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CHAPTER |

INTRODUCTION

Plants experience several abiotic and biotic stresses ldeglal; salinity, insects, and
several potential pathogens which can drastically reduce crop progucBoyer’s
research work demonstrated that the loss in crop productivity dueetdisrend diseases
were only 2.6% and 4.1%, respectively, while 71.1% was due to unfavorable
physicochemical environments (Boyer, 1982). Boyer’s classificalso demonstrated
that more than 25% of U.S soil area was affected by the drodigiudy on effects of
temperature and precipitation trends on U.S. drought indicated th#théha has been an
increase in precipitation since about 1980, without which the droughtitexké U.S
would have increased by 50% more in recent drought period (Easterlalg 2007).
Drought usually results in reduction in growth rate, stomatattage leaf expansion,
stem elongation, plant growth and productivity (Alexieva et al., 2001).

Wheat is one of the most important cereal crops. It is culdvwateldwide and is
the principal cereal grain grown in the United States. Ortheofnajor factors affecting
wheat production is drought.

Plants activate different physiological and biochemical defegsteras upon
exposure to stress. One of the strategies for surviving under defieit stress is to

accumulate osmolytes (Serraj and Sinclair, 2002). Osmolytes \Whioh been detected



so far include amino acids, sugars and sugar alcohols, quateanamyonium
compounds, and tertiary sulfonium compounds (Goddijn and van Dun, 1999; McCue and
Hanson, 1990; Rhodes and Hanson, 1993; Shen et al., 1997). Many crops have limited
ability to produce osmoprotectants needed for stress toler&ihus. engineering plants

for production and accumulation of these osmolytes by introducing mevels from

other organisms has become a common strategy of making stress tolerant plants.

Plants genetically engineered for the production of mannitolhakose,
glycinebetaine, and fructans might increase resistance to ldr¢dbebe et al., 2003;
Bohnert and Jensen, 1996; Pilon-Smits et al., 1995; Rathinasabapaihi ¥994,
Romero et al., 1997; Rontein et al., 2002). Several mechanisms for asmpiatection
have been proposed but the most popular mechanism is through osmotic adjustment.

Plants genetically engineered to increase osmolyte coatentrmay not
accumulate the necessary amounts required for osmotic adjustmetiteyustill show
stress tolerance (Serraj and Sinclair, 2002). Other mechanisen$yidroxyl radical
scavenging and protection of proteins have also been reported (Ronedin 2002;
Smirnoff, 1989). An accumulation of osmolytes in roots help in the root@aweint and
allows plants to reach water in deeper wet soils (Serraj and Sinclair, 2002).

Spring wheat ¢v. Bobwhite) was transformed with a bacteriatlD gene
encoding for mannitol-1-phosphate dehydrogenase causing accumulatioanoitah
(Abebe et al., 2003). Two different gene constructs were used to thegabannitol
accumulation in cytoplasm or chloroplast (Abebe et al., 2003). A negaiiteol was

generated containing only the selectable-mabkegene. Improved tolerance to drought



and salinity was observed in calli and @eneration transgenic plants (Abebe et al.,
2003).

The study was continued with, §eneration transgenic plants. Transgenic wheat
lines grown under well-watered and water-deficit stress tondiwere characterized by
conducting physiological and biochemical experiments. Physiologheahcterization on
T4 generation plants included gas exchange measurements conductad._la64h00 (LI-
COR, Inc., Lincoln, NE) portable photosynthesis system. The LI-6400 sysésna
chamber which clamps on to the leaf. The machine allows thec@@entration, light
intensity air flow rate, relative humidity (RH), and temperatur the chamber to be
controlled. Carbon dioxide and water vapor exchange rates of thedaakasured with
the aid of infrared gas analysis (IRGA) technology.

Biochemical characterization included determination of activiteds the
antioxidant enzymes catalase, glutathione reductase, superoxidgatisrand ascorbate
peroxidase and estimation of lipid peroxidation in transgenic andotdimes under
well-watered and water-deficit-stress conditions.

Levels of sugars and sugar alcohols were determined with tipe dfehigh
performance liquid chromatography. In this study, performancieffour transgenic
lines and one empty vector line was evaluated under well waaeck water-deficit stress
conditions and compared with non transformed Bobwhite.

A major problem faced by many scientists working on genegicatidified plants
is silencing of the transgene. Usually in monocots, the bioleggijmroach is used for
transformation with foreign genes. Plants transformed with thigpkat approach have

exhibited transgene silencing (Anand et al., 2003).



CHAPTER Il

REVIEW OF LITERATURE

As mentioned above, various biotic and abiotic factors affect plamivtly and
productivity. Among the abiotic factors, water deficit stress is the magmon for loss of
crop productivity worldwide.

Effects _of water stress on _photosynthesisWater stress severely reduces net

photosynthesis in flag leaf, top internode and ear of wheat (Wardl@wi). Under
water-deficit conditions, stomatal closure and inhibition of chloroasvity reduce
photosynthesis (Matthews and Boyer, 1984), but the decrease in chlomgiagly
contributes more to the loss in photosynthesis than the closure of stivizdthews and
Boyer, 1984). Closed stomata and inhibition of chloroplast activitywatléaf water
potential decrease the leaf capacity to fix available &@l the non-stomatal component
can not be overcome by increase in concentration gf(@@tthews and Boyer, 1984).

At room temperature, chlorophyll fluorescence is emitted exalysiby
photosystem II. Fluorescence has been used to study injury to phbessgnfrom

drought (Araus et al., 1998). As an indicator of stress, fluoreseapesurements are



appropriate because PSIl is one of the most susceptible pmdessiress. Also,
chlorophyll fluorescence can be taken as an indicator of oxidategssas free radicals
are known to inhibit repair of photo damage to PSIl (Yoshitaka et al., 2081fFm is a
measure of the maximum quantum yield of photosystem Il. The quané&lenhgds been
shown to be very sensitive to photoinhibition caused to photosystem Il mainly byeeact
oxygen species. Such damage can be revealed by calculatingvife ratios in
chlorophyll fluorescence measurements (Souza et al., 2004).

Approaches to protect plants from drought stress:Some plant modification efforts

focus on manipulating plant genes which normally protect the plamtsdrought stress
(Valliyodan and Nguyen, 2006). Another approach is to introduce foreiggmnbinetic
enzymes or genes for synthesizing osmoprotecting compounds imsidellt (Rontein et

al., 2002). Different compounds like amino acids, polyols, and quaternanom@om

and tertiary sulfonium compounds are known to be good osmoprotectants (Goddijn a
van Dun, 1999; Rhodes and Hanson, 1993; Rontein et al., 2002). A relatively new
approach of creating transgenic plants by introducing novel genesldhaot occur
naturally in these plants has emerged as an effective methdydqan and Nguyen,
2006).

Role of osmoprotectants under_stressThe osmoprotectants are small molecules that

are not toxic to cells even at high concentration.
Usually under water deficit conditions, osmolyte accumulation odosige the
cell which decreases a cell's osmotic potential and helps nmangl turgor (Pathan et

al., 2004). Maintenance of leaf turgor due to osmotic adjustment heleduoimg water



loss which in turn increases plant survival under stress (SerdafSinclair, 2002). This
mechanism is popularly known as osmotic adjustment (OA).

Osmoprotectants like sugars and sugar alcohols are known to pratetst fpbm
water deficit stress by stabilizing proteins and cell memdsgValliyodan and Nguyen,
2006). In an early attempt to create stress resistant éaicsgbacco plants, the bacterial
enzyme choline oxidase, responsible for synthesizing the amino gcidefletaine, was
used (Sakamoto and Murata, 2001). Another study conducted on tobaccciptamtsi
that plants transformed with a trehalose synthase gene respdosiblereased trehalose
accumulation were tolerant to drought and salinity (Zhang et al.,)2805ther study
done on transgenic tobacco plants showed that over expression of the imesitgl
transferase (IMT1) cDNA, increased the accumulation of D-ononiside the cell,
which in turn conferred salt and drought tolerance to these plants (Sheveleya3a 8l

Role of mannitol under stress:The sugar alcohol mannitol is found in many plants and

is particularly abundant in algae (Loescher et al., 1992).natsrally found in various
higher plants as well, for example in celery. Several poterties of mannitol under
stress have been proposed like as an osmoprotectant, a ROS scavender, tlaad
storage and recycling of reducing power (Loescher et al., 1992yddan and Nguyen,
2006).

A study conducted to understand the role of mannitol in stress pootecti
demonstrated that the presence of mannitol in the chloroplasts of tobacco plantedonfer
protection from oxidative damage (Shen et al., 1997). Tobacco plantotraedfwith
an E. coli gene,mtID, responsible for producing an enzyme, mannitol-1-phosphate

dehydrogenase, involved in mannitol biosynthesis, showed increasezhteléo high



salinity (Tarczynski et al., 1993). Another study on transgenic tobsieggested the
possible role of mannitol in stress tolerance other than as anytsniidhrakas et al.,
1997).

The pathway for mannitol production in transgenic plants is stithesehat
unknown. The key metabolites in the proposed pathway include fructose-6-phosphate and
mannitol-1-phosphate where mannitol synthesis is catalyzedtly and non specific
phosphatases (Thomas et al., 1995).

Different mechanisms of mannitol protection have been proposed; in ¢obacc
plants mannitol protected certain molecules such as glutathione resyines like
thioredoxin, ferredoxin and phosphoribulokinase from the harmful effects dybiyt
radicals (*OH) (Shen et al., 1997). In some higher plants and algaetoh&nhanced the
tolerance to water deficit stress through osmotic adjustments¢hee et al., 1992;
Valliyodan and Nguyen, 2006).

