroxidase

PR-10 Parsley “PR1” Ribonuclease-like
PR-11 Tobacco “class V” chitinase Chitinase, type |
PR-12 Radish Rs-AFP3 Defensin

PR-13 Arabidopsis THI2.1 Thionin

PR-14 Barley LTP4 Lipid-transfer protein
PR-15 Barley OxOa (germin) Oxalate oxidase
PR-16 Barley OxOLP Oxalate-oxidase-like
PR-17 Tobacco PRp27 Unknown

(Adapted from Van Loon, 2006)
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oxygen species, kinetins and auxins (Ryals et1896; Tamas et al., 1997;
Paakkonen et al., 1998; Buchel and Linthorst, 18®@jima and Sato, 1999; Van
Loon, 1999; Fujibe et al., 2000; Schaller et &00@, Schultheiss et al., 2004). In
addition to their induced expression in responseiternal stimuli (bacteria,
fungi, nematode, wounding, virus, UV-B radiationater stress, temperature
stress), PR protein expression can be stimulateiatbynal plant developmental
cues during flowering, senescence, seed germinatiod embryogenesis,
suggesting a possible role in preformed defensedepsr(Tahiri-Alaoui et al.,
1990; Vigers et al.,, 1991; Del Campillo and Lewl®92; Eyal et al., 1993;
Buchel and Linhorst, 1999; Ekramoddulah et al., ®0Bdreva, 2005). The
salicylic acid (SA) and jasmonic acid (JA) depertdesthways of PR induction
have been established aad-regulatory elements mediating PR expression are
identified as GCC box, G box, MRE-like sequence &Adresponsive elements
(Mitsuhara et al., 1998; Fidantsef et al., 1999%Wlet al., 1999). Resistance of
transgenic plants overexpressing PR genes to biatid abiotic stresses,
constitutive expression of PR genes in plants waturally high level of disease
resistance and stronger expression of PR genesthogen resistant compared to
susceptible plants suggest that PR proteins arengmmajor players in plant
defense signaling (Bachmann et al., 1998; Dattd. £1999; Wubben et al., 1996;
Lawrence et al., 2000; Tonon et al., 2002; Gau lgt2904; Edreva, 2005;

Srivastava et al., 2006a; Srivastava et al., 2007).
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1.5.2 PR-10 proteins

1.5.2.1 Occurrence and expression of PR-10 proteins

Among PR proteins, members of the PR-10 family sarall (15 to 18
kDa), acidic and intracellular pathogenesis relatptbteins that have
demonstrated ribonuclease activity and ligand-lmgdoroperties (Van Loon et
al.,, 1994. PR-10 proteins were first described in pea resigtato fungi
(Riggleman et al., 1985) and cultured parsley callsresponse to elicitor
treatment (Somssich et al., 1988). Now, therenareber of studies reporting the
occurrence of PR-10 proteins throughout the plamjdom in monocots, dicots
and gymnosperms (Liu and Ekramoddoullah, 2006)-1B8Rroteins are induced
in response to fungal pathogens (Jwa et al., 2@@Iasitic higher plants (Borsics
and Lados, 2002), and bacterial pathogens (Richidrd et al., 2004). They
are also expressed in response to drought (Hashigtoal., 2004) and salinity
(Kav et al., 2004). Some of the PR-10 proteinsiadeiced by both abiotic and
biotic stressors (Hashimoto et al., 2004). Promatelysis of different PR-10
proteins has revealagils-regulatory elements like W-box, G-box, H-box, gtc
responsive-element (EIRE)-like sequence, MeJA (gigdsmonate) responsive
motifs, ethylene-responsive enhancer element (HIRE&)-motif which are
involved in PR-10 expression (Warner et al.,, 198hah and Klessig, 1996;
Rouster et al., 1997; Liu et al., 2005). In adufitio the inducible expression in
response to stress, the constitutive expressid?Reil0 genes has been detected

during growth and development of vegetative orgénsyers, pollen grains and
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fruits, suggesting a role of PR-10 proteins in deé growth and development of
plants (Apold et al., 1981; Breiteneder et al.,9;98rowell et al., 1992; Mylona
et al., 1994; Warner et al., 1994; Vanek-Krebitzakt 1995; Biesiadka et al.,
2002; Liu and Ekramoddoullah, 2003). PR-10 prcteidisplay different

responses to various stresses and therefore ibdws difficult to characterize

their role in the plant stress response (lturrieigal., 1994; Tewari et al., 2003).

1.5.2.1 Structure of PR-10 proteins

Despite the fact that different PR-10 proteins bittdifferent responses to
abiotic and biotic stresses, they have demonstratstiikingly conserved amino
acid sequence and three dimensional structuresathguEkramoddoullah, 2006).
PR-10 proteins are usually of low molecular massgireg from 15-18 kDa,
encoded by genes with open reading frames (ORM56f489 base pairs and
often multiple members of the PR-10 family occuthie same plant genome (Liu
and Ekramoddoullah, 2006). Amino acid sequenagnaient has demonstrated
that the phosphate binding (P)-loop motif (GXGGXG@¥Xs highly conserved
among members of PR-10 proteins from different igse(Gajhede et al., 1996;
Hoffman-Sommergruber et al., 1997; Wu et al., 200X-ray diffraction and
NMR spectroscopy studies have demonstrated verylasirthree dimensional
structures for different PR-10 proteins (Gajhedalet 1996; Neudecker et al.,
2001; Biesiadka et al., 2002; Markovic-Housley ket 2003). In general, they
consist of seven stranded anti-parafiesheet and three-helices connected by

nine short loops and a hydrophobic cavity (Gajheidal., 1996; Biesiadka et al.,
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2002). A highly conserved P-loop motif and hydropic cavity have been
suggested to have important roles in the biologamlvity of PR-10 proteins

(Gajhede et a11996; Hoffman-Sommergruber et al., 1997; Wu gt24103).

1.5.2.2 Ribonuclease (RNase) activity of PR-10 prah

RNase and ligand binding are the two activities tieve been attributed
to PR-10 proteins based on a number of researciestu although the
significance of these activities in the biologioales of PR-10 proteins in defense,
plant growth and development is unclear (Moiseyteal.e 1994; Mogensen et al.,
2002; Markovic-Housely et al., 2003; Park et ai02). RNase activity for PR-
10 proteins in the early 90's was proposed dueigh lamino acid sequence
similarity of two ginseng RNase peptides with paydPR-10 proteins (Moiseyev
et al., 1994) and similarities between spatio-terapexpression pattern of PR-10
genes and RNase genes (Walter et al., 1996). RIdateity has been
demonstrated in manin vitro studies of PR-10 proteins in different species
including Betula spp. (Bufe et al.,, 1996; Swoboda et al., 1996)itevtupin
(Bantignies et al., 2000Rachyrrhizus erous (Wu et al., 2002), cotton (Zhou et
al., 2002),Capsicum annum (Park et al., 2004 5olananum spp. (Liu et al., 2006),
Arachis hypogaea (Chada and Das, 2006), aRtsum sativum (Srivastava et al.,
2006a; Srivastava et al., 2007). The P-loop bigpdiotif has been suggested to
be involved in the RNase activity of PR-10 proteamsl mutations in that region
have demonstrated reduced RNase activity (Zhou.,e2@02; Wu et al., 2003).

Although there are many studies on theitro RNase activity of PR-10 proteins,
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only a few reports are available those describesigeificance of the known
RNase activity of PR-10 proteins planta. For example, the importance of
RNase activity in the antiviral and antifungal aities of PR-10 proteins has been
demonstrated for CaPR-10 and AhPR10 (Park et@04;2Chada and Das, 2006).
The role of the RNase activity of PR-10 proteingpmotection of plants during
programmed cell death around infection sites ar@irsmpatibility during
fertilization has also been suggested (Huang etl8P4; Swoboda et al., 1996;
Liu and Ekramoddoullah, 2006). The phosphorylastatus of CaPR10 has been
demonstrated and the role of phosphorylation inleggn of RNase activity has
been suggested (Park et al.,, 2004). However, hd®R:10 proteins possess
RNase activity suggesting that RNase activity, ddagd mere incidental and of no

biological significance (Biesiadka et al., 2002y land Ekramoddoullah, 2004).

1.5.2.3 Ligand binding property of PR-10 protein

The hydrophobic cavity present in PR-10 proteimglbito many types of
molecules including cytokinins (CKs), brassinosigsofatty acids and flavonoids
(Fujimoto et al., 1998; Mogensen et al., 2002; Mai&-Housely et al., 2003).
CK specific binding proteins (CSBPs) have also heeluded in the PR-10 class
based on weak sequence homology and secondaryuséryscediction (Fujimoto
et al., 1998). PR-10 proteins are also describegl general plant hormone carrier
during the plant defense response to pathogensglhss during normal growth
and developmental processes based on structuthést(Mogensen et al., 2002;

Markovic-Housley et al., 2003; Pasternak et al.03)0 Expression of PR-10
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genes is activated by hormones like ABA and CK BR410 proteins also have
been found to interact with other proteins. Tharefit has been suggested that
PR-10 proteins might be involved in phytohormongnaling (Iturriaga et al.,

1994; Carpin et al., 1998; Mogensen et al., 2002).

Research in our laboratory has accumulated infoomaton the
involvement of peaH. sativum) PR-10 proteins in abiotic stress tolerance.
Proteomic investigation in pea under salinity sresvealed significant up-
regulation of PR-10 proteins, which led to the spe&ton that PR-10 proteins are
important in salinity tolerance (Kav et al., 2004Enhanced germination and
early seedling growth under various stress comnubtibas been demonstrated in
peaPR-10 transgenic models, supporting this hypothesisvéStava et al., 2004
Srivastava et al., 2006b). Elevated levels of @Kse also observed iRR-10
transgenic lines (Srivastava et al., 2006a; Sraxeset al., 2007) which led to the
hypothesis that PR-10 proteins may mediate thet pisponses to abiotic stress
through CKs. Additional evidence supporting thigptthesis has been
demonstrated in our laboratory that exogenous egipdin of CK mediates effects
that are similar to that mediated by PR-10 (Sraeastet al., 2007). Pea PR-10
proteins have also been over expressedt.ircoli and the RNase activity of
recombinant proteins has been demonstrated (Saixeasdt al., 2006a & 2007).
Therefore, from our previous experiments it is clémt pea PR-10 proteins are
RNases and their constitutive expression elevatiésligvels. However, the

precise mechanisms through which PR-10 proteinease CK concentration and

40



enhance stress tolerance are not clear. One pibgsib that the CK moieties
present in tRNA (transfer ribonucleic acid) molesu{Hall, 1970) are released by
the RNase activity of PR-10 proteins in tRNA depamtdCK biosynthesis. The

different models of CK biosynthesis will be desedln the following section.

1.6 Cytokinins (CKs)

CKs are group of phytohormones that play very irtgrdrroles in various
developmental and physiological processes in pliawctading cell division (Soni
et al., 1995)de novo shoot formation (Skoog and Miller, 1957), delay|ef
senescence (Richmond and Lang, 1957; Gan and Amas895), chloroplast
differentiation (Chen et al., 1993; Crowell and Asm®, 1994), seed germination
(Gidrol et al., 1994), breaking apical dormancyilfiis, 1975), root proliferation
(Werner et al., 2001), phyllotaxis (Giulini et &0Q04), fruit development (Atkins
and Pigeaire, 1993) and nutritional signaling atrdss response (Takei et al.,
2002). The natural cytokinins are adenine denestiand includerans-zeatin
(t2), cis-zeatin (cZ), dihydrozeatin and ®NA*isopentenyl) adenine (Letham
1963; Shaw and Wilson 1964; Mc Gaw and Burch 19®fnsen et al., 1997;
Emery et al., 2000). These CKs differ in sterew¥isric position and saturation
of the isoprenoid side chain and hydroxylationhat $ide chain terminus (Figure
1-3) but the physiological significance of theséfeldences are not yet clear

(Cedzich et al., 2008).
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Figure 1-3 Cytokinin biosynthesis

(Adapted from Hirose et al., 2008)

DMAPP- dimethylallyl diphosphatejPRMP- iP riboside 5-monophosphate;
tZRTP- tZ riboside 5'-triphosphatetZRDP- tZ riboside 5-diphosphate;
tZRMP- tZ riboside 5-monophosphate;DZRMP- DZ riboside 5'-
monophosphate¢cZRMP- c¢Z riboside 5-monophosphat®ZR- DZ riboside;
cZR- cZ riboside;iP- N°-A%isopentenyl) adenineZ- trans zeatinDZ- dihydro-

zeatin;cZ- cis-zeatin.
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1.6.1 Cytokinin biosynthesis

There are two possible CK biosynthetic pathwayspiants: tRNA-
independent and tRNA-dependent (Kasahara et &4;Zdgure 1-3). The methyl
erythritol phosphate (MEP) pathway in plastids diggpthe isoprenoid precursor
dimethylallyl diphosphate (DMAPP) for tRNA-indepesrd CK biosynthesis,
while the mevalonate (MVA) pathway in the cytosaipplies the isoprenoid
precursor DMAPP for tRNA-dependent CK biosynthe@ightenthaler 1999;
Rohmer 2003). The CKs tZ, dyhydrozeatin and istggnadenine are
synthesized through the tRNA-independent pathwaysbgentylation of AMP,
ADP or ATP by adenosine-phosphate-isopentenyl teaases (IPT). In
Arabidopsis, seven IPT gened\(|PT1, AtIPT3-AtIPT8) have been characterized,
which isopentylate ATP and ADP to synthesize iP eftlype CKs (Kakimoto
2001; Takei et al., 2001; Sakakibara 2006). tZvdéves are derived from
hydroxylation of isopentenyl adenine (iP) nucleefidby trans-hydroxylases
CYP735A1 and CYP735A2 (Takei et al, 2004). Furtieere,
phosphoribohrdrolase LOG also activates CK nudesti (Kurakawa et al.,
2007). In tRNA-dependent biosynthesis IPTs isogate adenine of tRNA
molecules, and isopenetenylated tRNAs may be furtimeodified by
hydroxylation reaction to yield cZ (Miyawaki et ,a2006). The degradation of
isopentylated tRNAs has been suggested as a ppssibice of CKs (Miyawaki
et al., 2006). IMrabidopsis, two IPTs AtIPT2 and AtIPT9) have been found

which are involved in tRNA isopentylation and syedls of cZ type CKs
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(Golovko et al., 2002; Miyawaki et al., 2006). tharmore, plants have CK
oxidases which metabolize CKs, and so far seveno&idase genes have been
found in Arabidopsis genome (Houba-Herin et al., 1999; Morris et aB99,

Bilyeu et al., 2001; Werner et al., 2003).

1.6.3 tRNA degradation and CK accumulation during gress

CKs are very important phytohormones that are wewlin plant
developmental process, and roles in response tiooenvental stresses have also
been suggested. For example, an elevated lev€Ksfalong with proline and
osmotin was observed ipt-transgenic tobacco lines similar to salt stregdadts
(Thomas et al., 1995). Plants stressed with saltAd had higher CK ribosides
(Massot et al., 1994, Bjork et al., 1987). A recstudy has suggested that CKs
play a crucial role in photo-protective acclimatiaa during drought stress (Shao
et al.,, 2010). Furthermore, disturbed RNA stapiland higher levels of
isopentenylated nucleotides in RNA was observedah stressed pea plants
(Peterson et al., 1988, Atanassova et al., 1998)udies from our lab have
demonstrated that abiotic stress tolerant transdanaissica and Arabidopsis PR-

10 plants have higher levels of CKs, and that pedlP®{PR-10.1 and PR-10.4)
are RNases (Srivastava et al., 2004, 2006a, 200800%). It was speculated that
PR-10 might impart the stress tolerant phenotypenimdulating CKs, and
supporting results were obtained when exogenousicappn of CKs on wild
type Arabidopsis plants resulted in a stress tolerant phenotypdssirto PR-10

transgenic plants that had higher CKs (Srivastava.e2007). Based on these
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studies, it was suggested that during abiotic stléR-10 might modulate the CK
pool by tRNA degradation through its RNase actiyByivastava et al., 2006a &
2007). However, there is no direct evidence trsaldishes the relationship

between tRNA degradation by PR-10 proteins and f@lkaacement.

1.7 Research objectives

The broad objectives of the research study andthgges are as follows:

1. Identification of important amino acids involvedthe RNase activity of pea
ABR17 protein. The hypothesis was “highly consdnamino acid residues
histidine 69 and glutamic acid 148 are importamtdatalysis during the RNase

activity of pea ABR17 (PR-10.4)”

2. Transcriptional profiling of pea ABR17 mediateltanges in gene expression
in A. thaliana. The hypothesis was “pea ABR17 enhances stressatoter
in ABR17-transgenicArabidopsis by modulating the expression of stress

responsive genes”

3. Functional characterization of genes identifiadsalt-treatedABR17-
transgenicArabidopsis microarray study. The hypothesis was “some of
the putative TFs whose transcript abundance wa# ling salt treated-
ABR17-transgenic Arabidopsis are important for the observed stress

tolerance inABR17 plants”
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CHAPTER 2 Site-directed mutagenesis of histidine 6and glutamic acid 148

alters the ribonuclease activity of pea ABR17 (PR&.4)

2.1 Introduction

Pathogenesis related (PR) proteins are part ofntbéti-component defense
signaling mechanism in plants and are induced wit@nts are exposed to biotic
and abiotic stresses (Edreva, 2005). PR proteqtve lbeen classified into 17
families based on their amino acid sequence, sgicab relations, and/or
enzymatic or biological activity (Van Loon et &#2006). Among them, the PR-10
family consists of low molecular weight (16-19kDpjoteins that are acidic,
cytosolic and protease resistant (van Loon efl8P4). PR-10 proteins were first
identified in Pisum sativum and parsley during the disease response to fungus
(Riggleman et al., 1985; Somssich et al., 198GnceSthen a number of studies
have reported their constitutive expression as waslltheir accumulation in
response to biotic and abiotic stress in a wideetsarof plant species of both

angiosperms and gymnosperms (Liu and EkramoddqQuR06).

[A version of this chapter has been accepted for publication. Krishnaswamy S

Baral PK, JamesMNG, Kav NNV (2011) Plant Physiology and Biochemistry]
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As mentioned above, PR-10 proteins are ubiquitbaging been reported
throughout the plant kingdom; however their biotagifunctions are unclear. PR
proteins have been implicated as general plant bowencarriers since PR-10
proteins and their homologues Bet v 1 and cytokspacific binding protein
(CSBP) were found to interact with cytokininsassinosteroids and flavonoids
(Biesiadka et al., 2002; Mogensen et al., 2002; Kgdac-Housely et al., 2003;
Pasternak et al., 2006; Fernandes et al., 2008addition, ribonuclease (RNase)
activity has been demonstrated for various PR-bfeprs (Wu et al., 2003; Park
et al., 2004; Srivastava et al., 2006a & 2007)udtral studies also support the
RNase and ligand binding properties of PR-10 pnstefor example, a glycine
rich loop (GxGGxGxxK) similar to the “P” loop motibbserved in nucleotide
binding proteins, together with the presence obmglforked cavity that may
assist in ligand binding, have been observed inlPRroteins (Biesiadka et al.,
2002; Mogensen et al., 2002; Markovic-Housely et 2003; Pasternak et al.,

2006; Fernandes et al., 2008).

Abscisic acid responsive 17 (ABR17) is also reféteeas PR-10.4 and is
a member of the PR-10 family of proteins fr&sum sativum (lturriaga et al.,
1994). Other pea PR-10 proteins include PR-10i49JPPR-10.2 (Pi176), PR-
10.3 (DRRG49-C) and PR-10.5 (ABR18) (Fristenskyakt 1988; Chiang and
Hadwiger, 1990; Iturriga et al.,, 1994; Culley et, &81995). RNase activity
associated with both ABR17 and PR-10.1 has beewiquely demonstrated

(Srivastava et al 2006a & 2007). The present study carried out in order to
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investigate the catalytically important amino aadisiglved in the RNase activity
of pea ABR17. Two variants of ABR17 protein, Hité8 and Glul48Ala have
been generated using site-directed mutagenesishvgtiows an altered RNase
activity. In addition, a structural model was deeld and the possible effects of
these mutations on substrate binding and catabysiBR17 were analyzed and

our findings discussed.

2.2 Materials and methods
Site-directed mutagenesis

ABR17 cDNA was retrieved from the pKYLX-71-ABR17 mstruct
(Srivastava et al., 2007) and inserted into pKFI%KaRa Bio Inc., Otsu, Japan)
using restriction enzymeblindlll and Xbal (New England Biolabs, Toronto,
Canada). The variants histidine 69 to leucine (H6&hd glutamic acid 148 to
alanine (E148A) were made in the pKF19k-ABR17 camdt using the
polymerase chain reaction (PCR) with mutagenicooliggleotide primers as per
the manufacturer’s instructions (MufdkSuper Express Km Kit, TaKaRa Bio
Inc., Otsu, Japan). Mutagenic primers used foatorg the H69L and E148A
variants were S-TATGTGCTACTCAAACTAGAC-3’ and 5'-
GAAAGTTTAGCGAAAGTTGCA-3, respectively. The thermocycling
parameters were as follows; @4 3min; 30 cycles for 1 min, 8&; 1 min, 55C;

2 min, 72C; and a final extension step for 10 min al@2The PCR products

were transformed int&scherichia coli (MV1184 suf strain, TaKaRa Bio Inc.,
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Otsu, Japan) and the variants were selected oma-Beitoni (LB) medium with
kanamycin (50ug/mL). The clones were sequencedottfirm the desired
substitutions, and to verify that no undesiredssitittions were introduced, using
vector specific  primers 5-TGTGGAATTGTGAGCGG-3' and5'-

GTTTTCCCAGTCACGAC-3..
Expression and purification of recombinant proteins

H69L and E148A ABR17 cDNAs were amplified from redanant
pKF19k containing variant ABR17 wusing the gene #jwec primers
5GTGGTCGCATATGGAAAATTTGTACTTTCAAGGTATGGGTGTCTTTG
TTTTTGATGATGAATAC-3 and 5'-
TATATAGCTCGAGTTAGTAACCAGGATTTGCCAAAACGTAACC-3. The
thermo cycling parameters were similar to thoseemgivabove. Amplified
substitutedABR17 cDNAs were cloned into a pET28a bacterial expssector
(Novagen, California, USA) usindNdel and Xhol (New England Biolabs,
Toronto, Canada) for the expression of an N-terhpody-histidine-tagged fusion
protein. The clones were sequenced using T7 walpromoter sequence primer
and transformed int&. coli Rosetta (DE3) expression cells (Novagen, Califgrni
USA). Wild type (WT) and variant ABR17 (H69L andl4BA) proteins were
overexpressed and purified using the methods puelyialescribed (Srivastava et
al., 2006a). Briefly, WT, H69L and E148A cDNAs wanduced by 1 mM IPTG,
at RT for 3h. Bacterial cells were harvested (836f 10min at 4C) and the

pellets were lysed in lysis buffer [50 mM Nz, 300 mM NaCl, 15 mM
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imidazole, 1% Triton X100, complete EDTA-free prade inhibitor cocktail
(Roche Diagnostics, Mannheim, Germany; pH 7.5) qisan SONIC 300
Dismembrator (Artek Systems Corporation, New YddSA). Samples were
centrifuged (138009 for 10min a?@) and the supernatant was applied on to Ni-
NTA agarose (Qiagen Inc., Ontario, Canada) colurmihe column was washed
first with wash buffer 1 (50 mM NaHPQ, 300 mM NaCl, 5 mM§-
mercaptoethanol, 1% Triton X100, 10% glycerol, 18 nmidazole, complete
EDTA-free protease inhibitor cocktail, pH 7.5) attén with wash buffer 2 (50
mM NaHPQ,, 300 mM NaCl, 5 mM3-mercaptoethanol, 10% glycerol, 30 mM
imidazole, complete EDTA-free protease inhibitocktail, pH 7.5) to remove
weakly bound proteins. ABR17 and its variants wadtged in eluting buffer (50
mM NaH,PO,, 300 mM NacCl, 150 mM imidazole, complete EDTA-fi@®tease
inhibitor cocktail, pH 7.5). The eluted fractiorasvdialyzed in dialysis buffer (50
mM Tris-HCI, 0.5 mM EDTA, 1 mM DTT, and pH 8.0) 4C. The dialyzed
samples were passed through a DEAE sepharose cdaturated with dialysis
buffer and the weakly bound proteins were remov&@dguwash buffer (50 mM
Tris-HCI, 0.5 mM EDTA, 1 mM DTT, 50 mM NaCl, and p8i0). ABR17 and
its variant proteins were eluted using elution euff50 mM Tris-HCI, 0.5 mM
EDTA, 1 mM DTT, 100 mM NaCl, and pH 8.0) to get rigahomogenous
recombinant proteins and the eluted fractions wélkysed in dialysis buffer (see

above).
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RNase activity assays

In-solution RNase activity assays were performedth wpurified,
recombinant proteins (ABR17 WT, ABR17-H69L and ABRH148A) as
described by Srivastava et al. (2006a) with modifans. Reaction mixtures
containing 3.25ug of total RNA frodrabidopsis tissue and 6, 9, 12 and 15 pg of
recombinant protein (ABR17 WT, ABR17-H69L and ABRETI48A) were
incubated at T for 3h. The reaction mixture was extracted with phenol-
choloroform, and the aqueous layer was analysed d12% agarose gel. RNA
was isolated from two week oldrabidopsis seedlings as described earlier

(Srivastava et al., 2004).
Homology modeling

Modeling of pea ABR17 (Swiss-Prot: Q06931.1, laga et al 1994) was
performed by using the program Modeller-9v4 (Saliak, 1993). A NCBI

BLAST (http://www.ncbi.nlm.nih.goy/ search of pea ABR17 was carried out

over the protein data bank in order to find homolog) protein structures. The
structure ofLupinus Llpr10.1b (PDB ID: 1IFV, Swiss-Prot: P52779.1; Biedka
et al., 2002) was found to possess a maximum sequamilarity of ~66% with
pea ABR17, therefore this structure was used adeimplate for building the
ABR17 model. Sequence alignment of the pea ABRid Laipinus Llpr10.1b
proteins was carried out by using the dynamic @egning method implemented
in MODELLER. For the target sequence of ABR17fih@l models were created
and the model with lowest objective function wakested for further analysis.
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Subsequently, the stereochemical quality of theehads evaluated by using the
program PROCHECK (Laskowski et al., 1993) and theed dimensional

structure was viewed by using the PyMol moleculawer (www.pymol.org).

2.3 Results and Discussion

ABR17 (PR-10.4) is a PR-10 family member fr&xsativum (Swiss-Prot:
Q06931.1; Iturriaga et al., 1994) and RNase agtifor this protein has been
demonstrated previously (Srivastava et al., 200The important amino acids
involved in the RNase activity of ABR17 have beenmestigated in this study
using site-directed mutagenesis. PR-10 proteinesszps from different species
along with pea ABR17 were aligned (Figure 2-1), amdno acids H69 and E148
of ABR17 were chosen for site-directed mutageneBissidue H69 was selected
for the mutagenesis study as this residue is ceeden all pea PR-10 proteins
(Figure 2-1) and, in addition, histidine residues aften involved in RNase
catalytic reactions by acting both as proton dorawswell as proton acceptors
(Mosimann et al.,, 1994). E148 was selected foragenesis because it is
conserved among pea PR-10 proteins as well as aRRfD proteins from other
species (Figure 2-1). In addition, Glul47 of SPEa6PR-10 protein from
Pachyrrhizus erosus) has been demonstrated to be important for RNeseta
(Wu et al., 2003). In this study, H69 and E148ewveubstituted by L69 (leucine
69) and A148 (alanine 148) respectively, using -ditected mutagenesis.

Residues leucine and alanine were chosen for suliisti as both of the selected
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Figure 2-1 Sequence alignment of PR-10 proteins from diffespecies

Residues that match exactly pea ABR17 are shadedlich black and residues
that match with the consensus are shaded in sghddray. Arrows indicate the
amino acids selected for site-directed mutageneSequence alignment was
performed using ClustalW in MegAlign (DNASTAR Lagene8) software.
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residues possess neutral properties unlike the ichemroperties exhibited by
histidine and glutamic acid.

