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Dr. Bingru Huang

Improvemenbf thedrought stress tolerance of plants is necessary due to
the widespread incidence of drought damage to crop species. Turfgrasses are
susceptible to drought damage and may exhibit symptoms of cellular water loss
such as wilting, cessation ofayvth, and otlr cellular damageresulting in leaf
and root senescence. Creeping bentgrageoétis stoloniferd..) is ahigh value
drought sensitivéurfgrass crop speciesThemain goals of the researdascribed
in this thesis were to evaluate mechanisms resplenir drought tolerance in
turfgrasses by evaluating whebéant, cellular, proteomic, metabolomggnetic,

and genomic regions associated with drought defense responses.

Part | will focus on how differential hormonal regulation may affect the
droughtdefense responses in turfgras$dant hormones such as cytokinins (CK)
aresignaling molecules controlling gene expression and the activity of various
biochemical pathway®ifferential droughinduced regulation of plant hormones
is a primary response prevent cellular desiccation. Drought injury symptoms
have been associated with an inhibitiorCiK synthesis and maienance of

endogenous Cks associated with alleviation of drought damage. Thus, specific



objectives related tthe effect of elevatedCcontent in creeping bentgrass
during drought stress on 1) whedant physiology 2) proteomic 3) metabolic and
4) genetic respons@gre evaluated. Elevated Gintent in the creeping
bentgrass plants was achieved by drought induced expressioipbfransgene
encoding the enzyme adeniisepentenyltransferase promoti@i synthesis.

The results showed significant modifications of ge@e protein and metabolite
profiles were caused by elevated CK, particularly changes related to energy

production, netabolism, and stress defense

Part Il will focus on the identification of genomic regions associated with
drought tolerance known as quantitative trait loci (QTL). QTL are large genomic
regions that are associated with molecular markers and specifigpplkmotypes
that can be used in plant breeding strategies. Knowledge of the location of QTLs
can help breeders screen large quantities of germplasm for complex traits such as
drought tolerance. QTLs for important drought tolerance traits such as relative
water content, cellular membrane stability, indexes of turf quality, leaf area, and

chlorophyll content were found.
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LITERATURE REVIEW

Introduction

Thegrassesre a arge family ofover 9000 C3 and C4 monogqaant
species withn thePoaceadamily (USDA, NRCS. 2010).Theyare extremely
important to our societyn many wayssincethey play a major role in shapitige
world ecologically,economically and sociallyEcdogically, natural grasslands
contribute to the health and w4léing of our ecosystem by providing a home to
many animal species, reducing pollution by trappingatinpreventing land
erosion, and sequestering the greenhouse gas carbon dibxatgiculture and
industry, they are a food source for the grazing animals in pasturealatidse

grown as high value crops for usenagural fibers, bioenergy cropsr sod.

The grasses with perhaps the most social impact on our lives are
turfgrassesTurfgrassesre asubset of the grasseshichhaveevolved anchave
beenbredby manto tolerate mowing and traffidhis has allowed turfgrasses to
be used as a ground coveparks, home lawns, playing fields, and golf courses.
Plant breeders have targetaitain grass speciésat have evolved over millions
of years due to their eexistence with animal grazirdye totheir ground cover
and aesthetic appeglialities allowing them to persist in a mowed, uniform
canopy Historic plant breeders recognizdtat these characteristics are desirable
in various aspects of society and have therefore done extensive research to

identify key species and traits within the grasses to optimize seed and sod

(=
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production cultural management practicesd optimal turfgrasspecies selection
for a given climateln cultured, relatively high inpigettings, turfgrasseserve
numerous functions such as providengushioned, uniforrfunctional surface for
human recreation araksthetiappeal Turfgrases may also be utilized low

input and/or lowmaintenance settingsuch as on road sides, edges of water
ways, or in preserved landhere they may act as barriers to reduce pollution and
run-off, reduce wind erosion of the underlying soil, preventing dust, and serving

ashavens fornumerous insects andldlife (Turgeon, 2008

Theversatilityand high demand fdurfgrasses has allowed thefgrass
industryto exhibit extensive economic impact (Hayelual., 200%. However, the
industryfaces two main challenges: creatingtopum growing conditions to
appeaséoth humans and the grass. Pleasing the people that are most intimately
linked with turfgrasses such as homeowners and atimkjeges arfgrass
managers to maintain healthy and functional turf at high standardsuofien
environmentally and economically limited conditioiifis has lead to critics of
turfgrassmanagementhich is labor intensive and can require a heavy regimen
of fertilizer and pesticide inputCritics say they are point sources for fofi of
pesicides, fertilizersand other chemicals used for maintenance, they require
much input in the form of energy which ultimately utilizes our fosgl fu
resources, and that they are superfluous, especially in times of economic crisis
(Steinberg, 2006)Thesecond challenge, pleasing the grass, requires much
research on defining optimum cultural practjdesfgrass pathology, and grass

physiology Perhaps the most successful strategy to pleasing both the grass and
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humans is utilization of the right grassigglam for the environment, to which
understanding the physiology of each grass becomes important. Starting with a
grass suited for an environment and one that is able to tolerate environmental

stresses is the ultimateethodto reduce inputs, costs, angticisms.

The most prevalent abiotic stress to plant growth is drought sinelss
water for irrigation is the most limited resource wenlitle (Khush, 1999).
Despite the great versatility and availabilitfythe grass speciesed as
turfgrassestheir drought resistance is relatively low compared to other crop
plants In addition, drought is a complex abiotic stress that impacts all plant
organs and cell types and requiredtiple resistance mechanismathin the
plants.Thus, he focus of thislisserationis on multiple methods of identifying
and improving drought resistance mechanisms of a commonly used relatively
drought sensitive turfgrass, creeping bentgragsdstis stoloniferd.). The
current chapter provides a review of recent literature itapoto the
understanding of the drought response and will conclude with the specific goals of

this dissertation.

Importance of Creeping Bentgrass

Creeping bentgrass is natlizedto most parts of the world but the
varieties used today as turfgrasses vimgorted to the US fronis native
Eurasiana seed mi xture that was .b0Atermed ASout h
many decades of production, growth, and seledtimm the mix Agrostis

stoloniferabecame the primary bentgrass spedesired andjrown (MacBryde,
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2005) Today,creeping bentgrass a high value crop, whether it is grown for
seed, sod, or strictly as a turf, contributing to a great percentage of the multi
billion dollar worldwide turf industryfFor example, sod productioavenuegrom

the lagest sogroducingstates such as Rhode Island, New Jei@may,Michigan
havereactedover $15 millionannually(Siligato,1999) A largepercentage of the
seed andod produced is creeping bentgrasge it is frequently useah golf

couse greens, fairays, andathletic fields However, most turf managers grow it
from seedbr plugs arising from abiotic propagation from stolons. These growth
methods are viable options becaus#tién establishes and spreads quickly due to
its stoloniferous growth habind tolerates low cutting heights (Emmons 1995)
Creeping bentgrass can also be used as a forage grass or for home lawns, however
the latteris not commordue to the high input and care requirements relative to
other grasses such as Kentucky bluegf@ea patensisL.). Furthermore, the
interest in use of creeping bentgrass is increasing from past levels due to its
productive growth in many areas. For example, a recent case study in the US
revealed that mangolf coursesreswitching togrowingcreeping betgrasson

golf course greens and fairways from other speshrsto lowedisease

incidences anthput costgVermeulen, 2000)n addition to its economic
importanceand potential for future successeeping bentgrass serves as a great
model plant specgin research within several disciplines. For instance, the
Agrostisgenera is intriguing genetically due to it highly complex ploidy levels
and interspecific hybridization abilities. In addition, creeping bentgrass and other

Agrostisspecies are known fdreing tolerant of metal contaminatiand having a



variation in range cbiotic and biotic stress resistaa¢berebymaking potential
genetic studies and research tong\grostisspecies widespregi/lacBryde

2005).

Genetic Attributes and Cultural PracticesContributing to Drought
Sensitivity
Genetic factors controlling the growth habit and morphology of creeping
bentgrass contribute to its sensitivity to drought stress. Plants typically utilize
various resistance mechanisms including those categloaiz escape, avoidance,
or toleranceesponses tdrought stresHuang, 2006)Escape is typically
characterized as a state of dormancy or a nedsggsogrammed cell deati
cellular tissues except those that are required for regeneration or regpmstha
change of season alleviation of a stress such @newal of available watafter
prolonged drought condition®rought avoidancessponseare a group of
mechanisms, such as deep roo(i@girnset al, 2004) or leaf curling, tqrevent,
reduceor delay cellular dehydratioffressarakli, 2008 reeping bentgrass
actively alters leaf morphology in order to reduce wates bysleaf curling and
folding to reduce leaf surface area for water loss but lacks other genetic traits
governing drought avoidance such as the presence of morphological characters
such as leaf hairs, low stomatal density, thick waxy cuticles, trichomssnken
stomata (Ramanjulu and Bartels, 2002)der natural conditionsyeeping
bentgrass exhibits some avoidance and escape mechamnisrasly in terms of

cessation of growtlpromotion of root growthigaf rolling, and stimulation of

o
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rooting (Fry andHuang, 2004) However, he ability of creeping bentgrass to
escape and avomrought stresander strictarfgrass management conditions are
nottypically viable mechanissdue to the requements of functionality and