Oxidative stress and ROS accumulation:Oxidative stress occurs in plants due to

excessive accumulation of reactive oxygen species (ROS) iplané¢ tissues during
stress. Drought stress results in the inhibition of photosynthésis leading to
production of ROS (Smirnoff, 1993).

ROS production in plants originates mainly in three processss. photosystem
| reduces molecular oxygen £{Q0n the Mehler reaction to form the primary superoxide
radical (¢Q) that in turn is converted to hydrogen peroxided}l by superoxide
dismutase (SOD) (Apel and Hirt, 2004; Smirnoff, 1993). Second, the hydpageride
can be further reduced to a very harmful hydroxyl radicals («®kjugh Fenton and

Haber-Weiss reactions (Hancock et al., 2001). Generation of singlgeéroxinder high



light intensities is another known mechanism of ROS generatioderUhigh light
intensities, chlorophyll molecules can transfer the excitath@ngy to oxygen molecules
resulting in the formation of singlet oxygen which can rapidly ogidimino acids, DNA
and lipids (Yoshitaka et al., 2001) Abiotic stress conditions aresgxated by the effect
of ROS accumulation.

Biomembranes are the most susceptible targets of ROS ditacto their high
content of polyunsaturated fatty acids in their membrane phospholipidss{@ann et
al., 2002). Lipid peroxidation caused mainly by the hydroxyl radicallead to loss of
membrane fluidity, membrane proteins are affected which in tutarbiss the ion
homeostasis and the membranes are finally completely disrupteds(@ann et al.,
2002). Break down products of lipid peroxidation have been shown to increase under
drought stress and they have been considered as a reliable indi¢aigidative stress
(Moran et al., 1994) (Fig 1).

The hydrogen peroxide formed under stress is broken down to watee in
chloroplast by peroxidase (POX), monodehydroascorbate reductadeARM
dehydroascorbate reductase (DAR), and glutathione reductasei(@mRgquire access to
reduced ascorbate and glutathione (Apel and Hirt, 2004). Hydrogenigeeiexoroken
down by catalase in peroxisomes. Antioxidant enzymes sucbBs GAT, APOX, and
GR prevent accumulation of hydroxyl radicals resulting from the prgduction of
superoxide and hydrogen peroxide in stressed plants.

Role of osmolytes against oxidative stresstn vitro studies have shown that

accumulation of compatible solutes can stabilize membranes andt gratgmes against

chemical denaturation (Yancey et al., 1982). In 1989 Smirnoff evalula¢etydroxyl



radical scavenging capacity of compatible solutes and cordfithreg sorbitol, mannitol
and myo-inositol were effective in free radical scavengingilf$off, 1989). Glutathione
and hydrogen peroxide are known to cross biological membranes aciiratfecellular
signaling which helps in achieving stress tolerance to biotwedsas abiotic stresses
(Foyer et al., 1997). Several studies on accumulating osmolytesningels point to
their role as scavengers of ROS and stabilizers of mensearteproteins (Bohnert and
Jensen, 1996; Papageorgiou and Murata, 1995).

Role of mannitol against oxidative stressMannitol is known to possess free radical

scavenging properties and was reported to scavenge hydroxyhlsaticvitro by
chelating the iron necessary for the Fenton reaction (Franzahi 4994). Yet, the exact
role of mannitol in scavenging ROS is unknown. One of the several ipbtesles
include protection of thiol-regulated enzymes, thioredoxin, ferredoxin artdtlyone
from hydroxyl radicals (Shen et al.,, 1997). Direct scavengingydfdxyl radical and
prevention of formation of hydroxyl radicals by binding to transitmetals necessary for
the Fenton reaction have also been proposed (Smirnoff, 1989).

Drought tolerance in_wheat: Drought is the dominant abiotic factor limiting the

productivity of wheat and other crops. Hence several different approachesdesmvased
to make wheat more drought tolerant. This includes engineeringahts pb accumulate
different osmolytes such as sugar and sugar alcohols (Abalhe 2003; Sivamani et al.,
2000; Valliyodan and Nguyen, 2006), over-expressing certain plant @oseich as, late
embryogenesis abundant (LEA) proteins. LEA proteins accumulate dsdegl

desiccation and in vegetative tissues under water deficit stress @ivenal., 2000).



Spring wheat transformed with the barley gene HVAL, which iseanlber of
group 3 LEA protein genes, showed improved biomass productivity and waer us
efficiency compared to wild type plants under water detionditions (Sivamani et al.,
2000). A gene for a regulatory enzyme in proline biosynthesis waslirted into wheat,
which led to proline accumulation and in turn resulted in toleremeeater deficit stress
after 15 days of drought (Vendruscolo, 2007). The amino acid prolinecfgdtevheat
plants from oxidative damage caused by ROS under drought stresghiathby osmotic
adjustment.

Previous experiments in our laboratory:In an attempt to increase the drought tolerance

by mannitol accumulation, the spring wheat cultivar Bobwhite wasstormed with the

E. coli gene,mtID, mentioned above and the mannitol accumulation was targeted to
cytosol or chloroplast in different lines (Abebe et al., 2003). Preseiha transit peptide
sequence in pTA5 lines directs the mannitol-1-phosphate dehydrogemasee t
chloroplast which helps in mannitol accumulation in this organelled@let al., 2003).
Absence of the transit peptide sequence in pTA2 lines resultgaplasmic mannitol
accumulation. The Jtransgenic lines showed increased tolerance to drought andysalini
compared with the wild type plants (Abebe et al., 2003). The amount ohitola
accumulated in transgenic lines was too low to account for osmotic adjustment.

The study was continued with; &nd T, generation transgenic plants (Elavarthi,
2005). Various physiological, biochemical and molecular experiments pegformed to
evaluate drought tolerance in transgenic lines, but they faillsddw the same responses
that had been observed in generation transgenic plants (Elavarthi, 2005). The apparent

lack of phenotype in the later generations raises the possibiligene silencing that

10



needs to be confirmed by determining the quantitative expresgidrarcsgenes in
different generations of the transgenic lines.

Gene silencing Inheritance and stable expression of the transgene over gemenat

important in creating a drought tolerant crop for agricultural pugpod®heat
transformed using the biolistic method with the pathogenesis—related,gditinase and
B-1,3-glucanase, under the control of the maize ubiquitin promoter showed genegilenc
in T3 generation plants (Anand et al., 2003).

Another study on transgene inheritance and segregation demonshatetiet
transgene though inherited as a dominant trait in the T1 generation, diegnegate in a
Mendelian fashion (Rooke et al., 2003). A study on transgene inherégadglencing in
spring wheat proposed that high copy number of a transgene couldr tbdd
methylation and can cause gene silencing and distortion of segregatos (Demeke et
al., 1999). In monocots, gene silencing can occur at transcriptiandl post-
transcriptional levels (lyer et al., 2000). The biolistic method nfr@guently results in
multiple copies and complex rearranged transgenes as comparkgrdaacterium
mediated transformation (Hiei et al., 1994). High incidence of geares silencing has
been observed in cases of high copy number or a rearranged transgene (ly20@dxal

Use of the biolistic method to transform the spring wheat cultB@bwhite
(Abebe et al., 2003), presence of high copy number of transgeng s Bnd T,
generation plants (Elavarthi, 2005), and lower mannitol concentrationsater |
generations (Elavarthi, 2005) suggest the presence of transcriptmngbost-

transcriptional gene silencing in transgenic spring wheat. This nedgs confirmed by

11



guantifying the gene expression, transgene copy number and tivetoha&ontent in

different generations of transgenic wheat.

12



CHAPTER IlI

METHODOLOGY

Objectives

. To evaluate the effects of mannitol accumulation on leaf gas exehand
chlorophyll fluorescence insIgeneration plants transformed with th#D gene,
under well watered and water-deficit stress conditions.

. To determine activities of antioxidant enzymes in @eneration plants
transformed with thentlD gene, under well watered and water-deficit stress
conditions.

. To quantify mannitol and major sugars like glucose, sucrose, anddeum T,
generation plants transformed with tm#D gene, under well watered and water-
deficit-stress conditions.

. To estimate the lipid peroxidation iry Generation plants transformed with the

mtID gene, under well watered and watered-deficit-stress conditions.

13



All experiments were conducted on, §eneration plants of two chloroplastic
(pTA5-108, pTA5-104) and three cytoplasmic (pTA2-110, pTApTA2-115, pTA2-118)
lines. The pAHC20 line, containing only the selectatde marker gene, and the wild
type Bobwhite were used as controls during the experiments. Exp&irheand I
included determinations of gas exchange properties, antioxidant ermfviges, and
soluble carbohydrate concentrations. Tissue samples for enzymselahlk sugar assays
were collected 0, 15 and 30 days after discontinuation of watérnglants in the stress
treatment. Gas exchange measurements were conducted in thpriwe¢o imposition
of stress and at weekly intervals during the following 30-day period.

Seed treatment and growth conditionsSeeds were surface sterilized by washing with

70% ethanol followed by 20% chlorine bleach for five minutes in each @olutihe
seeds were thoroughly rinsed with deionized water to remove arainiag chemicals.
Seeds were distributed in Petri dishes containing filter pagterated with antibiotic
piperacillin (100 mg Kd) prepared in 1% dimethyl sulfoxide (DMSO). The Petri dishes
were wrapped in aluminium foil and kept at room temperature for P4th. dishes were
moved to 4C for 24 h to overcome seed dormancy. Seeds were next allowed to
germinate for a week in Petri dishes, adding water every 2y8. dsfter a week,
seedlings were planted in small containers in a growth chamb@r3A¢af stage, plants
were screened by polymerase chain reaction (PCR) for presétive transgenesiiD
andbar. After 2 weeks, positive plants were transplanted into pots ansféreed to a
greenhouse.

