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Improvement of the drought 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 of growth, and other cellular damages resulting in leaf 

and root senescence. Creeping bentgrass (Agrostis stolonifera L.) is a high value, 

drought sensitive turfgrass crop species.  The main goals of the research described 

in this thesis were to evaluate mechanisms responsible for drought tolerance in 

turfgrasses by evaluating whole-plant, cellular, proteomic, metabolomic, genetic, 

and genomic regions associated with drought defense responses.  

Part I will focus on how differential hormonal regulation may affect the 

drought defense responses in turfgrasses. Plant hormones such as cytokinins (CK) 

are signaling molecules controlling gene expression and the activity of various 

biochemical pathways. Differential drought-induced regulation of plant hormones 

is a primary response to prevent cellular desiccation. Drought injury symptoms 

have been associated with an inhibition in CK synthesis and maintenance of 

endogenous CK is associated with alleviation of drought damage. Thus, specific 
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objectives related to the effect of elevated CK content in creeping bentgrass 

during drought stress on 1) whole-plant physiology 2) proteomic 3) metabolic and 

4) genetic responses were evaluated. Elevated CK content in the creeping 

bentgrass plants was achieved by drought induced expression of an ipt transgene 

encoding the enzyme adenine isopentenyltransferase promoting CK synthesis. 

The results showed significant modifications of the gene, protein, and metabolite 

profiles were caused by elevated CK, particularly changes related to energy 

production, metabolism, and stress defense. 

 Part II 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 specific plant phenotypes 

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  

The grasses are a large family of over 9000 C3 and C4 monocot plant 

species within the Poaceae family (USDA, NRCS. 2010).  They are extremely 

important to our society in many ways since they play a major role in shaping the 

world ecologically, economically, and socially. Ecologically, natural grasslands 

contribute to the health and well-being of our ecosystem by providing a home to 

many animal species, reducing pollution by trapping run-off, preventing land 

erosion, and sequestering the greenhouse gas carbon dioxide.  In agriculture and 

industry, they are a food source for the grazing animals in pasture lands and are 

grown as high value crops for use as natural fibers, bioenergy crops, or sod. 

The grasses with perhaps the most social impact on our lives are 

turfgrasses. Turfgrasses are a subset of the grasses, which have evolved and have 

been bred by man to tolerate mowing and traffic. This has allowed turfgrasses to 

be used as a ground cover in parks, home lawns, playing fields, and golf courses.  

Plant breeders have targeted certain grass species that have evolved over millions 

of years due to their co-existence with animal grazing due to their ground cover 

and aesthetic appeal qualities, allowing them to persist in a mowed, uniform 

canopy. Historic plant breeders recognized that 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 



2 

 

 

 

production, cultural management practices, and optimal turfgrass species selection 

for a given climate. In cultured, relatively high input settings, turfgrasses serve 

numerous functions such as providing a cushioned, uniform functional surface for 

human recreation and aesthetic appeal. Turfgrasses may also be utilized in low 

input and/or low maintenance settings, such as on road sides, edges of water 

ways, or in preserved land, where they may act as barriers to reduce pollution and 

run-off, reduce wind erosion of the underlying soil, preventing dust, and serving 

as havens for numerous insects and wildlife  (Turgeon, 2008). 

The versatility and high demand for turfgrasses has allowed the turfgrass 

industry to exhibit extensive economic impact (Haydu et al., 2006). However, the 

industry faces two main challenges: creating optimum growing conditions to 

appease both humans and the grass. Pleasing the people that are most intimately 

linked with turfgrasses such as homeowners and athletes requires turfgrass 

managers to maintain healthy and functional turf at high standards often under 

environmentally and economically limited conditions. This has lead to critics of 

turfgrass management, which is labor intensive and can require a heavy regimen 

of fertilizer and pesticide input.  Critics say they are point sources for run-off of 

pesticides, fertilizers, and other chemicals used for maintenance, they require 

much input in the form of energy which ultimately utilizes our fossil fuel 

resources, and that they are superfluous, especially in times of economic crisis 

(Steinberg, 2006).  The second challenge, pleasing the grass, requires much 

research on defining optimum cultural practices, turfgrass 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 grass germplam 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 ultimate method to reduce inputs, costs, and criticisms.  

The most prevalent abiotic stress to plant growth is drought stress and 

water for irrigation is the most limited resource world-wide (Khush, 1999).  

Despite the great versatility and availability of the grass species used as 

turfgrasses, their 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 requires multiple resistance mechanisms within the 

plants. Thus, the focus of this dissertation is on multiple methods of identifying 

and improving drought resistance mechanisms of a commonly used relatively 

drought sensitive turfgrass, creeping bentgrass (Agrostis stolonifera L). The 

current chapter provides a review of recent literature important to the 

understanding of the drought response and will conclude with the specific goals of 

this dissertation. 