ABR17 and its H69L and E148A variants were expréssé. coli as N-
terminal histidine-tagged fusion proteins afteruation of expression with 1 mM
IPTG at room temperature. The native ABR17 andHBOL variant proteins
were found equally in the soluble as well as in itholuble fraction, whereas
most of the E148A variant protein was present aitisoluble fraction making it
extremely difficult to purify (Figure 2-2). All tiee proteins were purified to near
homogenity from the soluble fractions using Ni-N&Ad DEAE ion exchange
column chromatography (Figure 2-2). RNase actiasgays were performed
with the uncleaved His-tagged proteins becauséisigine tag did not interfere
with the RNase activity of the native ABR17 prota observed in our previous
studies (Srivastava et al., 2007). As can be $e®n the results presented in
Figure 2-3, RNA alone in nuclease free water odialysis buffer was intact,
while RNA with 12 and 15 pg of WT-ABR17 was degrddeRNA with H69L-
ABR17 was not degraded even when the protein amwastl5ug. RNA in the
presence of E148-ABR17 was degraded when the pretaicentration was as
little as 6ug (Figure 2-3). RNA with 12ug denatuk&T-ABR17, H69L-ABR17

and E148A-ABR17 proteins was not degraded, sugggstiat the RNA
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Figure 2-2 Overexpression and purification of pea ABR17 andrariants H69L

and E148A irk. coli

SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gjelctrophoresis) image
showing different fractions during overexpression gurification. Lanes 1 and
2 are cell-free extracts from uninduced and indu€ecbli cultures, respectively.
Lanes 3 and 4 are the soluble and the insolublgidres of inducedE. coli
cultures. Lanes 5, 6 and 7 are purified WT-ABR1B9HABR17 and E148A-
ABRL17 proteins. Proteins were purified from thé&ubte fraction.
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Figure 2-3 Ribonuclease activity assay with recombinant WTRAB, H69L-

ABR17 and E148A-ABR17 proteins

(1.2% agarose gel electrophoresis image) Lane 3.25ug total RNA from
Arabidopsis in nuclease free water. Lane 2 is 3.25ug of t®&lA from
Arabidopsis in dialyzing buffer. Lanes 3 to 6 are reactionthv8.25ug of total
RNA from Arabidopsis and 6, 9, 12 and 15ug of recombinant WT-ABR17
protein. Lanes 7 to 10 are reactions with 3.250mptal RNA from Arabidopsis
and 6, 9, 12 and 15ug of recombinant H69L-ABR1%gno Lanes 11 to 14 are
reactions with 3.25ug of total RNA frodrabidopsis and 6, 9, 12 and 15ug of
recombinant E148A-ABR17 protein. Lanes 15, 16 &fddare reactions with
3.25ug of total RNA fronArabidopsis and 12 g of boiled/denatured recombinant
WT-ABR17, H69L-ABR17 and E148A-ABR17 protein respeely.
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degradation was not due to any contaminants praséné reaction mixture. The
results from the RNase activity assays indicatédred RNase activity in the
ABRL17 variant proteins: reduced RNase activityHBOL-ABR17 but enhanced
RNase activity in E148A (Figure 2-3). This impliesth residues H69 and E148

are indeed important residues for the RNase agifipea ABR17 protein.

We carried out homology modeling of ABR17 in order investigate
further the structural implications of the siteetited mutagenesis of H69L and
E148A and to gain additional insights into the bait@ mechanism. The three
dimensional structural model of ABR17 was creataseol on the experimentally
determined structure of PR protein llprl0.1b frauopinus luteus (Swiss-Prot:
P52779.1; Biesiadka et al., 2002). ABR17 and Dptlh proteins posses high
sequence similarity (66%) and, therefore, the mextistructure of ABR17 should
be reliable for accurate structure function predicd. Similar to llpr10.1b
(Biesiadka et al., 2002), the modeled three dinmadistructure of ABR17 has a
long C-terminabi-helix wrapped by a seven-stranded anti-parglgheet and two
N-terminal shoria-helices, with nine connecting loops and a hydriyphacavity
that was described earlier as a putative ligandibgsite (Gajhede et al., 1996;
Biesiadka et al., 2002) (Figures 2-4 & 2-5). Theghly conserved glycine rich
loop is located in loop 4 (L4) and the putativeahd binding site is located
between the glycine rich loop and théal& a2) helices towards interface of the
B sheet (Figure 2-5). Structural studies have destnated that an internal cavity

and a glycine rich loop are highly conserved inusege as well as in
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beta 1 L1 alpha 1 L2 alpha 2 L3 beta2

ABR17 2 GVFVFDDEYVSTVAPPKLYKALAKDADEIVPKVIKEAQGVEI | EGNG
1ifvA 1 GVFAFEDEHPSAVAQAKI FKALTKDSDDI I PKVIEQ| QSVEIVEGNG

L4 beta 3 L5 beta 4 L6 beta 5 L7 beta6

ABR17 49 GPYT | KKLS | LEDGKTNYVLHKLDAVDEANFGYNYSLVGGPGLHESLEKV
1ifvA 48 GPGTVKKI TASHGGHTSYVLHKI DA IDEASFE YNYSI VGGTGLDESLEK |

beta 6 L8 beta 7 L9 alpha 3

ABR17 99 AFET | | LAGSDGGSIVKISVKYHTKGDAALSDAVRDETKAKGTGL | KA | EGYVLANPGY
1ifvA 98 TFESKLLSGPDGGSIGKIKVKFHTKGDYV - LSDAVREEAKARGTGLF KAVEGYVLANPNY

Figure 2-4 Secondary structure of pea ABR17 protein and chawf Lupinus

luteus PR-10 protein (IIFVA)
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Figure 2-5 Comparative modeling showing the 3-D structurgped ABR17 and

chain A ofLupinus luteus PR-10 protein (IIFVA) superimposed

Blue colour indicates IIFVA whereas magenta indisghe pea ABR17 protein.
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conformation amongst the different PR-10 proteind therefore these regions
have been suggested to be important for the bicdbgictivity of PR-10 proteins
(Gajhede et al., 1996joffman-Sommergruber et al., 1997; Wu et al., 2003ur
own structural predictions confirm the conservaidrihese structural features in
pea ABR17. Residue His68 lrupinus PR-10 is located on strafid and makes
polar contacts with residue Tyr80 and also parditgp in the hydrogen bonding
network with some neighboring polar residues liks33 and Asp27 (Figure 2-5).
Molecular docking experiments of zeatin dmpinus PR-10 proteins have
indicated that residue His68 stabilizes the zeatimliecule through hydrogen
bonding interactions (Biesiadka et al., 2002). Aowith His68, other two
residues Asp27 and Tyr80 were also found intergctiith the docked zeatin
molecule (Biesiadka et al., 2002). Since zeate micleoside analog, the putative
ligand binding site is compatible with RNA bindiBiesiadka et al., 2002) and,
therefore, H69 in pea ABR17 protein might also lwolved in substrate
stabilization during RNase activity. In another@gstalization study oEupinus
PR-10 with synthetic N, N"-diphenylurea, the His@f&s found to adopt two
different conformational states (PDB ID 3E85) (Ferdes et al., 2009). In one
conformational state the imidazole ring of His68nt® towards the substrate
binding cavity facilitating substrate binding, whas in its other conformational
state the imidazole ring adopts an outward prajecénd participates in the
hydrogen bonding network with residues Tyr80 and33/ (Fernandes et al.,
2009) (Figure 2-6). In addition, along with His@8 adjacent residue Tyr80 is

observed having multiple conformational states,clvlian be seen on
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1IAF :511
3E85 :S11

1ICX :S$11

1IAF :E146
3EB85 :E147

1IAF :K53
3E85 :K53

11AF :H68
3EB5 :H68 |

1ICX :K53

\ 1ICX:H68

Figure 2-6 Structural superpositions of all PR-10 proteins BPID 1IFV, 3E85,

1XDF, 1ICX)

The c-alpha backbone of PDB ID 1IFV is shown asresgntative structure
whereas those important side chains investigatethim study are shown in

different colors.
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superimposed structures of substrate free as veelsubstrate bound PR-10
proteins (Figure 2-6). In order to accommodate sates in the active site of
crystal structure PR-10 (PDB ID 3ES85), a noticeableange of volume is
observed. This volume change of the substrate mingbcket from 2200Ato
4500 A is possible because of the helical kink presenPla142 of the:3
(Fernandes et al., 2009). In addition to the megmformational changes because
of a3 helical structure, some side chain conformatiodadnges were also
observed for His68 and Tyr80 at the entrance tostitestrate binding pocket,
possibly facilitating substrate binding as welltias reaction kinetics. In ABR17,
the homologous H69L variant, the leucine residuasstution will result in the
polar interactions with the substrate being lost hance this variant will likely
have a decreased RNase activity, as was indeedveldsm our activity assays.
Glul46 inLupinus PR-10 is part of the3 helical structure and it forms polar
interactions with Serll of she@gt as well as with the backbone amide group of
B1 main chain (Figure 2-5). In the E148A variambtpm of pea ABR17, when
E148 is replaced with alanine, these polar intéyastare lost and this could
facilitate the widening of the C-term helix3) and thus enhance substrate
accessibility as well as RNase activity. Howewveplacement of homologous
Glul47 with alanine irPachyrrhizus PR-10 results in reduced RNase activity
(Wu et al.,, 2003) and this could be due to differstructural conformation.
However, confirmation of this suggestion must awatictural characterization of

the Pachyrrhizus PR-10 protein.
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RNase activity has been demonstrated in manytro studies of PR-10
proteins from different species (Zhou et al., 2002; et al., 2003). Some studies
also have demonstrated the relevance of the RNaisgyaon biological function
of PR-10 proteins like antiviral or antifungal atty of PR-10 proteins (Park et
al., 2004; Chadha and Das, 2006). Our laboratasydemonstrated that purified
recombinant pea ABR17 and PR-10.1 possess RNasetyacnd PR-10
transgenic plants exhibit enhanced germinatiorly esredling growth and stress
tolerance and have elevated cytokinin levels (Staxza et al., 2004, 2006a,
2006b & 2007). However, the relevance of the RNagwity of PR-10 proteins
in mediating the observed effects (i.e. enhancedhigation, early seedling
growth, multiple stress tolerance and higher cytwkilevels) have not been
investigated. Both H69L and E148A variants wittedd RNase activity will be
useful in studying the importance of RNase actiwtymediating the observed
effects onPR-10 transgenic plants. Currently, effects of the alleRNase
activity on stress tolerance and cytokinin biosgsth are being studied in our
laboratory by transforming H69L and E148- ABR17 amit cDNA into
Arabidopsis and characterization of the phenotypes as wellhas clytokinin

profiles of these transgenic plants.
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CHAPTER 3 Transcriptional profiling of pea ABR17 mediated changes in

gene expression irrabidopsis thaliana

3.1 Introduction

Pathogenesis-related (PR) proteins are part opldre defense responses that are
induced by pathogens as well as by abiotic strg8&&s Loon et al., 1994; Kav et
al., 2004). To date, 17 different families of PRoteins have been identified,
based on their specific structural and functionalopprties (Liu and
Ekramoddoullah, 2006). Among the PR proteins, tRelP family is composed
of intracellular acidic proteins with molecular rsas ranging from 15-18 kD and
are encoded by multiple genes (Van Loon et al.41981 and Ekramoddoullah,
2006). PR-10 genes were first describedFisum sativum inoculated with
Fusarium solani (Riggleman et al., 1985), but have been subselyudescribed
in many species (Liu and Ekramoddoullah, 2006)adilition to their inducible
expression in response to stresses, PR-10 genesedtbit constitutive high
expressed levels in roots, flowers and pollen durmormal growth and
development, suggesting additional roles beyondhquEnesis responses

(Biesiadka et al., 2002).

[A version of this chapter has been published. Krishnaswamy SS, Srivastava S
Mohammadi M, Rahman MH, Deyholos MK, Kav NNV (2008) BMC Plant

Biology 8:91]
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Based on sequence similarities, PR-10 proteins baea suggested to be
ribonucleases (RNases) (Moiseyev et al., 1994)eddd PR-10 proteins from a
variety of species including two pea PR-10 protdiage been demonstrated to
possess RNase activity (Srivastava et al., 20062087). Although RNase
activities have been detected for many PR-10 prsi¢hey have also been shown
to interact with molecules such as cytokinins (CKsassinosteroids, fatty acids,
and flavonoids (Fujimoto et al., 1998; Mogensemlgt2002; Markovic-Housely
et al., 2003). These observations have led toupgestion that all PR-10 proteins
may not be RNases and that PR-10 proteins may \mdved in normal plant
growth and development as hormone/ligand carridtegénsen et al., 2002;
Markovic-Housely et al., 2003; Pasternak et alQ30This suggestion is further
supported by the fact that CK-specific binding pimeg¢ (CSBPs) exhibit amino
acid sequence and predicted secondary-structuiastims with PR-10 proteins
and, for this reason, have been included in thel@Ramily (Fujimoto et al.,

1998).

The pea abscisic acid-responsive protein ABR17,ucéed by the
exogenous application of abscisic acid (ABA), iassified as a member of the
PR-10 family in pea (lturriaga et al., 1994). ABRIis produced late in seed
development, and is homologous to dehydrins areddatbryogenesis abundant
(LEA)-related proteins (Skriver and Mundy, 1990;dag et al., 1994). ABR17 is
also significantly homologous to intracellular pagkenesis related (IPR) proteins

and major birch pollen allergen Betvl proteins gtemsky et al., 1988;
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Breiteneder et al., 1989). Our previous reseasshdemonstrated the expression
of ABR17 protein in pea under salt stress (Kav let 2004) and the RNase
activity of two members of pea PR-10 proteins (FRtland ABR17) (Srivastava
et al., 2006a & 2007). Furthermore, we have alsonatestrated that the
constitutive expression of pédR-10.1 and ABR17 cDNAs enhance germination
and early seedling growth under abiotic stress itimmd in Brassica napus and
Arabidopsis thaliana, respectively (Srivastava et al., 2004 & 2006h)adldition,
the transgenic plants also exhibited phenotypiteihces when compared to
their wild type (WT) counterparts, which includedcepocious flowering, a higher
number of lateral branches, and increased numlbesesed pods (Srivastava et al.,
2007). Many of these characteristics ABR17-transgenicA. thaliana are
suggestive of a role for CKs in ABR17 action, patarly increased lateral
branching and early flowering (Bonhomme et al.,@00anaka et al., 2006). Our
suggestion was further supported by the elevatederdrations of endogenous
CKs in PR-10.1 transgenicB. napus as well asABR17-transgenicA. thaliana

(Srivastava et al., 2006a & 2007).

These observations led us to hypothesize that PRrains, including
ABR17, may mediate the observed phenotypic efféittsugh modulation of
endogenous CKs. Additional evidence supporting thypothesis has been
provided by the demonstration that exogenous agphic of CKs enhances
germination under abiotic stress conditions (Stas et al., 2007). In order to

further investigate thé\BR17-mediated changes iA. thaliana, we investigated
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global changes in gene expression using microarfslysoarray analysis was
carried out in arABR17-transgenic line compared to its WT, salt treaA&R17-
transgenic line compared to untreatd®R17-transgenic line, and salt treated WT
compared to untreated WT seedlings. Our currenirigs reveal that, even in the
absence of stress, the expression of genes invoiveglant growth and
development are significantly (and approximatelyfol?) increased in the
transgenic line. Salt treatedBR17-transgenicA. thaliana seedlings showed
general salt response comparable to that of thecWifterpart used in this study.
However, both the trend as well as the degree ahgbs in gene expression of
many defense related genes, including plant defersnd heat shock proteins,
was different providing additional insights intoetlpossible ways in which

ABR17 may mediate plant responses to stress.

3.2 Materials and Methods

Plant material and growth conditions

Transformation ofA. thaliana with the peaABR17 cDNA and the
generation of homozygous ABR17-transgeAicthaliana (line 6.9) have been
previously described (Srivastava et al., 2006b)is Time (6.9) was one of the
three independently derived transgenic lines trexeveharacterized in that earlier
study. The WT (ecotype WS) and transgéhithaliana plants were grown in the
greenhouse for observations as previously descr{Bedastava et al., 2007).

Lateral branches were counted on plants from thnelependent biological
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replicates with at least 72 plants per replicafBhe average number of days
required for the opening of the first flower wasatecorded on plants from three

biological replicates with 36 plants in each regiée

In order to measure root lengths of seedlings, s@éd. thaliana (line
6.9) and the WT were surface-sterilized (Srivastewval., 2007) and placed on
half strength Murashige & Skoog (MS) medium (Mutgshand Skoog, 1962)
with or without salt (75 mM or 100 mM NaCl) in sqaalishes with grids. These
dishes were placed vertically in a growth chambsr 21°C and with light
intensity of 250 umol f s*) and root lengths were measured after 10 days. The
seeds 0ABR17 and WT seeds were also grown on half strength M8imm with
0 or 100 mM NacCl to determine their fresh weighd @hlorophyll and carotenoid
contents, in order to assess their ability to giowthe presence of salt. The
average length of the primary roots of 10-day-okeediings from three
independent biological replicates with at leastysseedlings per replicate was

calculated using the Image J software (Image J, NMH, USA).

Chlorophyll and carotenoids were extracted from pbeled 2-week-old
tissue grown on MS media, using the procedure destrby Srivastava et al.
(2006a). Total chlorophyll was estimated using anogram (Kirk, 1968) and

total carotenoid was measured using the formula:

AACAR4g= AA4gst0.114A As630.638\Agas
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whereA is the absorbance and CAR is the carotenoid coiikgrk and Allen,
1965). The fresh weight, chlorophyll and carotenoontents were calculated
using pooled tissue from three independent biokllgieplicates. Percent
germination after one week féBR17-transgenic and WT seeds in the dark and
in the presence of light (fluorescent light, 30 gm s*) was compared in Petri
dishes at RT. This experiment included three iedépnt biological replicates
with at least 45 seeds per replicate. All statidtanalyses were performed using
the Student'st-test procedure in SAS version 8e (Statistical Asial System,

1985).

Tissue for microarray analysis was obtained byiptasurface-sterilized
seeds ofA. thaliana (line 6.9) and the WT on half strength MS mediunPietri
dishes with or without 100 mM NaCl at RT (21 + 2°Ghder continuous
fluorescent light (30 umol ts?) for 14 days. Seedlings (14-day-old) from three
independently grown biological replicates in allrelh set of experiments
(comparison oABR17-transgenic with WT without any stress; comparisbsalt
treated WT with untreated WT; comparison of saatedABR17-transgenic with
untreated transgenic) were removed from the MSeg]aflash frozen in liquid

nitrogen and stored at —80°C until used for RNAaotion.
RNA extraction, cDNA synthesis and microarray analysis

In order to investigate the ABR17-induced gene esgion changes under
normal and salinity stress conditions, we conductéctoarray analysis in three
separate hybridization experiments. The first set [) consisted of comparison of
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cDNA samples prepared froABR17-transgenic and WT seedlings, which were
grown in the absence of any stress. Set Il comsisteDNA obtained from salt-
treated samples of WT and untreated WT; and settDNA samples of salt
treatedABR17- and untreatedBR17-transgenic seedlings for hybridization to the
oligonucleotide arrays. Each microarray experimesansisted of six
hybridizations according to the principles of dyeap design (Martin-Magniette

et al., 2005) on tissues across three biologiqdicates of the experiments.

RNA was isolated using the QIAGEN RNeasy Plant Mfii (Qiagen

Inc., Mississauga, ON, Canada) from 2-week-old Wd ABR17 seedling tissue
from all three sets of experiments and the intggftall RNA samples assessed
by agarose gel (1.2%) electrophoresis. For micayanybridization, 6 g of total
RNA was used to synthesize cDNAs using SuperScript®T (Invitrogen Inc.,
Burlington, ON, Canada) with RT polyA-capture primen 3D Array 900TM
(Genisphere Inc., Hatfield, PA, USA). In these maray experiments, 70-mer
oligonucleotide arrays were used which containe@2® probes (Array-Ready
Oligo Set forArabidopsis genome Version 1.0, Qiagen Operon, Alameda, CA,
USA), plus additional probes for quality controlligdnucleotide arrays were
spotted on superamine aminosilane-coated slidee@hRem International Inc.,
Sunnyvale, CA, USA). Each pair of samples withicheaf the three biological
replicates was labeled in a reciprocal dye-swapigdesfor a total of 18
hybridizations (overnight/ at 52°C) in all thregssef experiments. Slides were

scanned using ArrayWoRX(Applied Precision, Issaquah, WA, USA) and spot
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intensities were measured, quantified, normalized analyzed using TM4
(Saeed et al., 2003). Spots with intensity rati@g differed significantly from 0
(log2 scale) were identified by Student$est. This procedure highlights the
spots that demonstrated statistically significaffecential expression between the
different samples. The raw microarray data of 18ritjzations as well as the
protocols used to produce the data were depogsiteédei ArrayExpress database

(ArrayExpress: E-MEXP1024 and E-MEXP1566).

Quantitative real-time PCR (gRT-PCR) validation of microarray data

Primers for qRT-PCR were designed using the Pringress software
(Applied Biosystems Inc., Foster City, CA, USA)dnsure that PCR products of
approximately 70-80 bp were generated (Table AI[ADNA synthesis and qRT-
PCR analysis of gene expression of 19 genes weferped using the Tagman
system as described previously (Srivastava e@Dy7) on an ABI Prism 7700
Sequence detector (Applied Biosystems Inc., F&@itgr CA, USA) and the SNP
RT template program, while the SYBR green systerdesgribed by Yang et al.,
(2007) was used to validate the expression of &gerin both cases, the delta-
delta method (Livak and Schmittgen, 2001) was usedalculate relative gene
expression using actin as the endogenous controé felative transcript
abundance in the controls was normalized to 1 and used as a basis for
comparison to the treatments. Plant tissue froraethiological replicates was
used in gRT-PCR experiments and reactions for é@alogical replicate were

performed in duplicate (n=6).
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3.3 Results and Discussion

Characterization of ABR17-transgenic plants/seedlings

The appearance of 2-week-old WT aABR17- transgenicA. thaliana
seedlings grown in soil as well as on MS mediurb%d sucrose, 0.8% agar with
pH 5.7) (Murashige and Skoog, 1962) plates are shiowFigure 3-1. At all
growth stages investigated, tWBR17-transgenic line was considerably more
developmentally advanced compared to its WT copatér For example, in the
5-day-old transgenic seedlings (Figure 3-1A), aadgihs were more developed
than in their WT counterparts and at 14 days thesgenic seedlings possessed
more rosette leaves (Figure 3-1A). Similar develeptal differences were also
observed at 21 days where many transgenic seediadystarted to bolt whereas
very few (if any) WT seedlings had advanced to ttéselopmental stage (Figure
3-1B). At 28 days, the transgenic seedlings atssessed more lateral branches
(Figure 3-1C, Table 3-1). The transgenic seedlaigs flowered earlier than WT
with an average difference of at least 2.5 daysbli@&a-1). Seedlings for
microarray experiments were grown on semi-solid fk&lia in order to maintain
sterility and it was evident that under these gloadanditions also the transgenic
seedlings were more developmentally advanced (€igutD). These results are
consistent with our previous observations of seedlifrom this and other
independently derivedBR17-transgenic lines grown on semi solid MS media

(Srivastava et al., 2006b). In addition, &BR17-transgenic seedlings grown on
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5 days 14 days 5 days 14 days

28 days 28 days

14 days 14 days

Figure 3-1 Appearance of WT andBR17-transgenicA. thaliana at various

growth stages

Seedlings at 5, 14 days (A), 21 days (B), 28 d&)saphd MS-grown 14-day-old

seedlings (D) are shown.
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MS medium with 100 mM NaCl were greener and thewts appeared to be
longer compared to the WT seedlings grown undeilairmonditions (Figure 3-
2A). Characteristics like root length, fresh wejgbhlorophyll content and
carotenoid content were measured in salt treaf®R17 and WT seedlings.
Roots ofABR17-transgenic seedlings were relatively longer indhsence of salt
whereas upon salt treatment, the differences igtenwere not that obvious
(Table 3-1). The fresh weight 8BR17-transgenic seedlings was not significantly
different from its WT counterpart in the absencestress. However, in the
presence of 100 mM NaCl, the fresh weights of tia@dgenic seedlings were
significantly (p<0.05) higher than their WT coumtarts (Table 3-1). Although
the chlorophyll and carotenoid contents were alnsaosilar in ABR17 and WT
seedlings without any stress, upon NaCl treatmieatttansgenic seedlings had
significantly (p<0.05) higher levels of chlorophy{lTable 3-1). Our results
indicate that the NaCl treatment had less delaisrieffects on theABR17-

transgenic seedlings compared to the WT.

In order to further characterize the differenceswben the WT and
ABR17-transgenic lines, the ability of both WT aA8R17-transgenic seedlings
to germinate in the presence or absence of ligR{Tatvas compared. In the dark,
85% of ABR17-transgenicA. thaliana had germinated after one week, whereas
only 10% of the WT seeds had germinated underdhesonditions (Table 3-1,

Figure 3-2B). In contrast, in the presence ditlid 00% of bottABR17-
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WT 100mM NacCl

WT Dark ABR17 Dark

Figure 3-2 Appearance of WT andBR17-transgenicA. thaliana in response to

treatments

(A) Appearance of WT and transge®BR17 A. thaliana seedlings grown oMS
media with 100 mM NaCl (B) Appearance of 7-day-dMT and ABR17

transgenid. thaliana seedlings grown under dark
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Table 3-1Morphological and physiological differences betw&®h andABR17-

transgenidA. thaliana lines

Morphological and pigment

characteristics wT ABRL7 p Value
(Mean + SE) (Mean % SE)

Number of lateral branches (average) 3+0.3 NP+ 0.025
Days to flower (average) 24+0.1 21.6 +0.3 0.002
Germination in dark (Percent) 9.6+3 84.4+2 600.
Root length (cm)
0 mM NacCl 16+0.1 23+0.2 0.003
75 mM NacCl 0.7+0.01 0.8+0.02 0.012
100 mM NaCl 0.5+0.03 0.6+0.02 NS
Fresh weight (g per 21 seedlings)
0 mM NacCl 0.10+0.003 0.11+0.005 NS
100 mM NaCl 0.014+0.003 0.020+0.00080.027
Chlorophyll (pg/g of FW)
0 mM NacCl 32.3+1.26 33+£2.58 NS
100 mM NaCl 8+0.93 13+2.44 0.045
Carotenoid (ug/g of FW)
0 mM NacCl 2.2+0.063 2.3+0.29 NS
100 mM NaCl 1.0+0.207 1.4+0.014 NS

(NS: Non-significant)
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transgenic and WT seeds had germinated in the pamed (data not shown).
Most Arabidopsis ecotypes require light for germination, which ignparily
controlled by a reversible red light dependent ldguim of the photoreceptors
(Bentsink and Koorneef, 2002). It is also knownttlexogenous CKs can
substitute for red light and enhance the germinabb certain light-requiring
species in the dark (Miller, 1956 & 1958; Skinnerk, 1958; Khan and Tolbert,
1965). Furthermore, A. thaliana detiolated ¢et) mutants exhibits many
characteristics of seeds germinated in the preseilaght even when germinated
in dark (Chory et al., 1989), a phenotype thatlieen attributed to CKs because
of the fact that even WT seedlings exhibit the samenotype when germinated
in the dark following exogenous CK application (Ghet al., 1994). A role for
CKs can also be inferred from the observation tloaimarin or far-red light, both
of which prevent the formation of CK-nucleosidesnfr storage forms of CKs,
inhibit germination of lettuce seeds in the darke{f@face and Blaydes, 1982).
Interestingly,ampl A. thaliana mutants, that possess higher endogenous CKs,
also exhibited a photomorphogenic response sintdaour ABR17-transgenic
seedlings (Chaudhury et al.,, 1993). Taken togethkrthese results seem to
suggest that endogenous CKs play an importantinallee germination of light-
sensitive seeds and the elevated endogenous CKBRh7-transgenic seedlings
previously reported (Srivastava et al., 2007) maydsponsible for the enhanced

germination of this genotype in the dark (Table, Figjure 3-2B).
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Transcriptional profiling using microarrays

In order to characterize the molecular changesuditt about by the
expression of pe®BR17 cDNA in A. thaliana that resulted in the observed
phenotypes, we analyzed gene expression by pfilie transcripts oABR17-
transgenic plants in the absence and presence @i NaCl. As described
earlier, the first set of microarray analysis wae investigation of the differences
in gene expression betwedBR17-transgenic and WA. thaliana in the absence
of NaCl (ABR17/WT). The second set of microarray analysis wasveéeh 100
mM NaCl-treated WT and untreated WA thaliana (100 mM NaCl treated
WT/WT). The third set of microarray analysis wastvieen 100 mM NacCl
treated ABR17-transgenic versus untreatédBR17-transgenicA. thaliana (100

mM NaCl treatedhBR17/ABR17).

Microarrays (70-mer oligonucleotide microarrayshsigting of probes
presenting 23,686 unique genes identifiedhbgbidopsis genome initiative (AGI)
locus identifiers were used. We identified transtsrias those with mean signal
intensities that differed significantly from 0 at= 0.05 in a Student'stest in
each set of microarrays. The transcripts were oaitegl based on shared
structural elements and/or inferred function. Wkected 12 genes representing
different functional categories, which according ¢or microarray analysis
showed enhanced or reduced levels of transcripnddnce to validate our
microarrays. The results from microarrays and gRPanalysis are discussed

below.
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First set of transcriptional profiling: genes responsiveto ABR17

Of the significantly responsive transcripts due #agression of pea
ABR17 in A. thaliana, 124 were observed to be modulated in the transdiee
at least 1.5-fold compared to WT with 83 increasiengd 41 decreasing in
transcript abundance (Table Al-2). Many of theseegehad annotations that were
associated with either defense or plant growth declopment, or both. A total
of 16 genes showed significant differences in ttaps abundance about 2-fold,
where 13 genes exhibited increased transcript amgaedand 3 genes showed a

decrease in transcript abundance (Table 3-2).