cultural practices used in most rdss areas

Therefore, thesensitivity ofcreeping bentgrags drought stress idue to
both genetic factors argpical turf management practicéisat limit drought
escape and drought avoidameechanismsFor instance, on a golf course green,
creepingbentgrasss often mown at heights as low @8 cm Low mowing
heights may impede a pldstability to exhibit some droughtoidance oescape
mechanisms of both above and below ground plant parts. For example, the
reduction in leaf length and incredsdeaf width may affect leaf curling, the
canopy as a whole may be less humid thereby preventing the buildup of high leaf
boundary layer humidity otherwise typical of plant canopies, and shoot
succulence increases but typically at the expense of otth@iac#laits such as a
tough thick cell wall (Fry and Huang, 2004). Below grouthe plant naturally
finds a balance of the root:shoot ratio and will therefore have a smaller root
systenreducing the potential for water uptakem deeper in the soil pridé.
Limitations on oot biomass will not only limit the discovery of water sources
deeper in the soil profile but will also restrict hydraulic lift that brings water
deeper in the soil profile to roots closer to the soil surface (Huang 1899).
additionto limitations onrmechanisms related teater use and uptakearious
turf management practices may limit other processes important to stress

avoidance or escape such as reduced photosynthesis and respirar@rdgr



production anadeduced biomass ofatge tissues available for carbohydrate
reserves. Inadequate carbohydrate reserveaaildbleenergy may severely
limit the efficacy ofstress defengeathways and are typicalfgduced with a
reducton in the size of plant orgafieaves, roots, and@age organs such as
crowns and rhizomes)Therefore since escape or avoidance characteristiayg
be limited byturf management practices, the research goals within this
dissertation were to evaluatdentify, and exploe drought tolerance traits in
creeping bentgragsaintained as a turfgrasehe ultimate goal of this type of
research is to elucidatought tolerance traisnd mechanisms that will be

beneficialfor future use bylantbreeders

Drought Stress Perception

In order for droughtesiganceor tolerancanechanisms to be activated,

plant cells must sensa above or below ground incidence of an imbalance

I~

between water loss and water availability and then convert that perception into a

cellular stress signal. As sessile organisms, plaais evolved a complex

signaling network that conveys stressssages throughout the plant via multiple

primary and secondary signalitrgnsductiorpathways. These pathwagsnsist

of various types of signaling molecules simceombination of hormone sigls

coupled with the accumulation of other metabolic compounds such as reactive

oxygen speciegroteins, andther osmolyteare often required in order for

changes in gene expression to ocdirese compounds may be either actively

produced by the plamr accumulate as a result of cellular damage (Ramanjulu
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and Bartels, 2002). The signaling cascades that oeayibe either theauseof
andor arein response to the perception of drought sttesstivelyinitiate
furtherdownstreanthanges in gene esgssion leading to plant drought

resistancend are initiated by plant hormone signaling pathways.

Changes inmdogenous hormonal content primarily ocecuorder to
activate drought toleraneeechanisms described below. The biosynthesis,
repression, andellular targetingpf hormones may changkepending on the
hormone type and its functiomMajor plant hormones that are important in the
drought response are ABAytokinins CK), Jasomonic acid, ethylene, and
others. Drought stress is thought to be p&eastas dydraulic pullcaused by soil
to plant gradient of pressure due to soil drying. When the hydraulisméhsed,
the result isa shift intheconcentration ofhesignal ftormones abscisic acid ABA
(Daviesand Zhang, 1991Raghavendra, 2010). AB#pically increassin
concentration in order to convélye droughstress signals (Zeevart et al., 1988)
wheras dier homones such &Ks may be reduced by dowgrdation of gene
expressiongegraded by oxidase enzymes actiyetydue to stress damaderdy,
1993).These changes are complex and dynamic since hormone concentration
mayact independently to confersggnal or it may act in conjunction with other
hormones and/or with other signals. Furthermore, the endogenous concentration
of a given hormonenay be influenced by the duration and severity of drought
stress and may differ in the different plant organs. For instance, &talrp
(2002)has shown that hormones working in conjunction with each other is

exemplified by the indirect role of ABA in water stress sigrhiy inhibiting the
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synthesis of ethylen&harp and LeNoble, 2002; Chaves and Oliveira, 2004)
ABA-dependent and ABAndependent signaling pathways are useglicit a
response to drought and a rapid accumulation of ABA has been correitited
enhanced drought resistance (Li et al., 20003tudies of the highly drought
tolerant resurrection plan{€raterostigma wilms)i ABA concentrations were
shown to be the most highly affected hormone in response to drought stress
(Vicre et al, 2004) ABA and other hormonal signaling pathways leachegor
chages in plant growtldefense responsgand mapr drought tadrance

mechanisms.

Drought Stress Signaling

Plant survival of stressful conditions such as drought is governed by the
capacity for quick recognition of the stress and the rate of induction of protective
mechanisms. The rapid closure of stomata is cruaiglant survival in drying
environments. Stomatal closure is often described as the first line of defense since
its response to water deficit is much quicker than other physiological changes.
Stomatal closure reduces transpirational water loss and redatars
consumption. It is believed that when roots are exposed to drought stress a
chemical signal is transported to shoots, inducing stomatal closure. The
involvement of rocto-shoot signaling in regulating stomatal behavior has been
found to play impo#dnt roles in plant tolerance to drought strg3sarrie, 1989

Wilkinson and Davies, 2002)



Abscisic acid (ABA) is considered as the primary chatsegnal
translocated from roots to shoots causing stomatal closure in response to soil
drying (Blackman and Davies, 198Bhangand Davies, 1989; Davies al,

2002) Increases in ABA concénations in guard cells triggers a signal
transduction cascade, including promoting the efflux of potassium ions from
guard cells, which causes reduction in turgor pressure of guard cells and
ultimately the closure of stomatieckieet al, 1998) ABA also mediates
cytosolic C4" levels and triggers Gamediated pathways begulating
movements througCa’* channels. Cytosoli€&" then transmits the signal to
protein sensors such as calmodulia* -dependent protein kinases (CDPK), and
phosphatases, which play roles in ion channel regulétiosn, 2002) Calcium
binding proteins such as calcineuridiBe (CBL) proteins are also important in
calcium signaling pathways and are thought to coutigilbo early stresselated

transcription factor regulatiofAlbrechtet al, 2003)

Transcription factors are the stress response elements that perhaps have
the most potential for enhancing tolerance mechanisms for multiple stresses. In
Arabidopsis transcriptio factor families ERF/AP2, bZIP/HZIP, Myb, WRKY,
and several classes of zirfimger proteins, each containing a distinct type of
DNA binding domain, have all been characterized. These transcription factors
bind the stressesponsive ciglements and agtte the expression of target genes
(Yu et al, 2005. The target genes have emaducts for various key players in

the physiological response such as ABA.



In addition to the drought tolerance exhibited by the ABFs discussed
above, Kimet al.(2004)observed multiple stress tolerance in transgenic plants
overexpressing ABF3. Transgenic lines were tolerant oftemperatures, heat,
and oxidative damage. Similarly, overexpression of the pepper transcription factor
CaPF1 in transgenic Virgingine @inus virginianaMill.) conferred multiple
stress tolerance by increasing plant oxidative stress def@resgget al, 2005)

Other cisacting elements thaglie been the topic of much research are
dehydration responsive elements and ABRESs since many-sidegsble genes
contain these elements in their promoter regions. Amongst others, NAC
transcription factors, bZIP proteins such as TRAB1, and MYB activatodsto

these regions and have been shown to upregulate certain stress responsive genes
to enhance plant defeng@sanet al, 2004 Narusakaet al, 2003 Kagayaetal.,
2002) For example, Suzulet al.(2005)have reported that constitutive

expression of the stresssponse transcriptional coactivator multiprotein bridging
factor 1c (MBFL1c) irArabidopsisenhanced the tolerance of transgenic plants to
heat or osmotic stress alone, as well actmbination of both stresses. Most
importantly, the expression of MBF1c augmented the accumulation of a number
of defense transcripts in response to heat stress via the ethgtgoase signal

transduction pathway (Suzuéi al, 2005).

In addition to gynaling causing stomatal closure and the growth
reductions caused by decrease intracellulag, ©fher proteinsespond to
drought stress and ABA content by playing a role in signaling plant leaves to

decrease growth kghibition of cellular division anagxpansion. For instance, a



reduction in leaf expansion has been associated with hormonal signaling causing
membrane bound ATPases, LEA proteins, expansins, phospholipases, and
peroxidases to become differentially activated. ATPases may become deactivated
by drought stress, in order to reduce decreases in cross membrane pH often
associated with stress (Chaves et al., 2003). Expansins and LEA proteins may
increase in response to drought stress to maintain the cell wall structure and
degree of extensibilityThese prteins may actively cause signaling cascade
changes. Maintenance of expansih&A proteins and others such agloglucan
endotransglycosylasésve also been associated with conveying increased
drought tolerancand avoidancéJones and McQueeviason, 2004Sharpet al,

2004) Mitogen-activated protein kinases (MAPKS) are involved in plant

signaling in esponse to drought strgdau et al, 2005b) Important proteins such

as these involved in drought signaling, in eogtion with other signals such as
osmotic regulation, lead to crossmembrane extracellular signaling cascades to

reduce leaf growth and activate other drought tolerance mechanisms.