Screening formtlD and bar genes Polymerase chain reaction (PCR) was performed on

leaf tissue collected from 2-3 weeks old plants to confirm teegmce omtlID andbar
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genes in transgenic wheat lines. The DNA extraction and PCRsanalere performed
using the REDExtract-N-Amp plant PCR kit (Sigma, St. LouisNADwas extracted
from approximately 50 mg of leaf tissue. One hundred microl@gérsxtraction buffer
was added to the leaf tissue followed by incubation % $&r 10 minutes. After cooling,
100 pl of dilution buffer was added. This extract was used as a tehflate for PCR
reactions. The amplified PCR products were subjected to gelagdbotesis using 1.2%
agarose (Table 1, 2).

Stress treatment Experiment | was conducted in a greenhouse in the fall of 2006 and

Experiment Il in the spring of 2007. The plants were split into gnaups, a control
group and a group exposed to water-deficit stress. After D#yeOplants in the stress
treatment group received no water until the volumetric soiemadntent had decreased
to 10-15%. This occurred on Day 10 in Experiment | and on Day 8 in BExgarill.
From those days until the end of the experiments on Day 30, tlss $#xeel of these
plants was maintained by addition of 200 ml of water each timehtt@shold volumetric
soil water content was reached. The group of well wateredotgiémnts received 500
ml of water on the same days.

Relative water content (RWC): At three time points, leaf tissue was collected in plastic

bags and immediately placed on ice and brought to the laboratesh #eight (FW) of
an approximately 3-4 cm leaf segment was recorded. Leaétisas then transferred to
centrifuge tubes filled with 2 ml of cold deionized water. Tulvese kept at % for 3-4
hours to allow full  hydration while minimizing metabolic adyvi Turgid weights

(TFW) were recorded after 3-4 hours following removal of the $eafions from the
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tubes and blotting the excess water off. The samples wereltieehin a hot air oven at
60°C for 48 hours. Dry weights (DW) were recorded after the drying (Sharp £940).
The RWC (%) was calculated by using the following formula:

RWC= (FW-DW)/ (TFW-DW)*100

Gas exchange measurementdhe rates of C®assimilation (A), transpiration and the

stomatal conductance were determined at an irradiance of 1500 &l FAR, 360

UL CO, L air, 70% relative humidity and 22 chamber temperature. In addition to
point measurements, G@sponse curves were generated by measuringa€imilation

rates at a range of G@oncentrations. Similarly, light response curves were geibgte
measuring the rates of G@ssimilation at a range of irradiances. These gas exchange
measurements were conducted with a LI-6400 (LI-COR, Inc., Linddk), portable
photosynthesis system adapted with a, @lixer and a LED light source. The LI-6400
mixes CQ with the air going into the chamber and maintains a particulds C
concentration inside the chamber. It also measures thext@usted from the chamber
and then calculates the A from the difference in the tweg €@centrations, the air flow
rate (Elavarthi, 2005), and the leaf area in the chamber. Gasngechgperiments were
conducted five times starting at well watered condition and ending aftey30of water-
deficit stress, taking measurements at weekly interval¢er@iit parameters such as net
photosynthesis rate, stomatal conductance, and transpiration ratepefimental
transgenic and control lines were recorded under well watered aed-dedicit stress
conditions. Light and C@Oresponse curve measurements were conducted only on one

transgenic line (pTA2-118) and one control line (pAHC20). These measnte were
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recorded only three times namely before the start of thesstt® days into the stress and
30 days into the stress.

Chlorophyll fluorescence The ratio of variable to maximum fluorescence (Fv/Fm) of

dark-adapted leaves was measured with the help of the LI-64@@f4 chamber
fluorometer. Fluorescence measurements were collected altimdjghit response curve
measurements at three time points.

Antioxidant enzymes Activities of antioxidant enzymes were determined at thrae ti

points namely before imposition of stress, 15 days into the stneés8Cadays into the
stress. Approximately 200 mg of leaf tissue was powdered in ligitidgen using a
precooled mortar and pestle. The powder was then homogenized iniextbadter and
transferred into a precooled centrifuge tube. Phosphate buffer of GritiMontaining 2
mM EDTA at a pH of 7.8 was used as an extraction buffer fasahys. Fifty millimolar
concentration of the same buffer was used in SOD and GR assalgs5&mM of the
same buffer at pH 7 was used for CAT and APOX assays. The lkoategwas then
centrifuged at 10,000 g for 20 minutes &€ 4The supernatant was used in assaying the
antioxidant enzymes, APOX and GR. The supernatant was diluted 220a@ixdfor SOD

and CAT assays, respectively.

Determination of superoxide dismutase (SOD) activityTotal SOD activity of tissue

extract was determined from the nitro blue tetrazolium (N®Tjormazon conversion
caused by the superoxide radical in the presence of light (FlotheOtting, 1984).
Formation of the blue formazon is inhibited by SOD as it catslfthe decomposition of
the superoxide radical. Formazon formation was followed spectrophotcaligtat 560

nm. Final SOD activity in samples was calculated using adatd curve. Final SOD
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activity was expressed in units" dresh weight. One unit of SOD activity is defined as
the amount of enzyme required to cause 50% inhibition of the reduction BfasB
monitored at 560 nm (Beauchamp and Fridovich, 1971).

Determination of catalase (CAT) activity The catalase activity of leaf extracts was

measured by following the decrease in absorbance,0f dt 240 nm caused by the
decomposition of bD, catalyzed by catalase (Beers and Sizer, 1952). Enzymetyactivi
was expressed as pmol of®s oxidized mint g* fresh weight.

Determination of ascorbate peroxidase (APOX) activitylLeaf extracts were assayed in

the presence of D, and ascorbic acid (Moran et al., 1994; Nakano and Asada, 1981).
The APOX activity was determined spectrophotometrically bipfohg the oxidation of
ascorbic acid at 290 nm. Ascorbate oxidase activity in planples was not detected.
Also, there was no significant oxidation of ascorbate b{®.-HEnzyme activity was
expressed as pmol of ascorbate oxidized mgihfresh weight.

Determination of glutathione reductase (GR) activity:Leaf extracts were assayed in

the presence of 5,5-dithio-bis(2-nitrobenzoic acid) (DTNB). The &dRivity was
determined spectrophotometrically by following the changsbsorbance at 412 nm due
to the formation of thionitrobenzoic acid (TNB) (Smith et al., 1988). Enzyme actray
expressed as pmol of TNB formed fhig* fresh weight.

Lipid peroxidation assay. The level of lipid peroxidation in leaf tissue was measured by

guantifying malondialdehyde (MDA) content determined by the tmihaic acid
reaction (Dhindsa et al., 1981). Approximately 100 mg of leaf tissgehaanogenized in
3 ml 0.1% trichloroacetic acid (TCA) and centrifuged at 10,000 g foririutes. Six

hundred microliters of the supernatant was transferred to a fresh tube cortadrminigof
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20% TCA containing 0.5% TBA (thiobarbutiric acid). The new mixture haated at
95°C for 30 minutes and quickly cooled on ice. The samples were centrifuggn at
10,000 g for 10 minutes. Finally, the absorbance of the supernatant at 58asnread
and the non-specific absorption at 600 nm was subtracted. The concenmifaVIDA
was calculated using its extinction coefficient of 155 Thami™.

Soluble carbohydrate analysesSugar and sugar alcohol content of the leaf tissue was

guantified using a high performance liquid chromatography (HPLG@&msysoupled with
a pulsed amperometric detector (PAD). Pure carbohydrate rea@enbitol, mannitol,
glucose, fructose, and sucrose) purchased from Sigma (St. Louiswgl®)used as
standards. Leaf tissue for HPLC analysis was collecteédre¢ time points, before the
start of the stress period, 15 days after stress imposiidr3@ days after imposition of
stress.

Approximately 200 mg of leaf tissue was weighed and powdered ligind nitrogen
and mortar and pestle. The powdered sample was mixed and vortexedrmi dbD@n
ethanol/chloroform/water (12:5:3) mixture. An equal volume of wates added and the
mixture was centrifuged at 10,000 g for 5 minutes. The upper aqueous \phase
transferred to a new tube and the pellet was re-extrasith water at 68C for 30
minutes followed by another centrifugation. The extracts wexe pooled and dried in a
speedvac for approximately 3-4 hours. The final pellet was suspeand@éd ul of water.
To remove hydrophobic substances, the solution was passed through a preconditioned C
solid phase extraction column (Altech Associates, Inc., IL), fohgwihich, 700 pl of
water was passed through the column to collect the whole samplsaipées were then

diluted 10 times for carbohydrate analysis. A CarboPac PA1l iohaege column
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(Dionex Corporation, Sunnyvale, CA) was used for carbohydrate analysty
microliters of sample was injected into the sample loop connegtdtetion exchange
column. Samples were separated isocratically in 40 mM NaOigdespavith helium. The
flow rate was set to 2.0 ml nitlnPeak areas of known concentrations of standards were
used to calculate carbohydrate concentrations of unknown samples.

Phenotypic_measurements All experimental plants were harvested 30 days after

withholding water. Phenotypic measurements such as height and above-gi@muads

were recorded for all the transgenic and control lines.
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CHAPTER IV

RESULTS

PCR screening for the transgenesTwo cytoplasmic (pTApTA2-115, pTA2-118) and

two chloroplastic (pTA5-104, pTA5-108) lines, the empty vector line pAH@R4,wild
type Bobwhite were used in this study. As the transgenic seedegtsgated for the
transgenesntlD andbar, seedlings were screened for presence of the transgenes. Only

plants testing positive for transgenes were selected for experimentagj&). (F

Volumetric soil water content (VWC): In both experiments, soil VWC of control group

plants was maintained in the range of 40-60% while for the stngsssed group the
VWC was maintained between 8-18% (Figure 3, 4). The figures atedia clear
difference in VWC between well watered and stressed plants in the two espirim

Leaf relative water content (RWO): In Experiment |, pTA2-118 and Bobwhite showed

approximately 25% and 8% lower leaf RWC under stress treatomnpared to the
plants under control treatment. In Experiment Il all lines exg@tC20 showed
significantly lower RWC values. In both experiments, pTA2-118 shothedlowest
RWC among the lines on Day 30 in the stress treatment (Table 3, 4).