Among the highly induced transcripts in transgeseedlings that were
putatively related to defense responses (Table @ )Xetected 5 members of the
plant defensin (PDF) family which exhibited an eased abundance ~2-3-fold in
the transgenic line. PDFs are small (45- 54 amitidsg, highly basic cysteine-
rich peptides belonging to the large defensin fgyahd are present throughout
the plant kingdom. These proteins are known foir tinivolvement in ancestral
non-specific innate immune defense system (Huffekexd., 2006). In addition to
being involved in mediating plant responses to pg¢ns, defensins may also
play an important role in plant growth and develepm For example, the
constitutive expression oAtPepl induced the expression ¢*DF1.2 which
resulted in better root developmentAnthaliana suggesting that plant defensins

may regulate root development (Huffaker et al.,6)00
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Table 3-2 Genes exhibiting nearly 2-fold changes in transcabundance in
ABR17-transgenid. thaliana seedlings

AGI @ Operon annotation log 2 ratio SE° p Value
At5g20230 Arabidopsis blue-copper-binding 1.55 0.14 157E-03
At4g36060 BHLH family protein 1.49 0.19 433E-03
At5g44420 PDF1.2 (Plant defensin 1.2) 1.40 0.38 1.48E-02

Putative 26S proteasome non-
At5g42040 ATPase regulatory subunit 1.38 0.41 2.04k02
At4922450 Unknown protein 1.37 0.17 3.96E03
At3g45970 ATEXLAL (Expansin) 1.32 0.16 1.08£-03
At5g01920 STNB8 (State transition 8); KINASE 1.24 0.22 447E-03
At2g26010 PDF1.3 (Plant defensin 1.3) 1.17 0.35 1.97E-02
At5g10040 Unknown protein 1.04 0.31 2.79e-02
Atl1g75830 PDF1.1 (Plant defensin 1.1) 1.04 0.3 1.72E-02
At2g26020 PDF1.2B (Plant defensin 1.2B) 0.96 0.26 1.47€-02
Atlg07135 Glycine rich protein 0.95 0.19 7.89E-03
At1g01560 MPK11 putative 0.94 0.1 1.08E-02
At5g48850 Male sterility MS5 family protein -0.99 0.17 9.96E-03
At1g56430 Putative, nicotianamine synthase -1.13 0.088.78E-04
At3g56980 ORG3 (OBP3-responsive gene 3) -1.36 0.131.91E-03

Foot note: All expression ratios are significant@.05) and are in a log2 scale
where fold change BBR17/WT.

AGI # — Arabidopsis Genome Initiative

SE® - Standard error
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Another interesting transcript that exhibited iraged abundance (2-fold; Table 3-
2) in ABR17-transgenic plants was a putative mitogen-activatextein kinase
(MAPK). MAPK cascades are known to play crucial rolespimysiological
processes such as cell growth, cell cycle reguladiod developmental control as
well as plant defense signaling (Tena et al., 200hey are also known to
activate WRKY type transcription factors that arerdlved in transcriptional
activation of disease resistance genes (Kim andi@h2004). Indeed, we have
observed a modest, but elevated expression ofgenes belonging to th&RKY

family and disease resistance proteins (Table Al-2)

We also observed increased transcript abundancesdgeral genes
involved in plant growth and development (Table)3f2or example, expansins
were detected as highly induced transcriptsABR17-transgenicA. thaliana
(Table 3-2). Expansins are cell wall proteins tha¢ known to induce pH-
dependent plant cell wall extension and stresxaéitan (McQueen-Mason and
Cosgrove, 1995). The expansins have been relateglltdifferentiation in tissues
such as xylem, leaf primordia and root hairs (Raidhet al., 1998; Cho and
Cosgrove, 2000; Reidy et al., 2001). Previous stddn transgenic plants
expressing expansin genes have demonstrated prasoteéaf development,

longer petioles and larger leaf blades (Cho andy@e®, 2000; Pien et al., 2001).

Glycine-rich proteins GRPs) were also detected among growth related
genes whose transcripts increased in abundanc@BRil7-transgenic plants

(Table 3-2). GRPs consist of quasi-repetitive glgerich domains, most
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commonly GGGX, GGXXXGG or GXGX repeats (Sachettortits et al.,

2000). Some GRPs have been reported as structurgdanents of the plant cell
walls based on their localization pattern (Casd&t®8). GRPs have also been
reported to be activated by osmotic stress (Xu.e1895), cold shock (Carpenter

et al., 1994) and wounding (Showalter et al., 1991)

The genes that exhibited significant enhanced esgion in ABR17-
transgenic plants also included genes for prolicie-iprotein PRP) family,
xyloglucon endotransglycosylas€TH), glycosyl hydrolase (GH), phytosulfokine
precursor 2 RPSK2), No Apical Meristem NAM) protein family  and
glutaredoxins (Table Al-2). PRPs represent a fanafystructural cell wall
proteins that have been implicated in various pldevelopmental processes
(Chen and Varner, 1985; Bernhardt and Tierney, p08ibnilarly, XTH and GH
family genes are involved in structuring xylogluaanoss-links in plant cell wall
and plant development (Reidy et al., 2001; Goujoal.e 2003; Vissenberg et al.,
2005). ThePSK2 gene is also involved in cell growth and differatibn
(Yamakawa et al., 1998; Matsubayashi et al., 19@@saki et al., 2003).
Similarly, the NAM gene product is required for shoot apical meris{&AM)
formation during embryogenesis as well as for ndffoaver development (Souer
et al., 1996; Aida et al., 1997; Sablowski and Meyetz, 1998). Glutaredoxins
have also been demonstrated to be involved in flaeselopment, probably by
mediating post-translational modifications of targeoteins required for normal

petal organ initiation and morphogenesis (Xing €t d005). Our current

132



observations that the significantly (albeit modéstgher expression of the above
mentioned genes related to growth and developmaoluding flowering
correlates well with the observed phenotypes, whithude early flowering,
increased lateral branching and seed pods as aisémABRL7-transgenicA.

thaliana (Figure 3-1C).

A rolefor cytokininsin ABR17-induced changesin gene expression?

Interestingly, members of many of the gene familiescribed above
(defensin, expansidAPK, NAM, WRKY, GRP, PSK2 and Glutaredoxin) that are
involved in plant defense as well as growth andetigyment, have been
previously reported to be regulated by CKs. For ng¥a, genome-wide
expression profiling of immediate-early and delay&ld- response genes #éf
thaliana, has led to the identification of many genes #ratup- regulated by CKs
including members of expansinAt(g69530), GRPs (At2g21060), NAM
(At4g27410), F-box protein At3g61060), ERBFs, putative ring zinc finger protein
(Atlg76410), a member of thé&HLH family (At2g18300), blue copper binding
protein @At59g20230) and PSK2 (Brenner et al., 2005). The blue copper binding
protein @At5g20230) and putative ring zinc finger proteiAtlg76410) identified
by Brenner et al. (2005) as CK-induced were obskteebe up-regulated in our
microarrays analysis. Similarly, gene expressiaalyais of transgenié. thaliana
seedlings transformed with a bacterial isopentérayisferaselPT) (Hoth et al.,
2003) gene revealed increased transcript abund@mcmany members of the

MAPK and WRKY gene families, which included the speciitédRKY gene -
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At1g80840 that has been detected in our microarray studidseang induced by
ABR17 expression (Table Al-2). Another investigation oinCK action in
Arabidopsis has demonstrated increased expression of genesyfochrome
P450, PDF, expansin, patatin"wRKY members and putative disease resistance
protein in response to CKs (Rashotte et al., 2008grefore, it is apparent that
several genes whose transcript levels were modutat@BR17 expression irA.
thaliana have been previously reported in the literaturdeing CK-responsive,
thereby suggesting an important role for CK-mediaene expression in ABR17

actionin planta.

Second set of transcriptional profiling: genes responsive to salt stressin WT A.

thaliana.

Microarray- based analyses of the salt responsAsaitidopsis have been
published in several reports. However, most of éhgsidies have investigated
responses to very short-term exposure to salt.his $tudy, we report the
transcriptional changes i\. thaliana as a result of long-term, continuous
exposure to 100 mM NaCl. Here, we allowkdhaliana seeds to germinate and
grow on semi-solid medium in the presence of 100 N&CI for 2 weeks, and the
RNA extracted from whole seedlings were used folNADsynthesis and
subsequent microarray analysis. The results froeraarray analysis of salt
treated WT Arabidopsis seedlings (Table Al-3) were consistent with presgio
studies using similar approaches (Jiang and Degh@l@06; Ma et al., 2006). We

identified 163 genes that showed more than foud fdhanges in transcript
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abundance, which have been previously reporteciag lbesponsive to salt. Our
results, therefore, indicate that both short-teshotk” treatments with NaCl as
well as long-term treatment used in this studyitelimilar responses irA.

thaliana at the transcript level (Table Al-3).

Members of protease inhibitor/lipid transfer prat€LTP) family were
seen among highly up regulated and/ or down regdlgenes. At least five
members showed increase in transcript abundance lamdember showed
decrease in transcript abundance of more thandi (fhble Al-3). LTP genes
contain ABA-responsive (ABRE) element (GTACGTGG)daare induced by
abscisic acid (ABA) (Hughes et al., 1992; Whitalkt 1994). It has been reported
in the literature that NaCl, mannitol or ABA treants induce the expression of a
gene encoding an LTP-like protein in tomato (Hugletsal., 1992; Torres-
Schumann et al., 1992). In addition, the changdbenexpression of LTP genes
during salt stress have been previously reportedidland Deyholos, 2006; Ma et
al., 2006). Although most of the LTP genes wereregulated after short term
treatment with salt, they were found to be downuleigd after 24h of salt
treatment (Jiang and Deyholos, 2006; Ma et al.,6206rom our studies, it
appears that many of the LTP genes will be up etgdlin response to long term

stress, as a result of the expected increase in IkB&As.

Other major groups of genes with increase in tmapisa@abundance
following NaCl treatment included two members oyagisyltransferases (GTs)

and five members of glycoside hydrolases (GHs). s @Ghd GHs are major
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families that play a primary role in structuringleglucan cross-links in the plant
cell wall (Goujon et al.,, 2003; Vissenberg et &Q05). They have been
previously reported to be induced by salinity stres plants and this has been
implicated in drought and salt toleranceAnthaliana (Vissenberg et al., 2005;
Jiang and Deyholos, 2006). Other genes exhibiimgreased transcript
abundance included ribonuclease RNS1, osmotingiikéein, hydroxycinnamoyl
benzoyltransferase-related, oxidoreductase, 20@)F&{ygenase, glutathione
transferase and zinc finger (C3HC4-type RING fingperotein (Table Al-3).
Similarly, the genes which showed decrease in trgstsabundance of more than
4 fold included many photosynthetic genes, plaféudsins, heat shock proteins,
auxin-induced proteins, disease resistance proism,v | allergen family and
bHLH protein. These results are once again comgistgth the previously
reported results from microarray-based investigaiio salinity stress responses

(Jiang and Deyholos, 2006; Ma et al., 2006).

Third set of transcriptional profiling: genes responsive to salt stressin presence

of ABR17

The results from microarray analysis of salt trdaABR17 transgenicA.
thaliana seedlings are presented in Tables 3-3 and 3-4idérdified 129 genes
showing either increase or decrease in transcoph@ance of more than 4-fold,
which included transcription factors (15), stresssponsive genes (16),
carbohydrate and cell wall metabolism (8), electransport and oxidoreductases

(6), lipid metabolism (3), protein and amino acidtabolism (9), proteins
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Table 3-3 Genes exhibiting >4-fold change in transcript alan in 100 mM
NaCl treatedABR17- transgenic seedlings

cMm seb P

a
AGI Value

Operon annotation

Transcription factors

At5g43650 DbHLH protein family 4.67 0.511.22€-02
Atlg43160 AP2 TF, RAP2.6 452 0.5122E-02
At3g15500 ATNAC3 3.8 0.28 839E-04
At1g10585 Transcription factor 3.32  0.2455E-04
At3g43180 zinc finger protein family 3.06 0.67.05E-03
At1g21910 AP2 TF, putative 3.01  0.04266E-07
At1g52890 ANACO019 2.96 0.46 7.40E-03
At5g13330 AP2 TF, RAP2.6L 2.86 0.111.33E-05
At4g05100 ATMYB74 2.53 0.29 321E-03
At2g38340 AP2 TF, putative 2.4  0.273.08E-03
At2g46680 ATHB-7 Athaliana HOMEOBOX 7) 2.16 0.02 9.75E-07
At2g38470 WRKY family TF 2.05 0.21 175E04
At4gl7460 HAT1 -2.15 0.26 3.96E-04
At2g33810 SPL3 -2.220.54 255E-02
At1g62360 STM -2.76 0.35 1.44E-03
Stress response

At2g03760 Steroid sulfotransferase 3.71  0.335E-06
At5943570 Serine protease inhibitor family protein3.57 0.09 2.85E-06
At4904220 Disease resistance family protein 3.4316 0.2.40E-04
At4g37990 Mannitol dehydrogenase, putative 2.85 80.4.96E-03
At4g11650 Osmotin-like protein (OSM34) 2.36 0.12.95E-05
At5g39580 Peroxidase, putative 2.32 0.3227-03
At2g33380 RD20 (Responsive to dessication 20) 2.0227 4.30E-04
At5g59820 Zinc finger protein 2.19 0.528.55€-03
At2g02990 Ribonuclease, RNS1 2.13  0.Pk.94E-05
At1g08830 Copper/zinc superoxidase dismutase 2.098 08.11E-05
At5g42180 Peroxidase, putative -2.29.54  1.45E-02
At4g18780 CESAS (Cellulase synthase 8) -2.30.1 152E-04
At3g22231 PCC1 (Pathogen & circadian contr 1) -26.42 195E-03
At2g11810 MGDG synthase (MGD3), putative -2.6®.1  1.12E-04
At1g23130 Bet v | allergen family -3.480.16  4.19€-06
At4g14400 ACDG6 (Accelerated cell death 6) -4.33.97 2.12E-02
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Table 3-3(Continued)

AGI?®

oM Seb P

Operon annotation Value

Carbohydrate and cell wall metabolism

At4g25810
At3g60140
At2g36780
At2g43620
At4g16260
At4g26530
At4g02290

Xyloglucan endotransglycosylase 6 4.68190. 1.53€-04
Glycosyl hydrolase family 1 protein 4,190.1  3.46E-05
UDP-glycosyltransferase family 2.87 0.1275E-04
Glycosyl hydrolase family 19 (chitinase2.81 0.4 9.08E-04
Glycosyl hydrolase family 17 2.49  0.12.06E-04
Fructose-bisphosphate aldolase, putative? 0.14 3.06E-05
Glycosyl hydrolase family 9 -2.220.25 3.11E-04

Electron transport & Oxidoreductase

At2g37770
At1g30700
At5g05600
At1g17020
At2g45570
At5g20230

3.05 0.1102E-05
2.58 1.21.14E-03

Aldo/keto reductase family
FAD-linked oxidoreductase family

Oxidoreductase 2.42 0.33.06E03
SRG1 (Senescence-related gene 1) 2.268 (LB5E-06
Cytochrome p450 family 2.11 0.3470E03
Arabidopsis blue-copper-binding protein 2.1  0.116.36E-06

Lipid metabolism

At5g14180
At1g54010
At3g02040

Lipase family protein 2.78 0.45L59E-03
Myrosinase-associated protein, putative.24 2 0.69 47702
SRG3 (Senescense related gene 3) -206B6  1.24E-05

Protein and amino acid metabolism

At3g25250
At4g04490
At4g08870
At1g26970
At1g76600
At1g21270
At1g65800
At4g10540
At4g21640
At4g21650

Protein kinase family 2.54 0.38.62E-03

Protein kinase family protein 2.51 0.7996E-02
Arginase related 2.45  0.1231E-06
Protein kinase, putative 2.39 0.0950E-06
Similar to unknown proteiA ¢haliana) 2 0.58 259E-02
Protein serine/threonine kinase -2.0624  3.37E-04
ARK2 Arabidopsis receptor kinase 2) -2.330.17 1.73€-04
Subtilase family protein -2.36.07 5.74E-06
Subtilase family protein -2.45).34 2.04E-03
Subtilase family protein -2.49.65 3.13E-02
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Table 3-3(Continued)

AGI? Operon annotation oM se® P
Value
Transport
At2g38530 Protease inhibitor/lipid transfer protein 3.91 0.16 2.35E-06
At4g12500 Protease inhibitor/lipid transfer protein 3.34 0.28 7.67E-05
At4g12490 Protease inhibitor/lipid transfer protein 3.32 0.29 9.06E-05
At3950930 AAA-type ATPase family 3  0.191.86E05
At4912470 Protease inhibitor/lipid transfer protein 2.8  0.29 1.88E-04
At2904070 MATE efflux protein family 2.67 0.313:24E-03
At5043610 ATSUCG6 (Sucrose-proton symporter 6) 2.5.330 6.37E-04
At3g51860 Cation exchanger, putative (CAX3) 2.2 40.2264E-03
At2g04080 MATE efflux protein — related 21 0.3217e03
At4g12480 Protease inhibitor/lipid transfer protein 2.09 0.23 245E-04
At4921680 Peptide transporter — like protein 2.03.760 4.41E-02
At5g19530 Spermine synthase (ACL5) -2.00.14  2.72E-05
Foot note: All expression ratios are significant@.05) and are in a log2 scale

where fold change is salt treatdBR17/ control ABR17.
GM- Gene mean

AGI # — Arabidopsis Genome Initiative
SE® - Standard error
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Table 3-4 Unknown/unclassified genes exhibiting > 4-fold opes in transcript

abundance in NaCl-treaté®R17- transgenic seedlings

AGI?  Operon annotation Gene  gpp P

mean value
At3g02480 ABA-responsive protein-related 455  0.5.93c-04
At2g34600 Unknown protein 4.25 0.662.30E-02
At5g24640 Unknown protein 4.15  0.28.41E-05
At5g43580 Serine-type endopeptidase inhibitor 3.78.64 2.14E-03
At4913220 Similar to 0S12G0276100 3.7  0.2926E-04
At4g33720 Pathogenesis-related protein, putative 54 3. 0.36 1.96E-04
At3g13600 Calmodulin-binding family protein 3.32 69. 173E-02
At4g39670 Similar to Accelerated cell death 11 3.20.12 1.02E-05
A023734_01 Putative ubiquitin-conjugating enzyme 2.63  0.5R47E-02
At5g38940 Germin-like protein, putative 2.59 0.3476E-03
At1g66400 Calmodulin-related protein, putative 2.58).15 5.88E-05
Atlg73260 Trypsin inhibitor —related 257 0.32.19e03
At2g36770 Glycosyltransferase family 2.54  0.1714E-04
At5g01920 STNS8 (State transition 8) 2.52  0.0%94E-05
At4g01430 Nodulin MtN21 family protein 25  0.19.70E-04
At3928210 Zinc finger protein (PMZ) —related 242 .20 82304
At2g32200 Similar to unknown proteiA.(thaliana) 2.34  0.12 6.21E-06
At1g35140 Phosphate-induced protein —related 2.3B44 3.32E-03
At1g23710 Similar to unknown proteiA.(thaliana) 2.31  0.15 11904
At5g42830 Ir—é)l/gtré)é(ycinnamoyl benzoyltransferase- 23 012 3.05£04
At1g53470 Mechgr_losensiti\_/e ion channel domain- 219 015 138504

containing protein
At2g36800 Glucosyl transferase —related 2.18 0.187e-05
At49g24380 Hydrolase, acting on ester bonds 2.16 5 0.868E-03
At2941640 Similar to unknown proteiA.(thaliana) 2.15 0.15 7.48E-04
At2g30840 2-oxqglutarate-dependent dioxygenase, 214 016 357605
putative

At5g35510 Unknown protein 2.09 0.16200E-04
At1g17380 Similar to unknown proteiA.(thaliana) 2.06 0.14 2.27E-05
At5g03210 Unknown protein 2.06  0.55L37E-02
At2g36790 Glucosyl transferase —related 2.04 0.494E02
At3g03820 Auxin-induced protein, putative -2 0.24.08E-03
At1g12080 Similar to unknown proteiA.(thaliana) -2.04 0.33 1.60E-03
Atlg78020 Senescence-associated protein —related .07 -20.11 9.14E-06

At2¢32870

MEPRIN and TRAF homology domain-

o ) -2.12
containing protein

0.31 2.40E-03

Table 3-4(Continued)
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Gene

a : b p

AGI Operon annotation mean SE value
At5g64770  Similar to 80C09_1®i(assica rapa) -2.19  0.19 8.40E-05
At2g14560  Similar to unknown proteiA.(thaliana) -2.22 0.3 653E04
At4g00755 F-box protein family -2.27  0.141.40E-05
At3g32130 Similar to unknown proteiA.(thaliana) -2.3  0.17 1.70E-04
At3g45160 Unknown protein -2.33  0.173.44E05
A003747_01 Histone H2B, putative -2.36  0.181.89E-04
At4g39800 Myo-inositol-1-phosphate synthase -2.48.120 5.20E-06
At2941090 Calmodulin-like calcium binding protein-2.48  0.14 1.03E-05
At3g04210 Disease resistance protein, putative 5-2.50.09 1.04E-06
At5g18030 Auxin-induced protein, putative -2.58 24. 1.15E-04
At5042530 Similar to ECSIA( thaliana) -2.59  0.11 24706
At2940610 ATEXPAS8 A. thaliana expansin 8) -2.61 0.1 150E-05
At5g18080 Auxin-induced protein, putative -2.61 2@®. 168E-04
Atlg67870 Glycine-rich protein -2.64  0.1156E06
At1g29460 Auxin-induced protein, putative -2.73 3 0.272E04
At1g14880 Similar to unknown proteiA.(thaliana) -2.79  0.63 1.14E-02
At19g29430 Auxin-induced protein family -2.8  0.83.29e-02
At1g29510 Auxin-induced protein, putative -2.88 19. 218E-05
At2g25510 Unknown protein -2.91  0.142.95E-05
At5961980 ARF (_BTPase-aqtlvatlng domain- 303 054 50103

containing protein

At2g04460 Retroelement pol polyprotein —related 153. 0.28 154E-03
At1g67860  Similar to unknown proteiA.(thaliana) -3.16  0.25 5.21E-05
At5g18010 Auxin-induced protein, putative -3.21 12). 1.39E-06
At5g18020 Auxin-induced protein, putative -3.26 2 0. 1.46E-05
At5g35480 Unknown protein -3.76  0.375.27E-04
At4g14400 ACDG6 (Accelerated cell death 6) -4.32 70.%.12E-02

All expression ratios are significani50.05) and are in a log2 scale where fold
change is salt treate&BR17/ control ABR17.
AGI @ — Arabidopsis Genome Initiative SE - Standard error
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involved in transport across membranes (12) andurfi&hown or unclassified
genes. Transcriptional factors are necessary lier groper transcriptional
regulation in response to environmental cues (Rmecin et al., 2000) and those
exhibiting significant increases in transcript atbamce included bHLH, 4
members of APETALA2 (AP2) related, 2 members of NAlnc finger
(C3HC4-type RING finger) protein family, ATMYB74 (¥B domain protein
74), ATHB-7 A. thaliana HOMEOBOX 7), and WRKY familiedhHLH092 has
been indicated among the highly induced transcriptsresponse to NaCl
treatment in the previous transcriptomic studied ame suggested to be important
regulators of the NaCl-stress responsdiabidopsis (Riechmann et al., 2000).
The AP2 domain defines a large family of transasiptfactors which play
important roles in plant growth and developmentwadl as stress tolerance
(Ohmetakagi and Shinshi, 1995; Gilmour et al., 2308is et al., 2001; Guo et

al., 2004; Ma and Bohnert, 2007; Shukla et al..6200

Similarly, as previously stated, NAM genes havenbieeind to be induced
by abiotic stresses implying roles in stress respsmnn addition to those in plant
growth and development (Xie et al., 2000; Olseralet 2005). NAM/ NAC
proteins contain highly conserved NAC (for NAM, AFA, 2, and CUC2)
domains in their N-terminal regions, that speclfichind target DNA (Aida et
al., 1997). It has also been demonstrated tha€ Nianscription factors are
ABA-responsive (Greve et al., 2003; Fujita et 2004) and are also induced by

other plant hormones like NAA a{naphthalene-acetic acid) and ethylene
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(Hegedus et al., 2003; Fujita et al., 2004; Tearal., 2004; He et al., 2005).
Overexpression of NAC genes has been shown totresah increase in lateral
roots, and tolerance to abiotic stresses like dibagd salt stress. NAC genes are
believed to exert their stress ameliorating agtithirough the regulation of stress-
inducible genes (Tran et al., 2004; He et al., 2605et al., 2006). Similarly, the
WRKY family TF genes and myb family genes are knawrbe biotic and/or
abiotic stress responsive (Seki et al., 2002; JaryDeyholos, 2006). Thus, it is
possible that the increased toleranc&BR17-transgenic seedlings to NaCl is the
combined effect of the modulation of the levelsabiindance of transcripts for

these transcription factors with demonstrated rimlestress tolerance.

The highest transcript abundance of any gene obdeirv salt treated
ABR17 plants wasXTR-6 (xyloglucan endotransglycosylase-6), which showed a
4.7-fold increase, compared to the untreg&8R17-transgenic line. Xyloglucan
endotransglycosylase (XET) has been suggested &éoley enzyme involved in
the modification of the xyloglucan cross-links thadntrols the strength and
extensibility of the plant cell wall (Silva et all994). Three members of GH
family were also seen among genes which were uplagsgl more than 4-fold
(Table 3-3). The importance of GHs genes in pléness (Vissenberg et al., 2005;

Jiang and Deyholos, 2006) has already been distusslee previous section.

Other salt responsive genes in tABR17-transgenic line included
osmotin, mannitol dehydrogenase, steroid sulfofemases and RD20 (Table 3-

3), which are known to be regulated by ABA and expressed in salt-stressed
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plants and have been used to engineer salinityatade (King et al., 1986; Singh
et al., 1987; Takahashi et al., 2000; Abede et28l03; Klein and Papenbrock,
2008). In addition, we also observed an increas&anscript abundance for
ribonuclease- RNS1, peroxidases, copper/zinc syjpaee dismutaseC8D1),

cytochrome p450 family, MATE efflux protein and pem kinases which have
been previously demonstrated to accumulate in tsedtted tissues by others
(Jiang and Deyholos, 2006; Ma et al., 2006). Frum microarray results, it
appears that many genes involved in mediating resgmto salinity stress are

increased in transcript abundance as would be &qgbec

Comparison of salt responsesin WT and ABR17 transgenic seedlings

Although transcriptional changes were almost sinath in salt treated
ABR17 and WT seedlings, the transcript abundance of sgeres exhibited
significant differences in both the trend as wallthe degree of modulation of
transcript abundance (Table 3-5). For instance, n@ntioned previously,
transcript abundance of xyloglucan endotransglylesgy KTR-6) (At4g25810)
increased 4.7-fold in salt treaté&@R17 seedlings, whereas it showed only a 2.4-
fold increase in salt-treated WT seedlings (Tabk).3 Similarly, AP2 domain
related transcription factd®AP2.6 (At1g43160) increased 4.5-fold in salt treated
ABR17-plants compared to 1.67-fold in treated WT planifie expressed
proteins- ABA-responsive protein-relatedt3g02480) and unknown protein
(At5g24640) also showed increase in transcript abundancet ¢fast 4-fold in

salt-treatedABR17-transgenic line compared to the 2-fold increasgeoled for
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the WT in response to salt. Other genes which éetilan increase in transcript
abundance of more than 2 fold in salt-treadR17 transgenic but showed less
abundance in treated WT included pathogenesisecelatotein At4g33720) and
glutamine-dependent asparagine synthetAt2g47340). On the other hand, the
retroelement pol polyproteii{2g04460) with unknown function showed a down
regulation of more than 2-fold in salt-treated sgenicABR17 line, but was up

regulated in salt treated WArabidopsis plants.