Free reactive oxygen species (R@8¢umulatiorhas also been shown to
be astress signaling mechanism in response to drought. ROS accumulation
caused by stress is both detrimental and beneficial to plant survival due to the
damage they cause at high levels and their role in stress signaling, respectively.
ROS, particularly HO,, are primarily produced due to the enhanced enzymatic
activities of plasmanembraneébound NADPH oxidases, ceNall-bound
peroxidases, and amine oxidases in the apoplast during the stress response. They

are involved in signaling various defense mechansumh as stomatal closure



and root elongation, often by interaction with*Cehannels and other signaling
proteins such as MAPKg.aloi et al, 2004) Once the stress signal is perceived it

is necessary for plants to remove these harmful byproducts during recovery.

Drought ToleranceM echanisms

After stress perception and signalinghubht tolerancenechanisms are
activated. These mechanisms allow plent to maintain physiological
functioning undelimited water conditionand the extent to which these
mechanismaare effective define the relaé drought tolerance of the plafte
definition of drought tolerance may be expressé@rently baed on the
performance requireemts of various cropgpgcies since it may bevaluated
primarily based on traits such yeld or biomass accumulatigBlum, 2005) For
turfgrasses, plants that are able to maintain green ewldormity of growth, and
functionality as a playing surfaceder stress conditiormse considered theast
drought tolerant (Turgeon, 200&ince drought toleranasd turfgrassesequires
a variety of phenotypic traits to be expm$snvolving multiple physiological
and biochemical pathways is considered a complex, quantitative trait.
Creeping bentgrass is a cool seagmssspecieaitilizing the C3 metabolic
pathway, whichis generally less tolerant of stresses such as heat and drought
relative to warm season C4 spechdsjor pathways such as those involved in
stress signaling, energy production, carbohydrate storage and metabolism, protein
synthesis, and many others mélyba adversely affected by drought stress and

may differ in the response to drought stress. Each pathway also has key



components that may be involved in conferring drought tolerance by regulation of
its own pathway or by providing crosstalk to regulateeopathwaysDue to this
complexity, the remainder of the introduction will focusdvought tolerance
mechansims anithe effects of drought strees major metabolic pathways and
several key regulators of the drought tolerance respamgestant to creping

bentgrass and other major turfgrasses

Stomatal Aperture Regulation

One of the primary defenses against dehydration of plant leaves during
drought stress is bsfficient regulation of guard cell turgor pressure to quickly
regulatestomatal apperatas Stomatal aperture is regulated by turgor pressure
fluctuations determined by the osmotic status of the guard cells surrounding the
stomatal porel( et al., 2000. These osmotic functions are regulabgdon
channelgprimarily controlled by ABA ABA elicits stomatal closure during
drought stress by inactivating ion channels to prevent movement of osmolytes
such as potassium and chloride ions and sugars such as malate and sucrose into
guard cells\ang et al., 2001 5tomatal closures considered a dught
tolereance mechanism becausgiit limit water loss through transpiration
However,morphological and environmental factonay predict how quickly and
how long stomata nedd be closedn a certain species and therefore indicate its
capacity for dought toleranceln G; turfgrass species in particular, a delicate
balance exists between the degree of stomatal aperture and drought tolerance. If
stomata need to remain closed too early or too,ltmgdiffusion of CQ for

photosynthesis and carbohytdrgroduction in leavesill be reducedand will



concomitantly cause increases inddncentrationThese changes wikad to

reduced drought tolerance due to inadequate carbohydrate and energy production
and other metabolic damages such as fRfdSaccunulation (Nilsen and Orcultt,

1996) The effects of drought and stomatal closure on photosynthesis and reactive

oxygen species are discussednore detaibelow.

Maintenance ofCarbon Metabolism

Maintenance of a balance of carbohydrate anabolism and kstalbmder
stress conditions for continued growth and stress defense under drought
conditions is legely due to the rates of photosynthesespiration and sugar
mobilization.During drought stress, stomatal and 1sbomatal limitations of
photosynthesisay occur. Stomatal limitation of carbon fixation is due to
actively regulated stomatal closure to prevent water lost by transpiration.
Reducing transpiration in this manner prevents movement of carbon dioxide
through stomatal apertures. This declineviailable carbon dioxide slows the
flux through carbon fixation pathways. The photosynthetic rate may quickly
recover following rehydration if the photosynthetic apparatus is not permanently
damaged(Foyeret al, 1998) C3 plants such as creeping bentgrass are
particularly sensitive to stonatlimitations to photosynthesis during conditions
when water is limited (Hu et al., 200 ransient or permanent damage to
photosynthetic machinetypically caused byrolongeddrought stress is known
as nonstomatal limitation to carbon uptakarry & al., 2003. Both stomatal and
non-stomatal limitations may cause a reduction in photosynthetic rates typically

observed as reduced carboxylation efficiency of RUBP, slow rates of RUBP



regeneration, loss of photosynthetic enzyme activity of enzymes ediolthe
dark and light reactions, a loss of photosystem health, and low photochemical

efficiency (Lawlorand Corni¢ 2002)

Specific reductiongh enzynatic activity or protein content aeemajor
cause of reduction in biochemical pathways such as phttesis under drought
stress. The sensitivity of various enzymes is genetically controlled and is related
to other factors such as the presence of antioxidants, molecular chaperones, or the
stability of other organelles and membrane structures, as dscinssiore detail
below.Drought stress typically causes a reduction in the content and functionality
of major enzymes such &BisCo and GAPDH however increasedxpression
of some enzymes involved in major metabolic pathways has also been detected
(Peruelas et al., 2005While reduction in photosynthesis under drought stress
may be due to both stomatal and +sdbomatal (metabolic) limitations, stomatal
limitation of CQ supply may be more important during the early phase of
drought and noistomatal impirment becomes more pronounced following
prolonged or severe drought stress. Similar to plants under heat stress, under
severe water limitation net photosynthetic rate may decrease due to the decrease
in the activity of Rubisco and the abundance of Rutbs&mnall subunit (rbcS)
transcriptyPenuelagt al, 2005) In tomato(Solanum lycopersicumnthe
mechanism of reduced activity is thght to be due to the presence of intracellular
i nhibitors such as QRairnyetala2002) Thesaeyt i me i nhi b
inhibitors are thought to bind to Rubisco in unstressed condtiomsevent the

destruction of inactive Rubisco by proteases. Simultaneously, the same



experiment was done on whedti{icum aestivuni.), however, the results did

not conclusively show that the inhibitors were decreasing the activity of Rubisco
(Parryet al, 2002) The reduced turgor pressure that often results from water
limitation can cause changes in chloroplastic pH and ion concentrations due to the
increased permeability of chloroptesmembranes. It is thought that siee

changes can contribute to RaBo inactivation(Nilsen and Orcutt, 1996 here

are also still some questions about the effects of water stress on cellular RuBP.
The mechanisms of both decrease®RRGo activity and RuBP regeration

under drought stress are not well understdelxaset al, 2004) (Flexas and
Medrano, 2002; Botat al, 2004; Flexagt al, 2004) The reduce@nzyme
functionality coupled with multiple feedback mechanisms suckdisced
carbohydrate availabilitgr poor generation of ATRill all play a role in

effecting carbon metabolism ratesider drought stres€haves et al., 2003

Debate on whether the primary limiting factors to carbon metabolism rates are
stomatal or norstomatal to photosynthesis under drought stress still exists

Recent evidence indicating an increase in carbon availability under drought stress
due to processes such as growth reduction and osmotic adjustaplad with

starch degradatiomayoffset stomatal or nestomatal limitations to

photosynthesis (Hummel at., 2010) Regardlesscreeping bentgrass plants that

are able to use multiple mechanisms to maintain the stability of these processes

under drought stress conditions are considered to be more drought tolerant.



Osmadyte Accumulation and Osmotic Adjustemt (OA)

Carbohydrate metabolism will not only determine growth rates and energy
production as discussed above but will also be a factor in determining the
availability of carbon skeletons for other stress protective mechanisms.
Carbohydrate availabilitysia main factor in determiningpal ant 6 s abi | ity
adequately actively or inactively accumulate fosenolytes in the proce&aown
as osmotic adjustment (OADA is a drought tolerance mechanism in which
plants accumulate small molecular weight metabslguch as suga@rganic
acids,and amino acids to decrease the osmotic potential of the cell for water
retention and maintenance of turgor pressutiter(er and Jones, 1980 he extent
of OA is highly dependent on factors sucheasironmental conditios) stress
duration, stress severity, plant organ, and genetic variation within plant species
and cultivars (Morgan, 1984). Therefore, OA is a drought tolerance mechanism
that is widely used by multiple grass species, including creeping bentgrass, to
overcame stress in multiple environments. Genetic variation does exist within
creeping bentgrass types (DaCosta and Huang, 2006) and therefore is a valuable
parameter to measure for physiological evaluation of the sensitivity of a grass to

drought stress and slect for drought tolerant germplasm.