Importance of Creeping Bentgrass 

Creeping bentgrass is naturalized to most parts of the world but the 

varieties used today as turfgrasses were imported to the US from its native 

Eurasia in a seed mixture that was termed ñSouth German mixed bent.ò After 

many decades of production, growth, and selection from the mix, Agrostis 

stolonifera became the primary bentgrass species desired and grown (MacBryde, 
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2005). Today, creeping bentgrass is 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 industry. For example, sod production revenues from 

the largest sod producing states such as Rhode Island, New Jersey, and Michigan 

have reached over $15 million annually (Siligato, 1999). A large percentage of the 

seed and sod produced is creeping bentgrass since it is frequently used on golf 

course greens, fairways, and athletic fields. However, most turf managers grow it 

from seed or plugs arising from abiotic propagation from stolons. These growth 

methods are viable options because it often establishes and spreads quickly due to 

its stoloniferous growth habit and tolerates low cutting heights (Emmons 1995) 

Creeping bentgrass can also be used as a forage grass or for home lawns, however 

the latter is not common due to the high input and care requirements relative to 

other grasses such as Kentucky bluegrass (Poa pratensis L.). 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 many golf courses are switching to growing creeping bentgrass on 

golf course greens and fairways from other species due to lower disease 

incidences and input costs (Vermeulen, 2000). In addition to its economic 

importance and potential for future success, creeping bentgrass serves as a great 

model plant species in research within several disciplines. For instance, the 

Agrostis genera is intriguing genetically due to it highly complex ploidy levels 

and interspecific hybridization abilities. In addition, creeping bentgrass and other 

Agrostis species are known for being tolerant of metal contamination and having a 
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variation in range of abiotic and biotic stress resistances thereby making potential 

genetic studies and research topics on Agrostis species widespread (MacBryde, 

2005). 

Genetic Attributes and Cultural Practices Contributing  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 categorized as escape, avoidance, 

or tolerance responses to drought stress (Huang, 2006). Escape is typically 

characterized as a state of dormancy or a necrosis by programmed cell death of 

cellular tissues except those that are required for regeneration or regrowth upon a 

change of season or alleviation of a stress such as renewal of available water after 

prolonged drought conditions. Drought avoidance responses are a group of 

mechanisms, such as deep rooting (Cairns et al., 2004)  or leaf curling, to prevent, 

reduce, or delay cellular dehydration (Pessarakli, 2008). Creeping bentgrass 

actively alters leaf morphology in order to reduce water loss by leaf 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, trichomes, or sunken 

stomata (Ramanjulu and Bartels, 2002).Under natural conditions, creeping 

bentgrass exhibits some avoidance and escape mechanisms primarily in terms of 

cessation of growth, promotion of root growth, leaf rolling, and stimulation of 
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rooting (Fry and Huang, 2004).  However, the ability of creeping bentgrass to 

escape and avoid drought stress under strict turfgrass management conditions are 

not typically viable mechanisms due to the requirements of functionality and 

cultural practices used in most turfgrass areas.  

Therefore, the sensitivity of creeping bentgrass to drought stress is due to 

both genetic factors and typical turf management practices that limit drought 

escape and drought avoidance mechanisms. For instance, on a golf course green, 

creeping bentgrass is often mown at heights as low as 0.3 cm. Low mowing 

heights may impede a plantôs ability to exhibit some drought avoidance or escape 

mechanisms of both above and below ground plant parts. For example, the 

reduction in leaf length and increase in leaf 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 other cellular traits such as a 

tough thick cell wall (Fry and Huang, 2004). Below ground, the plant naturally 

finds a balance of the root:shoot ratio and will therefore have a smaller root 

system reducing the potential for water uptake from deeper in the soil profile. 

Limitations on root 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 1999). In 

addition to limitations on mechanisms related to water use and uptake, various 

turf management practices may limit other processes important to stress 

avoidance or escape such as reduced photosynthesis and respiration for energy 
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production and reduced biomass of storage tissues available for carbohydrate 

reserves. Inadequate carbohydrate reserves and available energy may severely 

limit the efficacy of stress defense pathways and are typically reduced with a 

reduction in the size of plant organs (leaves, roots, and storage organs such as 

crowns and rhizomes).  Therefore, since escape or avoidance characteristics may 

be limited by turf management practices, the research goals within this 

dissertation were to evaluate, identify, and explore drought tolerance traits in 

creeping bentgrass maintained as a turfgrass. The ultimate goal of this type of 

research is to elucidate drought tolerance traits and mechanisms that will be 

beneficial for future use by plant breeders.  

Drought Stress Perception  

In order for drought resistance or tolerance mechanisms to be activated, 

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

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

cellular stress signal. As sessile organisms, plants have evolved a complex 

signaling network that conveys stress messages throughout the plant via multiple 

primary and secondary signaling transduction pathways. These pathways consist 

of various types of signaling molecules since a combination of hormone signals 

coupled with the accumulation of other metabolic compounds such as reactive 

oxygen species, proteins, and other osmolytes are often required in order for 

changes in gene expression to occur. These compounds may be either actively 

produced by the plant or accumulate as a result of cellular damage (Ramanjulu 
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and Bartels, 2002). The signaling cascades that occur may be either the cause of 

and/or are in response to the perception of drought stress to actively initiate 

further downstream changes in gene expression leading to plant drought 

resistance and are initiated by plant hormone signaling pathways. 