Interestingly, many members of heat shock proteisp] family and PDF
family showed the opposite response in salt-treAlR@17-transgenic seedlings
compared to the salt-treated WT counterparts, waithincrease of transcript
abundance in salt-treate®BR17-transgenic (Table 3-5). This difference in the
direction of the response in gene expression {n@uction in the transgenic
seedlings versus repression in the WT) may haveiitapt consequences with
respect to the ability to tolerate salinity (andhaps other) stress. For example,
the Hsp family contains chaperones, which have napb roles in protein
folding, assembly and in the disposal of unwantedfunctional proteins. Hsps
are usually induced by environmental stress, ared @abcumulation of Hsps
coincides with enhanced stress tolerance (Kuzne¢toal., 1993; Coca et al.,
1996; Campalans et al., 2001; Sun et al., 2001k&eit al., 2002; Jiang and
Deyholos, 2006). In addition, transgenfgrabidopsis plants overexpressing
AtHSP17.7 accumulate high levels of AtHSP17.7 protein andwslenhanced

tolerance to drought and salinity (Kuznetsov etl93; Sun et al., 2001). The
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Table 3-5 Comparison of changes in gene expression betweéi-tkeated WT

andABR17-transgenidArabidopsis seedlings

AGI 2 Operon annotation ABR17 SE® WwT SE° A?/\'?.I_ﬂ'
log2 ratio log?2 ratio

Xyloglucan

At4g25810 endotransglycosylase 468 039 235 131 2.33
(XTR-6)

At3go24g0 ABATesponsiveprotein- oo 449 o4 06 215
related
AP2 domain transcription

At1g43160 factor RAP2.6 452 087 167 0.6 2.85

At5g24640 Unknown protein 415 0.28 258 0.36 1.57

Atagaz720 " athogenesis-related 354 089 119 077 235
protein, putative

At3ga73ap Clutamine-dependent ., ) 45 502 045 206
asparagine synthetase

Atzg2o500 omall heatshockprotein- g9 (93 531 061 1.01
related

At1gs9860 Heat shock protein, 159 08 -1.59 1.03 3.17
putative
A. thaliana mRNA for

At5g12030 17.6kDa HSP protein 141 039 -0.7 0.81 2.11

At5g51440 Heat shock protein, 132 06 008 03 124
putative
Heat shock protein hsc70-3

At3g09440 (hsc70.3) 122 0.24 -3.03 0.53 4.25
Heat shock protein,

At5g56010 putative 119 035 -1.06 0.36 2.26
Heat shock transcription

At2g26150 factor family 1.06 059 -055 0.69 1.62
Heat shock protein 101

Atlg74310 (HSP101) 1.06 0.27 -242 0.75 3.48

At5g48570 Peptidylprolyl isomerase 1.02 03 -2.18910 3.19

Atsgaaap "lantdefensinprotein, 4 555 551 051 341

putative (PDF1.2a)

146



Table 3-5(Continued)

ABR17-

AGI @ Operon annotation ABR17 SEP WT SE°® WT

log2 ratio log?2 ratio

Plant defensin protein,

ABGa4430 o L 0) 08 025 -262 042 342
Heat shock protein 81-2

AISG56030 /iEren 077 017 -152 034 229

At2g26010 Flantdefensinprotein, 25 o5 595 33 37

putative (PDF1.3)

At39g12580 Heat shock protein hsp70 0.73 044 -19B1 2.66
Heat shock protein 81.4

At5g56000 (hsp81.4) 064 02 -191 0.7 2.55

At5g12020 Class Il heat shock protein 0.61 0.29 410. 0.49 1.01

Plant defensin protein,

Atg7s830 AN S P 058 016 -172 051 2.3

At4g11660 '(*HegtF%hoc" factorprotein 7. 55 035 077 0.75 1.3
Heat shock protein hsc70-1

A15G02500 2oLt 052 016 -075 024 127
Heat shock protein hsc70-2

AI5G02490 (20 ST 043 013 -1 027 143

At2gioaip Small heatshockprotein— g 59 455 198 044 237
related

At1g16030 Heat shock protein hsp70b 0.34 0.26 -0.0722 1.11

At2g04460 Retroelement pol 315 056 155 063 -4.7
polyprotein —related

Footnote: All expression ratios are significamt@.05) and in a log2 scale where
fold change is salt treatéBR17/control ABR17 and salt treated WT/control WT.
ABR17- WT= Difference in log2 ratio of salt treatédR17/control ABR17 and
salt treated WT/control WT.

AGI @ — Arabidopsis Genome Initiative SE - Standard error
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abundance of Hsps in plants and their functionalatteristics suggest that Hsps
play an important role in plant stress toleranthus, the increased abundance of
HSP transcripts in thé&BR17-transgenic seedlings may be important for the
increased tolerance of this line to the imposeesstrThe up regulation of PDFs
in ABR17-transgenicA. thaliana grown under normal conditions (Table 3-2) and
their importance in growth and development hasadlyebeen discussed earlier.
The literature also supports a role for PDFs iassttolerance (Koike et al., 2002;
Huffaker et al., 2006). Most of the previously dmerized PDFs exhibit anti-
fungal, antibacterial, anti- insect and proteasebitor activity (Spelbrink et al.,
2004). However, the halophyte salt creske{lungiella halophila), a relative of
Arabidopsis, over expresses PDFs under normal conditions andehéefensins
are believed to play a role in salt tolerance (Edjial., 2004). It is therefore
possible that the observed relatively tolerant phgre of ABRL7-transgenic
seedlings could be due, at least in part, to tlewadbd expression OKTRG,
RAP2.6 transcription factors, unknown protein8t3g02480, At5g24640), Hsp

and PDF gene(s).

gRT-PCR validation of microarray observations

In order to confirm the fact that CK-responsive ggmwere indeed up-
regulated in theABR17-transgenic lines, we performed gRT-PCR experiments
with the following genes: plant defensin proteiDE1.2a, At5g44420), expansin
(EXPL1, At3g45970), GRP (Atlg07135) and putativeMAPK 11 (Atg01560) using

gRT-PCR. Among the CK- inducible genes identifiedni our first set of
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microarray experiments, we chose the above 4 gémegRT-PCR as their
transcripts were observed to be at least ~2-folth (bg2 ratio) or higher in the
transgenic line compared to WT. Our microarray ysial revealed increase in
transcripts for defensin, expansi@RP and MAPK in peaABR17 seedlings by
2.6, 2.5, 1.9 and 1.9-fold, respectively (Figur8)3Our gRT-PCR results were
consistent with the microarray data and showed egpdation of defensin,
expansinGRP andMAPK by 3.6, 2.5, 2.5 and 2.7-fold, respectively (FegGe3).
From these results it is apparent that all the fyemes that were up-regulated in
our microarray analysis also demonstrated up- etigum in the gRT-PCR relative

expression experiments (Figure 3-3).

Because of the fact that the specific members ok gamilies whose
transcripts were found to be modulated ABR17 cDNA expression inA.
thaliana were not exactly identical to those specific mersba these families
identified by other studies, we wanted to invesdagavhether those specific
members detected in our studies were indeed CKeihtirepressible. In these
experiments, we used WA thaliana tissue germinated and grown for 14 days on
medium supplemented with 5 pM zeatin for additiogRT-PCR experiments.
This concentration of zeatin was chosen based orarier observations that it
induced the largest phenotypic responsesAinthaliana when exogenously
applied (Srivastava et al., 2007). It must alsonbted that even though 5 pM
zeatin was used in our experiments, it is diffidoltestimate how much of this

exogenously supplied CK actually gets into the s@edorder to exert a
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physiological effect. From the results shown iguFe 3-3, it is apparent that the
expression of EXPL1 (At3g45970), putative MAPK (Atg01560) and GRP
(At1g07135) was up-regulated in response to exogenous zewatinG, 3.8, and 2-
fold, respectively (Figure 3-3). In contrast, theeession of defensin gene was
observed to be down-regulated in response to thgemous application of CK
(Figure 3-3). The results for expansMAPK and GRP are consistent with our
microarray and gRT-PCR results with respect togased transcript abundance in
ABR17-transgenicA. thaliana previously shown to possess higher endogenous
CK concentrations (Srivastava et al., 2007). Howeire the case of defensin,
even though our microarray and gRT-PCR experimesisaled that this gene
was up-regulated in thABR17-transgenic line (Figure 3-3), its expression was
not induced by exogenous CKs (Figure 3-3). Theamdsr this discrepancy is
not immediately clear; however, this may be duéht concentration as well as
type of CK used in our exogenous experiments. Eumtbre, as indicated
previously, the amount of the exogenously suppG&dentering the seed to exert
physiological effects may also be different frone tboncentrations required to

elicit induction of this gene.

In order to confirm the results from our second #ml set of microarray
analysis, we performed qRT-PCR experiments with fileowing 12 genes:
unknown proteins At3g02480; At5g24640; At1gl4880), XTR6 (At4g25810),
bHLH (At5g43650), RAP 2.6 (At1g43160), ATNAC3 (At3g15500), ACD6

(At4g14400), PDF1.2a (At5g44420), EXPL1 (At3g45970), GRP (At1g07135) and
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[ gRT-PCR: ABR17 £WT
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Figure 3-3 PeaABR17-modulated transcriptional changes of selectedgene

Transcriptional changes of a selected number aistidpts as identified by
microarrays, and their validation using qRT- PCRI a&ffects of CK on these
genes in WTA. thaliana is given here. The values represented in the gaaph
fold changes of transcript abundance between teamsg\BR17-A. thaliana
seedlings versus WT seedlings grown under normatliions. Error bars are
standard error of fold changes driven from (n=3g¢hbiological replicates. The
AGI annotations are as followsAt5g4442Q@Plant defensin protein family
member PDF1.2, Low-molecular-weight cysteine-ridtlCR77); At3g45970
ATEXLAL (A. thaliana expansin-like A1)At1g07135Glycine rich protein; and
At1g0156CGATMPK11.
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MAPK11 (Atg01560). The unknown proteins were chosen because expnest
two of them At3g02480 andAt5g24640) were among highly induced transcripts
in salt treatedABR17-transgenic line and also showed comparatively bes$igh
level of transcript abundance in salt treated WTthaliana lines (Table 3-5,
Figure 3-4). Two of theseA(1g14880 and At4g14400) were among the highly
down regulated genes in both salt treafd8R17-transgenic line and WHA.
thaliana lines (Table 3-3 & 3-4, Figure 3-4). Our gRT-PC&alshowed similar
trends as observed by microarrays for all the afogrtioned genes in both salt-
treated ABR17-transgenic and salt-treated WT microarrays (Figd+é). The
genes At3g02480, At5g24640, At1gl4880 and At4gl14400 showed transcript
abundance with fold changes of 5.26, 5.98, 0.27 @06, respectively, in our
microarray analysis of salt treated AT thaliana (Figure 3-4). Our gRT-PCR
analysis of salt treated WA. thaliana showed transcript abundance of 18.60,
32.42, 0.03 and 0.06-fold for gené$3g02480, At5g24640, At1g14880 and
At4g14400 (Figure 3-4) compared to gRT-PCR indicated trapsebundance of
23.36, 17.80, 0.14 and 0.04-fold for geR¢3g02480, At5g24640, At1g14880 and
At4g14400, respectively (Figure 3-4). Our gRT-PCR analysissaft treated
ABR17-Arabidopsis showed transcript abundance of 272.37, 67.49, &@30.02-
fold for genesAt3g02480, At5g24640, At1g14880 and At4g14400, respectively
(Figure 3-4). From these results, it is appareat #il of the four genes showed
the same trend both in our microarray analysisgR@-PCR studies (Figure 3-4)

although the absolute values were different wigséhtwo experimental methods.

152



140 =il 7
t I 3.0 ]
| I
ﬁ 5.
100 4
40 20 ﬁ
L a
40 I
L
) 30 I 1 04
= 1 44 ]
@
-5 30 L I
S ] ] 3
L 20
20 H
& 2] 0.2
it 10
4 ’-‘ il
11T T P
A3a02450 At543650 ASg24540 At025510 A ga3160  A3g15500 A3pds870 At1gUF135 At gllsE0 A4 4400 A1 4580 ASgd4420
I Microarray, WT 100mbd S WT O mbd (MaCl) Microarray: ABR17 100mhd F ABR17 O mhd (NaCl)
1 gRT-PCR: WWT 100mM #WT O mbd (NaCh 1 gRT-PCR: ABR17 100mM / ABR17 0 mM (MaCl)

Figure 3-4 Transcript abundance of selected genes in sadttenle VT and

ABR17- transgeni@. thaliana seedlings

The values represented in the graph are fold clsaofjgranscript abundance as
identified by microarrays and their validation wpigRT-PCR, between salt
treated (100 mM NacCl) seedlings versus untreatedlisgs either in wild type or
in ABR17 transgenicA. thaliana. Error bars are standard error of fold changes
driven from (n=3) three biological replicates. Th&1 annotations are as follows
At3g0248BABA-responsive protein-relatediAt5g43650basic helix-loop-helix
(bHLH) family protein; At5g24640Gunknown protein; At4g25810XTR6:
Xyloglucan endotransglycosylase/1g43160ethylene-responsive transcription
factor Related to Apetala 2.6 (Protein RAP2&B3g15500ATNAC3 (A.thaliana
NAC domain containing protein 55§5t4g14400ACD6 (Accelerated cell death
6); Atlgl14880PLAC8 domain containing proteimAt5g444206Plant defensin
protein family member PDF1.At3g45970 ATEXLA1 (A. thaliana expansin-
like Al); Atlg07135Glycine rich protein; andAtlg01560 ATMPK11 (A.
thaliana MAP kinase 11). t: the fold change in here is.27258.5.
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The geneXTR6 (At4g25810) was selected because it was among one of
the most highly induced transcripts of any geneoon salt treatedABR17-
transgenicA. thalina microarray (Table 3-3, Figure 3-4). The ger#dLH
(At5g43650), RAP2.6 (Atlg43160) and ATNAC3 (At3gl15500) were chosen
because their expression was the highest amongtiey transcription factors
identified in response to salt #’BR17-transgenic line (Table 3-3, Figure 3-4).
The geneAt4g25810, At5g43650, At1g43160 and At3g15500 showed transcript
abundance of 5.10, 5.29, 3.19 and 3.88-fold, résmdg in microarray analysis
of salt treated WTA. thaliana, while our gRT-PCR analysis of salt treated WT
thaliana showed transcript abundance of 32.51, 14.17, @&&8 10.23- fold
(Figure 3-4). Similarly, microarray analysis of tsaleatedABR17 A. thaliana
showed transcript abundance of 25.62, 24.17, 28r@D13.96 (Figure 3-4) and
our gRT-PCR analysis values of 54.40, 124.30, 32r&Y 29.88- fold for genes
At4g25810, At5g43650, At1g43160 andAt3g15500, respectively (Figure 3-4). Our
microarray analysis and qRT-PCR results showedstmdar trend in both salt
treatedABR17 and WT samples (Figure 3-4). The geRE&4-1.2a, EXPL1, GRP,
andMAPK11 were chosen as these were validated in our ftsbsmicroarrays
(ABR17/WT under normal conditions). Once againjnailar trend was observed
between microarrays and qRT-PCR analysis thus ataligl our microarray

results.
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Relative expression of CK-biosynthetic genes (IPT and CKX) in ABR17-

transgenic A. thaliana

As discussed earlier, our observations indicated thany of the genes
identified in the transgenic plants as being upit&gd are from families that
contain CK-responsive members. We have also prelioveported higher
endogenous concentrations of CK in this line &stava et al., 2007 ), which
suggested the possibility that this may be dueitttee enhancedle novo CK
biosynthesis or decreased degradation. Specifidadyendogenous concentration
of total CK in the transgenic line used in thisdstwas ~1-3-fold higher, with the
concentration of zeatinci6 and trans combined) being ~1.4-fold and iP
(isopentenyladenine) being ~2-fold higher in thigeaasgenic lines. However, we
did not detect anyPT (isopentenyltransferases; involved in CK biosysiteor
CKX (cytokinin oxidase; involved in CK degradationngs as being significantly
up- or down-regulated genes in our microarray erpaEmts, suggesting that the
elevated endogenous CK concentrations previouplyrted may not be the result
of increased or decreased activitied®T andCKX genes, respectively. In order
to confirm our microarray results and to lend add#l support to our above-
mentioned hypothesis with respect to the roledgck thereof) ol PT andCKX
expression inABRL7-transgenic Arabidopsis, we also performed gRT-PCR
analysis of the expression ®T and CKX genes using qRT-PCR. There are 9
knownIPT genes and 7 know@KX genes but the sequencea®tX5 and CKX7

are very similar therefore we performed qRT-PCRlyam on the 9PT and 6
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CKX genes. The results from these experiments are auged in Table 3-6 and
it is apparent that most of theT genes exhibit similar expression patterns in both
transgenic and WT seedlings. The only exceptioreaggpto bdPT8, where only
0.5-fold expression of this gene was observed énttansgenic line (Table 3-6).
Similarly, CKX expression in the transgenic line was also quit@la to its
expression in the WT (Table 3-6). Our results ssgdbat the differences in
endogenous CK concentrations previously observeddeABRL7-transgenic line
may not be the result of increased IPT or decred3KX levels. However,
frequently, there is no correlation between trapsa@bundance and protein levels
and therefore it is possible that IPT and/or CKX¥tpin concentrations may have
been affected in the transgenic line resultingnicreased endogenous CKs as a
result of post-translational processes. However poeviously reported proteome
studies on this transgenic line did not reveal differences between transgenic
and WT seedlings with respect to the levels of énm®teins (Srivastava et al.,
2006b). It is possible that the activity of neithBT nor CKX is responsible for
the increased endogenous concentrations of CKhad\BR17-transgenic lines
and the increased endogenous CKs previously repartéhe ABR17-transgenic
lines may be the result of tRNA degradation by freviously demonstrated
RNase activity of pea ABR17 protein (Srivastavalet2007). Thus, an increase
in free cellular CK would not necessarily involvehanced IPT or reduced CKX
activity; rather it may reflect an increased accesgxisting, yet tRNA-bound,

CK.
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Table 3-61PT andCKX gene expression lBR17-transgenid. thaliana

Gene Fold change *
IPT1 1.20+0.28
IPT2 1.24+0.17
IPT3 1.29+0.17
IPT4 1.18+0.47
IPT5 1.17+£0.26
IPT6 0.99 £0.32
IPT7 1.37 £0.37
IPT8 0.49 £0.09
IPT9 1.10+0.19
CKX1 1.39+0.30
CKX2 1.16+0.31
CKX3 1.50%0.44
CKX4 0.72+0.18
CKX5 0.91+0.22
CKX6 0.79+0.11

Foot note: *The expression of each gene in WT wasnalized to 1 and fold

change in transgenic line was calculated as dextribMethods
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3.4 Conclusions

We have demonstrated that p8BR17 cDNA expression modulates the
level of a number of transcripts related to plagfedse, growth and development,
which may explain the observed phenotypic diffeesnicetween WT andBR17-
transgenicA. thaliana. The gene expression of many transcription factod a
defense responsive genes like Hsps and PDFs showiigrent degree and kind
of response between salt treafd8R17 transgenic and WHA. thaliana, which
explains the observed enhanced germination ang seddling vigor inABR17
transgenic lines, compared to its WT counterpadniviof the genes exhibiting a
2-fold or higher increase in transcript abundameekaown CK-responsive genes
providing additional evidence of a role for CKSABR17 function. Furthermore,
a detailed expression analysisIBfls andCKXs revealed that the levels of these
transcripts were similar in both WT and transgeséedlings, suggesting the
possibility that ABR17 modulates endogenous CKsoubgh an, as of yet,
uncharacterized mechanism including the possibigadiation of tRNAs which

contain CK moieties (Prinsen et al., 1997).
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CHAPTER 4 Functional characterization of four Apetaa2-family genes

(RAP2.6, RAP2.6L, DREB19 and DREB26) in Arabidopsis

4.1 Introduction

Drought and salinity are major abiotic stress fextthat affect plant
productivity and can reduce average Yyield for naweps by 50 percent or more
(Bray et al., 2000; Bartels and Sunkar, 2005). a&rander drought and salinity
are increasing worldwide (Burke et al., 2006) atherefore, it is important to
develop crops that can perform better when sulgettesuch environmental
stresses. To date, many genes have been evafoatgdess tolerance and it has
been shown that transcription factors (TFs) arédnligffective in engineering
stress tolerant plants (Sakuma et al.,, 2006a & RO8®atnagar-Mathur et al.,
2007; Khong et al., 2008). TFs are DNA-bindingtpias and more than 1500 TF
genes are present Arabidopsis thaliana, which constitute over 5% of its genome
(Riechmann et al., 2000). TFs regulate expressianamy genes and, therefore,
manipulation of the expression of even a few o¢heegulatory genes can lead to
remarkable changes in plant traits (Martin, 1996 ét al., 1999; Udvardi et al.,

2007).

[A version of this chapter has been published. Krishnaswamy S Verma S

Rahman MH, Kav NNV (2010) Plant Molecular Biology 75:107-127]
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The APETALA2 (AP2) gene family is one of the larg&& gene families
of Arabidopsis containing 145 loci (Sakuma et al., 2002). ThB&&A binding
proteins have a characteristic AP2 domain, whiatitalos 68 amino acids and is
also referred to as AP2/ethylene responsive elerbamding factor domain
(AP2/ERF) (Hao et al., 1998; Riechmann and Meyetywi998). AP2/ERF
genes can be grouped into two classes based omthieer of AP2-DNA binding
domains. The first class is AP2-like TFs, whiclt@ate proteins with two AP2
domains (Riechmann and Meyerowitz, 1998). Examplgwoteins belonging to
this class are AP2, AINTEGUMENTA (ANT), baby boo®BM) and Glossy15
(GL15). The second class is ERF-like TFs whichodecproteins with only one
AP2 domain and includes C-repeat/dehydration respenelement binding
factors (CBFs/DREBs), LePtis, ERFs, TINY, abscia@d insensitive (ABI4),
and RAV (related to ABI3/VP1) proteins (Riechmartrak, 2000; Sakuma et al.,
2002). Based on their DNA-binding regions, AP2/EREnes have been
classified into five subfamilies: AP2, RAV, DREBRE and others (Sakuma et
al.,, 2002). The ERF and DREB subfamily proteingutate many stress
responsive genes by binding to defiresliregulatory sequence (Guo et al., 2005).
The ERF subfamily proteins bind to ethylene respoglements (ERE) or GCC
box found in the promoters of ethylene induciblehpgenesis related genes
(Ohme-Takagi and Shinshi, 1995), while the DREBfauiily proteins bind to C-
repeat or dehydration response element (DRE) in ghemoters of low
temperature and/or water deficit responsive ger&sckinger et al., 1997;

Gilmour et al., 1998).
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The AP2/ERF family proteins have been implicatedvarious growth
events like plant growth, flower development, ntens determinancy and organ
identity, as well as abiotic/biotic stress tolerar{(Saleh and Pages, 2003). For
instance AP2, AINTEGUMENTA, TINY, DRN, BD1 genes are involved in floral
morphogenesis, organ identity and growth regulatiumst et al., 1989; Klucher
et al.,, 1996; Wilson et al., 1996; Chuck et al.989Kirch et al., 2003). The
genesDREB1A, DREB2A, WXP1, CaPF1, Pti, CaERFLP1 and NtERF5 have
been reported to be involved in biotic and abistress tolerance (Liu et al., 1998;
Gu et al., 2002; Fischer and Droge, 2004; Yi et2004; Lee et al., 2005; Zhang
et al., 2007). Some of the AP2 TFs like ABl4, AfER ABR1 and DDF1 are
also involved in abscisic acid (ABA), ethylene (E@)bberellic acid (GA) and
brassinosteroid response signaling (Finkelsteiralet 1998; Hu et al., 2004;
Magome et al., 2004; Pandey et al., 2005; Yangl.et2805). Despite the
important roles played by AP2 TFs in many aspedétplant physiology, the
precise functions of many members of this familg atill unknown (Nakano et
al., 2006). Nevertheless, there are reports ofraripg the plant responses to
stress through modification of the expression o2 AHFs (Nakano et al., 2006;
Sakuma et al., 2006a & 2006b).

The pea Risum sativum) abscisic acid-responsive protein ABR17 is a
member of the pathogenesis related protein 10 (BRamily and is also referred
to as PR-10.4 (lturriaga et al., 1994; Srivastavaale 2006). ABR17 is
significantly homologous to intracellular pathogeiserelated (IPR) proteins and

has been demonstrated to possess ribonucleaséyaditivrriaga et al., 1994;
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Srivastava et al., 2007). In addition to ribonaske activity, members of this
family have demonstrated binding properties witlytphormones like cytokinins
and brassinosteroids, and therefore have beendatgtl in hormone signaling
and suggested to function as general hormone rar(@arpin et al., 1998;
Mogensen et al., 2002; Markovic-Housley et al., 20Pasternak et al., 2006).
An abundance of ABR17 protein has been observedlirireated pea plants (Kav
et al., 2004) and constitutive overexpression af ABR17 in Arabidopsis and
Brassica has resulted in phenotypes with early floweringréased number of
lateral branches and siliques and elevated levielSKs compared to the WT
(Srivastava et al., 2006 & 2007; Dunfield et alg02). Furthermore, plants
overexpressindABR17 have exhibited enhanced seed germination andisgedl!
vigor under multiple abiotic stresses includingirgg} stress (Srivastava et al.,
2006). In our microarray analyses of ABR17-mediateodulation of gene
expression (Krishnaswamy et al., 2008), we obsetivattranscript abundance of
four putative AP2 TF gene&AP2.6-At1g43160, RAP2.6L-At5913330, DREB26-
At1g21910 andDREB19-At2g38340) was up-regulated significantly in salt treated
ABR17-transgenic plants compared to unstressed transgeants, while only
RAP2.6 and RAP2.6L transcripts were observed to increase in abundance
significantly in salt treated wild type (WT) plant®@mpared to unstressed WT
plants (Krishnaswamy et al., 2008). In additiolme transcript abundance of
RAP2.6 was significantly higher in salt treaté8R17-transgenic plants compared
to salt treated WT plants (Krishnaswamy et al.,8 0®8lowever, there were no

significant differences in expression of these Ajeé@es between WT adBR17-
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transgenic plants under normal/unstressed conditiffrishnaswamy et al.,
2008). It was speculated that the observed enkastoess tolerant phenotype of
ABR17-transgenicArabidopsis compared to WT (Srivastava et al., 2006) could
be, at least in part, due to increased expresgid®d TF genes together with the
other important genes modulated (Krishnaswamy.ef@08). AP2 family genes
are known to play important roles in the abioticess response and based on
transcript abundance &AP2.6, RAP2.6L, DREB19 and DREB26 in salt treated
WT and/orABR17-transgenicArabidopsis plants, we hypothesize that these AP2
genes might participate in plant defense respogamst salt stress and therefore
overexpression of these genedAmabidopsis might enhance tolerance to salt and
related stress conditions like drought.

RAP2.6 and RAP2.6L belong to the ERF subfamily, whilBREB19 and
DREB26 belong to DREB subfamily (Guo et al., 2005), atidaur of them code
for proteins with a single AP2 domaffigure 4-1). RAP2.6 is activated by the
CBF (C repeat binding factor) expression (Fowled &homashow, 2002) and has
been shown to code for protein that possess tratiser activator function (He et
al., 2004; Zhu et al., 2010). RAP2.6L has beenafestrated to be involved in
gene regulation during shoot regeneration from exgiants (Che et al., 2006) as
well as in disease resistance (Sun et al., 20Hdwever, there is no information
available orDREB19 andDREB26 genesHere we report and discuss the results
from functional characterization d?AP2.6, RAP 2.6L, DREB19 and DREB26
with respect to overexpression, localization/tratisation, spatial/temporal

expression and stress/hormonal
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YRG element
Majority X X X XX X R XK KYRGVRQRP WGKWXAEI RDPX- - - - - - - - KAT

At1g43160
At5g13330
At2g38340
At1g21910

RAYD element

Majority TR VWL GTF ETAEXAAXAYDRAALXFKGPKAKLNFPEXVGGX

At1g43160
At5g13330
At2g38340
At1g21910

Figure 4-1 Sequence alignment of AP2 domains from AP2 TFgimst

AP2 domains from AP2 TF proteins (RAP2.6-At1g431BR&P2.6L-At5913330;
DREB19-At2g38340; DREB26-At1g21910) showing YRG &RWD elements.
Residues in black box represent conserved amirtbrasidues between the AP2
TF proteins. Sequence alignment was done usingAlgy (DNASTAR
Lasergene8) software.

179



response experiments. In addition, overexpregsedgenic lines are evaluated
under salt and drought stress conditions and thiey utf these AP2 genes in

engineering plants for abiotic stress toleranak#ssussed.