Osmolytesmportant in OAIN many plant species are gealér
categorized as protein and nprotein amino acids, other amine containing
compounds ahderivatives soluble carbohydratesrganic acids and alcohols,
and iongZhang et al., 1999Primary examples of important osmolytes

contributing to OA in creeping bentgrass preline, glycine betaingnd sucrose

t



(DaCosta and Huang, 2006). Selecting for varieties with increased accumulation
of these osmolytes thugh breeding or genetic manipulation has been a
successful way to improve plant tolerance of drought stress. For instance,
transgenicallyengineered maizglants(Zea maizé..) containing a gent®

enhancésB synthesis and accumulatierhibitedgreater dought tolerance and

had higher grain yield under drougitress than wildype plant{Quan et al.,

2004) Similarly, proline accumulation has also been shown to effectively confer
drought tolerance in several transgenic lines of different species. Fhe D1
pyrroline-5-carboxylate synthetase genes, AtP5CS fAarthalianaand OsP5CS
from O. sativa were both effective in improving drought tolerance in petunia
(Petuniax hybrida) (Yamadaet al, 2005) SoybeanGlycine mak plants were
transformed with the cDNA ford1-pyrroline-5-carboxylate reductas®$CR), an
enzyme involved in proline biosynthesis, in the sense and antisense directions.
Sense transformants exposed to drought exhibited the least water loss, greatest
proline levels, and had higher levels of NADP+ to act as electron acceptors for
PSIl and enhanced photosynthesis compared to the antisense(plarR®ndest

al., 2004 SimonSarkadiet al, 2005) In addition, to differences in osmolyte
accumulation, plants able to maintain the functionality and content of various
membrane transporters such as ABC transporters and aquaporins masopgay a

in theextent and speed QJIA (Conde et al., 2011).

Cellular Membrane Stability
Drought tolerance mechanismigsch as OA would not be effective if the

damage to plant cell membranes did not allow for maintenance of cellular turgor



pressure ocompartmatalization of cell constiuents. During drought stress,
membrane damage can become a severely limiting factor for cellular health.
Membrane composition and properties are highly sensitive to dehydaatican
decrease in membrane stability is associatéld ss of electrolytes and leakage
of other celluar constituents response to moderate drought, the lipid content of
membranes has been shown to dedline tothe inhibition of lipid biosynthetic
pathways as well as stimulation of lipolytic and pedative activitiegFu and
Huang, 2001 In response to cellular drying, the total lipid content may decline
and there is a significant change in lipid compositMambrane polarity also is
affected by drought stress, under which a decrease in polardgndse observed
(Yordanovet al, 2000) The compositional changes include an increase in
desaturated fatty acids and an altered balanegesketipid types such as
monogalactosytiacylglycerol (MGDG) and digalactosgiacylglycerol

(DGDG). In grasses,mught stress reducése ratio of MGDG to D®G. This

ratio is important in determining the structure of lipid bilayers, since MGDG
tends tdorm hexagonal phase structures and DGDG forms lamellar phases. Thus,
the alteration of this ratio causes reduced cellular membrane stability and
inhibition of proper functioning of photosynthetic membraf@sgon et al.,

2004). Membrane composition argdability will also have a direct impact on the
functioning of major processes that are primarily membrane bound such as the
transport of electrons in energy generating processes by membrane proteins in
electron transport chairf¥ardanov et al., 2000aswell as cellular water and

nutrient transport by transporters such as aquaporins (Maurel, 2007).



In addition to altered composition and permeability, recent studies have
implicated membranes to be signaling indicators of drought stress. In addition to
seondary messengers such ad'@ad cAMP, lipids such as phosphatidic acid
(PA) have been recognized as signaling molecules. PA is formed by the cleavage
by phospholipase D (PLDU) of structural
form PA and free polardad groups. The presence of free PA is a rapid and
transient signal that triggers protein kinases and other cellular response
mechanisms. Flux through the PLD pathway triggers an ABA response and the
production of PLD is induced by ABf'esterink and Munnik, 2005)Thus,
maintenance of cellular membrane stability by grasses is a drought tolerance
mechanism that has a broad range of implications in imparting stress tolerance.
Identification of grasses that have entwthmembrane stability under drought
stress can be determined by measurement of leaf or root electrolyte |EBlkage

and Ebercon, 1981).

Reactive Oxygen Speci¢ROS)Scavenging

During droughtstressROS accumulate due to a number of reasons
includinganabolic processes, byproducts of respiration, cessation of adequate flux
through photochemical pathways, ahdymay be actively produced by plants
for signaling purpose@iittler, 2002) Regardless of how they are producée, t
hyperaccumulationf ROSunder droughtonditions can becontexic to plant
cells. Thus, pants contain a wide range of ROS scavenging systemsvergr
damage caed by ROS buildup. Plantsat have the most effective or multiple

pathways within their antioxidant systaretypically more drought tolerant,



since he removal of ROS is necessary to prevent oxidative damage caused by
their accumulatiorfApel and Hirt, 2004).The accumulation of ROS caused by

heat and drought stress are alleviated mainly by the induction of geress®n

coding for antioxidant enzymes such as superoxide dismutases (SOD), catalases,
glutathioneS-transferases (GST), ascorbate peroxidases (APX), and glutathione
peroxidases that break down and remove RRxBnanjulu and Bartels, 2002;

Sharma and Dubey, 2005)

Amongotherantioxidant mechanisms 8, detoxication bydifferent
APX isoforms plays an important role in drought tolerance. Water deficit induced
increases in transcript accumulation of APX genes in cowygigad unguiculata
cultivars were positively correlated to drought tolerance. Chloroplastic APX
genes responded early to progressive water deficit, suggesting that the enzymes
detoxify ROS at their production si(®'Arcy-Lametaet al, 2006). Superoxide
dismutase (SOD) enzymatso are highly upregulated during drought stress and
have been shown to successfully reduce oxidative damage. Under the control of
anoxidative stressnducible promoter, rice plan{®©ryza sativa..) expressing a
pea manganese superoxide dismutase (MnSOD) in chloroplasts were shown to
have less electrolyte leakage and higher photosynthesis rates than wild type plants
(Wanget al, 2005) Catalase@CAT) is also arantioxidant enzyme, which
functions to removél,O,, The expression of CAT genes in wheat was found to be
complexly egulated by drought stresSAT is an enzyme that is sensitive to
degradation due to drought stress has been observed in several plas @psa

et al 2004). Plants that are able to maintain or have greater antioxidant enzyme



functions of those that are sensitive to drought stress, such as CAT, may be more
tolerance of drought stress than their counterparts that may lose antioxidant

enzymeactivity and content.

In addition, many nomenzymatic gene products have been shown to be
involved in ROS scavenging either directly by actively scavenging or indirectly
by inducing gene expression of other antioxidants. For instance, calcium, ABA,
ethylene, and salicylic acid were all shown to protect plants from heat and drought
stressinduced oxidative damagdearkindale and Knight, 2002as well as nitric
oxide (Hung and Kao, 2004)Other norenzymatic ROS scavenging metabolites
are isoprenéPenuelagt al, 2005) -toddopherolMunneBosch, 2005)
ascorbate (AA), reduced glutathione (GSH), and pigments such as carotenoids
and flavonolgJiang and Zhang, 2002 here are also various compounds that
induce the expression of antioxidant enzymes such as proline, which accumulates

under drought stress conditioftiéocsyet al, 2005)

Other stress protective proteins and metabolites

Stress protective proteins such as dehydrimaperonesprotease
inhibitors,and others serve tassist protein foldingyrevent denaturation of
individual protein subunits, protein complexeg(enembrane bound or
cytoplasmic) and other cellular structures in order to maintain their functionality
(Close, 1996Ingram and Bartels, 1998Thaperones may have specific targets
and have a large effect ¢ime health ofmajor metabolic pathways. Farstance,

in drought tolerant compared to sensitive wheat cultivaasntenancef CLP



proteases, some heat shock protein&i&to activaseRuBisCo binding
proteins, and dehydringereimportant in determining drought tolerance
(Demirevska, et al., 2008Y herefore, maintenance of these protenay play a
role in maintinaing photosynthesis rates in wheat exposed to drought Bhress
function ofother proteinsup-regulated by drought stresach asiniversal stress
proteins are thought to be involvedsitness protection, but the role in plants is

relatively unknown (Isokpehi, et al., 2011).

If protective mechanisms are overwhelmed jaradeins do become
damaged by drought stress, quick protein turnoveornsidered to ba drought
tolerance mechanisr rapid stimulation oprotease activityor removal of
irreversibly damaged and unfunctional proteins may confer drought tolerance.
This allows for rapid replacement with newly synthesized, functional proteins. In
addition to replacement, quick proteimriaver is considered to by a valuable
recycling process. Plants may utilize-psoducts of protein degradtation for other
biochemical pathways important in the defense response. For instance, amino
acids and amine side chains may be used in osmotic adptstmto synthesis
nitrogenous secondary metabolifeeng et al., 2004)Plants possess a complex
network of pathways enabling them to degrade damaged prateihsling
pathways that are drought specific or are shared among responses to other abiotic
stresses (Khanr@hopra et al., 1999)Plants stimulate degradation by-up
regulating genes and proteins involvedibiquitin activation tagging,
compilation of proteasomes, and change in the content and activity of various

ligases, phosphatases, protsasad other enzymé€haves et al., 2003



GenomicL ocalization of Important D rought Tolerance Genes

A comprehensive approath evaluating complex drought tolerance traits
that aims to understand all aspects of a drought tolerance mecliansian
whole-plant level to biochemical responses is essential for utilization of this
knowledge in an applied agricultural setting. Moving the conceptual knowledge
into the industrial forefront ikrgelyachieved bylant breeding effort8reeding
efficiency can beignificantly amplified by utilizing practices that involve
knowledge ofgenetic regions controlling desirable traltscreeping bentgrass,
the whole genome has not yet been sequenced. Therefore, thaatiaaal
available in this specids identifyimportant genomicegionsis by evaluating

plants for quantitative trait loci (QTL) based on chromosomal linkage maps.