Phenotypic_measurements In both experiments, a general decrease in height and

above-ground biomass was observed in all experimental lines in respatisess (Table
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5, 6). The transgenic line pTA2-118 was the tallest line unddrwatered as well as
stressed conditions. In Experiment |, Bobwhite accumulated the drbaiesass under
well watered conditions, but under stress, transgenic line pTA2-118 dhshghtly
greater biomass than the nontransformed Bobwhite. In Experimetmarkgenic line
pTA2-118 showed slightly greater biomass than Bobwhite under wedr@gatondition
and almost equal amount of biomass under the stress treatment (Table 5, 6).

Gas exchange measurement$n Experiment I, all experimental lines except pTA2-118

and pAHC20 showed significant reduction in net photosynthesis rate (A)y&Oattar
discontinuation of watering. On Day 24, all lines showed significachiatéon in net
photosynthesis rate (Table 7). A similar response was not observexberiment Il
(Table 8). Among the lines, there were no significant differencenet photosynthesis
rates in Experiment I, but in Experiment Il pTA5-104 showed higle¢photosynthesis
rate than pTA5-108 and Bobwhite on Day 24 of the stress treatment (Table 7, 8).

In Experiment I, stomatal conductance was lowered on Day 1@4dall lines
(Table 9). This response was observed only in Bobwhite in Experiin€hable 10).
This suggests that the transgenic lines were no more able tictrestter loss under
stress conditions than were the controls (Table 9, 10).

Antioxidant enzyme assays

Ascorbate peroxidase (APOX) In Experiment |, the APOX activity of line pTA2-115

on Day 30 was significantly higher in the stress treatmenmt ithaéhe control treatment,
but it was significantly lower in pTA2-118 (Table 11). In Expemnll, pTA5-104
showed lower APOX activity on Day 30 in the stress treatnasntompared to the

control treatment (Table 12). There were no significant diffeseacgong the lines in
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Experiment 1, but in Experiment Il, pTA5-104 under well watered caditand
PAHC20 after 30 days of stress showed significantly higher ARCIK/ity (Table 11,

12) than the other experimental materials.

Catalase (CAT) - There was no significant change in CAT activity in any loé t

materials after 15 and 30 days of stress treatment (Table L3nldoth experiments,
pPAHC20 had the highest CAT activity under well watered as aselvater-deficit stress

conditions.

Glutathione reductase (GR)- In Experiment | on Day 30, the GR activity was

significantly lower in stress exposed pTA2-118 plants than inwetiéred plants of the
same line (Table 15). In Experiment I, only Bobwhite showed sagmfly lower GR

activity on Day 30 in the stressed treatment than in the wedrea treatment (Table
16). The pAHC20 line showed the highest GR activity among the dind3ays 15 and

30 in both water treatments.

Superoxide dismutase (SOD} In Experiment | on Day 15, the SOD activity was

significantly lower in stress-exposed pTA5-104 plants than inwaiéred plants of the
same line (Table 17). In Experiment Il, imposition of stressezhu® significant change
in SOD activity in all experimental lines. In both experimetiiere were no significant

differences among the lines in stress and control treatments (Table .17, 18)
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Lipid peroxidation assay— In both the experimentshere was a significant increase in

MDA content after 15 and 30 days of stress treatment. This iecreas significantly
lower in chloroplastic lines compared to cytoplasmic lines. Tdresgenic line pTA2-118
showed the highest MDA content among the lines after 15 and 30 days of stresntreatm

in both the experiments (Table 19, 20).

Light response _curves- In Experiment |, quantum efficiency (AQE) and maximum

photosynthesis rate (Amax) were lower in the transgenic line2glll8 than in the
control pAHC20 line 30 days into the stress treatment. The comt®lshowed a
significant reduction in light compensation point (LCP), after 15 d@géress treatment.
In experiment Il, the transgenic line showed significantly logqueaintum efficiency than

the control line after 30 days of stress treatment (Table 21, 22).

CO, response _curvesIn Experiment |, a significant difference in g@ompensation

point (CCP) between transgenic and control line was observed on Dafytlié& control
treatment (Table 21). In Experiment Il on Day 0, the transgerecshowed significantly
lower carboxylation efficiency (CE) and G@ompensation point (CCP) under control
treatment. On Day zero, the control line showed significant diffexs in CCP from the

transgenic line under both treatments (Table 23, 24).

Soluble carbohydrate analysesin Experiment I, as well as I, there were no significant

differences in mannitol concentration between control and stregsaet. Also, there

were no significant differences in mannitol concentration amontnée under both the
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treatments. On Day 30, lines pTA2-115, pTA2-118, pTA5-104 and non<ramed
Bobwhite in Experiment |, and pTA2-115, pTA5-104 and Bobwhite in Experiment |
showed a significant increase in total soluble sugars (TSShenstress treatment
compared to the control treatment (Table 25, 26). In Experiments Il,aardong lines,
pTA2-118 and Bobwhite, respectively, showed the highest TSS concentritori3@&
days of stress treatment. In Experiment |, there were ndfisggnti differences in TSS
concentration after 15 days of stress treatment but in ExperimeiitA5-104 showed a

significantly higher TSS concentration compared to other lines under both thestresatm
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CHAPTER V

DISCUSSION

Previous experiments conducted on calli apdj@neration plants in our lab have shown
that wheat plants transformed with the bactan&D gene accumulated mannitol under
water deficit stress and showed increased tolerance to droodhgadinity. When the
study here was extended tq deneration plants, substantially lower concentrations of
mannitol were observed, and little effect on drought tolerance was noted.

In T, generation plants exposed to drought stress, mannitol accumulated to
between 0.6 and 2.0 umot gresh weight in the mature fifth leaf (Abebe et al., 2003). In
our Experiments | and Il, mannitol accumulation ranged from 0.17 to 0.6£.99 to
0.63 pmol @ fresh weight, respectively. There was no significant incr@aseannitol
concentration upon stress. Thus, the mannitol concentration under stress in our
experiments on Jwheat was far lower than in, §eneration wheat (Abebe et al., 2003),
tobacco (Tarczynski et al., 1993) and Arabidopsis (Thomas et al., 1995)iffenence
in mannitol concentrations between d8nd T, generation transgenic plants may explain

the differences in drought tolerance observed in our experiments aheé forevious
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ones. The cause of the lower mannitol concentratiory ipldnts remains unanswered
though.

A slightly different method of stress imposition was followedun experiments
compared to that used previously for Jeneration plants. The, eneration transgenic
plants in the earlier stress treatment received 1/3 of the armbwater given to plants in
the control treatment, while in our experimenisplants in the stress treatment received
40% of the amount given to plants in the control treatment. Althouglhotheotumetric
water content was measured only for theplants, the difference in watering protocols
suggests that the, plants may not have experienced the same magnitude of sttegs as
T, plants.

Yet, our data on soil volumetric water content (VWC) show a dd#farence in
the amount of water available tq plants in the control and the stress treatments. Also,
the leaf relative water content (RWC) was reduced under sinegdA2-118 and
Bobwhite in Experiment I, which indicates the presence of stiHss.rest of the
transgenic lines did not show a reduction in RWC under stress, howéueh, shows
that these lines were able to maintain their RWC even withvieder available than in
the control treatment. However, a similar response was not edlsanExperiment I,
where all the experimental lines except pAHC20 showed significeduction in RWC
after 30 days of stress treatment. The above results suggesietipants in Experiment
Il were stressed to a greater magnitude than those in Expedm®©ur soil water data
show that the stress exposed group in both experiments was mairiatneen 10-15%

VWC, which was much lower than the control group.
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The above data show that with our method of stress imposition, and for the
transgenic lines used in our experiments, it took approximately 30falagissignificant
reduction in RWC to appear and for stress to develop.

Studies on wheat (Abebe et al., 2003; Kerepesi and Galiba, 2000) ardotoba
(Karakas et al., 1997) transformed with th#D gene have shown an increase in total
soluble sugars upon stress imposition. Our data is in agreementhesin findings. A
significant increase in total soluble sugars was observed irgaaicsas well as control
lines, but first after 30 days of stress treatment. The pcesef mannitol did not affect
the stress-induced accumulation of other soluble sugars. The fattte¢hatrease in total
soluble sugar content was observed first after 30 days of wedss stupports the above
conclusion, based on RWC and VWC, that the experimental plants igergcantly
stressed first toward the end of the 30 days of stress treatment.

It should also be mentioned that pTA2-118 developed and senesced faster than the
other experimental materials. This could have contributed to its RM¥C. In
Experiments | and Il, the transgenic line pTA2-118 was thestallee under well-
watered, as well as stressed conditions. Also, it accumulaggdslgreater biomass than
Bobwhite under stress in Experiment | and an almost equal amounbrofgs in
Experiment Il. These results show that under stress the traoshee pTA2-118
performed better than the Bobwhite in terms of height and biormkasspossible role of
mannitol in better performance of the transgenic line pTA2-118 is not clear.

The different physiological experiments conducted to evaluategktdalerance
in the transgenic wheat plants included measurements of net photssynthte,

transpiration rate, and stomatal conductance. Light angr€€ponse curves were also
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generated. Similar measurements have been previously used infamheftdying the
effects of water stress on gas exchange and chlorophyll fluorescerssar(H2006).