4.2 Materials and methods
Subcdlular localization

RNA was extracted fromf\. thaliana (ecotype WS) using the RNe&sy
Plant Mini Kit (Qiagen Sciences), reverse trangtitfiScripf cDNA synthesis
kit, Bio-Rad laboratories) and the cDNA was used demplate to amplify AP2
TF genes DREB19 and DREB26) using the polymerase chain reaction (PCR;
High Fidelity PCR system, Roche Diagnostics Corgsene specific primers are
given in Table 4-1. The AP2 genes were amplifiesing the following
thermocycling parameterBREB19 (94°C for 2 min; 35 cycles at 8& for 1 min,
62°C for 1 min, 72C for 2 min; and a final extension of °@2for 7 min) and
DREB26 (94°C for 2 min; 10 cycles at 8@ for 30 sec, 4% for 30 sec, 7°C for
45 sec; 30 cycles at 92 for 30 sec, 4€ for 1 min, 73C for 50 sec; and a final
extension of 7% for 5 min). Amplified PCR products were gel fiied
(QIAquick® gel extraction kit, Qiagen Sciences), restrictibgested usindNcol
or BspHI (New England Biolabs) and cloned into pCsGFPBGeriBank:
DQ370426). A Gly-Ala-rich peptide linker was usketween coding sequence

and synthetic green
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Table 4-1List of primers

Subcellular localization

DREB26

DREB19

F:CATGCCATGGTGAAACAAGAACGCAAGATCCAAACCAGC,
R:TGCCATGGCAGCTCCACCTCCACCTCCATTGAAACTCCAAAGCGGAATG

F:CATGCCATGGAAAAGGAAGATAACGGATCGAAACAGAGCTCC,
R:ATGCCATGGCAGCTCCACCTCCACCTCCGAATCTGAAATACTCAAAATATAA
TAGAATC

Trans-activation assay

RAP2.6

RAP2.6L

DREB26

DREB19

F:GCGGCCGGAATTCATGGTGTCTATGCTGACTAATGTTGT,
R:GCGGTCGGTCGACTTAACCAAAAGAGGAGTAATTGTAT
F:GATCTCGGAATTCATGGTCTCCGCTCTCAGCCGTGTCAT,
R:GCGGCCGCTGCAGTTATTCTCTTGGGTAGTTATAATAA
F:GCGGCCGGAATTCATGGTGAAACAAGAACGCAAGATCC,
R:GCGGTCGGTCGACTTAATTGAAACTCCAAAGCGGAAT
F:GCGGCCGGAATTCATGGAAAAGGAAGATAACGGATCG,
R:GCGGCCGGTCGACCTAGAATCTGAAATACTCAAAATATG

Overexpression

RAP2.6 F:GAGGCGCTCGAGATGGTGTCTATGCTGACTAATGTTGTCTC,
R:GCCGGCGTCTAGATTAACCAAAAGAGGAGTAATTGTATTGATCATATTC

RAP2.6L F: TAATTAGAAGCTTATGGTCTCCGCTCTCAGCCGTGTCATAG,
R:GGCCGCGTCTAGATTATTCTCTTGGGTAGTTATAATAATTGTAAC

DREB26 F:GCGCCGAAGCTTATGGTGAAACAAGAACGCAAGATCC,
R:GCGCGCGTCTAGATTAATTGAAACTCCAAAGCGGAATGTC

DREB19 F:GCGGCGTCTAGACTAGAATCTGAAATACTCAAAATATGAATCGAATC,
R:GTGTCGAAGCTTATGGGACGATCACCGTGTTGTGAGAAGAAG

Actin F: TGTTGCCATTCAGGCCGTTCTTTC,
R: TGGAACCACCACTGAGAACGATGT

18SrRNA F: CCAGGTCCAGACATAGTAAG,
R: GTACAAAGGGCAGGGACGTA

Promoter- GUS fusion

RAP2.6 F:GCGGCCGAAGCTTGTTGTTGTCTTTTCTTCCAAGGAAG,
R:GCGGTCGTCTAGAGTTTGAAATTGCGGTGGTAGACAAG

RAP2.6L F:GTGGTCGATCGATGCAGTTTAGTACCTGACTAATCTTGCAGCTTTTA,
R:ATATCAGGGATCCGGCGGTGACATCAGTCTCGTTCCAAGACGAATT

DREB26 F: GCGGCCGAAGCTTAAGAAAATTGATATCTCACAACC,
R:GTGGTCGGGATCCGGTAATGTTGTTGTGTACGTACAGGCT

DREB19 F:GCGGCCGAAGCTTAGTAAATTACAAAAAAGTACAAAGTC,

R:GCGGCCGGGATTCTGGAAAAACACAACACGTACAAACTGTAG
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Table 4-1(continued)

gRT-PCR
RAP2.6 F: GAGAGGCCAAAAAAATATAGAGGAGTAA
R: GCCTTGTGTGGGTCTCGAA
RAP2.6L F: CAAGGCCCTACTACCACCACAA
R: GGTCGAGGAGGAGGTGAGTTC
DREB26 F: GGGCACCAAATCAAAAGACAA
R: GTGCAACATCGTAAGCTCTAGCA
DREB19 F: GCTTGGCACGTTTGCTACTG
R: TGGCATAGGGTCCGTACATGA
Actin F: CCACCATGTTCCCAGGAATT
R: TTTCTCTCTGGCGGTGCAA
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fluorescent protein (sGFP) while generating thsidin protein (Jiang and
Deyholos, 2009). Sequences of the constructs wenied by DNA sequence
analysis and, along with empty vector controls (V@ansformed into
Agrobacterium tumefaciens GV3101 using the freeze-thaw meth@tfeigel and
Glazebrook, 2002). Agrobacterium strains carrying recombinant pCsGFPBT
(with DREB19 and DREB26) and VC were transformed infa thaliana (ecotype
WS) using the floral dip method (Clough and Berg98). The | seeds were
screened on half-strength Murashige and Skoog (M&Jium (Murashige and
Skoog, 1962) containing 50mg/L hygromycin B (SigAldrich). Roots from
seven-day-old T plants transformed with genes of interest alonghwaC
seedlings were stained with DAPI (4, 6-diamidinepRenylindole,
dihydrochloride; 0.5ug/ml) for ten minutes, waskweete with distilled water and
mounted on slides. The slides were visualized utiieiflorescence microscope
(Zeiss fluorescence microscope) or confocal miapsqLeica DM IRBE, Leica
Microsystems Inc.) for the sGFP and DAPI signalsleast five independent; T

plants from each construct were used in theseesudi

Trans-activation assay

The coding sequences of AP2 TF gerfleaR2.6, RAP2.6L, DREB19 and
DREB26) were PCR amplified (High Fidelity PCR system, Rediagnostics
Corp.) using cDNA ofA. thaliana (ecotype WS) as template. Gene specific

primers used for the amplification are given TaBld. PCR thermocycling
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parameters foDREB19 andDREB26 were as described previousliRAP2.6 and
RAP2.6L genes were amplified using the following thermdicyr parameters:
RAP2.6 (94°C for 2 min; 35 cycles at 8¢ for 1 min, 62C for 1 min, 72C for 2
min; and a final extension of %2 for 7 min) andRAP2.6L (94°C for 2 min; 35
cycles at 9%C for 30 sec, 6% for 1 min, 73C for 50 sec; and a final extension of
72°C for 7 min). The amplified fragments were gelified (QIAquick® gel
extraction kit, Qiagen Sciences), and double degkstsing restriction enzymes
EcoRI-Sall (for RAP2.6, RAP2.6L and DREB19) andEcoRI -Pstl (for DREB26)
(New England Biolabs). The digested fragments wdoeed into pBD-GAL4
Cam vector (Stratagene) and their sequences warferned by DNA sequence
analysis. The sequenced recombinant plasmidsyioegriRAP2.6, RAP2.6L,
DREB19 or DREB26 gene) and empty vector controls (VC) were tramsémt into
yeast strain YRG-2 (Stratagene), according to tleufacturer’s instructions.
Positive yeast colonies were selected on syntlirtip out (SD) medium for
tryptophan (Sigma-Aldrich). The YRG-2 strain has the auxotrophic marker
histidine (his3) as a reporter for detection ofng-activation activity. The
positive yeast colonies, confirmed by PCR, wereaited on synthetic drop-out
medium for histidine (Sigma-Aldri®) for determining the trans-activation
activity, along with the controls (yeast withouttt@ and with empty pBD-GAL4

Cam plasmid).
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Overexpression constructs

The coding sequences of AP2 TF gerflesR2.6, RAP2.6L, DREB19 and
DREB26) were amplified as described previously using cDNAA. thaliana
(ecotype WS) as template. Gene specific primeesi us the experiment are
given in Table 4-1. The PCR conditions used to ldgnAP2 genes were as
described previously. The amplified products wge purified (QIAquick gel
extraction kit, Qiagen Sciences) and inserted betweauliflower mosaic virus
35S (CaMV35S) promoter and rbcS32 terminator inbinary vector pKYLX-71
(Schardl et al., 1987), using restriction enzymeéml-Xbal (for RAP2.6) and
Hindlll- Xbal (for RAP2.6L, DREB19 andDREB26) (New England Biolabs).

The sequenced recombinant plasmids and empty gewtre transformed
into A. tumefaciens GV3101 using the freeze-thaw methdqiVeigel and
Glazebrook, 2002) and subsequently transformed Atdhaliana (WS) as
described previously. ¢lseeds were screened for transformants on hafigihre
MS medium (Murashige and Skoog, 1962) containingakaycin (50mg/L), 1.5%
sucrose and 0.7% agar. ; Beeds were screened for 3:1 ratio and bulked
homozygous 7 seeds were used for further studies. To confirengresence of
transgenes, the homozgygousplants were grown for a month and the leaf tissue
was used to extract RNA (RNe&s3lant Mini Kit, Qiagen Sciences). cDNA was
synthesized (iScriftcDNA synthesis kit, Bio-Rad laboratories) and useda
template for RT-PCRs. The PCRs were carried omgugene specific forward

primer and vector specific reverse primer. Placttn or 18srRNA primers were
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used as internal controls. The gef8s RNA andActin were amplified using the
following thermal conditions: 9€ for 2 min; 15 cycles at 8¢ for 1 min, 55C

for 1 min, 72C for 1 min; and a final extension of’2for 10 min.

Promoter activity by GUS fusion

Sequences upstream of the ATG codon fieaiP2.6 (930bp), RAP2.6L
(999bp),DREB19 (781bp) andDREB26 (992bp) were amplified by PCR (High
fidelity Pfu polymerase kit, Fermentas Life Sciesjceusing genomic DNA of
wild type (WS) WT A. thaliana (ecotype WS) as template. Primers used to
amplify upstream sequences of the AP2 genes arengiv Table 4-1. The
promoter sequences were amplified using the folgwithermocycling
parametersRAP2.6 (94°C for 2 min; 10 cycles at 8@ for 30 sec, 4% for 30
sec, 72C for 45 sec; 30 cycles at @ for 30 sec, 5% for 1 min, 78C for 50
sec; and a final extension of’@2for 5 min),DREB26 (94°C for 2 min; 10 cycles
at 94C for 30 sec, 4T for 30 sec, 7°C for 45 sec; 30 cycles at & for 30 sec,
60°C for 1 min, 73C for 50 sec; and a final extension of°@2for 5 min),
RAP2.6L andDREB19 (94°C for 2 min; 10 cycles at 8@ for 30 sec, 4% for 30
sec, 72C for 45 sec; 30 cycles at % for 30 sec, 5% for 1 min, 72C for 50
sec; and a final extension of®@2for 5 min). The amplified fragments were gel
purified (QIAquick® gel extraction kit, Qiagen Sciences), and doubtgsted

using restriction enzymesindill- Xbal (for RAP2.6), Clal-BamHI (for RAP2.6L)
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and Hindlll -BamHI (for DREB19 and DREB26) (New England Biolabs). The
CaMV 35S promoter of the binary vector pBl121 (GanB AF48578) was
replaced with the AP2 TF gene promoter to exppeghkicuronidase (GUS) gene
and the sequence of the recombinant plasmids eerifi The sequenced
recombinant or empty plasmids (pBl121) were tramsém intoArabidopsis as
described previously. The Transgenic plants were selected on half strength M
medium containing kanamycin (50pg/ml), 1.5% sucrasd 0.7% agar. The
presence of transformed promoter was confirmed jrmplants by PCR using
genomic DNA as a template. Forward promoter speaifid revers&US gene
specific primers were used in PCRs.

T, plants were used for analyzing promoter activitpd aat least 5
independent transgenic lines in each promoter oactstvere used in the study.
Promoter activity was considered in terms of GUvayg that leads to blue color
formation by reacting with the substrate X-Glucb{f®mo-4-chloro-3-indolyi-
D-lucuronide; Sigma-Aldricf) (Jefferson et al., 1987). For GUS activity assay
the following samples were used: germinated seédigy old seedlings, 14 day
old seedlings, rosette leaves, inflorescence, imreaand mature pods. The
samples were permeabilised in cold 90% acetond. for at -26C and washed
twice for 5 minutes with 100 mM phosphate buffed (p.6). The samples were
incubated overnight at 3C in GUS staining buffer (2 mM X-Gluc, 2 mMKFe
(CN) ¢).3H20 and 2 mM K [Fe (CN)¢]). The samples were washed with 70%

ethanol and scored for dark blue staining. Snethes like seed, flower and
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immature pods were photographed using dissectiegosgope (Wild model M8,

Wild Leitz Canada Ltd.) equipped with a digital aana (Nikon DXM1200).

Plant growth conditions

For studying spatial and temporal expression padtef AP2 TF inA.
thaliana, WT plants were grown in 15.24 cm pots containing Méix 290
(Grace Horticultural products) in the green houg?’Q day, 18C night, 16h
photoperiod). The plants were fertilized once guaro weeks (Peters 20-20-20,
Plant Products containing micronutrients). Tissu&s collected at different
growth stages ofrabidopsis (according to Boyes et al., 2001) from: seedling
above ground (growth stage 1.1, 10 rosette leavdsm¥m in length), rosette
leaves and stem (growth stage 3.7, rosette is 70fwad size), early floral buds
(growth stage 5.1 when plants start to bolt), iffwence (growth stage 6.1, 10%
of flowers to be produced have opened) and matligees (growth stage 7, filled
siliques). Tissues were flash frozen in liquidagen and stored at -&D, which
was later used for quantitative real time-PCR (dROR) for studying the
expression profile of AP2 TF genes.

For observing the differences in the phenotype amaxP2 TF
overexpression lines and controls (WT and VC), lthes were grown in 15.24
cm pots as mentioned earlier. The flowering timeswecorded and the plants
were photographed at different stages of growtlne &xperiment was repeated

three times, in each biological replication with glants per line. For recording
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the time of flowering, at least 30 plants/line/bigical replication were used. The
data were analyzed using statistical analysis st@WSAS) version 9.1 (SAS
Institute Inc.). Significant differences (p<0.0B6gtween WT and transgenic

genotypes were identified by Studertttest.

Hormone treatments of WT Arabidopsis

WT Arabidopsis plants were grown in plastic trays, in the greersgofor
three weeks as described earlier. Jasmonic a&ibQuM), salicylic acid (SA; 1
mM) and abscisic acid (ABA; 50M) (Sigma-Aldrich’) were made in 0.1% (v/v)
ethanol and applied oArabidopsis plants with a hand-held spray bottle. The
ethylene (ET) treatment was performed in an alntt@crylic chamber (1.5 m x
0.6 m x 0.6 m) placed in the greenhouse, into whia® ppm ethylene gas in air
(Praxair) was passed at the rate of 2 L/min. Tdrerol treatment was performed
on plants in another chamber into which air (Pngxaas passed at the same rate.
Leaves and shoots were collected and pooled afd&24 h post-treatment and
flash frozen in liquid nitrogen, and stored at <80 qRT-PCR was performed
with these samples to study the response of APZydites to different stress
related hormones. The entire experiment was refehtee times and there were

at least 25 plants per treatment in every bioldgegalication.
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Imposition of stresses on WT Arabidopsis

The response of AP2 TF genes to different stresees studied by
imparting stress to WRrabidopsis plants. For drought stress, the plants were
grown for two weeks in the greenhouse as menti@agtier. After two weeks,
watering was withheld and plants were allowed tth (which took another 9-10
days). Control plants were well-watered till thesties were collected. Leaf
samples from wilted and well watered-plants weastil frozen in liquid nitrogen
and stored at -8C. The experiment was repeated three times amd there 30
plants per treatment in each biological replicatidfor heat and freezing stresses,
WT Arabidopsis seeds were seeded in Petri dishes containingstraiigth MS
(Murashige and Skoog, 1962) medium (1.5% sucrosgeOarfo agar) and grown
for two weeks (at RT and light intensity 40 umol°ra?). Heat stress was
imposed by placing the Petri dishes containing liegsiat 48C for 2 hrs. The
plates were subsequently incubated at 2@+fbr another 6 hrs. For inducing
freezing stress, the plates were placed % {6r 4 hrs and returned to 22%€1 for
6hrs. For salt stress, WArabidopsis seeds were seeded on Petri dishes
containing MS medium (1.5% sucrose, 0.7% agar &dmM NacCl) and grown
for two weeks (RT and light intensity 40 pmol°re®). The seedlings from salt
stress, heat stress (6hrs post treatment), freestiegs (6hrs post treatment) and
control treatments were flash frozen in liquid oifen and stored at -80. qRT-

PCR was performed to study the response of AP2efiegto different stresses.
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Evaluation of transgenic Arabidopsis lines against salt and drought stresses

To evaluate the performance of AP2 transgeAr@abidopsis under
different stresses, the following lines were useid type (WT), vector control
(VC), RAP2.6 (lines A2, A6 and A39)RAP2.6L (lines C23, C28 and C31) and
DREB19 (lines D1, D5 and D12). For salt stress, seans fdifferent lines were
seeded on half strength MS (Murashige and Skoo8R)1Sedium supplemented
with 1.5% sucrose, 0.7% agar and NaCl (0 mM, 125 @M150 mM) and
incubated for three weeks (at 22€1 light intensity of 18 umol fhs*and 12 hr
photoperiod). Germination counts were recordedyeweek and the plates were
photographed after three weeks. The experimentrepsated three times and
there were 6 plates (14 seeds per plate) perrieach biological replicate.

For inducing salt stress in the green house, 8 [Ddeys after sowing)
control and transgenic seedlings were watered sathwater (200 mM NacCl) on
alternate days till 25 DAS. Data on a number ainfd flowered and number of
plants with pods were recorded. For inducing dhdwsiyess, on BAS, the trays
were watered to saturation and excess water wawedl to drain. After this, the
plants were not watered till they wilted (which koanother 15-17days) and,
subsequently, re-watered. Data on number of plafited, number of plants
recovered one day after re-watering, number oftplaunith flowers and number of
plants with pods, was recorded. Salt and droughtssed plants were

photographed along with the unstressed plants.selbgperiments were repeated
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three times, and there were 16 plants / line trmeat in each biological replicate.
The data was statistically analyzed using SAS sivar9.1 (SAS Institute Inc.).
During data analysis, the percentages in each wdis@n class (e.g. percent
germination) were calculated based on the numbseedlings at the start of the

experiment.

gRT-PCR

gRT-PCR was performed to study the response of AP2genes to
different stresses and hormones, and to deternhieie €xpression at different
stages of plant growth, and also to measure thgpression levels in
overexpressed transgenic plants . RNA was extidoten the pooled tissue as
described earlier and was treated with RNase-fidade (Qiagen Sciences).
RNA was quantified using a NanoDrop ND-1000 (NammDTechnologies, Inc.),
and was electrophoresed on 1.2% agarose gel in mrégaluate the integrity and
reverse transcribed to synthesize cDNA, which wseslias template in gqRT-PCR
(iScript® cDNA synthesis kit, Bio-Rad laboratories). Priméss gRT-PCR were
designed using PrimerExpress3.0 (Applied Biosys}etageting an amplicon

size of 80-150 bp. Primer specificity was testgdpbrforming BLAST analysis

(http://www.ncbi.nlm.nih.goy/ Primers used in the gRT-PCR analysis are given
in Table 4-1. gRT-PCR analysis was performed ufiiegSYBR Green System
(Yang et al., 2007) on ABI StepOne thermocycler [figd Biosystems Inc.).

The delta-delta method (Livak and Schmittgen, 2004% used to calculate the
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relative gene expression using eithetin, GAPDH or UBC21 as an endogenous
control. Reactions were performed in triplicateings samples from each

biological replicate.

4.3 Results

Geneisolation

We isolated RAP2.6 (At1g43160), RAP2.6L (At5g13330), DREB19
(At2g38340) andDREB26 (At1g21910) genes from wild typd. thaliana
(ecotype WS). Sequence analysis showed differencesding sequence of
RAP2.6 and DREB26 compared to available sequence from Columbia geeoty
(Accession numbers AY062847 and BT024616, respaglv The coding
sequence ofRAP2.6 had three substitutions (at positions 61, 405 480),
however, when translated changed only tryptopharto2@rginine 20 (W20R).
The coding sequence BIREB26 had three extra bases at nucleotide position 114
and the resulting translated product had one extrimo acid (serine) at the 38th

position.

Subcdlular localization

Based on consensus sequence analysis, RAP2.6, RARXREB19 and
DREB26 proteins were deduced to contain a singleding AP2 domain
(Figure 4-1) and were therefore expected to acfles and therefore should

localize in the nucleus. Nuclear localization AFR.6 and RAP2.6L has been
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reported (Che et al., 2006; Zhu et al., 2010).order to confirm the presumed
nuclear localization ofDREB19 and DREB26, the coding regions were
translationally fused to thé&l-terminus of synthetic green fluorescent protein
(sGFP) under the control of cauliflower mosaic sifCaMV) 35S promoter, and
expressed inArabidopsis. Localization was determined by visualizing root
samples employing fluorescence confocal microscofg.shown in Figure 4-2,
sGFP was uniformly distributed throughout the dellcontrol, whereas AP2:
sGFP fusion proteins (sGFP: DREB19 and sGFP: DRIEB#ére detected
exclusively in the nucleus, suggesting that theséems are indeed constitutively
nuclear localized. In addition, DAPlI and GFP we®localized in sGFP:
DREB19 and sGFP: DREBZ28rabiopsis roots (Figure 4-3) confirming their

nuclear localization.

Transactivation assay

AP2 TF proteins can function either as transcriploactivators or as
repressors based on the presence of a conserved (EthiRene-responsive
element-binding factors-associated amphillic regicgg motif (Stockinger et al.,
1997; Fujimoto et al., 2000; Ohta et al., 2001he AP2 geneRAP2.6, RAP2.6L,
DREB19 andDREB26 lack an EAR motif and therefore were expecteddioas
transcriptional activators. To verify this, a tsactivation assay was performed

using the yeast one hybrid system. The full-leragttiing region of AP2 genes
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Figure 4-2 Roots from one week old §'transgenicArabidopsis plants showing

nuclear localization of AP2 TFs

a DREB19,b DREB26 andc control pCsGFPBT under confocal microscope.
Left panel is bright field, the middle panel is GHétescence, and the right one is

overlay of the two images.
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GFP DAPI Bright field+GFP+DAPI
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Figure 4-3 Nuclear localization of AP2 TFs (with DAPI stain)

Roots from one week old £ transgenicArabidopsis plants showing nuclear
localization ofa control pCsGFPBTh DREB19 andc DREB26 under confocal
microscope. Left panelis GFP florescence, thedfeiganel is DAPI florescence,
and the right one is overlay of bright field, GRRIDAPI.
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(RAP2.6, RAP2.6L, DREB19 and DREB26) were fused with GAL4 binding
domain using pBD-Gal4 Cam plasmid and tested fer éRkpression oHIS3

reporter gene in yeast (Figure 4-4). Yeast caltsying pBD-Gal4 Cam -AP2 TF
genes activated the expression of the downstid&®8 reporter gene, enabling
them to grow on synthetic drop-out/-histidine mexdli(Figure 4-4A). Yeast cells
with or without empty pBD-Gal4 Cam plasmid did rggbw on synthetic drop-
out/-histidine medium (Figure 4-4A). These resudtsggest thatRAP2.6,

RAP2.6L, DREB19 andDREB26 genes indeed code for transcriptional activators.

Spatial and temporal expression pattern

AP2/ERF family proteins have been reported/showplay a key role in
plant growth and development (Saleh and Pages,)2003order to explore the
possibility of the involvement oRAP2.6, RAP2.6L, DREB19 and DREB26 in
growth processes, their expression patterns wevesiigated employing qRT-
PCR and GUS reporter fusion system. For gRT-P@&Rue¢ was collected from
the following growth stages (Boyes et al., 2001)Aodbidopsis. seedling above
ground (stage 1.1, 10 rosette leaves > 1 mm inthgngpsette leaves and stem
(stage 3.7, rosette is 70% of final size), eantydl buds (stage 5.1 when plants
start to bolt), inflorescence (stage 6.1, 10% ofvirs to be produced have
opened) and mature siliques (stage 7, filled s#gju gRT-PCR was used to
examine the transcript abundance of AP2 genesfiereint tissues compared to

their levels in rosette leaves and stems (stage BAP2.6 mMRNA was more
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YRG-2+pBDGAL4 Cam RAP2.6L YRG-2+pBDGAL4 Cam DREB19 YRG-2+pBDGAL4 Cam DREB26

Figure 4-4 Transactivation assay of AP2 TFs

a Transactivation assay with AP2 genes dn@ schematic representation of
yeast-one- hybrid system withl S3 reporter. Controls: YRG-2 and YRG-2 with
pBD-GAL4-Cam. Growth of the transformants on Si¥4medium indicates that
the corresponding gene encodes protein with tréinssion activity. The genes
RAP2.6, RAP2.6L, DREB19 andDREB26 code for transactivators.
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Figure 4-5 Spatial and temporal expression pattern of AP2dites

a RAP2.6, b RAP2.6L, c DREB19, andd DREB26 at different stages of growth:
RL & S (rosette leaves and stem from growth stade, L (seedling, growth
stage 1.1), EFB (early floral buds) and | (inflaressce). qRT-PCR analysis was
performed to compare the transcript abundance d@ AP genes in different

tissues relative to RL & S.
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abundant in seedling as compared to rosette leawkstem, early floral buds and
inflorescence (Figure 4-5A), while transcriptsR&P2.6L were more abundant in
inflorescence and early floral buds as comparetbsette leaves and seedlings
(Figure 4-5B). DREB19 mRNA was more abundant in seedlings (Figure 4-5C)
and DREB26 mRNA was more abundant in inflorescence as comptreather
tissues (Figure 4-5D). Transcript abundance oftlad studied AP2 genes
decreased from the seedling stage to rosette timgé sbut subsequently increased
during flowering, except foRAP2.6, whose transcripts were more abundant in
seedlings than in any other tissues sampled (Figtse None of the examined
AP2 transcripts were detected in mature siliquesa(dot shown).

In order to investigate the tissue specific expogspattern of AP2 genes,
germinated seeds, 7 day old seedlings, 14 dayeadlisgs, flowers and siliques
of T, Arabidopsis containing AP2 TF promoters arfitglucuronidase (GUS)
reporter gene fusion constructs (pRAP2.6-GUS, pRBAIREBUS, pDREB19-
GUS, pDREB26-GUS and control pCaMV35S-GUS) weretetesfor GUS
activity. As shown in Figure 4-6, strong levels@fS expression was detected
in germinated seeds, seedlings, flowers and s#igiecontrolArabidopsis plants
(pCaMV35S-GUS). In plants bearing pRAP2.6-GUS duosj the GUS
expression were detected in roots of 7 day oldIseg] in petals and carpels and
in the valves of immature silique (Figure 4-6). eTBUS gene expression was
detected in anthers, specifically in pollens ofnpdawith pRAP2.6L-GUS fusion
construct (Figure 4-6). GUS expression was defedte the tip of the

cotyledonary leaves in germinated seeds and igiarravhere leaves emerge
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pCaMV-358

(A)

(B)

(©)

O

(E)

Figure 4-6 Promoter activity of AP2 TF genes as determined3S reporter

expression

Panelsa-e representa germinated seed$, 7 days old seedlings, 14 days old
seedling,d flower, ande immature silique of plants containing GUS transgen
with different AP2 promoters (CaMV-35S, RAP2.6, RA6L, DREB19 and
DREB26). These obersvations were made in atleasti&endent transgenic

lines in each construct.
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from shoots in 7 day old seedlings and 14 dayssektlings of plants carrying
pDREB19-GUS reporter gene fusion (Figure 4-6). dddition, the GUS
expression was detected in xylem tissues and alstigma, anther and in the
region where sepals and petals attach the peduimcl@gDREB19-GUS
Arabidopsis plants (Figure 4-6). A strong expression of GU&swdetected in
cotyledonary leaves of 7 days old seedlings, ovaled seeds in immature
siliques (Figure 4-6) of plants carrying pDREB26-&UIn addition, a weak level
of GUS expression was also detected in 14 days sektlings containing
pDREB26-GUS (Figure 4-6). All the studied AP2 gernBAP2.6, RAP2.6L,
DREB19 andDREB26) were found to be expressedAnabidopsis flowers, with
very specific expression patterns as detected bmpter-GUS fusions (Figure 4-

6).

Response to different stresses and stress hormones

In addition to their involvement in plant growthdadevelopment, AP2 TF
genes have been implicated in biotic and abiot&sstresponse (Saleh and Pages,
2003; Nakano et al., 2006). We used gRT-PCR tegdtigate the responses of
AP2 genesRAP2.6, RAP2.6L, DREB19 and DREB26) in Arabidopsis seedlings
to different abiotic stresses like salt (100 mM Na@eat (48C), freezing (-8C)
and drought (Figure 4-7, left panel). The trangcabundance of AP2 genes in

stressed seedlings was compared to their contWiis observed that the tested

202



(A)

(B)

(©)

(D)

Response to abiotic stress

Response to stress hormones

o 2
g 12 . * £
2 101 2
2 ! ] a6hrs ©24hrs
s 8 e
5 6 %
()
z 41 % v
® Q- - : o

NaCl Freezing Heat Drought = JA SA ABA ET
= =
S) ] * S
z 10 Z
= 12 o s6hrs ©24 hrs
o =3
= #
) [
Q (5] *
E * 2
& z & | SSE B

NaCl Freezing Heat Drought JA SA ABA ET
5% 8
2 40 3
] e =6 hrs 824 hrs
a2 30 2
5 s
o 20 5
= 2 1
= * =
4 10 * < 05
® 0 : oo

NaCl Freezing Heat Drought JA SA ABA ET
=

=

_g 25 5
§ 2 2 4 "6hrs 924 hrs
o = *
% 15 =
5} x 3
o ()
z | £ 2
< =
2% - AN EFSE
() —_—
e 0 | | ~ 0 -_L|

NaCl Freezing Heat Drought JA SA ABA ET

Figure 4-7 Response of AP2 genes to stress and stress haamone
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Figure 4-7 details...

gRT-PCR analysis ad RAP2.6, b RAP2.6L, c DREB19, andd DREB26 transcript
abundance in 14 day-oldrabidopsis seedlings exposed to various (left panel)
stresses and (right panel) stress hormones shotkamgcript abundance in
treated plants relative to control. The gene esgiom levels in control samples
have been normalized to 1. Asterisks indicateagssically significant difference
(P<0.05) in transcript abundance compared to contMéan values are from 3

biological replicates, error bars represent thedsied error of mean (SEM).
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AP2 transcripts exhibited expression modulatioriofeing exposure to NacCl,
heat, freezing and drought, although the levelhef tesponse differed between
stresses (Figure 4-7). RAP2.6 transcripts significantly increased following
exposure to NaCl, heat and drought, but were uctaifieby freezing (Figure 4-
7A). Transcript abundance d®AP2.6L was unaffected by heat stress but
significantly increased during NaCl and droughtes$; and significantly
decreased following freezing stress (Figure 4-7E)REB19 transcripts were
significantly increased in abundance on exposuida@l, heat and drought, but
did not change in abundance after freezing striésgile 4-7C). The transcript
abundance dDREB26 was not altered as a result of exposure to Na@laught,
although their abundance was significantly decreédskowing exposure to heat
and freezing stress (Figure 4-7D). All the testdel genes excedDREB26
exhibited an increase in transcript abundance go®xe to NaCl and drought
(Figure 4-7). Our results suggest an importarg fol these TFs in mediating
plant responses to abiotic stresses.