The identificaion of QTL is a method of associating a large genomic
region of a species with the control and inheritancecpfamtitative,
phenotypically measurable trait. Quantitative traits are those thebvai®lled by
many genes and biochemical processes such as traits affecting growth, yield, and
stress resistance. Oncdentified, QTLs of desirable traits can be later evaluated
for use in marker assisted selection, specific genes underlying the QTLs, or for
analysis of genomic synteny with related plant species. Therefore, the ultimate
goal of QTL identification is for future use as a tool for genomic selection within
molecular breging (Edwards et al., 1987). Opponents to QTL mapping have
argued that the method may not be worthwhile due to the laborious nature of

genotyping and phenotypinthie marginal level of progress in fine mapping for



gene identification, and the potential fatfse QTLs Kearsey and Farquhdr998;
Borevitz and Chory, 2004; Tuberosa and Salvi, 2006). However to date, advances
in genomics such as high throughput technologies, greater availability of data for
detection of synteny, and several recent success$e® imapping have allowed

QTL detection and genomic selection utilizing markers to be considered the
future ofplant breeding (Ren et al., 2QI¥ang et al., 2010; Lorenz et al., 2011;

Salunkhe et al2011).

QTLs have been successfully identified fowale range of important
agronomic traits such as those responsible for yield and stress resistances
(Vinocur and Altman, 2005) and linking genomics to physiologicalstiaibf
immense importancd®r production of stress tolerant crofsd(meades et al
2004). Drought stress ithe foremost abiotic stress that limits the growth and
productivity of many plant speciesdentification of QTLs for various drought
tolerance traits has been achieved in several major crop species such @saorn (
maysL., Ribaut et al., 1997; Hao et al., 2010), whehttjcum aestivuni..,

Dashtiet al, 2007), and riceQryza sativa.., Price et al., 2002), as well as model
species such as Arabidopsfgdbidopsis thaliand.., Juenger et al., 2005). In
comparison to annual goe, relatively little information is available regarding
genomic information or QTLs for drought tolerance traits in grass species,
particularly those used as turfgrass. In turfgrasses, QTLs have mainly been
identified for prevalent biotic diseases suclialsar spotin creeping bentgrass
(Bonos,2006; Chakraborty et al., 200&nd for gray leaf spot (Jo and Jung, 2006;

Curley et al., 2008) and crown rust resistance in perennial ryetass{



perenng (Sim et al., 2007 ). Other valuable morphologicareleteristics such as
seed yieldBrown et al., 201Pare being evaluated for QTL identificatialo and
Jung (2006) identified four QTLs for gray leaf spot resistance. Those QTL
markers for disease resistance have a great potential to be utilized indpreed
improvement for disease resistance. This approach may also be effective for
developing markers linked to abiotic stress tolerance in turfgkasswledge of
QTLs for abiotic stress tolerantrits in turfgrasses is severely lacking and the
turfgrassindustry would benefit greatly from QTLs fdrought tolerance in

creeping bentgrass.

Objectives

The main goals of thithesiswere to evaluathow creeping bentgrass
drought tolerance can be improved by genetic modification and genomic
localization of dought tolerance traits. Part | will evaluate how increasing the
endogenous level of a group of plant hormones, the cytokinihgffect the
drought tolerance response of creeping bentgEassight injury symptoms have
been associated with an inhibitioncytokinin synthesis and maintenance of
endogenous cytokinin is associated with alleviation of drought damteagefore,
the benefits of maintenance of cytokinimas determinelly a comprehensive
evaluation of transgenireeping bentgragontaining agene promoting
cytokinin biosynthesigluring drought stress on 1) whgdant physiology 2)

proteomic 3) metabolic and 4) genetic responBeast Il will evaluate major



physiological responses to drought stressberetgrass population in order to

identify chromosomal regions associated with drought tolerance traits.
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PART |- DROUGHT STRESS RESPONSES OF CREEPING
BENTGRASS CONTAINING AN IPT TRANSGENE PROMOTING

CYTOKININ BIOSYNTHESIS

CHAPTER 1

EFFECTS OF SAG12IPT AND HSP18.2IPT EXPRESSION ON
CYTOKININ PRODUCTION, ROOT GROWTH AND LEAF
SENESCENCE IN CREEPING BENTGRASS EXPOSED TO DROUGHT

STRESS

Merewitz, E. T. Gianfagna, and B. Huang. 201.0Amer. Soc. Hort. Sc1.35:
230-239.



INTRODUCTION

Drought is a detrimental abiotic stress for plant growth, including
perennial turfgrass spes. A typical drought stress symptom in turfgrass is a
decline in turf quality (TQ) resulting from leaf senescence, slow shoot and root
growth, and leaf desiccation (Fry and Huang, 2004). Plant adaptation to drought
stress has been associated with thenlboial regulation of these processes.
Changes in the level and proportion of endogenous phytohormones, such as
cytokinins (CK) and abscisic acid (ABA), affect some stress adaptation
mechanisms, including stomatal closure, alteration of root:shoot ratibsnca
partitioning, and the degree of leaf senescence and root mortality (Davies et al.,
1994). CK are a major class of plant hormones that regulate or effect cellular
functions during plant growth and development, including cell division, leaf
senescenc@nd tiller and root growth and production (Mok and Mok, 1994,
2001). Since it was found that ABA was highly regulated and response to drought
stress, most studies analyzing phytohormone responses to drought stress have
focused on ABA and its involvement iagulating stomatal closure (Bray, 1993;
Chaves et al., 2003; Kramer and Boyer, 1995; Ma+Rol and Leung, 2006).

Some studies in annual crops have implicated CK in the coordination of plant
responses to environmental stresses, including drought &teseges et al.,
2003). How CK may regulate drought tolerance, particularly in peremaisses,

is not well understood.



To study the effects of CK metabolism on stress tolerance and the
mechanisms of CK regulation of stress tolerance, two approachebdwve
employed: exogenous application of CK and transgenic modification of
endogenous CK levels. Generally, plants maintaining or exposed to higher levels
of CK, either by alterations of endogenous production by transgenic methods or
by exogenous applicain, exhibit improved tolerance to different stresses. For
example, creeping bentgrass plants that were treated with a CK injection into the
root zones showed increases in TQ and photochemical efficiency (Fv/Fm) largely
due to the alleviation of heatducel root mortality and increased antioxidant
activity (Liu et al., 2002; Liu and Huang, 2002). Likewise, Zhang and Ervin
(2004) demonstrated that creeping bentgrass showed improved TQ under drought
stress when treated with an exogenous application of a edax&act containing
CK. However, the exogenous application of hormones does not always provide
the same physiological effects as changes in endogenous levels of hormones
(Okamoto et al., 2010). Thus, internal modifications of CK levels may be more
usefulfor understanding how CK regulates drought tolerance. The CK gene used
in this study encodes adenine isopentenyl transferase (ipt), which catalyzes the
formation of isopentenyladenostseMjo nophosphate from 5NAMP an
isopentenylpyrophosphate, a key eneyimvolved in the ratémiting step
leading to de novo CK biosynthesis (Medford et al., 1989; Morris, 1995).
Transgenic plants expressing the ipt gene exhibit increased tolerance to different
stresses in some plant species, including drought in petugtian{R xhybrida)

(Dervinis, 1999), lettuce (Lactuca sativa) (McCabe et al., 2001), and tobacco



(Nicotiana tabacum) (Rivero et al., 2007), flooding in arabidopsis (Arabidopsis
thaliana) (Huynh et al., 2005; Zhang et al., 2000), cold in tall fescue (Festuca
arundinacea) (Hu et al., 2005), and nutrient deficiency in tobacco (Jordi et al.,
2000). In ipt transgenic lettuce, the observed increases in drought tolerance of the
transgenic plants were attributed to hexose accumulation (McCabe et al., 2001).
Rivero etal. (2007, 2009) reported that ipt transgenic tobacco exhibited improved
drought tolerance due to delayed leaf senescence, changes in photorespiration,
protection of photosynthesis, and increased water use efficiency. Havlova et al.
(2008) transformed t@zco with a gene encoding transzeatin O
glucosyltransferase (ZOG1) to increase endogenous QKi€dsides, a storage

form of CK, and found delayed leaf senescence of older leaves, decreases in
cytokinin oxidase activity during drought stress, and improvenmepostdrought

recovery cenpared with wildtype controls.