In Experiment I, the transpiration rate, net photosynthesis ratehanstdmatal
conductance were lowered in all experimental materials in ttkesstreatment, which
suggests closure of stomata. In Experiment Il, a significahictan in the transpiration
rate and the stomatal conductance was observed only in Bobwkiteaftlays of stress
treatment. These results suggest that the presence mflhvé¢ransgene did not alter the
pattern of restricting water loss by the leaves, i.e. theepoesof the levels of mannitol
observed in the transgenic lines did not give an added advantage tgldm@seunder
water deficit stress.

Photosynthetic quantum efficiency (AQE) is calculated as dhe between the
number of CQ molecules assimilated (or,Onolecules evolved) and the number of
photons absorbed by the photosynthetic system (Zeinalov and Maslenkova, 1999).
Environmental stresses like temperature and drought can altephib@synthetic
guantum efficiency (Zobayed et al., 2005). A study conducted on wsheated about
17% reduction in AQE under drought stress and 12% under heat stress (Hassan, 2006).

In Experiment |, the transgenic line pTA2-118 showed lower maximum
photosynthesis rate (Amax) and quantum efficiency (AQE) compardatatoof the
control line pAHC20 after 30 days of stress treatment while AGNE was lowered in
Experiment Il. The presence of mannitol did not show any effeddmmax and AQE
under stress condition in the transgenic line. Also, presence of wianrthe transgenic

line did not show any effect on carboxylation efficiency (CE) under stress icmsdit
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The biochemical characterization included determination of actvitie the
antioxidant enzymes catalase, ascorbate peroxidase, glutathdoctase and superoxide
dismutase and estimation of lipid peroxidation in transgenic and ctingslunder well-
watered and water-deficit-stress conditions. There was no antsidifference in
antioxidant enzyme activities between stressed and contngigegaic and nontransgenic
lines. The presence of mannitol, which is also a scavenger ¢ifveecarygen species, did
not affect the activities of the antioxidant enzymes in the teameglants under both
well-watered and water-deficit-stress conditions. This suggekat the regular
antioxidant system of nontransgenic plants might have been abisebiyto adequately
scavenge stress-induced reactive oxygen species. The lipid p#mxidseasured in
terms of malondialdehyde (MDA) concentration was significahtgher in pTA2-118
compared to the chloroplastic lines after 15 and 30 days of steesmént. Our data on
RWC supports the above finding that pTA2-118 was the most streésesds it showed
the lowest RWC among the experimental lines in Experiments | and IlI.

Although there was an increase in lipid peroxidation upon impositiotresfssin
all the experimental lines, this increase was significasthaller in chloroplastic lines
compared to cytoplasmic lines. This suggests that the mannitol alation in
chloroplasts provides better protection to plants from oxidative damadeydroxyl
radicals compared to cytoplasmic accumulation. These resulisa agreement with a
study conducted on tobacco which showed that mannitol accumulation in chltwoplas
protects the plant from oxidation by hydroxyl radicals (Sheal.et1997). The initial
stress-induced reactive oxygen species, the superoxide radicédrmed in the

chloroplast and is there converted to the very damaging hydroxghtadihus presence
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of mannitol at the site of hydroxyl radical formation would be etquk¢o be more
effective in the elimination of this radical.

In conclusion, transgenic lines performed better than control lines stréss
treatment in terms of height and biomass. The transgenic lin@-ffI8 was the tallest
and fastest growing line. It also accumulated greater biothassthe wildtype under
stress. Presence of mannitol did not show any effect on antibx@dayme activities of
transgenic lines under both the treatments. Physiological exg@snshowed that
presence of mannitol did not give an added advantage to the transgenaslihey did
not perform better under stress. The mannitol concentration did naisedretransgenic
lines after 15 and 30 days of stress treatment, but there wgisfecant increase in total
soluble sugar content in some of the transgenic lines and controbftees30 days of
stress treatment. The accumulation of mannitol in the chloroghthte transgenic lines
provided better protection to the cell membranes from harmful hydr@dicals
compared to accumulation of mannitol in the cytoplasm.

FUTURE STUDY: The decrease in mannitol concentration over the generations, use of

the biolistic method to transform the spring wheat cultivar Bobwlibebe et al., 2003),
and presence of high transgene copy numbers in the transgesi¢Hiagarthi, 2005)
suggest the presence of transcriptional or post-transcriptionalsjencing. This needs
to be confirmed by guantifying transgene copy number, gene expregstmannitol

content in different generations of transgenic wheat.
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APPENDICES

KO +1/2Q
/v Fe** + H-0> ----> Fe*' + .OH + OH"
Catalas :
Fenton reaction GSSG e
////v- ﬁ\\\\;/fASCORB““;<1;;;>\\\
superoxide ascorbate RO TG glutathione
dismutase perox{:l:se ?:;31':::2 ::r::;:te reductase
N reductase
MDHA NADPH / \
- DHA 2 GSH NADP
O, H.O

Mehler reaction

O,

Figure 1._Role of antioxidant enzymes under_oxidative stressSuperoxide radicals

(O2) are produced in chloroplasts in the Mehler's reaction. Theraxide dismutase

enzyme, which is an important enzyme of plant’'s antioxidant systemverts this

superoxide radical into hydrogen peroxide which can be degradethebynzyme

catalase. An alternative path is through the ascorbate-glutathise consisting of

various antioxidant enzymes, where it finally gets converted aterw The hydrogen

peroxide formed can form harmful hydroxyl radicals in the Fergawtion (Arora et al.,

2002).
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Figure 2: PCR screening for the presence of transgena#ID and bar.
L- 1 Kb ladder

2-5- 600bp band for themtlD gene in the transgenic line
pTA2-115

N. Negative control for themtlD gene
P. Positive control for themtlD gene
8. 1 Kb ladder

9-12. 300bp band for thebar gene in the transgenic line
pTA2-115

13. Negative control for thebar gene

14. Positive control for thebar gene
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Figure 3: Soil volumetric water content (%) of the experimatal pots in the
Experiment | (Fall 2006) measured using Time Domain Refleometry (bars are *
SE, n=4). Days 0, 15 and 30 refer to withholding of water in thersss treatment. S
and US following line names refer to the stressed and unstregseeatments
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Figure 4: Soil volumetric water content (%) of the experimental potsn the
Experiment Il (Spring 2007) measured using Time Domain Reflectontey (bars are

+ SE, n=4). Days 0, 15 and 30 refer to withholding of water in the stress treatment.
S and US following line names refer to the stressed and unstreddeeatments
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Table 1: Nucleotide primer sequences and amplicon size of the targetiggbDesndbar used for

screening transgenic wheat plants.

Target Gene

Primer Sequence (5’-3") Amplicon Size (bp)

mtiD Forward Primer 5-CGG GTA TCC AAC TGA CGT 600
TT-3
Reverse Primer 5-CCG TGT TCA GGG TGA AGA
GT-3
bar Forward Primer 5-CAT CGA GAC AAG CAC GGT 300

Reverse Primer

CAACTT C-3'

5-CTC TTG AAG CCC TGT GCC

TCC AG-3’
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Table 2:.PCR parameters used for screening transgenic wheat plants

Step Temperature Time/ Duration Cycles
Initial Denaturation | 9% 3 min 1
Denaturation 95°C 1 min 30
Annealing 52°C 1 min

Extension 72C 1 min

Final Extension s 5 min 1
Hold 4°C

45



Table 3: Relative water content (%) of leaf tissue in Experiment | (Fal2006)

Stress level Days pTA2-115 pTA2-118 pTA5-104 pTA5-108 BW pAHC20
Control 0 92.6+£1.70a 92.5+1.70 90.7+£ 2.70 90.5+ 2.00 91.3+1.30 91.3+2.10
Treatment

15 93.2+0.40 93.2+1.00 91.4+ 2.50 92.5+1.00 92.6+ 0.50 91.6+1.60

30 94.2+0.70 96.3+ 0.40a 92.3+3.90 94.4+ 0.65 93.8+ 3.00a 94.4+1.03
Stress 0 86.7+ 2.30b 93.4+ 0.60 87.7+1.70 93.8+0.80 90.8+1.30 87.9+2.90
Treatment

15 91.0+1.50 89.8+ 0.64 89.0+ 2.30 91.4+ 0.60 91.6+0.80 91.3+1.20

30 89.6£0801 77.0£3.09b2 88.7£+0.801 91.0£0.801 86.6£3.90b1 90.8+0.921

Values are means * SE of four replications. Means followed by diffent letters in a column are significantly
different at P < 0.05 between the two treatments, and means followed byfdrent numbers in a row are
significantly different at P < 0.05 among the lines
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Table 4: Relative water content (%) of leaf tissue in Experiment (Spring 2007)

Stress Days pTA2-115 2-118 pTA5-104 pTA5-108 BW pAHC20
level
Control 0 94.68+0.44 92.85+1.51 94.10+0.98 96.56+3.63 94.14+1.68 95.58+1.28
Treatment
15 97.22+0.51 95.75+0.58 96.81+1.27 93.81+1.18 95.39+0.40 94.14+1.34
30 93.08+1.08 a 92.27+1.10 a 92.96+0.95 a 92.74+1.39 a 94.18+0.95 a 91.25+0.31
Stress 0 94.50+0.48 93.91+1.15 94.28+0.87 94.90+1.35 97.09+1.53 94.30+1.21
Treatment
15 96.40+0.95 95.45+0.87 97.01+0.64 95.26+0.86 94.63+0.49 93.98+0.65

30 87.48+1.78 b 12 80.15+3.33 b3 84.93+2.66 b2 84.64+1.26 b2 89.62+231 b1 87.45+2.81 12