In addition to different stresses, we also inveged the response of AP2
genes RAP2.6, RAP2.6L, DREB19 and DREB26) in Arabidopsis upon exposure
to stress hormones SA, JA, ABA and ET (Figure dght panel). gRT-PCR was
used to compare the transcript abundance of AP2sganplants exposed to a
variety of hormones to that of mock treated conptahts at 6 hrs and 24 hrs after
exposure. RAP2.6 transcripts were significantly increased in abunogaat 6 hrs
after exposure to both JA and SA, and althoughedesead at 24 hrs of exposure,

they were still significantly high in JA treatedsgue (10 times higher than
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control) (Figure 4-7A). Transcript abundanceRaiP2.6 was not altered at 6 hrs
after exposure to ABA, however it significantly ieesed at 24hrs after exposure
to ABA (Figure 4-7A). RAP2.6 did exhibit alterations in transcript abundance in
response to ET (Figure 4-7A). The transcript alameeé of RAP2.6 L was
significantly high at 6 hrs after exposure to SA, ABA and ET but decreased to
normal level by 24hrs post-exposure in SA, ABA, toutase of JA treatment, the
transcript levels, although decreased were stilltibes higher than control
(Figure 4-7B). In the case of ET treated tissine, transcript abundance of
RAP2.6L increased from 6hrs to 24 hrs after exposure (Eigu7B). DREB19
did not exhibit statistically significant (P<0.0&lteration of transcript abundance
in response to any of the tested hormones (Figut€)4while DREB26 showed a
moderate increase in transcript abundance at 2dftensexposure to JA, and 6hrs
after exposure to SA (Figure 4-7D). ThuwAP2.6 and RAP2.6L were most
responsive to different stress hormones compare®REB19 and DREB26

(Figure 4-7).

Overexpression of RAP2.6, RAP2.6L, DREB19 and DREB26

The AP2 TF geneRAP2.6, RAP2.6L, DREB19 andDREB26) were characterized
by separately overexpressing each gene under titeotof CaMV35S promoter
in A. thaliana (WS). In the case dDREB26, we obtained 12 independeng T
transgenic lines, of which only 4 lines set seéld$ 4nd very few at that. The

presence of the transgene was confirmed using RR-PCall transgenic lines
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(Figure 4-8), and théDREB26 expression levels were measured in eight T
DREB26 overexpresseddrabidopsis plants using qRT-PCR. The transcript
abundance oDREB26 was significantly higher (ranged from 20 to 120dfo
higher) in transgenic plants compared to WT and (f@ble 4-2). DREB26
transgenic plants @) exhibited abnormal morphology with tiny leavesyfor no
secondary branches and deformed flowers (Figuré)4-9n addition, the T
DREB26 plants died early in the vegetative stage, antefbee, we were unable
to characterize them any further.

In the case ofRAP2.6, RAP2.6L and DREB19, we selected three
independent transgenic lines in each gene basettiah screening for phenotype
and confirmed the presence of transgene using RR-RC two week old
homozygous T plants (Figure 4-8). In addition, the expresderels ofRAP2.6,
RAP2.6L and DREB19 genes were quantified using qRT-PCR in transgenic
RAP2.6, RAP2.6L andDREB19 Arabidopsis lines, respectively (Table 4-3). The
expression oRAP2.6 was higher (ranged from 31019.10 + 14694.86 ta380r
+ 26651.89 in three lines) iRAP2.6 overexpressed lines (A2, A6 and A39)
compared to the controls (Table 4-3). Similarlye ttranscript abundance of
RAP2.6L was higher (ranged from 8907.49 + 512.38 to 166Bk 896.90 in
three lines) irRAP2.6L overexpressed lines (C23, C28 and C31) compar#tketo
controls (Table 4-3). The expression level®BEB19 were higher (ranged from
134.83 + 24.28 to 967.47 = 235.16 in three linesDREB19 overexpressed
Arabidopsis lines (D1, D5 and D12) compared to the controlsb{@ 4-3). These

results (Table 4-3) demonstrate that AP2 genemde=d getting overexpressed
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Figure 4-8 RT-PCRshowing the amplification of AP2 ger in transgenic plan

a (RAP2.6) 1to 6 referto -ve C, WT, VC, A2, A6 and A39

b (RAP2.6L) 1 to 6 refers t-ve C, WT, VC, C23, C28 and C31

c (DREB19) 1 to 6 refers t-ve C, WT, VC, D1, D5 and D12

d (DREB26) 1 WT,2-13 DREB26 lines and 14 —ve C

e(Actin): 1to 12 refers t¢ WT, VC, A2, A6, A39, C23C28, C31, D1D5, D12
and —-ve C

f (18sRNA)1 WT, 214 DREB26 lines and 15 —ve C

MRNA: RAP2.6-578bp, RAP2.6L-639bp, DREB26-693bp & DREB19-734bp.
The amplicon sizes aretle abovemRNA size as forward gene specific prin
and reverse vector specific primer have been usethe amplification 18sRNA
& actin amplication is for testing cDNA qual. WT: wild type, VC: vectol
control, ve C: negative controRAP2.6 lines are A2, A& A39. RAP2.6L lines
are C23, C28 & C31DREB19 lines are D1, D5 & D12.
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Table 4-2 Transcript abundance of DREB26 DREB26-overexpressed, wild
type (WT), vector control (VC) genotypes as deteédtg qRT-PCR

Genotypes Fold changé
DREB26-1 55.71
DREB26-2 18.15
DREB26-3 110.77
DREB26-4 28.02
DREB26-5 97.03
DREB26-6 52.69
DREB26-7 38.61
DREB26-8 74.55
VC 2.55
WT 1

Foot notes?® Expression levels oDREB26 in different T, DREB26-transgenic
lines were calculated relative to WT, and expresswoels in WT was normalized
to 1.
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in the respective transgenic plants and their orgpisabundance is significantly
higher compared to the WT and VC.

The differences in phenotype between WT and hommzeyd; transgenic
(RAP2.6, RAP2.6L and DREB19) Arabidopsis plants was studied in the
greenhouse. Representative pictures of adult pland siliques of control and
RAP2.6, RAP2.6L and DREB19 transgenicArabidopsis plants are shown in
Figure 4-9. RAP2.6L and DREB19 did not show any phenotypic differences
compared to controls except for flowering time, MRAP2.6 showedobservable
phenotypic difference compared to controls (WT ®@) (Figure 4-9, Table 4-3).
RAP2.6 transgenic plants were dwarf with many secondaaypdhes and shorter
siliques, compared to their controls (Fig. 7). Hwer, no differences were found
betweenRAP2.6 transgenic plants and the controls in terms oimgeation,
growth and morphology up to bolting stage. Apamnf this, significant
differences were observed in flowering time betwB&R2.6 transgenic lines and
controls (Table 4-2).RAP2.6 transgenic lines (A2, A6 and A39) flowered 2-3
days earlier than the controls (Table 4-4). A gigant difference in flowering
time was also observed RAP2.6L and DREB19 transgenicArabidopsis lines
compared to controls (WT and VC) (Table 4-RAP2.6L transgenic lines (C23,
C28 and C31) flowered 3-4 days earlier &REB19 transgenic lines (D1, D5
and D12) flowered nearly 3 days earlier than cdst(dable 4-4). In summary,

overexpression dRAP2.6, RAP2.6L, DREB19 andDREB26 altered the
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Figure 4-9 Phenotype of representative of AP2 genes overegpdArabidopsis

a adult plants, andb siligues of control (WT and VC) and AP2 TFs

overexpressed genotypes
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Table 4-3 Transcript abundance of AP2 genes in AP2 TFs oypeessed, wild
type (WT), vector control (VC) genotypes as deteédtg gRT-PCR

Gene Genotypes Line Fold chang® Standard error
RAP2.6 RAP2.6-OX A2 78003.17 26651.89
RAP2.6-OX A6 31019.10 14694.86
RAP2.6-OX A39 44975.16 18392.29
VC - 1.14 0.30
WT 1 -
RAP2.6L  RAP2.6L-OX Cc23 8907.49 512.38
RAP2.6L-OX C28 16631.41 896.90
RAP2.6L-OX C31 15977.00 1512.19
VC - 1.55 0.79
WT - 1 -
DREB19 DREB19-OX D1 967.47 235.16
DREB19-OX D5 383.61 94.71
DREB19-OX D12 134.83 24.28
VC - 1.19 0.57
WT - 1 -

Foot notes:® Expression levels of AP2 genes in different genesypvere
calculated relative to WT, and expression level$vT were normalized to 1, and

mean values are from three biological replicates.
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Table 4-4 Days required for floral initiation in wild typeA(T), vectors control

(VC) and AP2 TFs overexpressarhbidopsis genotypes under normal conditions

Average number of

Genotypes Line Number. of days required for floral SEM®
observations
initiation 2
RAP2.6-OX A2 65 23.74* 0.32
A6 65 22.52* 0.23
A39 63 22.25* 0.17
RAP2.6L-OX C23 63 22.57* 0.29
C28 65 21.94* 0.21
C31 65 22.69* 0.31
DREB19-OX D1 65 23.38* 0.25
D5 65 23.12* 0.21
D12 65 22.92* 0.27
WT - 85 26.00 0.20
VC - 78 26.41 0.35

Foot notes:
* indicates a significant differenc®<€0.05) when compared to WT
#Mean values from three biological replicates

®SEM standard error of mean
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phenotypes in terms of growth and appearance aniiidarering time in

Arabidopsis.

Evaluation of RAP2.6, RAP2.6L and DREB19 transgenic plants for abiotic

stress tolerance

TransgenidrAP2.6 lines (A2, A6 and A39)RAP2.6L lines (C23, C28 and
C31) andDREB19 lines (D1, D5 and D12) were evaluated for abidtitess
tolerance (Figure 4-10 to 4-12). Salt tolerancéhim early vegetative stage was
studied by plating transgenic and control (WT an@d)\seeds on MS medium
containing 0 mM NaCl, 125 mM or 150 mM NaCl (Figure.0). Without stress,
three week oldRAP2.6, RAP2.6L and DREB19 Arabidopsis plants appeared
developmentally advanced in terms of growth andaflbud initiation compared
to WT and VC seedlings (Fig. 8a). AAP2.6, RAP2.6L andDREB19 transgenic
lines appeared developmentally more advanced tharcantrol (WT and VC)
seedlings even at 125 mM NaCl stress (Figure 4-104&e AP2 transgenic plants
had greater shoot and root mass and also the ¢awed appeared earlier in
transgenic plants compared to the control (Figut®A4). In addition, at 150 mM
NaCl stressRAP2.6L transgenic lines were developmentally advancedpened
to WT (Figure 4-10A). Although there were no diffiaces in germination rate
between any of the transgenic lines and controlhowi stress, significant
differences were observed in percent germinatiofRARP2.6L (lines C23, C28

and C31) andRAP2.6 (lines A6 and A39) transgenic plants compared I W
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Figure 4-10Salinity stress screening of AP2 genes overexpddssbidopsis
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Figure 4-10detalils...

a Photographic representation of representative AF2 overexpressing
Arabidopsis plants along with wild type (WT) and vector comt(yC) on MS

medium containing NaCl (0 mM, 125 mM or 150 mM)dgrercent germination
of AP2 TF overexpressingrabidopsis lines and controls, on MS medium with
125 mM NaCl, anct 150 mM NacCl. Asterisks indicate a significant diénce
(P<0.05) when compared to WT. Mean values from thedogical replicates

are shown. Error bars = standard error of meaM(Sthd N=252.
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after 1 week on 125 mM NaCl medium (Figure 4-10Bjrcent germination was
higher inRAP2.6L transgenic lines (ranged from 80% to 84% in thiress) and
lower in RAP2.6 transgenic lines (ranged from 40% to 50% in thiiees)
compared to WT (65%; Figure 4-8B). The germinapencent was significantly
higher in all threeRAP2.6L transgenic lines (ranged from 88% to 95% in three
lines) compared to WT (70%) even after 3 weeks ediom containing 125 mM
NaCl (Figure 4-10B). Percent germination was s$igamtly lower (44%) in one
of the RAP2.6 transgenic lines (A6) compared to WT after 3 weeksl25 mM
NaCl medium (Figure 4-10B). Other than this, ngngicant differences were
observed between WT and VC or other tested APXgemic lines for percent
germination in 125 mM NaCl stress (Figure 4-10BRAlthough the percent
germination was less in at least tRAP2.6 transgenic lines (A6 and A39) at 125
mM NaCl stress, the seedlings appeared to be dawelotally advanced in terms
of shoot and root growth compared to controls (Fégd-10A). The percent
germination was much less after 1 week of seedmgnedium containing 150
mM NacCl in all of the testedrabidopsis lines (Figure 4-10C). However, nearly
5% germination was observed in at least ®BAP2.6L transgenic lines (C23 and
C28) and the difference was significant when comgavith WT (Figure 4-10C).
At 150 mM NaCl stress, three weeks after platinggyfe 4-10C),RAP2.6L
transgenic lines had significantly higher percesrngination (ranged from 30% to
40% in three lines) compared to WT (15%). Thererewao significant
differences in percent germination or differencesppearance between WT and

VC or other transgenic lineRAP2.6 andDREB19 lines) at 150 mM NaCl stress.
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The AP2 transgenic lineRAP2.6, RAP2.6L and DREB19) were also
evaluated for salt stress tolerance in the grees#¢yday watering on alternate days
with salt water (200 mM NaCl) from 8 days after diag (DAS) to 25 DAS.
Many seedlings died and growth was retarded in Negited plants (Figure 4-
11A). However, there were no significant differeacbetween any of the
transgenic lines and WT in terms of percent deBifufe 4-11A). Nevertheless,
significantly higher percent flowering and perceod set was observed in AP2
transgenic lines compared to WT under salt stréggufe 4-11A). RAP2.6L
transgenic lines had the highest percent flowe(ragged from 80% to 90% in
three lines) followed bYpREB19 lines (ranged from 40% to 60% in three lines)
andRAP2.6 lines (ranged from 30% to 50% in three lineRAP2.6L transgenic
lines had the highest percent pod set (ranged %6% to 80% in three lines)
followed by DREB19 transgenic lines (ranged from 25% to 37% in tHnees)
andRAP2.6 transgenic lines (ranged from 20% to 27% in thirees)). In contrast,
the control genotypes (WT and VC) set very few@pnods (Figure 4-11A).

The transgenic plantsRAP2.6, RAP2.6L and DREB19) were also
evaluated for drought tolerance by imposing drowggigss in the greenhouse. As
shown in Figure 4-11B, more than 85% of the plaviteed in WT, VC, RAP2.6
(lines D1, D5 and D12) anBAP2.6L (lines C23, C28 and C31) transgenic lines
while only 60-65% wilted in th®REB19 transgenic lines (D1, D5 and D12).
However, all of the tested genotypes recovered5%)8within a day when re-
watered except for two of tHeAP2.6 transgenic lines (A2 and A39), which had

significantly less percent recovery (Figure 4-11Bhere were significant
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Figure 4-11detalils...

a Performance of wild type (WT), vector control (V@nd AP2 TF transgenic
Arabidopsis plants at 200 mM NacCl stress in greenhouse shopwsergent of
plants that not survived, flowered and set podd. tAe percentages were
calculated based on the total number of initiahfda None of the dead plants had
flowers or pods as they died before the onsetoofdling. All the survived plants
did not flower and some of the flowered plants md set podd) performance of
WT, VC and AP2 TF transgenic plants under drougtdss in terms of wilting
and recovery, and performance of WT, VC and AP2 TF transgenic plamder
drought stress in terms of flowering and pod s&sterisks indicate a significant
difference P<0.05) when compared to WT. Mean values from thyedogical

replicates are shown. Error bars are the standesde mean (SEM) and N=48.
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differences in terms of percent flowering and petcpod set between AP2
transgenic lines and WT (Figure 4-11C). More tB&#o of the plants flowered
and 70-90% of the plants set pods in AP2 transdereés RAP2.6, RAP2.6L and
DREB19 transgenic lines), whereas only 75-80% of thetglfiowered and only
8% of the plants set pods in controls (WT and V@lpfving exposure to drought
stress (Figure 4-11C). In absence of any sttesssgenic plants flowered earlier
as previously observed (Table 4-4) and had a highenber of secondary
branches compared to control plants (Figure 4-12A}.200 mM NaCl stress
condition,RAP2.6L and DREB19 transgenic lines were taller and produced more
flowers and pods compared to WT, VC aRAP2.6 plants (Figure 4-12B).
Similarly, RAP2.6L and DREB19 plants looked stronger and had higher number
of flowers and pods than control plants (WT and 46JRAP2.6 transgenic lines
under drought stress (Figure 4-12C-D). In summgrgenhouse stress studies
demonstrated the enhanced performancdrAiP2.6L and DREB19 transgenic

plants under salt and drought conditions compay&d'T plants.

4.4 Discussion

Salinity and drought are the two major environmeotastraints in crop
production and more than 10 percent of the Worldable land is affected by
salinity and drought (Bray et al., 2000; JenkslgtZz®07). Since the completion
of the Arabidopsis genome project and subsequent ongoing effortseimompic
research, many genes have been functionally clesized for stress tolerance.

TFs represent most important molecular targetemetc engineering of crop
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plants for stress tolerance (Nakashima and Shino28R6; Khong et al., 2008).
This is due to the fact that a single TF can ragulae expression of numerous
genes including its own gene and activates thetatiap process of an organism
to a changed environment (Khong et al., 2008). &eramples of the application
of TF in stress tolerance includ&tMYB44 and GhDREB, which conferred
enhanced abiotic stress toleranceAmabidopsis and wheat when overexpressed
(Jung et al., 2008; Gao et al.,, 2009). Similadystress responsive TF gene
SNAC1, when overexpressed, enhanced drought tolerangeeifHu et al., 2006).
Furthermore, overexpression of AP2 TF ge@e®REB1F andHARDY enhanced
multiple abiotic stress tolerance in boffnabidopsis and Rice (Karaba et al.,
2007; Wang et al., 2008). These examples alsstidite that knowledge obtained
from research on the model plaftabidopsis can be applied in improving crop
plants. Nevertheless, the biological role of maéngbidopsis TF genes is yet to
be explored and many of them may be very usefehigineering crop plants for
stress tolerance. In this study, we have madet@mpt to investigate the
biological role of two ERFRAP2.6 andRAP2.6L) and twoDREB (DREB19 and
DREB26) subfamily AP2 TF genes. We chose to study tlgesees because of
their increased transcript abundance ABR17-overexpressedArabidopsis
compared to the WT, under NaCl stress (Krishnaswatmal., 2008). ABR17
transgenicArabidopsis plants have demonstrated enhanced tolerance ttarsal
other abiotic stresses (Srivastava et al., 2006)vas speculated that the higher
expression ofRAP2.6, RAP2.6L, DREB19 and DREB26 genes inABR17-

transgenic plants under NaCl stress could be fignesponsible for the observed
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salt tolerant phenotype (Srivastava et al., 200f6shHfaswamy et al., 2008). In
this study we have tested if higher expressionhefs¢ AP2 genesRAP2.6,
RAP2.6L, DREB19 and DREB26) enhances salt and drought tolerance, by
overexpressing them irabidopsis. Results from a functional assay, expression
analysis as well as overexpression studies of tWd32 genes are discussed

below

RAP2.6, RAP2.6L, DREB19 and DREB26 are transcription factors

The genesRAP2.6, RAP2.6L, DREB19 and DREB26 code for proteins
with one AP2 DNA binding domain (Figure 4-1) andjgence analysis suggests
that the proteins do not contain EAR motif seeRR transcriptional repressors
(Stockinger et al., 1997; Fujimoto et al., 2000;t®ét al., 2001; Dong and Liu,
2010). They are therefore expected to localizethe nucleus and act as
transcriptional activators. Recently, nuclear lzedion and transcriptional
activity has been demonstrated for RAP2.6 and RAIPEhe et al., 2006; Sun et
al., 2010; Zhu et al., 2010). However, the suldaillocalization and function of
DREB19 and DREB26 proteins is not known. In orttestudy the subcellular
localization of DREB19 and DREB26, they were expees as GFP fusion
proteins inArabidopsis (Figure 4-2 & 4-3) and our results demonstratet tha
DREB19 and DREB26 proteins localize to the nucl@tigure 4-2 & 4-3) and
therefore these proteins might act as transcriggators. However, all nuclear

localizing proteins are not transcription factotherefore, we carried out a
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transactivation assay using yeast one hybrid asg#ly HIS3 reporter gene
(Figure 4-4) to investigate the role of DREB19 dpREB26 in transcriptional
regulation.  Our results indicate that DREB19 an&kHB26 are indeed
transactivators (Figure 4-4). We also verified s@iptional activation of RAP2.6
and RAP2.6L using thellS3 reporter gene and the results were consistent with
the recent reports (Sun et al., 2010; Zhu et 802 Our study (Figure 4-2 & 4-
4) and previous studies indicate that the putafR? like proteins RAP2.6,

RAP2.6L, DREB19 and DREB26 act as TFs.

RAP2.6, RAP2.6L, DREB19 and DREB26 might be important in early

vegetative as well as reproductive stages of plant growth

Studying spatial/temporal as well as the tissueifipeexpression pattern
of any gene would give information on the imporeams that gene in different
growth phases, growth transitions as well as tissgan development. We
carried out spatial/temporal expression studidA#2.6, RAP2.6L, DREB19 and
DREB26 genes by quantifying their transcript abundanéegugRT-PCR in WT
Arabidopsis plants (Figure 4-5). We observed both similar atidergent
expression patterns among the four genes in diffestages of plant growth
(Figure 4-5). For instance, transcripts of allrfgenes were enriched in seedlings
compared to the rosette leaves stage (Figure /RBP2.6 was most abundant in
seedlings compared to any other tissue assayedrég5). Consistent with this,

RAP2.6 expression has been reported to be high in time stenpared to flowers
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(Zhu et al.,, 2010). UnlikeRAP2.6, the transcript abundance &AP2.6L,
DREB19 and DREB26 transcripts was most abundant in the inflorescence
compared to any other tissue assayed (Figure 4F&g transcript abundance of
all the four genes increased from floral bud itidia stage to the inflorescence
stage indicating their importance in flower develgmt (Figure 4-5) and again,
there was no expression of these four AP2 gengslynmatured siliques. These
results indicate that all the four genes, espgciRAP2.6, might be very important
in the early vegetative stage. In addition, alttefm might be more important in
the transition from the vegetative stage to theagctive stage and in flower
development than in silique maturation. In f&RAP2.6L has been implicated in
shoot regeneration, sin€AP2.6L knockdown mutants reduced the efficiency of
shoot formation in tissue culture of roots (Chalet2006).

The tissue specific expression patterrRéPP2.6, RAP2.6L, DREB19 and
DREB26 was studied indirectly by detecting GUS gene esgiom inArabidopsis
plants containing a promoter-GUS fusion systenthiese genes (Figure 4-6). In
case of germinated seeds, GUS expression was eldsenty for DREB19 in
cotyledonary leaves. Consistent with gRT-PCR esgiom analysis, GUS
expression was also observed in 7 day old seedlinfjsRAP2.6, DREB19 and
DREB26 promoters and 14 day old seedlings wifREB19 and DREB26
promoters, once again supporting the importancehe$e genes in the early
vegetative stage (Figure 4-6)DREB19 expression was confined to only the
region where leaves emerge from the stem and alsg/lem tissues in roots,

while DREB26 expression was detected in cotyledonary leaves,trae leaves
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and RAP2.6 expression was seen only in roots (Figure 4BREB19 might be
involved in leaf emergence as well as in the reguiaof genes involved in
nutrient/water uptake by xylem tissue dDREB26 might be involved in leaf and
plant development. Although gRT-PCR showed endcerpression of all the
four genes in the seedlings, GUS expression wadetetted in 7 and 14 day old
plants withRAP2.6L promoter as well as in 14 day old plants with B&P2.6
promoter (Figure 4-6). This could be because tleenents needed for the
expression of the gene in such stages might bentibsenin the cloned promoter
region. However, abundant GUS expression has dtleserved in seedlings when
more than 1kb of thBAP2.6L promoter was cloned (Che et al., 2006). Promoter-
GUS fusion studies together with qRT-PCR studieggsest the importance of
these four AP2 genes in early vegetative stagesthé&more, consistent with our
gRT-PCR results, GUS expression was observed weflo with promoters of all
the four genes, although each of the AP2 genesdaftmonstrated a unique
expression pattern within the flower (Figure 4-6lor instance RAP2.6 was
detected in petals and carpels, whitaP2.6L was detected in pollen grains,
whereasDREB26 was detected in ovules, aRREB19 was detected on the
stigmatic surface (Figure 4-6Although, there was no expression of these genes
in mature siligues as detected by qRT-PCR, GUSesgmn was detected in
developing young siliques with promotersRAP2.6 and DREB26 (Figure 4-6).
GUS expression was detected in valves of the sfigwith RAP2.6 promoter,
while it was detected in early seeds WEHREB26 promoter. These results

suggest that they may have very specific rolesowdr and silique development.
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RAP2.6 may be important in sepal, carpel and overaljgéi development, while
RAP2.6L may be important for pollen grain development amdttion. Similarly,

DREB26 might have an essential role during seed developmé fact, genes
from the AP2 TF family are known for their key rafefloral morphogenesis and

seed development (Kunst et al., 1989; Jofuku ei804; Klucher et al., 1996).

RAP2.6, RAP2.6L, DREB19 and DREB26 are involved in plant defense

response

Expression ofRAP2.6, RAP2.6L, DREB19 and DREB26 in response to
different abiotic stresses and stress hormones messured in order to evaluate
the involvement of these genes in plant stressaliign Results indicate that
RAP2.6 andRAP2.6L are responsive to both abiotic stresses and thradrees JA,
SA, ABA and ET (Figure 4-7). The phytohormone ABAinvolved in abiotic
stress signaling whereas hormones JA, SA and ETpare of biotic stress
response (Fujita et al., 2006). This suggests pghdicipation of the ERF
subfamily genedRAP2.6 andRAP2.6L, in both biotic and abiotic stress signaling.
Indeed,RAP2.6 has been associated with signal transduction gunfection of
Arabidopsis with Pseudomonas syringae (He et al., 2004) and role 8AP2.6L in
bacterial resistance has been demonstrated byingRAP2.6L in Arabidopsis
(Sun et al., 2010). It has been shown that amoafigreht TF families, ERF
family is most responsive to JA aAdternaria brassicola (McGrath et al., 2005).

The geneERF1, a member from the ERF subfamily, has been sugdetst
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integrate the JA and ET signaling pathwaysAmabidopsis and has also been
demonstrated to confer resistance to fungal pati®gshen overexpressed
(Berrocal-Lobo and Molina, 2002; Lorenzo et al.02p In the case of the DREB
genes DREB19 was not responsive to stress hormones, while ¢ feand to be
most responsive to salt, heat and drought (Figuf®.4 Salt and drought
responsive geneBREB2A and DREB2B are members of group A-2 of DREB
subfamily to which the genBeREB19 belongs (Sakuma et al., 2006H)REB2A
and DREB2B are also reported to be highly responsive to katit and drought,
and less responsive to phytohormones like ABA, &4 8A (Liu et al., 1998;
Sakuma et al., 2006b). Transcript abundand@REB26 moderately changed on
exposure to JA and SA, but did not altered in raspdo abotic stresses (Figure
4-7). It appears thaDREB19 is more involved in abiotic stress compared to
DREB26. The different responses of AP2 genes to diffestress and stress

hormones suggest that they have very specific plogical roles.