The benefits of elevated CK levels under drought stress in a perennial
grass species maintained under turf conditions where leaf senescence is a primary
concern for TQ have not yet been evaluated may be different from annual
crops such as tobacco and lettuce. In addition, the senescence of older leaves is
known to be a drought survival mechanism similar to dormancy in many crop
species. This mechanism may be desirable in some plants as@nediydct
energy reserves to younger leaves or toward plant reproduction, thus increasing
yield or for survival at the whole plant level. However, it has also been shown that
maintenance of older leaves by avoidance of senescence is beneficial for

additional energy produced by a greater amount of photosynthetic source leaves



(Rivero et al., 2007). Furthermore, due to the cessation of significant growth
relative to younger leaves, older leaves do not typically act as much of a sink to
draw nutrients away &m a plant, reducing energy that could have gone toward
drought tolerance mechanisms (Khan, 1981). In addition, perennial turfgrass
species performance is not based on yield but on aesthetic appearance for which
leaf senescence is undesirable. Limitedrimfation is available about the root
growth characteristics of ipt plants, which is an important factor influencing water
uptake under drought stress. With an aim to examine the effects of CK effects on
drought performance in perennial turfgrass speciestamsformed a widely used
coolseason turfgrass species, creeping bentgrass, usiipg ¢feme ligated to a
senescencassociated promote8AG12(Gan and Amasino, 1995) and a heat
shock promoter, HSP18.2 (Takahashi and Komeda, 1989). The senestehce
stressinducible promoters circumvent the abnormal growth problems associated
with the overproduction of CK in transgenic plants containing the ipt gene driven
by constitutive promoters (Dansanko et al., 2003; Gan and Amasino, 1995;
Schnablova et al., 260 Yoshida and Shinmyo, 2000). In previous studies,
SAG12ipt transgenic creeping bentgrass exhibited improved growth under heat
stress (Xu et al., 2009) and nutrient deficiency (Zhang et al., 2010) in association
with increased tiller production, root gvth, and root:shoot ratio. The objectives

of this study were to investigate whether expression aptrgenepromoting CK
synthesis driven by senescenard/or strestnducible promoters would improve

drought performance in creeping bentgrass, andamae shoot and root growth
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responses to drought stress associated with changes in endogenous production of

CK and the ratio of CK and ABA due to the transformation.



MATERIALS AND METHODS

Plant Material and Growth Conditions

Transgert plants were desloped by the grobacteriumAgrobacterium
tumefacienptransformation method as described in Xing et al. 2010 and Xu et al.
2009. Plant materials includ&AG12ipt transgenic lines (S7, S8, S16, S25, S32,
S37, S40, S41, S43, S55, S97, and F99R18.2ipt transgenic lines (H13, H27,
H29, H31, H37, H42, and H43), the wildy pe cul ti var O0Penncrossbod
null transformant (NT) control l ine of OPe
empty plasmid vector without thet gene. The transgenic plantésused in this
study were verified, by northern analysis, to be transformed and to contgh the
gene, whereas the WT and NT plant lines did not contain the transgene, as shown
in Xu et al. 2009. In addition, all material has been clonally propagateé si
northern confirmation analysis to negate any possibility of transgene loss due to
sexual reproduction or recombination. Plant materials were established in eight
large plastic containers (54 cm long, 42 cm wide, and 14 cm tall) filled with fine
sand(0 125 mm particle size) with 10 individ
each transgenic line. Plants were grown in a controlled environment growth
chamber (GC15; Environmental Growth Chambers, Chagrin Falls, OH) and were
allowed to establish for 4 weeks bef watering treatment imposition. The
growth chambers were set to regulate chamber conditions at @i@operiod,
50% relati ve hUssitphotasynthetiGpbodon BusA@r), ancha
day/night temperature of 23/20 °C. Plants were watereldandlwere fertilized

with a controlledrelease fertilizer (19N\2.6R 10K; Scotts, Marysville, OH) once
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during plant establishment in the greenhouse and once before water treatment in
the growth chamber. Plants weregmaintained
weekly during the establishment period, but were not trimmed during drought

stress treatment.

Watering Treatments
Drought stress was imposed by completely withholding irrigation from
four containers for 14 d. The waillatered control plants within fogontainers
received water daily until drainage was observed from each container. Each
treatment was replicated four times in four plastic containers. Each container
contained plants from each transgenic line, the WT, and the NT control line so
that all pant materials were exposed to the same level of soil water availability

during drought stress.

Measurements
Soil volumetric water content was determined with the time domain
reflectometry method (Topp, 1980) (Trase; Soil Moisture Equipment, Santa
BarbaraCA). Two-pronged waveguide probes 20 cm in length were buried
horizontally in the middle of the ro@bne media in each container and

measurements were taken periodically during thd fréatment period.

Overall turf performance was evaluated by visuedtingturf quality
(TQ). TQwas visually rated every 2 d based on turf uniformity, color, and density
on a scale of 1 to 9 with 1 being brown and desiccated turf, 6 being the minimal

acceptable level, and 9 being green and dense turf (Turgeon, 20G@8).0b0



length and biomass and total shoot biomass were determined at the end of drought
stress (14 d) by destructive sampling. Roots were washed free of sand and
separated from shoots at the crown. Total root length was calculated by separating
the freshroots on a flatbed scanner (4490; Epson, Long Beach, CA) and the total
length was calculated with WinRhizo software (Regent Instruments, Loretteville,
Canada). Subsequently, all plant biomass was dried in an 80 °C oven for 72 h for
dry weight (DW) determmation. Rooto-shoot ratio was calculated as the ratio of

root DW to shoot DW that included all tissues of the whole plant.

Relative water content (RWC) of leaves was measured as an indicator of
leaf hydration status. Leaf RWC was calculated based sh (F@V), turgid
(TW), and DW of 4&40.1 g of |l eaf samples usi
DW)/ (TwW i DW) I 100. Leaf FW was determine
immediately after being excised from the plants. Turgid weights were determined
after soaking the leavés deionized water for 12 h in a closed petri dish at 4 °C
and weighing them immediately after being blotted dry. Leaves were then dried in
an 80 °C oven for at least 72 h before being weighed for DW (Barrs and

Weatherley, 1962).

Leaf Chl content and Fvfn were measured to evaluate leaf senescence. A
handheld leaf Chl meter (SPAIB02; Spectrum Technologies, Plainfield, IL) was
used to measure Chl content on two subsamples taken per plant. The Chl meter
gives an index of total leaf Chl content. The ingalues were converted to Chl

content and were expressed as milligrams per gram DW using a standard curve



constructed with actual Chl content against the index values. Chlorophyll of

leaves for the standard curve was extracted in dimethyl sulfoxide, and the
absorbance was measured at 663 and 645 nm with a spectrophotometer (Genesys
2; Spectronic Instruments, Rochester, NY). The content of Chl was calculated
using the formula described in Arnon (1949). Photochemical efficiency was
evaluated as a ratio of thariable fluorescence (Fv) to the maximal fluorescence
(Fm) value determined using a Chl fluorescence meter (Fim 1500; Dynamax,
Houston). Leaf clips were used to adapt individual leaves to darkness for 30 min
before reading the Fv/Fm ratio with the fluaresce meter. Two subsamples were

taken per plant at each sampling day.

Cytokinin and ABA content was measured to evaluate changes in
endogenous content and the ratio of these hormones. Hormone extraction and
guantification was determined by an indirectynelinked immunoabsorbent
assay method described in Setter et al. (2001) with modifications (Wang et al.,
2003). Samples were extracted in 80% (v/v) methanol and purified with reverse
phase C18 columns. Hydrophilic contaminants were removed with aosoditi
20% methanol and 80% aqueous triethylamine (10 mm TEA, pH 3.5).
Subsequently, the CK fraction was eluted with 30% methanol and 70% TEA, and

ABA fractions were eluted with 55% methanol.

Experimental Design andStatistical Analysis
The experimental adggn was a sphplot design with irrigation treatments

as the main plots and plant materials as the subplots, with four replicates for each



irrigation treatment and grass material. Effects of watering treatment, plant
materials, and corresponding interaos were determined by analysis of variance
(ANOVA) according to the general linear model procedure of SAS (version 9.0;
SAS Institute, Cary, NC). Differences between watering treatments and plant
means were separated by Fisher's protected least sigonéid#ference (Isd) test

at the 0.0 level.



RESULTS

Soil Water Status

Soil water contentforwelvat er ed pl ants was maintaine

drought treatment, soil water content
replication ofSAG12ipt, HSP18.2ipt transgenic lines, NT, and WT plants were
exposed to the same level of drought stress because they were planted in the same
container, which allowed for an examination of drought responses of different

plant materials to the same level of watefidt (Fig. 1).

Relative Water Content (RWC)

Well-watered plants maintained RWC levels at 85% to 90% throughout
the duration of the experiment, with no significant difference between plant lines
(data not shown). The average RWC of all weditered plantines as sampled on
12 d of water treatment (87%) is presented as a threshold value in Fig. 2. RWC
declined in response to drought stress in all plant lines. Significant differences in
RWC between lines were not observed until 12 d of drought stressfiwéen
SAG12ipt lines (S16, S37, S40, S55, and S8) andH®&E18.2ipt line (H31) had
higher RWC values than NT and WT plants (Fig. 2). Most of the transgenic
lines maintained RWC at or above 70%, while the RWC of NT and WT plants

were below this levedt 12 d of drought.

decl



Turf Quality (TQ)

Well-watered plants generally did not exhibit significant differences in TQ
among transgeniipt, WT, and NT throughout the experimental period, except at
6 and 14 d of treatment due to the lower TQ of H43 (Fig. 8stMAG12ipt
lines had significantly higher TQ from 8 through 14 d of drought relative to WT
and NT plants, except for lines S25 and S37 (Fig. 3). Plant lines exposed to
drought stress for 14 d also exhibited significant variation in the degree of decline
in TQ. Turf quality ratings for WT and NT plants dropped to below the minimal
acceptable level of 6.0 at 8 d of treatment, whereas most 864 2ipt lines
did not fall to below this level until 14 d of drought. Més5P18.2ipt lines
started to fall blow the acceptable level after 10 d of drought. Differences in TQ
of HSP18.2ipt lines relative to NT and WT were less pronounced; however, H31
and H29 had significantly higher TQ ratings than the NT control at 14 d of

drought.