Values are means * SE of four replications. Means followed by dfént letters in a column are significantly
different at P < 0.05 between the two treatments, and means followed by @ifént numbers in a row are
significantly different at P < 0.05 among the lines.
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Table 5: Plant height and dry weight of the above ground biomass, recorded at
the end of the 30 days of stress period in Experiment | (Fall 2006)

Stress level

Control treatment

Stress treatment

Plant ID
pTA2-115
pTA2-118
pTA5-104
pTA5-108

BW
pAHC20
pTA2-115
pTA2-118
pTA5-104
pTA5-108
BW
pAHC20

Height (cm)
56.00£0.415
75.50+2.10a1l
61.00+1.73 a4
68.50 £2.50 a 2
68.00+0.71 23
65.75+ 4.09 234
51.50+2.72 2
63.25+2.59b 1
51.50+1.55b 2
61.50+1.44Db 1
62.75+2.25 1
59.50+1.921

Biomass (Dry wt in grams)
16.55+ 2.20 2
14.40+1.72 2
16.68+ 2.08 a2
17.39+£0.39 2
2214+130a1
15.12 +1.85 2
12.42+0.35
15.19+ 0.57
12.47+0.41b
14.31+ 0.59
13.67+£1.10 b
11.95+£0.79

Values are means = SE of four replications. Means followed by diffent letters in
a column are significantly different at P < 0.05 between the two treatmesjtand

means followed by different numbers in a column in each treatmerre significantly

different at P < 0.05 among the lines.
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Table 6: Plant height and dry weight of the above ground biomass, recorded at the
end of the 30 days of stress period in Experiment Il (Spring 2007)

Stress level Plant ID Height (cm) Biomass (Dry weight in grams)
Control treatment pTA2-115 54.00+3.87 3 11.05+1.37 23
pTA2-118 71.75+2.32 1 16.53+0.93 a1
pTA5-104 61.25+4.05 23 11.01+1.84 23
pTA5-108 63.00+2.48 2 13.23+1.81 123
BW 65.50+1.50 12 13.49+2.01 12
pAHC20 58.00+3.08 23 9.97+0.55 3
Stress treatment 2-115 49.75+3.71 3 9.23+£1.32 12
pTA2-118 67.50+3.50 1 11.74+1.66 b 12
pTA5-104 59.00+1.35 23 10.07+0.27 12
pTA5-108 57.25+2.63 23 10.57+0.83 12
BW 64.75+1.44 12 12.43+0.50 1
pAHC20 53.25+1.25 3 8.7240.40 2

Values are means * SE of four replications. Means followed by diffent letters in a
column are significantly different at P < 0.05 between the two treatmest and means
followed by different numbers among in a column in each treatment & significantly
different at P < 0.05 among the lines.
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Table 7: Net photosynthesis rate (umol fAs?) measured five times in Experiment | (Fall 2006)

Stress
level

Control 0

Treatment
3
10
17
24

Stress 0

Treatment
3
10
17
24

Days

pTA2-115
25.28+ 0.62

22.78 ¥£1.50
29.32+0.90 a
22.55+1.99
23.53£2.60 a
27.58 £1.80

22.68+1.45
16.34+2.72 b
16.92+ 2.80
12.13+1.90 b

PTA2-118
19.18+ 2.20

26 70+ 4.20
27.15+2.30
22.12+2.40 a
24.82+0.69 a
23.68+1.80

27.18+3.10
22.50+ 3.20
15.40+2.60 b
6.24+£0.90 b

pTA5-104
23.03+2.10

26.85+ 2.40
28.08+ 1.56 a
21.23+1.96
23.55£2.50 a
22.60+£0.24

28.32+1.60
17.83+3.80 b
19.55+1.01
9.98+£1.31D

PTA5-108
28.33+1.00 a

26.80+1.20
24.07x2.11a
21.65+1.54
23.62+3.17 a
21.60£4.00 b

24,10 £3.01
15.40+1.03 b
17.80+x1.74
12.90+2.40 b

BW

20.80+1.50

25.10 +4.00
26.55+0.42 a
23.55+ 1.05
21.75+£0.27 a
21.78+3.30

27.00+4.40
19.80+2.60 b
18.62+ 0.75
9.31+161b

pAHC20
14.35+ 2.10

23.80+ 2.00
28.50 +1.59
24.12+ 1.55
26.35£1.48 a
20.05 +£2.40

24.97+2.80
23.35+1.74
20.67+£1.29
1549+ 2.10 b

Values are means = SE of four replications. Means followed by diffent letters in a column are
significantly different at P < 0.05 between the two treatments.
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Table 8: Net photosynthesis rate (umol fAs?) measured five times in Experiment Il (Spring 2007)

Stress level Days pTA2-115 pTA2-118 pTA5-104 pTA5-108 BW pAHC20
Control 0 20.80£3.30 19.63+1.72 22.45+2.18 14.62+2.42 18.38+2.58 20.20+1.87
Treatment
3 22.33+£1.08 26.55+1.62 25.45+1.22 21.68+2.89 28.10+2.85 24.50+0.92
10 20.5+0.66 21.08+1.55 20.30+1.71 20.93+0.68 18.50+0.90 19.60+1.33
17 24.80+1.50 25.23+2.88 26.70+1.21 23.15+0.88 27.03+2.08 27.80+0.98
24 22.85%£2.35 21.95+2.54 21.05+2.53 19.08+0.81 20.36+1.19 17.15%2.29
Stress 0 16.48+0.81 19.50+1.19 20.03+£2.43 19.08+2.08 19.20+1.45 15.93+4.08
Treatment
3 22.35+0.77 23.18+2.19 22.78+0.39 24.48+0.57 25.75%2.17 22.33+£1.31
10 17.68+1.67 17.78+1.99 18.15+2.26 19.65+0.98 18.28+1.71 21.40+2.07
17 19.54+4.48 23.38+3.28 22.00£3.46 21.88+2.43 21.80+2.99 26.43+1.51
24 20.25+1.09 12 20.35%#1.99 12 23.83x1.591 16.10+2.002 15.72+2.392  20.07+2.91 12

Values are means * SE of four replications. Means followed by diffemenumbers in a row are
significantly different at P < 0.05 among the lines.
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Table 9: Stomatal conductance (mmol ihs?) measured five times in Experiment | (Fall 2006)

Stress level Days pTA2-115 pTA2-118 pTA5-104 pTA5-108 BW pAHC20
Control Treatment -4 0.49+0.02 0.35+0.09 0.45+0.06 0.54+0.05 0.31+£0.02 0.36+0.05
3 0.24+0.03 0.39+0.11 0.36+ 0.05 0.34+0.02 0.34+0.09 0.32+0.10

10 0.63+0.13a 0.65+0.07a 0.58+0.07a 0.54+0.11a 0.57+0.04a 0.69+0.10a

17 0.43+£0.06a 0.42+0.09a 0.39+0.06 0.41+0.06a 0.45+0.04a 0.57+£0.30a

24 0.32+0.05a 0.54+0.03a 0.42+0.11a 0.35£0.08a 0.32+£0.05a 0.42+0.05a
Stress Treatment -4 0.52+0.07 0.34+£0.03 0.49+£0.04 0.42+£0.12 0.44+0.08 0.32+£ 0.05
3 0.20+ 0.03 0.29+ 0.07 0.39+ 0.07 0.24+ 0.03 0.33+0.08 0.29+ 0.09

10 0.20+0.05b  0.29+0.04b  0.26£0.06b  0.20+0.04b  0.23+£0.05b  0.31+0.06b

17 0.22+0.07b  0.15+0.04b  0.26+0.04 0.21+0.04b  0.19+0.01b  0.32+0.05b

24 0.09+0.02b  0.05+0.01b  0.07+0.01b 0.11+0.03b  0.07£0.02b  0.16+ 0.04b

Values are means * SE of four replications. Means followed by ditet letters in a column are
significantly different at P < 0.05 between the two treatments.
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Table 10: Stomatal conductance (mmol ifis*) measured five times in Experiment Il (Spring 2007)

Stress level Days pTA2-115 pTA2-118 pTA5-104 pTA5-108 BW pAHC20

Control Treatment -4 0.4240.09 0.35+0.06 0.3040.01 0.21+0.04 0.25+0.07 0.3040.03
3 0.62+0.04 0.63+0.10 0.59+0.04 0.4940.08 0.7240.10 0.59+0.10
10 0.75+0.04 0.67+0.03 0.68+0.03 0.68+0.11 0.75+0.04 a 0.64+0.10
17 0.85+0.02a  0.78+0.03 0.84+0.05 0.7940.08 0.85+0.04 a 0.86+0.03
24 0.6410.09 0.53+0.08 0.63+0.06 0.5740.01 a 0.6110.10 a 0.5510.12

Stress Treatment -4 0.37+0.04 0.38+0.02 0.2740.02 0.32+0.04 0.31+0.04 0.2310.6
3 0.62+0.11 0.56+0.13 0.56+0.07 0.5940.05 0.5540. 06 0.4740.07
10 0.66+0.10 0.56+0.13 0.72+0.03 0.63+0.05 0.52+0.30 b 0.55+0.10
17 0.65+0.18 b  0.6940.11 0.73+0.09 0.7210.06 0.57+0.06 b 0.7410.07
24 0.63#0.121 0.57+0.081 0.68+0.091 0.36+0.08 b2 0.35t0.05b2 0.60+0.111

Values are means = SE of four replications. Means followed by diffent letters in a column are
significantly different at P < 0.05 between the two treatments, and meansliowed by different
numbers in a row are significantly different at P < 0.05 among the lines.
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Table 11: Ascorbate peroxidase activity (umol ming™ fwt) recorded at three time points in Experiment |