Ovexpression of RAP2.6, RAP2.6L, DREB19 and DREB26 alters phenotype in

terms of plant development and/or flowering time

RAP2.6, RAP2.6L, DREB19 and DREB26 were overexpressed in
Arabidopsis using CaMV35S promoter in order to investigatarthaes in plant
growth and development as well as in abiotic stréskerance. Our
overexpression studies indicate that all the foemeg tested might have very

essential roles in plant growth and developmentowsexpression lead to the
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altered phenotype with respect to growth or/timelofvering (Figure 4-9 and
Table 4-4). Transgenic,IDREB26 lines had altered/deformed phenotype in
Arabidopsis; over expressed lines being abnormal, dwarf with stem, very few
leaves and less/no secondary branches (Figure ©f)y a few lines set seeds,
and the seedlings from those seeds died duringigation. Our expression
studies (Figure 4-5 & 4-6) have demonstrated DREB26 is expressed in
cotyledonary leaves, true leaves at the seedliagesés well as in flowers and
developing seeds (Figure 4-5 & 4-6). Although #pression ofDREB26
appears to be important in these stages, a balasqaession might be very
essential for appropriate plant development, asexypeession leads to deformed
plants with no/leaves, deformed flowers and poat pet. In additionDREB26
was less responsive to stress and stress hormbirgse 4-7), which suggests
that DREB26 might have major role in growth and developmeather than in
defense response. Indeed, our gRT-PCR expredsidies also indicated less/no
response to abiotic stresses and stress relatedohes (Figure 4-7). Dwarf
phenotype has also been previously reported in PiP@verexpressing transgenic
Arabidopsis plants (Magome et al., 2004; Tong et al., 200%or instance,
molecular analyses of gibberellin deficient mutdwarf and delayed flowering 1
(ddfl) revealed increased expression of the putative AP2(Magome et al.,
2004). Furthermore, overexpression of the AP2 €redPDF2 that is closely
related toDDF1 resulted in the dwarf phenotype Anabidopsis (Magome et al.,
2004). Overexpression of chrysanthemDREBIB in Arabidopsis resulted in

expression of a GA deactivation enzyme (GA20x7) dnarfism (Tong et al.,
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2009). Whether dwarfism and poor growth DREB26 transgenic plants is
because of altered GA biosynthesis is not cleacesioverexpresse®REB26
plants did not survive and thus we were unable édopm further studies.
Expression oDREB26 under the control of a stress inducible promotet also
loss-of-function analysis might shed more lighttba importance oDREB26 in
plant development and the stress response.

In the case of other AP2 TFRAP2.6, RAP2.6L and DREB19)
overexpressed plants, we characterized three indepé transgenic lines in each
of RAP2.6, RAP2.6L and DREB19 overexpressed plants. We observed a
comparatively altered phenotype RAP2.6 transgenic lines, being dwarf and
having many secondary branches compared to contrtiissmall siliques (Figure
4-9). In addition, pod size was comparatively senghan the WT (Figure 4-9).
There were no obvious differences between WT &#&P2.6 transgenic
Arabidopsis plants untill the secondary branches started tergen Once the
secondary branching starlAP2.6 transgenic plants developed more secondary
branches and became dwarf (Figure 4-9 & 4-12A).r éxpression analysis
(Figure 4-5 & 4-6) studies with WArabidopsis had suggested the importance of
RAP2.6 in vegetative stage and silique development. Hewehigher expression
of RAP2.6 appeatrs to inhibit apical dominance and promderdhbranching and
inhibit siligue development. Our gRT-PCR expressanalysis showed more
than a 1000 fold higher expressionR&P2.6 in RAP2.6 transgenic lines (A2, A6
and A39) compared to WT (Table 4-3). In additionthie altered morphology,

RAP2.6 overexpressing lines flowered earlier than the {Vable 4-4). Indeed,
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the early flowering phenotype was also observedRAP2.6L and DREB26
transgenicArabidopsis lines (Table 4-4). Although a few members of &2
family genes have been reported to be involvedhe regulation of flowering
time, they are known to regulate negatively. Faostance, it has been
demonstrated that AP2 genes are targetsnid®l72, and overexpression of
miR172 down regulates AP2 geneAR2, TOE1 and TOE2) and promotes early
flowering (Aukerman and Sakai, 2003). In additidelayed flowering has been
observed in overexpresselDE1 Arabidopsis and early flowering has been
observed inap2 mutants suggesting the function ®E1 and AP2 as floral
repressors (Aukerman and Sakai, 2003; Ohto et 28105). Furthermore,
overexpression of another AP2 family geDBF2 results in delayed bolting and
flowering in Arabidopsis (Schwager et al., 2010). Enriched transcript daane
of RAP2.6, RAP2.6L andDREB19 in early floral buds and inflorescence as well
as the GUS expression pattern driven by their pterso(Figure 4-5 & 4-6),
suggesting a role for these AP2 genes in floweelbgyment. However, the early
flowering phenotype oRAP2.6, RAP2.6L and DREB19 overexpressed plants
could be an indirect effect of upregulation of streelated genes which are likely
to promote flowering similar to the one observedtiessed plants. The AP2 TF
genesRAP2.6, RAP2.6L andDREB19 belong to the ERF and DREB subfamilies,
whose members are known to bind deficesdelements present in the promoters
of pathogenesis related proteins, low temperatuc water deficit responsive
genes in order to regulate their expression (Stayeki et al., 1997; Gilmour et al.,

1998; Guo et al.,, 2005). Furthermore, an earlywéiong phenotype has been
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observed in plants overexpressing stress relatedesge For example,
overexpression of the stress related gene phosghatsitol-phospholipase C2
in canola promotes early flowering (Fawzy et ab0®). Indeed, early flowering
phenotype has been observed in bé&BR17- transgenic Arabidopsis and
Brassica compared to the WT under normal conditions, initaald to enhanced
stress tolerance (Srivastava et al., 2006; Dunéelal., 2007). However, studying
RNAI or T-DNA insertion lines would confirm the mlof RAP2.6, RAP2.6L and

DREB19 in flowering time.

Overexpression of RAP2.6L and DREB19 enhances salt and drought tolerance

RAP2.6, RAP2.6L and DREB19 transgenic Arabidopsis plants were
evaluated undeabiotic stresses to investigate the importanceuditity of these
genes in abiotic stress tolerance. RA2.6L transgenic lines performed better
than any transgenic and WT genotypes under Na@sstin Petri plate
experiments. They germinated earlier and had &égluling vigor with enhanced
rooting compared to the WT (Figure 4-10). In aiddif the RAP2.6L transgenic
lines performed better than the WT by exhibitingreased percent flowering and
percent pod set under NaCl stress in green housdtimms (Figure 4-11 & 4-12).
Although there were no differences with respeatiling and recoveryRAP2.6L
transgenic lines had higher percent flowering aod pet compared to the WT,
even under drought stress (Figure 4-11 & 4-12)erg&fore, these results suggest

that RAP2.6L might have a major role in salt tolerance, althoutgappears to
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participate also in drought tolerance. In additisignificantly higher expression
of RAP2.6L in response to salt and drought stress (Figuré dr%he present
study, as well as its upregulation in our previaset microarray studies
(Krishnaswamy et al., 2008), further supports tbke rof RAP2.6L in salt and

drought stress.

Similar to RAP2.6L transgenic plantsDREB19 overexpressing lines
exhibited high seedling vigor compared to the WT1@8 mM NaCl stress
(although there was no difference in germinatiae,r&igure 4-10), and also had
high percent flowering and pod set compared to Wilem NaCl stress in
greenhouse conditions (Figure 4-11). Furthermamder drought stresBREB19
transgenic lines performed better than the WT grather transgenic lines tested,
with less percent wilting in addition to high pemtéowering and pod set (Figure
4-11 & 4-12). These results suggest that althoD§EB19 is involved in salt
tolerance, it appears to be more important in dnbuglerance. Detection of
DREB19 promoter driven GUS expression in xylem tissuesoots (Figure 4-6)
and also the significantly increased expressioDREB19 in response to drought
and salt stress (Figure 4-7) suggest a role fon ithe abiotic stress response
(Figure 4-7). In fact, among four AP2 studi®REB19 was the most responsive
to drought stress (Figure 4-7). Furthermore, oferes DREB2A andDREB2B)
from the same A-2 group of the DREB subfamily hde=n demonstrated to
impart drought and salt tolerance (Sakuma et @062 & 2006b) suggesting that

DREB19 might be one of the important genes involved wudht signaling.
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Unlike RAP2.6L and DREB19 transgenic plants, the performance of
RAP2.6 transgenic plants was comparable to that of the WNder salt stress,
although RAP2.6 and RAP2.6L belong to the same group (B-4) of the ERF
subfamily. In fact, two of thdRAP2.6 lines (A6 and A39) exhibited reduced
germination compared to the WT when grown on medaamtaining 125 mM
NaCl, although the seedling vigor was higher thae WT (Figure 4-10).
However, they had significantly higher percent fesimg and pod set compared to
WT under salt stress in green house conditionsravezess was induced after
germination (Figure 4-11 & 4-12). Our observas@uggest that overexpression
of RAP2.6 affects germination under salt stress but not Iseedyrowth once
germinated.RAP2.6 transgenic plants did not perform better eithetanrdrought
stress as at least two of tiRAP2.6 transgenic lines (A2 and A39) had less
recovery than the WT following drought stress, @lthph they had higher percent
flowering and pod set (Figure 4-11 & 4-12). Théfadences in performance
between three independent transgd¢2.6 lines under salt and drought stress
might be due to the position effect, as it could he correlated with the
expression levels oRAP2.6 (Table 4-3). Although, expression analysis of
RAP2.6 in response to stress and stress hormones (Hgtyas well as previous
studies (Fowler and Thomashow, 2002; Krishnaswainay.,e2008) suggest a role
of RAP2.6 in plant stress signaling, overexpressiorRAP2.6 was not helpful in
getting a stress tolerant phenotype. Howevery Wgh expression levels of
RAP2.6 were observed in CaMV35BAP2.6 overexpressed linegTable 4-3)

which may not be ideal for the plants as they alsowed a negative effect on
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plant growth under normal conditioriBigure 4-9). A combination of a stress
inducible promoter andRAP2.6 would give better stress tolerance with no/less
negative effect on phenotype has previously beparted in another AP2 family
geneDREBI1A (Kasuga et al., 1999 & 2004). ExpressiorD&EBLA with sress
inducible promoter rd29A gave rise to greater tmhee to stress conditions, with
a minimal effect on plant growth than with CaMV3p®moter (Kasuga et al.,

1999 & 2004).

Zhu et al., (2010) have reported tHaAP2.6 overexpressed lines are
hypersensitive to NaCl and ABA compared to WT. Idoer, we did not observe
the sensitivity 0RAP2.6 in any of the three independd®P2.6 transgenic lines
to NaCl, although we did see a low germination @etage in two lines (A6 and
A39) at 125 mM NacCl (Figure 4-10). Furthermore, walso did not observe
hypersensitivity of RAP2.6 overexpressing lines to ABA (Figure Al-1). In
addition, Zhu et al. (2010) have not reported ahgnotype differences between
overexpressedRAP2.6 lines compared to WT under normal conditions, Whic
were very much evident in our study (Figure 4-Bhese differences could be due
to a positional effect or to differences in ecotygel sequence. In the present
study, three independe®AP2.6 transgenic lines have been used compared to
only one or two independent transgenic lines indfeeementioned study (Zhu et
al., 2010). We have isolat&hP2.6 from ecotype WS which has one amino acid
difference (W20R) from the reported sequence ofygsoColumbia (Zhu et al.,

2010), and we have overexpressed in WS backgrountiteuthe Columbia
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ecotype used in their study (Zhu et al., 2010)esEhdifferences could also be due
to posttranscriptional modifications that convéré tinactive form to an active
form, like was observed in another DREB family g&RREB2A (Sakuma et al.,
2000a).

In summary, the results from our study suggest: thaptDREB19 and
DREB26localize in nucleus and act as transcription atdirgasimilar to RAP2.6
and RAP2.6L, (ii) these AP2 genes have divergensiplogical roles as they
have different expression patterns and invoke damsponses when subjected to
abiotic stresses and stress hormones, (iii) thay plvery important role both in
plant development and stress responses, since xpvession leads to altered
phenotypes and altered responses to abiotic stremseé (iv) increased transcript
abundance ofRAP2.6L and DREB19 enhances abiotic stress tolerance as
speculated based on our previous salt microarraglysbf ABR17-transgenic
plants (Srivastava et al., 2006; Krishnaswamy gt24l08). Early germination,
high seedling vigour, early flowering and matutitgits observed iRAP2.6L and
DREB19 transgenic plants under salt and/or drought steesare the
characteristics of stress tolerant plants, as toeyribute to escape or avoidance
of stress conditions (Munns et al., 2000; Pricalet2002). Similarly, better root
growth observed in these transgenic plants mayihedpquestration of toxic ions
and enhance tolerance to salt. For example, glgtance in barley has been
linked with early flowering, fast development anetter root growth (Munns et
al., 2000). In addition, direct positive yield cpament parameters like higher

germination rates, flowering and pod set and betievelopment that were
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observed in stressd®AP2.6L andDREB19 overexpressed plants (Figure 4-10 to
4-12) are the traits that are considered while reewging seed plants for abiotic
stress tolerance (Basra et al., 2003; Munns eR2@06; Zadeh and Naeini, 2007;
Blum, 2009). Therefore, future studies on overegpngRAP2.6 and DREB19

in crop plants for developing salt and drought remé plants could be a

worthwhile endeavor.
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CHAPTER 5 General discussion and conclusions

5.1 Discussion

The area under salinity and drought are increasapglly, affecting the
total available arable land and food production if@/at al., 2003; UNEP, 2008).
It is estimated that worldwide, abiotic stress dases crop yield by more than
fifty percent in many crops (Bray et al., 2000)hefefore, it is very important to

understand the stress signaling networks and desttess tolerant crop plants.

Pathogenesis related (PR) proteins are part oftplamlti-component
defense signaling network in response to biotic abidtic stresses (Sels et al.,
2008). PR proteins are classified into 17 famibesl members of the family 10
are called PR-10 proteins. They are low molecwiaight (16-19kDa), protease
resistant cytosolic proteins that are both consigly expressed as well as
induced in response to stress (Van Loon et al.419fu et al., 2006). These
proteins, which are homologues to Bet v 1 and dgtokspecific binding proteins
(CSBPs), are known for their ligand binding activivith cytokinins (CKs),
brassinosteriods and flavonoids and also for thibonuclease (RNase) activity
(Biesiadka et al., 2002; Mogensen et al., 2002; Kahac-Housley et al., 2003;
Park et al., 2004; Pasternak et al., 2006; Srivas&t al., 2007). Structural
studies of PR-10 proteins have revealed the presenca glycine rich loop
(GXxGGxGxxK) that is similar to the “P” loop motifbserved in nucleotide

binding proteins as well as a long forked cavitattlssist in ligand binding
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(Biesiadka et al., 2002; Mogensen et al., 2002; Kehac-Housley et al., 2003;
Pasternak et al., 2006; Fernandes et al., 200R)dieS have attributed the ligand
binding property of PR-10 proteins to their funatias general plant hormone
carrier during stress and their RNase activity tdiviral/antifungal activity
observed in the case of some PR-10 proteins (Biksiat al., 2002; Mogensen et
al., 2002; Markowi-Housley et al., 2003; Park et al, 2004; Chadhal2ax| 2006;
Pasternak et al., 2006; Fernandes et al., 2008kveftheless, their exact
biological role in mediating plant responses testrand/or during normal growth
and development of plants is not clear. In thisséitation, we have made an
attempt to understand the biological function of-BHRproteinsin planta by
studying pea PR-10 member PR-10.4 (also referreabasisic acid responsive
17; ABR17) (lturriaga et al., 1994). We have imigegted the role of specific
amino acids hypothesized to be involved in RNag#&/igcof pea ABR17 and
also the expression changes brought by the trartsgepression of peABR17 in

A. thaliana by employing various genomics strategies. We floeased on and
functionally characterized stress related putati?2 (APETALA 2) transcription
factor (TF) genes whose transcripts were high am@&®BR17-inducible

transcripts under salt stress.

The first objective of the study was to test thepdthesis- “highly
conserved amino acid residues histidine 69 andagliat acid 148 are important
for catalysis during the RNase activity of pea ABR1 The RNase activity of

two pea PR-10 proteins, including ABR17, has bemvipusly demonstrated
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(Srivastava et al., 2006a & 2007). In order to igstghts into the amino acids
responsible for the observed RNase activity of ABRdariants H69L (histidine
69 leucine) and E148A (glutamic acid 148 alanin€revgenerated using site-
directed mutagenesis. Residues H69 and E148 ase@d among different pea
PR-10 proteins and they are also known for theiolvement in the catalysis of
reactions by many enzymes including RNases. Famele, histidine residue can
act as both proton donor and acceptor and ofteortexh in RNase mechanisms
(Mosimann et al., 1994). Furthermore, the imparéaof E147 in RNase activity
of SPE16 (a PR-10 protein fromachyrrhizus erosus) has been previously
demonstrated (Wu et al.,, 2003). In solution RNasmivity assay with
recombinant, mutant ABR17 purified proteins frorkscherichia coli
demonstrated that RNase activity was reduced inLH&&iant while it was
enhanced in E148 variant compared to WT-ABR17, ssijgg the importance of

both H69 and E148 residues in the RNase activiyeaf ABR17 protein.

Our homology modeling results demonstrated the exasion of three
dimensional structures between ABR17 dngpinus luteus llprl0.1b proteins
(Biesiadka et al., 2002). Previous co-crystallatand molecular docking
experiments ofLupinus PR-10 protein with zeatin and N, N’-diphenylurea
molecules have reported that residue His69 adomtsudle conformation that
facilitates substrate stabilization, reaction kiceeand also formation of hydrogen
bond networks with neighboring residues (Biesiadkal., 1994; Fernandes et

al., 2009). The zeatin binding site should be catmfe with the RNA binding
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site since zeatin is a nucleoside analog (Biesiatld., 1994) and, therefore it is
speculated that H69 in pea ABRL17 protein might a&lgoinvolved in polar
interactions and substrate stabilization in RNast&vity. Substitution of H69
with leucine results in loss of these polar intéoas and, therefore, results in
decreased RNase activity in H69L-ABR17. On theeptiand, E146 itupinus
PR-10 forms polar interactions with Serll and thekbone amide group of the
B1 main chain. Therefore, in variant E148A of peBRA7, when E148 is
substituted with alanine, these polar interactionght be lost and facilitate the
widening of the C-terminal helixaB) thus increasing substrate accessibility and
RNase activity (Krishnaswamy et al., 2011). H6%1d &148A variants of pea
ABR17 would be helpful in testing the existencespiculated links between
observed RNase activity of recombinant pea PR-Hiemrs and enhanced CK
levels observed iPR-10 transgenic plants (Srivastava et al., 2004, 2026a6b

& 2007).

The second objective of the study was to test tiggothesis “pea
ABR17 enhances stress tolerance in ABR17-transgéwabidopsis by
modulating the expression of stress responsive gen€he overexpression
of peaABR17 in Arabidopsis exhibited precocious flowering, a higher number of
lateral branches, and an increased number of sedd, @s well as elevated
concentrations of endogenous CKs compared to thktype (WT) counterpart
(Srivastava et al., 2007). Early flowering incregslateral branching and

enhanced CK levels oABR17-transgenic are suggestive of a role for CKs in
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ABR17 action (Bonhomme et al., 2000; Tanaka et2006; Srivastava et al.,
2007). Furthermore, PR-10 proteins were found dantty in pea Risum
sativum) under salt stress, and pea PR-P&-10.1 and ABR17) overexpressed
canola andArabidopsis plants demonstrated enhanced germination and early
seedling growth under abiotic stress conditionsv(&iaal., 2004; Srivastava et al.,
2004; Srivastava et al., 2006b). In addition, emys application of CKs
enhanced the germination of wild tygeabidopsis (Srivastava et al., 2007),

supporting the suggestion of ABR17 action throudts CSrivastava et al., 2007).

In order to gain additional insights into the pbssiways in which ABR17
may mediate plant responses to stré®R17-mediated global gene expression
changes inA. thaliana both under normal and stressed conditiomsre
investigated using microarrays. Significantly rasgve transcripts due to the
expression of peABRL17 in A. thaliana under normal conditions included plant
defensins, mitogen-activated protein kina®@APK), expansins, glycine-rich
proteins, proline-rich proteinPRP) , xyloglucon endotransglycosylasXTH),
glycosyl hydrolase GH), phytosulfokine precursor 2P8K2), No Apical
Meristem NAM) family protein and glutaredoxins (Krishnaswamyaét 2008).
These genes have been earlier reported to be Eotv ancestral non-specific
innate immune defense system and/or developmentaegses like cell cycle
regulation, cell wall synthesis, organ developmeall, growth and differentiation
(Cassab, 1998; Reinhardt et al.,, 1998; Sablowski &eyerowitz, 1998;

Bernhardt and Tierney, 2000; Cho and Cosgrove, 2603fldy et al., 2001;
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Goujon et al., 2003; Igasaki et al., 2003; Vissegbet al., 2005; Xing et al.,
2005; Huffaker et al., 2006). This led us to swgghat significantly higher
expression of the above mentioned plant growth deweelopment related genes
might be responsible for th&BR17-transgenic phenotype which includes early
flowering, increased lateral branching and seed g&dshnaswamy et al., 2008).
Furthermore, members of most of the gene familescdbed above have been
previously reported to be regulated by CKs (Raghettal., 2003; Brenner et al.,

2005).

In addition, gRT-PCR (quantitative real time- pobtase chain reaction)
analysis of EXPL1 (At3g45970), putative MAPK (Atg01560) and GRP
(At1g07135) genes in CK treatedrabidopsis tissue showed significantly higher
expression, suggesting that they are indeed CKoeressge genes (Krishnaswamy
et al.,, 2008). However, neither our microarray gRir-PCR analysis nor our
previously reported proteome studiesABR17-transgenic plants (Srivastava et
al., 2006b; Krishnaswamy et al.,, 2008) showed fmamt differences in
expression of anyPT (isopentenyl transferase; involved in CK biosysthg or
CKX (CK oxidase; involved in CK degradation) genesfres. Therefore, it is
possible that the previously reported enhanced {DKABR17-transgenic lines
(Srivastava et al.,, 2007) may be the result of iptssdegradation of CK
containing free tRNAs (Prinsen et al.,, 1997) rattien modulation of CK

biosynthetic genes (Srivastava et al., 2007).
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Our microarray analysis of salt treated versus eatéd ABRL7-
Arabidopsis seedlings also revealed an increase in the abuadaitranscripts
for transcription factors (TFs) includingP2 (APETALA 2)- related,NAM, zinc
finger (C3HC4-type RING fingerpHLH, ATMYB74, ATHB-7 andWRKY family
genes that have been implicated previously in thet@biotic stress response in
ABR17 plants (Krishnaswamy et al., 2008). Other up-l&gd genes iABR17
salt stressed tissue included xyloglucan endo-gtgiossylase XET), members of
GH family, osmotin, mannitol dehydrogenase, steridfotransferasedRD20,
ribonuclease-RNSL, peroxidases, copper/zinc superoxidase dismut@sSBl),
cytochrome p450 family, MATE efflux protein and protein kinases
(Krishnaswamy et al., 2008). These genes havebalsn reported to have major
role in plant abiotic stress signaling (King et 4B86; Singh et al., 1987; Silva et
al., 1994; Takahashi et al., 2000; Abede et aD32Wissenberg et al., 2005; Ma
et al., 2006; Klein and Papenbrock, 2008). Furtlzee, the transcript abundance
of some genes exhibited significant differencesthie degree of modulation
between salt stressed-WT and salt stregdfdlt7 tissues. For example,
xyloglucan endotransglycosylas&XTR-6) (At4g25810), RAP2.6 At1g43160),
ABA-responsive protein-related\i3g02480), unknown proteinAt5g24640), PR-
related protein At4g33720), glutamine-dependent asparagine synthetase
(At3g47340), heat shock proteins (Hsps) and plant defensimse whighly
abundant in salt treateABR17-transgenic tissue compared to salt treated WT

tissue (Krishnaswamy et al., 2008). These resuljgested that higher expression
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of the stress related genesABR17-transgenic seedlings might be responsible for

the observed abiotic stress tolerant phenotype.

The third objective of the study was to perfoiumctional validation of
our microarray results. Based on these we speedl#itat some of the
putative TFs whose transcript abundance was higbaih treatedABR17-
transgenicArabidopsis are important for the observed stress tolerance in
ABR17 plants. Four AP2 family genes RAP2.6 (At1g43160), RAP2.6L
(At5g13330), DREB26 (At1g21910) and DREB19 (At2g38340)] were identified
among significantly upregulated TFs in salt tregA8&17-transgeniArabidopsis
(Krishnaswamy et al.,, 2008), and these genes wekected for functional
characterization as their function in abiotic sfreserance was not known. The
AP2 family proteins have been previously implicatedverious physiological
process including plant growth and development, aiotic/biotic stress
tolerance (Saleh and Pages, 2003). Thereforeasthwpothesized th&®AP2.6,
RAP2.6L, DREB19, and DREB26 might participate in plant defense response
against salt stress and overexpression of thesesgenArabidopsis might

enhance salt and other abiotic stresses (Krishmagweaal., 2010).

The genesRAP2.6, RAP2.6L, DREB19 and DREB26 code for proteins
with one AP2 DNA binding domain, and nuclear lozafion and transcriptional
activity has been demonstrated for RAP2.6 and RAIP@he et al. 2006; Zhu et
al. 2010; Sun et al. 2010). Our study demonstratedear localization and

transcriptional activity for DREB19 and DREB26 mivis (Krishnaswamy et al.,
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2010). Our spatial/temporal expression studiefRAR2.6, RAP2.6L, DREB19
andDREB26 genes imrabidopsis indicated enriched transcript abundance of the
these four genes in the early seedling and inftemese stage, suggesting their
importance in early vegetative growth and flowevelepment. Promoter activity
studies using GUS reported gene also supportee thieservations. In addition,
promoter studies also showed the unique expregsitiarn of all four AP2 genes
within a flower. For instancd?AP2.6 promoter was active in petals and carpels,
while RAP2.6L was expressed in pollen grains, whel@&tB26 was detected in
ovules, andDREB19 was detected on the stigmatic surface suggesheg t
specific role in floral morphogenesis. Abiotic ests and hormone response
studies indicated that ERF (Ethylene responsiveafadinding) subfamily genes
RAP2.6 and RAP2.6L are responsive to stress hormones [jasmonic a@, (

salicylic acid (SA), ABA and ethylene (ET)] in atidn to abiotic stresses.

The hormones JA, SA and ET are biotic stress siggaholecules, and
members from the ERF subfamily have been previomaspficated in JA and ET
signaling pathways and biotic stress tolerance r(®ai-Lobo et al., 2002;
Lorenzo et al., 2003; McGrath et al., 2005). Femhore, bothRAP2.6 and
RAP2.6L have been associated with biotic stress signakdhaction (He et al.,
2004; Sun et al., 2010). Therefore, it appears RA®2.6 andRAP2.6L may be
involved in both biotic as well as abiotic streggnaling. In the case of DREB
(dehydration responsive element binding) geBdEB19 was highly responsive

to abiotic stresses (salt, heat and drought) b ma responsive to the stress
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hormones tested. On the other hand, a modestasermDREB26 transcript
abundance in response to stress hormones was ebdsemhile it was not
responsive to abotic stresses. The results sugigasDREB19 might be very

important in abiotic stress tolerance wHIBREB26 may not be that important

The AP2 genes were overexpressediinbidopsis to characterize their
phenotype under normal as well as under stressaditmms. RAP2.6, RAP2.6L,
DREB19 and DREB26 overexpressed plants showed an altered phenotjthe w
respect to growth or/time of flowering, suggestthg importance of these four
TFs in plant growth and development similar to shd¢mporal expression
studies. DREB26-transegnic plants had an altered/deformed phenatyjbethin
stem, few leaves and less/no secondary branchesirtheFmore, RAP2.6
overexpressed lines exhibited a dwarf phenotypeh witimerous secondary
branches and small siliques. In additidRAP2.6, RAP2.6L and DREB19
transgenic plants flowered earlier compared tocthtrols. Although an altered
phenotype and late flowering have been previousbprted in AP2 family genes
there are no reports of early flowering in overegsed AP2 plants (Ohto et al.,
2005; Tong et al., 2009; Schwager et al., 201Me &arly flowering phenotype
observed in this study could be due to the fadttthese are stress related TFs and
therefore studying knock out/knock down lines woatthfirm the role of these
AP2 genes in regulating flowering time (Guo et 2005; Fawzy et al. 2009;

Dunfield et al. 2007).
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The AP2 transgenic plant&4P2.6, RAP2.6L and DREB19) were also
characterized for salinity and drought tolerancePetri dish tests as well as in
greenhouse conditiondREB26-transgenic plants were not included in this
experiment as they were deformed and did not seign seeds needed for the
experiment. The results from stress studies detraiad that the performance of
RAP2.6 transgenic plants was just comparable to the WAN\&n controls under
salt and drought stress. However, the very higbression ofRAP2.6 that was
observed in our CaMV35BAP2.6 overexpressed lines may not be ideal for the
plants and therefore, a combination of an indugiremoter andRAP2.6 would
give better stress tolerance with no/less negatffect on phenotype similar to
the one previously observed in an AP2 family gBREB1A (Kasuga et al., 1999
& 2004). In the case dRAP2.6L and DREB19 transgenic plants, they were
developmentally advanced with a better root systgmminated earlier, flowered

earlier and set more pods under under salt anddoigtit stresses.

Early germination and early flowering charactergmienhance stress
tolerance as they could help plants to escape oid atress conditions, while
better root growth may enhance salt tolerance byesgtering toxic ions (Munns
et al., 2000; Price et al., 2002). In additiorgh@r germination rate, flowering
and pod set are direct positive yield componenamaters that are essential in
enhancing crop productivity under abiotic condiidiMunns et al., 2006; Blum,
2009). Based on the characterization of ARAR2.6, RAP2.6L, DREB19 and

DREB26) transgenicArabidopsis, we suggest that it is worthy undertaking
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overexpression drRAP2.6 andDREB19 in crop plants for the purpose of salinity
and drought tolerance (Krishnaswamy et al., 20H)cthermore, we suggest that
the multiple abiotic stress tolerance exhibitedABR17-transgenicArabidopsis
plants could be in part associated with upregutatd AP2 TF family genes,

supporting our microarray studies.