Total Chl Content

Leaf Chlcontent did not vary between plant lines and remained constant
under wellwatered conditions (Fig. 4, A and B). Among plant lines exposed to
drought stress, significant differences occurred after 2, 6, and 12 d of drought
(Fig. 4, A and B). Leaf Chl comé declined in all plant lines in response to
drought stress, but the declinesSAG12ipt lines were less pronounced than for
NT and WT plants. The Chl content of NT and WT plants declined by an average

of 68% at 12 d of drought, whereas the Chl coméSAGipt lines declined by
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an average of 50%. Transgenic lines H27, S39, S25, and S41 had the greatest

amount of Chl, and NT plants had the lowest Chl content under drought stress.

Photochemical Efficiency (KF/Frm)

Under weltwatered conditions, no sidigant differences in Fv/Fm were
detected between the plant | ines, which ma
throughout the duration of the experimental period (Fig. 5, A and B). Drought
stress caused a significant decline in Fv/Fm in all plant lines (Fig H#$518.2
ipt andSAG12ipt lines exhibited variation in Fv/Fm, and sevepallines
maintained significantly higher Fv/Fm levels compared with NT and WT plants at
6, 9, and 14 d of drought. By 14 d of drought stress, all transgenic lines had

significantlyhigher Fv/Fm than the NT line.

Root Growth and Root:Shoot Ratio

Plant lines H13, H29, H31, S16, S25, S32, S43, S55, S7, S97, and S99 had
significantly higher total root biomass than the WT under drought stress. The
same lines, with the addition of lin@Band the exception of lines H29, H31, S7,
and S97, exhibited greater total root length, which can most likely be attributed to
the additional root biomass. The root:shoot ratio was analyzed to normalize
differences between transgept and control line under optimal conditions
such as due to differential tiller numbers (Xu et al., 2009). Root:shoot ratios were
generally higher in transgenipt lines compared with NT and WT after 14 d of

drought (Fig. 6C); for example, lines S25 and S7 had root:shaotros of &0. 25,



S7

whereas the average root:shoot ratio of
rati o aver ad¢A@l2ig, \NT, argl WT under welvaered

conditions (Fig. 6). At 14 d of drought stress, significant differences in root:shoot

ratio wee observed between plant lines (Fig. 6). Transgghimes H29, H31,

S16, S25, S32, S43, S7, S97, and S99 had significantly higher root:shoot ratios
compared with the NT and WT plants. The highest root:shoot ratio in drought

stressed plantswas foundi t r ansgenic | ine S25 and S7,

| owest ratio was in NT plants, at ao0.05.

Leaf iPA and ABA Content

Leaf iPA content of wellvatered plants did not differ significantly
bet ween plant | i nes, 'Dwhnleaves (Big7id,r aged &30
threshold). After 14 d of drought, iPA content declined in all plants. Seven of the
12 SAG12ipt lines (S25, S37, S40, S41, S43, S7, and S99) had a significantly
higher leaf iPA content compared with NT and WT, although variation in iPA
accumulation eisted among these transgeiptlines (Fig. 7A). TheSAG12ipt
lines that were significantly different from NT and WT had an average iPA
content more than four times higher, at 9.0 pmiol®V in transgenidpt lines
compared with 2.2 pmol'dDW in WT and NT plants. Slight increases in iPA
content were found between tH&P18.2ipt line and the control lines; however,
these were not statistically different. Under weétered conditiondeaf ABA
content wa'sDW(Bid 7B BrougHt giress resulted in an

accumulation in leaf ABA content above this control level. Transggehlmes

NT

at
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H13, H29, H42, S25, S32, S40, S41, S55, S7, S97, and S99 maintained leaf ABA
levels significantijower than NT and WT plants at 14 d of drought stress (Fig.

7B).

Root iPA and ABA Content

Root iPA content did not significantly differ between the NT, WT, and
transgenic lines under weltatered conditions, which averaged 40 pmiot@w
(Fig. 8A, threshtal). At 14 d of drought stress, root iPA content decreased
significantly in WT, NT, and most of tfeAG12ipt plants, but was maintained at
the wellwatered level in S40, S55, and S8. Root iPA content in 11 of 19
transgenic lines (H27, H31, H39, H43, S387, S40, S41, S43, S7, S99, S55, S8,
and S97), was statistically higher than in the NT and WT lines, and averaged four
times the NT and WT levels. The total additive iPA content in leaves and roots
was significantly higher in most transgeijt plants tlan in NT and WT plants
under drought stress. Root ABA content did not accumulate due to drought stress
relative to the control level of 40 pmol-§PW (Fig. 8B). Transgenic lines H13,
H29, H31, S25, S37, S43, and S97 had significantly lower ABA than thenNT

WT plants, whereas H43 had significantly higher root ABA (Fig. 8B).



DISCUSSION

Severalpt-transgenic lines exhibited improvement in drought
performance as indicated by significantly greater TQ, Fv/Fm, Chl content, and
RWC under drought stress. Qa#, ipt expression in creeping bentgrass was
effective in promoting better turf performance and alleviating droeunghtced
physiological changes such as leaf senescence, although significant variation was
observed among thpt lines and between the tifent promoters. The variation
in turf performance between transgeiptlines of the same promoter could be
due to differential genomic insertion locations of the transgene (Bettany et al.,
1998) or due to somaclonal variation (Larkin and Scowcroft1),98hich may
cause differences in transgene expression patterns. Greater differences in TQ, Chl
content, Fv/Fm, and RWC were observed inSA& 12ipt plants than in the
HSP18.2ipt plants, relative to the control lines. This could be due to lower
expreseon of theHSP18.2oromoter, leading to a smaller increase in iPA content
in roots and shoots compared with the SA@it2ines. For example, Sakuma et
al. (2006) found that thelSP18.2vas not highly expressed under drought stress
compared with heat shotteatment. However, in our study, because root iPA
levels were significantly higher in HSP18® lines, other secondary cellular
stresses could have activated H®&P18.2oromoter. Oxidative stress could have
contributed to the induction of expressia@chusdHSP18.2can be activated by
hydrogen peroxide (Kovtun et al., 2000). More research is needed to confirm this

possibility forHSP18.2 ipt lines.
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The most pronounced effects of ipt transformation in creeping bentgrass
were the increases in total rdmbmass, root length, and root:shoot ratio. The
improvement in rooting characteristics may enhance water uptake, and thus, the
ipt transgenic plants, with a more extensive root system, may be more effective in
obtaining water from drying soils and delayiphysiological changes from
drought stress such as leaf senescence and crown dormancy. Nevertheless,
previous studies reported decreased root production with increased endogenous
CK in dicot species such as tobacco and arabidopsis (Clark et al., 20G=t;dlyo
2005; Medford et al., 1989), and several studies reported reductions in root
growth in plants transformed with ipt driven by constitutive promoters (Hewelt et
al., 1994; Van Loven et al., 1993). Plants transformed with ipt using constitutive
promders may overproduce CK, which results in root growth inhibition (Gan and
Amasino, 1995). Constitutive expression of the ipt gene has been found to elevate
endogenous CK levels sufficiently to cause mutation and growth deformation
(Klee, 1994). In our stud the ipt transgene was ligated to a stiadsicible
promoter for autoregulation of ipt expression that prevents overproduction of CK,
and regulates production of CK only after stress is initiated, resulting in limited
CK accumulation compared with coitgtive expression (Gan and Amasino,

1995; Verdonk et al., 2008). In addition, the difference in the effect of CK on root
growth in dicots, and what we observed in our study with a grass species, suggests
that CK may regulate root growth differently betwesants with tap root systems

and those with fibrous root systems (Aloni et al., 2006).



The increases in total root biomass production in our study may be due to
increases in root production associated with the stimulation of tiller formation in
SAG12ipt transgenic creeping bentgrass, as reported by Xu et al. (2009).
Moreover, Aloni et al. (2006) showed that CK played a significant role in
promoting root development, differentiation, and architecture. Specifically, they
found that elevated root CK levefsroot tips, as controlled by ipt genes, may
cause root apical dominance and may allow primary roots to reach water in
deeper soil layers. Increased apical dominance promoted primary root growth as
opposed to lateral roots. The maintenance of greateshoot ratios under
drought stress could be at least in part due to enhanced root survival, root
production, and/or root elongation due to the expression of ipt in creeping
bentgrass under drought stress. Root:shoot ratio has been shown to be an effective
selection method in breeding for drought tolerance of perennial turfgrasses such
as tall fescue (Karcher et al., 2008). In addition, our results are in agreement with
other studies in creeping bentgrass in that an exogenous application of CK (Liu
and Huang2002) and the presence of SAGHR(Xu et al., 2009) promoted root

growth during heat stress conditions.