(Fall 2006)
Stress level Days 2-115 pTA2-118 pTA5-104 pTA5-108 BW pAHC20
0 16.00+3.29 16.94+0.69 17.14+¥1.26 15.73+1.38 21.60+2.15 18.61+1.22
Control Treatment 15 17.02+0.60 22.18+3.62 20.71+£2.38 23.85%¥2.62 20.21+1.79 23.93%1.28
30 21.76£2.29 a 33.54+2.91 a 25.45%2.21 23.99+2.17 28.50+3.65 28.11+6.45
0 17.37+1.36 20.20+2.35 15.37+2.11 19.02+1.98 19.94+2.25 16.20+1.22
Stress Treatment 15 19.33+1.53 23.24%2.0 17.98+1.03 22.72+2.33 24.08%1.37 21.49+2.26
30 32.5048.36 b 25.57+¥4.79 b 22.82+1.20 26.30+4.04 27.23x2.46 25.57+2.33

Values are means = SE of four replications. Means followed by diffat letters in a column are
significantly different at P < 0.05 between the two treatments.
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Table 12: Ascorbate peroxidase activity (umol mihg™ fwt) recorded at three time points in Experiment I
(Spring 2007)

Stress Days 2-115 pTA2-118 pTA5-104 pTA5-108 BW pAHC20
level
Control 0 14.45+1.29 16.10+3.16 15.37+1.63 16.38+0.29 17.09+£2.07 15.27+1.04
Treatment
15 14.47+1.94 11.80+0.36 14.20+2.23 15.91+1.48 13.66+0.83 16.81+0.97

30 20.48+2.29 23  21.08+0.90 23 31.39+7.13 a1l 24.66+4.10 23 22.98+4.14 23 26.86+2.04 12
Stress 0 16.06+1.19 14.83+1.40 15.92+1.15 15.30+0.66 17.06+0.90 16.83+2.20
Treatment

15 12.37+0.95 13.18+1.21 13.26+1.03 12.19+0.68 17.46+1.45 13.50+0.47

30 18.47+2.72 2 25.93+5.78 1 21.20£3.00 b 12 22.27+2.1912  18.47+1.74 2 26.19+3.04 1

Values are means * SE of four replications. Means followed by differeletters in a column are
significantly different at P < 0.05 between the two treatments, and means @vlled by different
numbers in a row are significantly different at P < 0.05 among the lines.
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Table 13: Catalase activity (mmol thg* fwt) recorded at three time points in Experiment | (Fall 2006)

Stress Days 2-115 pTA2-118 pTA5-104 pTA5-108 BW pAHC20
level
Control 0 5.58+0.60 2 5.53+0.21 2 5.95+0.33 2 5.00£0.71 2 6.33 +0.36 2 8.11+0.26 1
Treatment
15 5.15+0.29 6.73 +0.19 7.00+0.30 7.04 +0.88 6.20+0.17 7.10+£0.77

30 6.30+0.32 23 6.80+0.9023 7.30+0.9723 7.01+0.4923 7.80+0.9012 9.01+1.051

Stress 0 5.90+ 0.50 6.51+0.71 5.81+0.46 6.20 +0.69 6.80+ 0.80 7.40 +0.65
Treatment
15 5.46 +0.51 6.28+0.44 6.21 +0.77 6.50 +0.52 6.10+0.43 7.80%+0.32

30 6.80£0.42 2 5.82+0.80 2 6.95+£0.31 2 6.83 £0.30 2 6.60 £0.14 2 9.70£0.61 1

Values are means = SE of four replications. Means followed by diffeteumbers in a row are
significantly different at P < 0.05 among the lines.
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Table 14: Catalase activity (umol thg” fwt) recorded at three time points in Experiment Il (Spring 2007)

Stress level Days

Control Treatment 0
15
30

Stress Treatment 0
15

30

2-115
4.35+0.33 23
3.90+0.39 23
4.53+0.53 2
4.67+0.26 2
3.35+0.28 3
3.93+0.89 2

pTA2-118
4.82+0.35 12
3.82+0.30 23
4.13+0.55 2
4.47+0.25 2
3.1240.30 3
3.60£0.58 2

PTA5-104
5.09+0.51 12
4.31#0.79 23
4.81+0.73 2
5.00+0.20 2
4.23+0.36 23
4.01%0.41 2

PTA5-108
5.81+0.31 1
4.91%0.41 2
4.90+0.53 2
5.22+0.28 2

3.88+0.09 23

4.16+0.68 2

BW
4.62+0.22 2
3.48+0.27 a 3
4.20+0.71 2
5.18+£0.45 2
4.86x0.17 b 12
3.69+0.33 2

PAHC20
5.87+0.38 1
6.37+0.32 1
6.98+0.68 1
6.75+0.43 1
5.46+0.26 1
6.87+0.40 1

Values are means + SE of four replications. Means followed by diféet letters in a column are
significantly different at P < 0.05 between the two treatments, and meamléwed by different
numbers in a row are significantly different at P < 0.05 among the lines.
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Table 15: Glutathione reductase (mmoles miihg™ fwt) activity recorded at three time points in Experiment |
(Fall 2006)

Stress level Days 2-115 pTA2-118 pTA5-104 pTA5-108 BW pAHC20
Control 0 3.59+0.74 3.97+0.61 4.32 £1.30 4.07+0.90 4,74+ 0.45 5.38 £0.25
Treatment
15 4.68+0.12 6.13£0.34 6.03£0.45 5.83£1.05 5.02+0.23 5.84+ 0.97
30 4.47 +0.40 6.35£0.26 a 4,96+ 0.55 4.77+0.52 4.60+0.28 5.16% 0.52
Stress 0 4.28+0.59 4.92+1.02 4.28+1.05 3.91+1.22 5.24+ 0.95 5.38 £+0.90
Treatment

15 42710693 510+0.62123 5.62+0.94 12 522+0.83123 4.80£04723 6.37x1.201
30 4.79+0.85 4.70+0.82 b 4.67+0.35 4.75+0.73 4.65+ 0.40 5.41+0.48

Values are means + SE of four replications. Means followed by diféet letters in a column are
significantly different at P < 0.05 between the two treatments, and meamsléwed by different
numbers in a row are significantly different at P < 0.05 among the lines.
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Table 16: Glutathione reductase (mmoles mihg™ fwt) activity recorded at three time points in
Experiment Il (Spring 2006)

Stress level Days 2-115 pTA2-118 pTA5-104 pTA5-108 BW
Control Treatment 0 1.42+0.16 1.90+0.19 1.87+0.05 1.88+0.36 1.89+0.13
15 3.55+0.27 3.57+0.28 3.37+0.48 4.23+0.37 3.44%0.32

30 3.83+£0.36 2 4.66+0.69 2 4.30+0.68 2 4.51+0.59 2 4.82+1.44 a2
Stress Treatment 0 1.80+0.08 1.82+0.06 1.7240.12 1.98+0.15 1.9940.13

15 3.11+0.21 3.39+0.24 3.71+0.17 3.34+0.25 4.29+0.19

30 3.41+0.45 3 4.96+1.13 2 4.33+0.56 23 3.86+0.49 23 3.46x0.35b 3

pAHC20
2.08+0.16
4.72+0.32
6.78+0.45 1
2.34+0.06
4.03£0.52
6.21+0.62 1

Values are means * SE of four replications. Means followed by diféat letters in a column are
significantly different at P < 0.05 between the two treatments, and meamdléwed by different
numbers in a row are significantly different at P < 0.05 among the lines.
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Table 17: Superoxide dismutase activity (units §fwt) recorded at three time points in Experiment |

(Fall 2006)
Stress level Days 2-115 pTA2-118 pTA5-104 pTA5-108 BW pAHC20

Control Treatment 0 1106 239 972 £95 1083 +94 943 +126 985 +100 1003 +198
15 537 60 916 +95 1134 185 a 896 114 830 £28 782 £105
30 981 £39 1537 £141 1338 £103 1131 +153 1070 162 1205 +228

Stress Treatment 0 1038 +42 841 +67 929 £112 1257 £198 1011 +242 1220 £196
15 511 +62 667 £125 639 +162 b 785 £149 818 +49 935 £112
30 1078 £266 1117 352 1049 £148 1258 +187 1187 +113 1151 £210

Values are means = SE of four replications. Means followed by difent letters in a column are
significantly different at P < 0.05 between the two treatments.
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Table 18: Superoxide dismutase activity (units §fwt) recorded at three time points in Experiment ||

(Spring 2007)

Stress level Days

Control Treatment 0
15
30

Stress Treatment 0
15

30

2-115
858+89.13
957+124.34
1219+136.02
1057+70.34
794+47.11
1643+520.35

pTA2-118
1050+131.18
905+107.01
1435+201.50
1016+203.74

776+99.28
1753+516.91

pPTA5-104
749+110.89
958+112.58
1756+464.98

994+50.50
827+102.62
1358+341.84

PTA5-108
909+64.93
1066+121.59
1328455.89
1109+132.40
1005+48.37
1620+267.48

BW
1026+139.65
1038+254.83
1670+326.19

992+89.06
660+2 84.62
1378+337.12

pAHC20
888+124.76
1115+96.76
1204+141.08
927+50.46
1045+104.95
1515+104.17
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Table 19: Lipid peroxidation estimated by malondialdehyde (MDA) concenation (nmol g* fwt) in
Experiment | (Fall 2006)

Stress level Days 2-115 pTA2-118 pTA5-104 pTA5-108 BW pAHC20
Control 15 28.5£45 30.9+£4.2 24015 22.1+£35 26.6£2.5 22.3£4.8
treatment
30 36.7£5.0 44,0+ 6.5 40.2+ 3.4 34.5+4.2 40.2+ 3.3 32.5£6.2
Stress 15 72.1£8.4 12 85.1+741 61.4+6.0 2 55.6£7.42 70.6+£11.2 12 65.6+10.5 12
treatment