5.2 Conclusions

The possible mechanisms of pea PR-10 action ineapeessed plants are
illustrated in Figure 5-1. PR-10 proteins are knofer their CK binding and
RNase activity (Liu and Ekramoddoullah, 2006). R&R17 (PR-10.4) has also
exhibited RNase activity and highly conserved anacals like histidine 69 and
glutamic acid 148 appear to be very important fug RNase activity of pea
ABR17 (Srivastava et al., 2007; Krishnaswamy et aD11). PeaABR17
overexpressed plants exhibited precocious flowergmgyd developmentally
advanced phenotype with a greater number of secpimanches under normal
conditions (Srivastava et al., 2006b). In addititrey possessed enhanced CK
levels compared to WT plants (Srivastava et alQ720 Taken all together, it
appears that under normal conditions, the accumalatf more PR-10 proteins
may act as a CK reservoir (through their CK bindmgivity) or they may
hydrolyse CK containing tRNA (transfer RNA) moleesil(through their RNase
activity) to enhance CK levels iRR-10 transgenic plants. The enhanced CK
could be responsible for higher expression of CKpoasive genes, which

included genes related to growth and developmemthwvas observed in our
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microarray results (Krishnaswamy et al., 2008). isTeould attribute to early
flowering and the developmentally advanced phereotgbserved inABR17
plants.  Similarly, under stress conditions, PR-fifbteins may undergo
posttranslational modifications like phosphorylatiby stress induced kinase
cascades (Park et al., 2004; Jain et al., 2006 accumulation of active PR-10
proteins may increase RNA hydrolysis and may begieed as stress. In a way,
accumulation of active PR-10 proteins might acpasiing or innate immunity.
This results in activation of AP2 and other TFs,ickihupregulate stress
responsive genes whose products are necessaryrdes $olerance. Therefore,
PR-10 overexpressed plants may channelize stress toleramated networks and
adapt to stressed conditions earlier than wild plaats. This helpBR-10 plants

to germinate and grow better under abiotic stresglitions. It appears that, in
nature, PR-10 proteins may enhance tRNA dependé&ntbi@synthesis, and
accumulation of PR-10 proteins under stress maps@ositive feedback for the
upregulation of stress related TFs. Such TFs delaP2 TF family genes like
RAP2.6, RAP2.6L, DREB19 andDREB26. Furthermore, our studies suggest that
overexpression oRAP2.6L and DREB19 could be employed in enhancing the

abiotic stress tolerance of crop plants.

The study decribed in this dissertation have somatdtions. For
example, in the first objective, in addition to Rigaassay and homology
modeling studies, measuring rate of reactions fdrafd its variants (histidine 69

and glutamic acid 148) could be considered. Insémond objective, in order to
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investigate the differentially expressed genes behWNT andABR17-transgenic
Arabidopsis plants under salinity conditions, statistical gamson of WT-
stressed/WT-normal anBR17-stressedXBR17-normal microarray results was
carried out. Although results are reliable as enwkd by gRT-PCR with this
design, the best design would be to carry out micay of ABR17-stressed/WT-
stressed. Furthermore, more than one endogeranisok should have been
considered for performing qRT-PCR. In the thirdjechve, knockout or
knockdown analysis foRAP2.6, RAP2.6L, DREB19 and DREB26 genes would
further support results from over-expression stdieFuture studies may be
planned that could address some of these Iimitati@md further our

understanding of the structure and function of pRIR-10 proteins.
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Appendix |

Table Al-1 List of primers used in qRT-PCR

Gene Primer pairs and probe used in real time PCR
AtExpansin Forward; 5-CTCCTCTGCCTCTGCTCTCTCT-3'
AT3G45970.1 Reverse; 5" TCCGGCGAAGAAACTCGTA-3'

Probe; 5-TGTGCTTATGGCTCTATG-3'

AtGlycine-rich protein

Forward; 5-GGGTGGTTCCGATTCATACG-3'

AT1G07135.1 Reverse; 5-TGTGATCCTGCCGATCCA-3'
Probe; 5-TGGTAATGGCAGTCTGG-3'

AIMAPK Forward; 5-GGCTTGCGAGGACTAAATCAGA-3'

AT1G01560.1 Reverse; 5-GCTCGGTACCAACGTGTAACAA-3'

Probe; 5'-ACAGACTTCATGACAGAAT-3'

Plant defensin PDF1.2a

Forward; 5-CCCTTATCTTCGCTGCTCTTGT-3'

AT5G44420.1 Reverse; 5'-TTCTGTGCTTCCACCATTGC-3'
Probe; 5'-CTCTTTGCTGCTTTCGA-3'

AtIPT1 Forward; 5-CGCCGGTGGATCTAACTCTTT-3'

AT1G68460 Reverse; 5'- AACTTTGGGTCGAATCGTTGA-3'
Probe; 5-TCCACGCACTCTTAG-3'

AtIPT2 Forward; 5-TGGAATGCGCAAGTGGTTAA-3'

AT2G27760 Reverse; 5'-TTCGGTTTCTGTCTCCAGGAA-3'
Probe; 5-TGCTTCAGAGATCATCAG-3'

AtIPT3 Forward; 5-TTTCCGGAGTTTGACAGGTTTT-3'

AT3G63110 Reverse; 5'-CAGTTCTTCTCTGTCTTCCACATTCA-3'
Probe; 5-CAGGAACGAGCAGTTC-3'

AtIPT4 Forward; 5-TGGAGTGCCACATCACCTTCT-3'

AT4G24650 Reverse; 5'-ATTCTGCCGCTGTGACTTCTC-3'
Probe; 5-TGAACTAAACCCGGAGGC-3'

AtIPTS Forward; 5-GCCGGTGGTTCCAATTCTT-3'

AT5G19040 Reverse; 5'-CGGAAGTCAACGCAATCGT-3'
Probe; 5-CATCGAGGCTCTGGTC-3'

AtIPT6 Forward; 5-GACGCTACGGCGGCAAT-3'

AT1G25410 Reverse; 5'-CCTTCTCCCTTTGCCGTACTT-3'
Probe; 5-ATGGCTGAGCTGAATC-3'

AtIPT7 Forward; 5-CATTTGGGTCGACGTTTCCT-3'

NM_113267 Reverse; 5'-GCGGTCGACACGTTTTGAG-3'
Probe; 5-CCCGTACTTAACTCCTTT-3'

AtIPT8 Forward; 5-CCGGATCAGGCAAGTCATG-3'

AT3G19160 Reverse; 5'-CGATCTCGCCAGAGAAACG-3'
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Probe; 5-CTCTCAATCGATCTAGCAAC-3'

AtIPT9 Forward; 5-TTGGCAGTGGCGTATTTTTG-3'

AT5G20040 Reverse; 5-AAGGCTTGGCGGTTGAAGT-3'
Probe; 5-CCCGTACCTGTTACTTG-3'

AtCKX1 Forward; 5-CGGGCTTGGACAGTTTGG-3'

0i|20196946 Reverse; 5-CGGTGCTGGTTCAAGAGAGAT-3'
Probe; 5-ATAATCACCCGGGCACG-3'

AtCKX2 Forward; 5-CTCCCCATCATCAGCAAGGT-3'

AT2G19500 Reverse; 5'-ATGAACCCGGGCAAGTAACTTA-3'
Probe; 5-TGACACATTAACGAAAACA-3'

AtCKX3 Forward; 5-CCAAGGACATGAACTCGGATCT-3'

AT5G56970 Reverse; 5'- TTATAATGCCGAATTGACCCAAAC-3'
Probe; 5-TTCTTCGCGGTGTTAGGA-3'

AtCKX4 Forward; 5-CCATCTCTGCCGCTTCTCA-3'

AT4G29740 Reverse; 5-GCGCCGGGATTTTCG-3'
Probe; 5-ACTTCGGTAACATAACCG-3'

AtCKX5 Forward; 5-TGCGGGTCGGTTCTTTATTG-3'

AF303981 Reverse; 5-TGAGTTGGAATCGGAGTCTCTGT-3'
Probe; 5-TCGAACTCGGTCTTCA-3'

AtCKX6 Forward; 5-GATGTCGACGGCCACTTCA-3'

AT1G75450 Reverse; 5'-GTCTGAGGAGACGGAGGCTAAG-3'
Probe; 5-CGTCCACCCTTCC-3'

AtActin2/7 Forward; 5-GCCATTCAGGCCGTTCTTT-3'

AY102779 Reverse; 5'-ATCGAGCACAATACCGGTTGT-3'

Probe; 5-TCTATGCCAGTGGTCG-3'

ABA-responsive protein

Forward; 5-GCCACTGGCCAGACTAAGGA-3'

At3g02480 Reverse; 5'- CAAGGAGTCTTGAGCTGAAGCA-3'
XTX 6 Forward; 5'- TTTCCTAAGAACCAGCCAATGAG-3'
At4g25810 Reverse; 5'-TTGACGAGACCACCCCTTGT-3'
bHLH Forward; 5'- CCGACATCTCGGGTGATAGAA-3'
At5g43650 Reverse; 5- CCTCAGTTCCGTGTCCTTCATAT-3'
RAP2.6 Forward; 5'- TGTCCTTGGAGAGGCCAAAA-3'
At1g43160 Reverse; 5’- CATACACGTGTCGCCTTGTGT-3'
unknown protein Forward; 5’- CACCACCAGTTTTTGGAGATT-3'
At5g24640 Reverse; 5'- CCGCTCACTTTCTCCGATGA-3'
ATNAC3 Forward; 5-TCGACGGAGGGAAGAAGAGTT-3'
At3g15500 Reverse; 5'- TTGGTTTTGGTTCCTTTTGGA-3'
ACD6 Forward; 5'- CCCATGTGAAATGGCTTTTAGTC-3'
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At4g14400 Reverse;5’- AGGGCCAAGGATAAAGATTGC-3'

PLACS8 Forward; 5- TTTGCTGTAACCTCTGTGCTTTG-3'
At1g14880 Reverse; 5'- TGCCCATCCAAGGCTCATAT-3'
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Table Al-2 Transcriptional profiling: genes exhibiting moreath 1.5-fold

increase/decrease in transcript abundan@dRil7 transgenidrabidopsis

AGI ? Operon annotations log2 ratio SE
At5920230 plastocyanin-like domain containing pirote 1.55 0.14
At4936060 BHLH family protein 1.49 0.19
At5944420 plant defensin protein, putative (PDF)L.2a 1.40 0.38
At5g42040 hypothetical protein 1.38 0.41
At4g22450 hypothetical protein 1.37 0.17
At5g44430 plant defensin protein, putative (PDFL.2c 1.35 0.40
At3g45970 expansin protein family (EXPL1) 1.32 0.16
At59g01920 protein kinase family 1.24 0.22
At29g26010 plant defensin protein, putative (PDF1.3) 1.17 0.35
At5g10040 expressed protein 1.04 0.31
At1g75830 plant defensin protein, putative (PDF1.1) 1.04 0.30
At2g26020 plant defensin protein, putative (PDF}.2b 0.96 0.26
At1g07135 glycine-rich protein 0.95 0.19
At1g01560 mitogen-activated protein kinase (MAPK, Jutative 0.94 0.10
At3g43850 hypothetical protein 0.94 0.13
At2g26560 patatin, putative 0.90 0.12
At5g39890 expressed protein 0.88 0.18
At1gl0070 tat-binding protein —related 0.88 0.06
At2922860 (AtPSK) phytosulfokine precursor 2 0.85 .08
At5g52760 heavy-metal-associated domain-contaipioggin 0.85 0.20
At2g27080 expressed protein 0.82 0.16
At1g19530 expressed protein 0.82 0.19
At3g55980 expressed protein 0.82 0.19
At2g47880 glutaredoxin protein family 0.82 0.22
At3g62680 proline-rich protein family 0.82 0.11
At4g14365 expressed protein 0.82 0.11
At3g15500 No apical meristem (NAM) protein family .8a 0.06
At2g26560 patatin, putative 0.81 0.15
At1g56240 F-box protein (SKP1 interacting partneelated) 0.80 0.12
At1g08630 expressed protein 0.79 0.22
Atlg77120 alcohol dehydrogenase (ADH) 0.78 0.20
At2914610 pathogenesis-related protein 1 (PR-1) 70.7 0.15
Atlg75040 pathogenesis-related protein 5 (PR-5) 70.7 0.08
At1g02660 A. thaliana chromosome | BAC T14P4 0.76 0.04
At5g45340 cytochrome P450 family 0.76 0.19
At2g18690 expressed protein 0.75 0.19
At3949160 pyruvate kinase -related protein 0.75 00.1
Atl1g72940 disease resistance protein (TIR-NBS ylasgative 0.75 0.08
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At1g18570
At1g76410
A005153_01
At2g35290
At2g38470
At1g80840
At4g30280
At5g54710
At2g40000
At2g31945
At1g72060
At5g46710
At2g15890
At1g69490
At4g31800
At1g21400
At3g49960
At5g47230
At1g07000
At1g28330
At1g02660
At4g25920
At1g05250
At1g02640
At4g10270
At4g11890
At4g02270
At2g14900
At3g23170
At2g19190
At5g58660
At2g18150
At1g02610
At5g13080
At2g17040
At4g23160
At3g08720
At2g41640
At3g10040
At2g35460
At5g57020
At2g41650

myb family transcription factor

RING zinc finger protein —related
RESISTANCE TO POWDERY MILDEWS8 (RPW8)
expressed protein

WRKY family transcription factor

WRKY family transcription factor

xyloglucan endotransglycosylase, putative
A. thaliana chromosome 5, TAC clone:K5F14
nematode-resistance protein —related
expressed protein

expressed protein

expressed protein

expressed protein

No apical meristem (NAM) protein family
WRKY family transcription factor
branched-chain alpha keto-acid dehydraggrrelated
peroxidase, putative

ethylene responsive element binding faE{AtERF5)
exocyst subunit EXO70 family
dormancy-associated protein —related
lipase (class 3) family

expressed protein

peroxidase, putative

glycosyl hydrolase family 3

probable wound-induced protein

protein kinase family

expressed protein

gibberellin-regulated proteins —related
expressed protein

light repressible receptor protein kingseative
oxidoreductase, 20G-Fe(ll) oxygenaselfami
peroxidase, putative
A. thaliana chromosome | BAC T14P4
WRKY family transcription factor

No apical meristem (NAM) protein family
hypothetical protein

ribosomal-protein S6 kinase (ATPK19) ated
expressed protein

expressed protein

harpin-induced protein 1 family (HIN1)
N-myristoyl transferase

expressed protein
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0.75 0.11
0.75  0&.
9.7 0.09
0.73 0.06
0.73 6.1
0.70 8.1
0.70 0.12
0.70 0.19
0.700.11
0.68 0.03
0.68 0.10
0.67 0.10
0.67 0.10
.60 0.08
0.66 a1
0.66 0.13
0.66 0.03
0.66 0.19
0.65 0.06
0.65 0.12
0.64 0.22
0.64 0.18
0.64 0.08
0.64 0.09
0.64 0.07
0.64 0.10
0.62 0.17
.620 0.12
0.62 0.04
0.62 0.11
0.62 0.12
0.61 0.16
0.61 0.10
0.60 6.1
.50 0.16
0.59 0.08
0.59 0.07
0.59 0.13
0.59 0.08
58. 0.11
-0.59 0.09
-0.60 0.07



At1g19150 PSI type Il chlorophyll a/b-binding priotéLhca2*1) -0.60 0.08

At1g64390 glycosyl hydrolase family 9 (endo-1,4ébglucanase) -0.60 0.15
At5902230 haloacid dehalogenase-like hydrolaselfami -0.60 0.07
At1g62180 phosphoadenylyl-sulfate reductase, pugtati -0.61 0.07
At5g06530  ABC transporter family protein -0.63 0.13
At2g03090 expansin, putative (EXP15) -0.63 0.14
At5g23060 expressed protein -0.63 0.06
At4916370 isp4 like protein -0.64 0.07
Atl1g23740 oxidoreductase, zinc-binding dehydrogeriasily -0.65 0.07
At4g36030 armadillo repeat containing protein -0.65 0.15
At4g37980 mannitol dehydrogenase (ELI3-1), putative -0.65 0.16
At2g05100 light-harvesting chlorophyll a/b bindipgptein -0.66 0.11
At1g44000 expressed protein -0.68 0.12
At2g31380 salt tolerance-like protein -0.68 0.08
At1g01060 myb family transcription factor -0.70 0.0
At5g48490 seed storage/lipid transfer protein fgmil -0.71 0.18
At1g73870 CONSTANS B-box zinc finger family protein -0.71 0.20
At3g47420 glycerol 3-phosphate permease, putative 0.72- 0.11
At4926850 expressed protein -0.72 0.08
At5g55570 hypothetical protein -0.72 0.13
At5g67370 expressed protein -0.73 0.09
At5g05250 expressed protein -0.75 0.08
At5g05270 chalcone-flavanone isomerase family -0.75 0.06
At3g02380 Zinc finger protein CONSTANS-LIKE 2 (COL2 -0.75 0.06
At5953450 protein kinase family -0.76 0.11
At3927690 chlorophyll A/B binding protein, putative -0.77 0.19
At5g02120 one helix protein (OHP) -0.90 0.09
At5g48850 male sterility MS5 family -0.99 0.17
At1g56430 nicotianamine synthase, putative -1.13 080.
At3g56980 bHLH protein family -1.36 0.13

All expression ratios are significami50.05) and are in a log2 scale where fold

change is ABR17/WT.

AGI @ — Arabidopsis Genome Initiative SE - Standard error
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Table AI-3 Transcriptional profiling: genes exhibiting more ath 4-fold

increase/decrease in transcript abundance intszdted Wild typeArabidopsis

log2
AGI ? Operon annotation scale SE
A023244 01 A.thaliana ABA-regulated gene cluster 3.96 0.82
A023734_01 Genomic sequence fotthaliana BAC F1504 3.94 0.59
At1g54010 ESTs 3.90 0.28
At2g38530 nonspecific lipid transfer protein 2 (LZP 3.62 0.18
At4g13220 expressed protein 3.59 0.35
At2g02990 ribonuclease, RNS1 3.59 0.22
At4g12500 lipid transfer protein (LTP) family 3.45 0.21
At29g03760 steroid sulfotransferase, putative 3.45 .060
At4912490 lipid transfer protein (LTP) family 3.40 0.16
At2943620 glycosyl hydrolase family 19 (chitinase) 3.38 0.24
At4g04220 disease resistance protein family 3.33 240.
At3g57470 protease-related protein 3.19 0.50
At4g12470 lipid transfer protein (LTP) family 3.17 0.11
At3g43180 zinc finger (C3HC4-type RING finger) fdyni 3.09 0.09
At5g43570 hypothetical protein 3.01 0.16
At1g62420 expressed protein 2.91 0.31
At3g60140 glycosyl hydrolase family 1, beta-gludasie 2.91 0.30
At1g69930 glutathione transferase, putative 2.81 130.
At3g44040 hypothetical protein 2.76 0.58
At3902240 expressed protein 2.71 0.17
At4902330 expressed protein 2.69 0.12
At2g43510 trypsin inhibitor —related 2.67 0.13
At5g24640 expressed protein 2.58 0.36
At5g43580 hypothetical protein 2.52 0.61
At4g11650 osmotin-like protein (OSM34) 2.52 0.23
At39g29970 germination protein —related 2.50 0.22
At5g42830 hydroxycinnamoyl benzoyltransferase-sslat 2.49 0.19
At2g34600 expressed protein 2.48 0.55
At2g16060 class 1 non-symbiotic hemoglobin (AHB1) 4@ 0.22
At3g02480 expressed protein 2.40 0.24
At2g13510 hypothetical protein 2.38 0.57
At5914180 expressed protein 2.36 0.30
At4g25810 xyloglucan endotransglycosylase (XTR-6) 352  0.54
At39g21720 isocitrate lyase —related 2.34 0.25
At5g01330 pyruvate decarboxylase-related protein 342. 0.19
At1g10585 A thaliana BAC T10024 from Chromosome 1 2.33 0.13
Atlg17020 oxidoreductase, 20G-Fe(ll) oxygenase lfami 2.32 0.11
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At5g36925
At2g19800
At1g21910
At4g12530
At2g18490
At2g30840
At3g08860
At4g12480
At4g08870
At4g36700
At5g36920
At5g13330
At5g01920
At3g46270
At1g30700
At5g24030
At1g42040
At5g64120
At5g19550
At2g36780
At4g30290
At4g36430
At3g51860
At1g35140
At2g36770
At4g09600
At4g15910
At4g05390
At4g01700
At2g44370
At4g37870
At4g16260
At5g06330
At5g22580
At4g26850
At3g04210
At1g25440
At3g08940
At3g19320
At3g54890
At3g51750
At5g04550

expressed protein

expressed protein

transcription factor TINY family

lipid transfer protein (LTP) family
C2H2-type zinc finger protein —related
2-oxoglutarate-dependent dioxygenasetipet
alanine--glyoxylate aminotransferasetajine
lipid transfer protein (LTP) family

arginase —related

cupin domain-containing protein
hypothetical protein

AP2 domain transcription factor family
protein kinase family

expressed protein

FAD-linked oxidoreductase family
expressed protein

hypothetical protein
A. thaliana mRNA for peroxidase ATP15a
aspartate aminotransferase, cytoplasuoizyime 1
UDP-glycosyltransferase family
xyloglucan endotransglycosylase, putative
peroxidase, putative

cation exchanger, putative (CAX3)
phosphate-induced (phi-1) protein —relate
glycosyltransferase family
gibberellin-regulated protein GASA3 pnestu
drought-induced protein (Di21)
ferredoxin--NADP(+) reductase, putative
glycosyl hydrolase family 19 (chitinase)
CHP-rich zinc finger protein, putative

A. thaliana BAC F1504 from chromosome |
glycosyl hydrolase family 17
harpin-induced protein, putative (HIN1)
expressed protein

expressed protein

disease resistance protein, putative
CONSTANS B-box zinc finger family protein
chlorophyll a/b-binding protein -related
leucine rich repeat protein family
chlorophyll a/b binding protein

expressed protein

expressed protein
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2.32 0.10
2.31 0.16
2.29 6.1
2.28 0.57
2. 0.22
2.26 0.22
2.25 0.16
2.25 0.33
2.25 0.15
2.22 0.65
2.19 0.15
l@. 0.17
2.16 0.35
2.15 0.10
2.13 D.2
2.12 0.34
2.09 0.28
2.08 0.20
2.08 0.11
2.08 0.14
2.06 0.13
2.06 0.45
2.05 240.
2.05 0.29
2.04 0.11
2.04 0.17
2.03 0.08
.02 0.22
2.02 0.17
02. 0.14
2.01 0.13
2.01 0.21
0@ 0.24
-2.00 0.20
-2.00 0.11
0-2.00.20
-2.02 0.16
-2.03 0.18
-2.03 0.06
-2.04 D1
-2.06 0.34
-2.07 0.38



At1g62360
At3g45160
At1g29420
At1g14150
At3g17930
At5g17670
At5g09660
At3g03830
At4g24700
At3g62960
At2g39470
At3g04140
At1g78020
At5g18030
At2g47880
At2g26500
At5g61980
At1g32080
At5g48570
At1g68010
At1g51300
At5g24580
At3g14200
At1g12080
At2g45660
At1g61520
Atdg17460
At2g26020
At5g45820
At3g28830
At5g54270
At3g51895
At4g10540
At5g02160
At3g59370
At3g16120
At5g44780
At2g06230
At3g15270
At1g74310
At3g47070
At4g21650

homeobox protein —related

expressed protein

auxin-induced protein family

PsbQ domain protein family

expressed protein

expressed protein

malate dehydrogenase, glyoxysomal
auxin-induced protein, putative
expressed protein

glutaredoxin protein family
oxygen-evolving complex 25.6 kD protgintative
expressed protein
senescence-associated protein —related
auxin-induced protein, putative
glutaredoxin protein family

expressed protein

ARF GTPase-activating domain-containiragin
expressed protein

peptidylprolyl isomerase

glycerate dehydrogenase
A. thaliana chromosome | BAC F11M15
copper-binding protein family

DnaJ protein family

expressed protein

MADS-box protein (AGL20)

chlorophyll a/b binding protein
homeobox-leucine zipper protein HAT1
plant defensin protein, putative (PDF}Y.2b
CBL-interacting protein kinase 20
expressed protein

chlorophyll a/b binding protein, putative
sulfate transporter ATST1
A. thaliana BAC F3H7

expressed protein

expressed protein

dynein light chain protein -related
expressed protein

hypothetical protein

squamosa promoter binding protein-related
heat shock protein 101 (HSP101)
expressed protein
A. thaliana DNA chromosome 4, BAC clone F17L22
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-2.07 0.45
-2.08 0.10
-2.08 0.16
-2.10 0.10
-2.11 0.21
-2.11 0.37
-211.150
-2.12 60.2
-2.12 0.10
-2.13 0.17
-2.14 0.28
-2.14 0.12
.14 -2 0.13
-2.14  10.3
-2.16 0.16
-2.16 0.13
-2.16 0.58
-2.17 0.08
-2.18 0.37
-2.18 0.17
-2.19 0.42
-2.22 0.30
-2.23 0.35
-2.23 0.39
-2.24 0.12
224 3.1
4£.2 0.35
-2.27 0.47
-2.29 310
-2.30 0.20
-2.32 0.27
-2.34 0.08
-2.35 0.10
-2.35 0.09
-2.36 0.31
-2.370.45
-2.38 0.08
-2.38 0.23
-2.41 0.61
-242 103
-2.44 0.22
-2.45 0.41



At4g11320
At1g77490
At5g44420
At1g29450
At1g09340
At5g18080
At4g15460
At4g12830
At5g42040
At2g33810
At5g44430
At2g40610
At3g15540
At5g64770
At4g00755
At4g26530
At5¢22430
At1g29490
At3g32130
At5g18010
At1g58520
At5g18020
At1g29460
At2g26010
At5g58770
At1g67870
At5g39860
At4g39800
At3g09440
At4g21640
At2g15020
At4g28395
At2g40300
At1g29510
At3g24500
At1g29430
At5g62080
At1g23130
At4g14400
At1g67860
At5g35480

cysteine proteinase

thylakoid-bound ascorbate peroxidasegtjuet
plant defensin protein, putative (PDF)L.2a
auxin-induced protein, putative
RNA-binding protein —related
auxin-induced protein, putative
glycine-rich protein

hydrolase, alpha/beta fold family
hypothetical protein

squamosa-promoter binding protein -relate
plant defensin protein, putative (PDFL.2c
expansin, putative (EXP8)
auxin-responsive protein IAA19

expressed protein

F-box protein family
fructose-bisphosphate aldolase, putative
expressed protein
A. thaliana chromosome 1 BAC F15D2
A. thaliana chromosome 3, BAC clone: F1M23
auxin-induced protein, putative

ERD4 protein-related

auxin-induced protein, putative
auxin-induced protein, putative

plant defensin protein, putative (PDF1.3)
dehydrodolichyl diphosphate synthaseatpug
glycine-rich protein

bHLH protein

myo-inositol-1-phosphate synthase

heat shock protein hsc70-3 (hsc70.3)
subtilisin-related protease

expressed protein

lipid transfer protein, putative

ferritin —related

auxin-induced protein, putative

ethylene-responsive transcriptional deatdr -related

auxin-induced protein family
lipid transfer protein (LTP) family
Bet v | allergen family

A. thaliana chromosome 4, contig fragment No. 38

expressed protein
expressed protein

-2.47 0.20
-2.51 0.19
-2.51 0.21
-2.53 190.
-2.57 0.12
-2.58 160.
-2.60 0.14
-2.60 .18
-2.61 0.19
-2.61 0.66
-2.62 0.17
-2.66 0.08
-2.68 0.22
-2.69 0.20
-2.70 0.25
-2.72 0.25
-2.73 0.50
-2.80 0.21
-2.81 0.05
-2.83 101
-2.83 0.31
-2.89 80.1
-2.89 100.
-2.95 0.16
-2.95 0.42
-2.97 0.18
-2.98 0.10
-2.99 .170
3-3.00.22
-3.04 0.31
-3.04 0.42
-3.14 64.
-3.19 0.17
-3.27 130.
-3.34 0.29
-3.63 0.29
-3.78 0.68
-3.89 0.06
-3.90 0.39
-4.04 0.26
-4.12 0.18
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All expression ratios are significani50.05) and are in a log2 scale where fold

change is salt-treated wild type/control wild type.

AGI ?— Arabidopsis Genome Initiative SE - Standard error
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Figure Al-1 Growth ofRAP2.6-transgeniddrabidopsis on MS-ABA medium

a Germination of 1) WT (wild type) and 2) VC (vectoontrol) after 3 weekdy
Germination of 1) A2, 2) A6, and 3) A39 after 3 Wegc Root elongation of 1)
WT, 2) A2, 3) A6 and 4) A39 after three weeks. Kk8dium had 1 uM ABA
(abscisic acid). For root elongation assay, seezte werminated on MS medium
for 5 days and seedlings were transferred on tonM8ium with 1 uM ABA.
Plates were placed vertically at RT and light istgn40 pmol rif s™.
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