Endogenous leaf iPA content was lower under heat stress than the values
for well-watered plants in creeping bentgrass (Xu et al., 2009), but SAB12
plants still had higher iPA content than NT. Similarly, in this study, total additive
iPA content, including that found in leaves and roots, was maintained at higher
levels in ipt plants relative to the NT and WT controls under drought stress. Plants

that had significantly higher levels of leaf iPA generally had better TQ ratings,



greater Chl content, and higher RWC and Fv/Fm by 14 d of drought than non
transgenic lines and thus had lower levels of droughiced leaf senescence,
although not all trangmic lines that had higher iPA content exhibited improved
drought tolerance, as discussed above, or there seemed lack of a direct correlation
between iPA content and turf growth when comparing individual transgenic lines.
It is possible that other forms @K such as zeatin riboside and dehydrozeatin
riboside may be changed as the result of the transformation, which may account
for the variations between transgenic lines. However, the hormone balance of the
plant lines may better explain the improvementghysiological attributes under
drought stress. This and differences in iPA translocation may be particularly true
for the Hsp18.2pt lines that had higher root iPA content, but did not accumulate
iPA to levels higher than the ndransgenic lines in thieaves. However,

considering that iPA is a predominant form of CK in perennial grass species as
previously reported (Xu et al., 2009), this study only quantified iPA.

Nevertheless, our findings are consistent with previous work done to evaluate
exogenous@plications of CK, where increased levels of leaf iPA were associated
with greater drought tolerance (Zhang and Ervin, 2004). Differences in drought
tolerance of bentgrass species have been associated with differences in total CK
content in the plant (DaGta and Huang, 2007). Comparing iPA content in leaves
and roots, it seems that at least several transgenic lines such as S32 and S55, S8,
and S92 that did not exhibit higher iPA than the NT and WT in leaves had
significant increases in roots. Additionaltiie poorly performing line H43 most

likely had an inadequate hormone balance because it had a relatively high root
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ABA content, a low leaf ABA content relative to NT, a high root iPA content, and
relatively low leaf iPA content relative to the other lin€ke higher amount of

ABA in the shoots of H43 relative to the roots may indicate leaf cell damage
despite ABA signaling because efficient ABA translocation is required for ABA
signaling and an adequate drought tolerance response (Liu and Huang, 2005), an
an accumulation of ABA has been shown to occur in less draagnant plants,

as discussed below (DaCosta and Huang, 2007). The high total plant iPA of H43
may indicate that the transgene was being expressed at too high of a level.
However, further ex@ssion analysis studies would be needed to confirm such a
conclusion. It is well known that CK are commonly found in the xylem and are
thereby transported from the roots, where they are primarily synthesized, to the
shoot (Letham and Palni, 1983). Ouruks suggest that the translocation pattern

of iPA between roots and leaves may have been altered in some transgenic plants,
which may have caused higher root iPA and may have affected the ABA:CK

ratio, resulting in the increases in root growth. HoweVes, ¢annot be directly
concluded because translocation and differences in CK conversion among all
forms was not explicitly measured. Alternatively, other mechanisms could be
possible because CK have been shown to be involved in other root processes such
aspromoting vascular differentiation (Aloni et al., 2006), which could have

allowed for healthier roots under drought stress and therefore the greater ability of
plants to maintain root growth under stress. Alternative to our results, one could
argue that & in the form of iPA is known to cause stomatal opening and reduced

root growth, which would reduce drought resistance characteristics. However, it



has been found that the timing of increased CK content, the form of CK present,
and the balance of hormon@sy be more critical in determining stomatal

responses during drought stress (Pospisilova et al., 2000, 2005).

Drought stress can lead to an increase in ABA accumulation in various
plant species, including creeping bentgrass (DaCosta and Huang, 20079f Most
the transgenic lines had lower ABA content in leaves and roots than the non
transgenic plants. ABA has been associated with the promotion of drought
responses, such as stomatal closure, that lead to photosynthesis inhibition
(Blackman and Davies, 1983)ower levels of ABA accumulation have been
correlated to drought tolerance in different perennial grass species due to less
cellular damage, most likely achieved by alternative dreadghptive
mechanisms (DaCosta and Huang, 2007; Volaire et al., 1988¢\at al., 2003).
Reduced accumulation of ABA may reflect less drought injury in roots and shoots
associated with the increases in CK production in transgenic plants. In contrast,
some research has reported increased ABA content being associated wath grea
drought tolerance (Rivero et al., 2007, 2009). Thus, multiple dynamic
mechanisms are involved and are not yet fully clear. The higher ABA content in
leaves of NT and WT may induce stomatal closure and result in limited
photosynthesis during droughtests. The ratio of iPA to ABA was generally
higher in leaves and roots of transgenic plants than in the WT and NT plants.
Hormone interactions are dynamic because concentrations of other hormones and
their proportion between roots and shoots may influetase growth and

development, including leaf senescence (Nagvi, 1995) and stomatal aperture
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(FuBeder et al., 1992). In a study with Medicago sativa, plants with a lower ABA
content in roots and a higher @&-ABA ratio in leaves, as well as higher leaf

CK concentrations, maintained photosynthetic activity, leaf conductance, and
transpiration flux under drought stress (Goicoechea et al., 2006). The improved
drought performance along with the increase intGHABA ratio in SAG12 and
HSPipt plants suggests thEK may have an important role in the regulation of
drought tolerance in creeping bentgrass through changing the accumulation and

the balance with ABA.

In conclusion, transformation of creeping bentgrass with ipt resulted in the
improvement in drought piErmance of creeping bentgrass, as manifested by the
higher TQ, Chl content, Fv/Fm, RWC, and root growth compared with the non
transgenic plants. The increases in CK accumulation and the ratio of CK to ABA
may be associated with the suppression of leafssmmce and increasing root
growth in creeping bentgrass exposed to drought stress. However, further research
is required to identify specific mechanisms underlying the effects of ipt
expression on drought adaptation in eseason turfgrasses and othempl

species.
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FIGURES

Figure 1. Soil water content (%) in wellatered control and drought treatments
in all plant lines of creeping bentgrass. Vertical bars indicate LSD vah@s (
0.05) for comparison between treatments at a givgrotiaeatment where

significant differences were detected.
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Figure 2. Leaf relative water content (RWC, %) of the null transformant (NT),
wild type 6PHSPIBZIpt(HIires), an(dBAEI2ipt (S lines) of
creeping bentgrass at 12 d of dght stress. The horizontal dashed line represents
the average RWC value of all plants under wedtered conditions at 12 d of
treatment as transgenic lines, WT, and NT did not differ in RWC in this
treatment. The vertical bar indicates LSD valR&) 8).fo® comparison

between plant lines at 12 d of drought stress. Columns marked with an asterisk

indicate plant lines exhibiting significant differences from the WT plants.
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Figure 3. Turf Quality (TQ), a visual rating system on a scale-8f a&f the null
transformant (NT), WHSPI1®2-igt{Hfines),addenncr os s o
SAG12ipt (S lines) of creeping bentgrass exposed to-waliered conditions (A

and C) and drought stress (B and D). Vertical bars indicate LSD v&l@s (0 . 0 5)

for comparisa between plants lines at a given day of treatment where significant

differences were detected.
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Figure 4. Leaf chlorophyll content diSP182-ipt plants (H lines) (A) and

SAG12ipt plants (S lines) (B) in comparison to the null transformant (NT) and

wi | d

type

OPenncrosso

(WT) of

creeping ben

horizontal dashed line represents the average chlorophyll content of all plant lines

under wellwatered conditions as transgenic lines, WT, and NT did not differ in

this treament. The vertical bars indicate LSD valuBY 0. 05)

for compar.i

between plant lines at a given of drought stress where significant differences were

detected.
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Figure 5. Photochemical efficiency (Fv/Fm) BISPL8.2ipt plants (H lines) (A)

andSAG12ipt plants (S lines) (B) in comparison to el transformant (NT)

and wi

d type

O6Penncr os s dhehandontall i nes

dashed line represents the average Fv/Fm vlaue of all plant lines under well

watered conditions as transgenic lines, WT, and NT did not differ in this

treatment. The vertical bars indicate LSDvaluBsd 0. 05) for compar.i

between plant lines at given of drought stress where significant differences were

detected.

Photochemical efficiency (Fv/Fm)

Photochemical efficiency (Fv/Fm)

0.85

0.80

0.75

0.70

0.65

0.60

0.85

0.80

0.75

0.70

0.65

0.60

H43

S16
$25
$32
S37
S40
$41
543
55
s7
S8
597
S99

watered

4

6 8 10 12 14 16

Duration of water treatment (d)

of

cr

SOl



Figure 6.. (A) Total root biomass, (B) total root length, and (C) root:shoot
ratios of the null transd offMdREMZpt ( NT), wil d
plants (H lines) an@AG12ipt lines(S lines)of creeping bentgrass 14 d of
drought stress. The horizontal dashed line represents the average \elae of
parameter foall plant lines under wellvatered conditions as transgenieek,
WT, and NT did not differ in this treatmefithe vertical bar indicates LSD value
(PO 0.05) for comparison between plant |ine
marked with an asterisk indicate plant lines exhibiting significant differences from

the WT plants.
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Figure 7. (A) isopentyl adenine (iPA) content and (B) abscisic acid (ABA)

content in |l eaves of the null transfor mant
HSPL18.2ipt plants (H lines) and (BPAG12ipt plants (S lines) of creeping

bentgrasstal4 d of drought stress. The horizontal dashed line represents the

average value of eacla@mmeter for all plant lines under welhtered conditions

as transgenic lines, WT, and NT did not differ in this treatment. The vertical bar

indicates LSDvalueRO 0. 05) for comparison between pl
drought stress. Columns marked with an asterisk indicate plant lines exhibiting

significant differences from the WT plants.




































































































































































































































































































































































































































































































































































































































































































