30 148.4+12.2 12 165.0+1451 126.4+10.923 118.7+9.03 154.0+14.512 132.3+£16.7 123

Values are means + SE from four replications followed by numbers. €means followed by
different numbers in a row are significantly different at P < 0.05 among thlines.
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Table 20: Lipid peroxidation estimated by malondialdehyde (MDA) concémation (nmol g™ fwt) in
Experiment | (Spring 2007)

Stress level Days 2-115 pTA2-118 pTA5-104 pTA5-108 BW pAHC20
Control 15 23.1+4.3 21.4+5.6 26.9+ 3.4 22.4+ 4.0 20.1+3.5 25.9+4.1
treatment
30 30.7+ 5.6 345+ 7.2 30.1+ 6.2 26.3+6.2 28.5+ 5.5 32.0+ 6.6
Stress 15 54.0+9.2 12 72.3+1151 58.5+ 8.5 12 48.3+7.52 55.4+9.0 12 60.1+ 10.2 12
treatment

30 118.4+20.2 12 148.3+18.01 94.5+12823 87.5+£10.83 1225+ 14512 99.7+£13.5 23

Values are means = SE from four replications followed by numbers. &means followed by different
numbers in a row are significantly different at P < 0.05 among the lines.
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Table 21: Light response curve measurements were recorded at two tirpeints in Experiment | (Fall 2006)

Stress level Lines AQE Amax (umol m “s-Y) LCP (umol m “ s-7)
Days Days Days
15 30 15 30 15 30
Control treatment pPAHC20 0.060+ 0.004 0.061+ 0.005 31.5+2.37 27.3 £0.57 33.7£1.01 22.2+6.6
pTA2-118 0.062 +0.002 0.055+ 0.004 28.9 +1.42 16.2 £3.41 26.5+£ 5.6 25.3+1.4
Stress treatment pAHC20 0.054+0.003 0.063+0.002 1 29.8+1.27 25.2+0.921 19.3£4.32 18.1+ 2.1
pTA2-118 0.052+0.004 0.047+0.001 2 30.7+£3.19 1461552 21.9+4.8 18.6+2.4

Values are means * SE of four replications. Means followed by drfat numbers in a column are

significantly different at P < 0.05 among the lines.
AQE= quantum efficiency

Amax= maximum photosynthesis rate
LCP= light compensation point
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Table 22: Light response curve measurements were recorded at two tipgents in Experiment Il

(Spring 2007)

Stress level Lines
Control pAHC20
treatment
pTA2-118
Stress pAHC20
treatment
pTA2-118

15
0.065+ 0.001

0.064+ 0.003
0.062+ 0.003

0.056+ 0.005

AQE
Days
30
0.066+ 0.007
0.068+ 0.003
0.075+0.004 1

0.057+0.007 2

Amax (umol m “s-%)

Days
15
32.8+0.90
28.7£0.65

29.9+2.3

27.4+ 3.3

30
27.8+0.4

27.2+2.2
254+ 25

23.5+6.1

LCP (umol m “ s-7)

Days
15
23.7t1.6
21.9+34

21.4+0.79

22.8+7.3

30
19.2+1.3

240+1.4
249+ 1.7

16.6+ 3.2

Values are means = SE of four replications. Means followed by drfat numbers in a row are
significantly different at P < 0.05 among the lines.

AQE= quantum efficiency

Amax= maximum photosynthesis rate
LCP= light compensation point

65



Table 23: CQresponse curves measurements were recorded at three time paiim Experiment | (Fall 2006)

Stress level Lines Carboxylation efficiency (umolm “s-)  CO, compensation point (umol m “s-%)
Days Days
0 15 30 0 15 30

Control treatment  pAHC20  1.42+0.02 1.20+£0.15 1.13+0.05 47.4+ 9.6 46.5+9.2 1 46.3+ 8.3
pTA2-118 1.21+0.09 1.07+£0.10 1.27+£0.13 46.9+£10.1 38.1+7.22 46.5+ 9.3
Stress treatment pAHC20 1.36£0.03 1.26+0.04 1.28+ 0.05 48.8+ 9.7 37554 47.4+ 8.7
pTA2-118 1.29+0.05 1.19+£0.02 1.35+0.12 45.1+9 4 42,5+ 6.7 54.4+ 9.9

Values are means * SE of four replications. Means followed by ditfat numbers in a column are
significantly different at P < 0.05 between the two treatments.
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Table 24: CQresponse curves measurements were recorded at three time psimt Experiment

(Spring 2007

-2 1

Stress level Lines Carboxylation efficiency (umolm  “s-%) CO, compensation point (umol m s-)
Days Days
0 15 30 0 15 30

Control pAHC20 1.20+0.13 1.41+0.06 1.00+0.04 374+ 041 b 443+£1.9 36.8+ 6.5
treatment

pTA2-118 1.27+0.10 1.27+0.10 0.97+0.15 39.9+ 009 42.0£ 3.8 35.7+5.8

Stress pAHC20 1.05+0.152 1.21+0.03 1.08+£0.07 50.0+054 al 42.3+£28 452+1.9
treatment

pTA2-118 1.38+0.151 1.29+0.09 1.09+0.19 38.3+ 041 2 459+ 2.1 46.8+ 3.8

Values are means = SE of four replications. Means followed by ditfat letters in a column are
significantly different at P < 0.05 between the two treatments, and medollowed by different

numbers in a column are significantly different at P < 0.05 among the lines
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Table 25: Carbohydrate concentrations (umol g fwt) recorded at three time points in Experiment | (Fall 2006)

Stress
Level

Control
treatment

Stress
treatment

Lines

pTA2-115

pTA2-118
pTA5-104
pTA5-108
BW
pAHC20
2-115

pTA2-118
pTA5-104
pTA5-108
BW
pAHC20

Mannitol

0.15 +0.07

0.09 £0.05
0.06 +0.05
0.07 +0.04
0
0
0.12 +0.06

0.09 +0.06
0.12 +0.06
0.07+0.04
0
0

0

Total soluble
sugar
22.79 +2.73

17.49 +4.22
18.26 +1.90
14.97 +2.24
19.34 +1.82
22.42 ¥4.37
20.19 £3.27

18.22 +2.15
18.86 +3.63
14.33 £2.91
13.30+2.31
14.27 +3.18

Mannitol

0.37 +0.22

0.22 £0.15
0.34 +0.14
0.11 +0.06
0
0
0.35+0.22

0.36 +0.17
0.17 £0.12
0.23 +0.10
0
0

Time Points

Days

15

Total soluble
sugar
29.75 £3.81

33.68 £18.55
31.46 £3.40
27.80 £3.27
23.73 £2.46
23.95 +4.52
29.43 £2.28

36.76 £6.43
23.29 £3.15
41.03 +6.67
26.80 +3.05
22.11 £5.86

Mannitol

0.48 +0.25

0.42 £0.25
0.52 +0.28
0.27 +0.17
0
0
0.47 £0.22

0.64 +0.23
0.45 £0.22
0.34 +0.20
0
0

30

Total soluble sugar
31.21+3.26 a

43.53 +6.04 a
32.40 £11.59 a
65.82 +19.40
23.29+4.44 a
29.17 ¥2.46

77.63 £24.70 b 23

110.06 +40.05 b 1
86.80 £8.38 b 12
42.43 £14.58 4
87.57 £22.01 b 12
50.42 £17.88 34

Values are means = SE of four replications. Means followed by diffeletters in a column are significantly
different at P < 0.05 between the two treatments, and means followed Hyedent numbers in a column within
each treatment are significantly different at P < 0.05 among the kne
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Table 26: Carbohydrate concentrations (mol g fwt) recorded at three time points in Experiment ||
(Spring 2007)

Stress Lines Time Points
Level
Days
0 15 30
Mannitol Total soluble Mannitol Total soluble Mannitol Total soluble
sugar sugar sugar
Control pTA2-115 0.38 +0.14 33.78 £5.26 0.17 +0.16 12.23+2.97 2 0.32+0.22 39.55+3.42 Db
treatment
pTA2-118 0.47 +0.24 26.55 +3.30 0.28 +0.10 18.00 +5.24 2 0.52 +0.25 42.14 +7.18
pTA5-104 0.16 +0.06 40.87 +£9.58 0.21 +0.12 46.03+£9.37 1 0.39+0.23 37.65+4.42 Db
pTA5-108 0.22 +0.08 28.49 +7.14 0.13 +0.09 18.83+5.14 2 0.18 +0.11 26.45+2.61
BW 0 35.87 +13.44 0 12.84 +1.32 2 0 51.33 +#15.03 b
pAHC20 0 2453 +2.61 0 11.22 #1.97 2 0 41.65 +8.06 b
Stress 2-115 0.59 +0.21 27.86 £2.45 0.21 +0.13 9.78 +2.22 2 0.52 +0.22 100.25 +23.92 a
treatment 1
pTA2-118 0.15 +0.08 20.36 +6.88 0.21 +0.07 17.57 £5.24 2 0.63 +0.29 50.63 +7.23 23
pTA5-104 0.44 +0.27 21.10 £3.63 0.08 +0.07 48.25+13.531 0.354+0.21 65.33+10.02 a2
pTA5-108 0.25 +0.12 28.40 +3.54 0.09 +0.08 17.23+4.77 2 0.19 +0.11 41.27+6.10 3
BW 0 27.85 £5.81 0 15.42 +3.96 2 0 105.81 #5.13 a1
pAHC20 0 21.78 £3.80 0 9.62 +2.74 2 0 85.42 +20.24 a 2

Values are means * SE of four replications. Means followed by diffent letters in a column are significantly different
at P < 0.05 between the two treatments, and means followed by different nuerb in a column within each treatment
are significantly different at P < 0.05 among the lines.
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