 Changes in endogenous hormonal content primarily occur in order to 

activate drought tolerance mechanisms described below. The biosynthesis, 

repression, and cellular targeting of hormones may change depending on the 

hormone type and its function. Major plant hormones that are important in the 

drought response are ABA, cytokinins (CK), Jasomonic acid, ethylene, and 

others. Drought stress is thought to be perceived as a hydraulic pull caused by soil 

to plant gradient of pressure due to soil drying. When the hydraulic pull is sensed, 

the result is a shift in the concentration of the signal hormones abscisic acid ABA 

(Davies and Zhang, 1991; Raghavendra, 2010). ABA typically increases in 

concentration in order to convey the drought stress signals (Zeevart et al., 1988) 

wheras other homones such as CKs may be reduced by downregulation of gene 

expression, degraded by oxidase enzymes actively, or due to stress damage (Bray, 

1993). These changes are complex and dynamic since hormone concentration 

may act independently to confer a signal or it may act in conjunction with other 

hormones and/or with other signals. Furthermore, the endogenous concentration 

of a given hormone may be influenced by the duration and severity of drought 

stress and may differ in the different plant organs. For instance, Sharp et al. 

(2002) has shown that hormones working in conjunction with each other is 

exemplified by the indirect role of ABA in water stress signaling by inhibiting the 
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synthesis of ethylene (Sharp and LeNoble, 2002; Chaves and Oliveira, 2004). 

ABA-dependent and ABA-independent signaling pathways are used to elicit a 

response to drought and a rapid accumulation of ABA has been correlated with 

enhanced drought resistance (Li et al., 2000). In studies of the highly drought 

tolerant resurrection plants (Craterostigma wilmsii), 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 lead to major 

chages in plant growth, defense responses, and major drought tolerance 

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 crucial for plant 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 reduces water 

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 root-to-shoot signaling in regulating stomatal behavior has been 

found to play important roles in plant tolerance to drought stress (Quarrie, 1989; 

Wilkinson and Davies, 2002).  
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Abscisic acid (ABA) is considered as the primary chemical signal 

translocated from roots to shoots causing stomatal closure in response to soil 

drying (Blackman and Davies, 1985; Zhang and Davies, 1989; Davies et al., 

2002). Increases in ABA concentrations 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 stomata (Leckie et al., 1998). ABA also mediates 

cytosolic Ca
2+ 

levels and triggers Ca
2+ 

mediated pathways by regulating 

movements through Ca
2+ 

channels.  Cytosolic Ca
2+ 

 then transmits the signal to 

protein sensors such as calmodulin, Ca
2+ 

-dependent protein kinases (CDPK), and 

phosphatases, which play roles in ion channel regulation (Luan, 2002).  Calcium 

binding proteins such as calcineurin B-like (CBL) proteins are also important in 

calcium signaling pathways and are thought to contribute to early stress-related 

transcription factor regulation (Albrecht et al., 2003).  

Transcription factors are the stress response elements that perhaps have 

the most potential for enhancing tolerance mechanisms for multiple stresses. In 

Arabidopsis, transcription factor families ERF/AP2, bZIP/HD-ZIP, Myb, WRKY, 

and several classes of zinc- finger proteins, each containing a distinct type of 

DNA binding domain, have all been characterized. These transcription factors 

bind the stress-responsive cis-elements and activate the expression of target genes 

(Yu et al., 2005). The target genes have end-products for various key players in 

the physiological response such as ABA. 
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 In addition to the drought tolerance exhibited by the ABFs discussed 

above, Kim et al. (2004) observed multiple stress tolerance in transgenic plants 

over-expressing ABF3. Transgenic lines were tolerant of low-temperatures, heat, 

and oxidative damage. Similarly, overexpression of the pepper transcription factor 

CaPF1 in transgenic Virginia pine (Pinus virginiana Mill.) conferred multiple 

stress tolerance by increasing plant oxidative stress defenses (Tang et al., 2005).  

Other cis-acting elements that have been the topic of much research are 

dehydration responsive elements and ABREs since many stress-inducible genes 

contain these elements in their promoter regions. Amongst others, NAC 

transcription factors, bZIP proteins such as TRAB1, and MYB activators bind to 

these regions and have been shown to upregulate certain stress responsive genes 

to enhance plant defenses (Tran et al., 2004; Narusaka et al., 2003; Kagaya et al., 

2002). For example, Suzuki et al. (2005) have reported that constitutive 

expression of the stress-response transcriptional coactivator multiprotein bridging 

factor 1c (MBF1c) in Arabidopsis enhanced the tolerance of transgenic plants to 

heat or osmotic stress alone, as well as the combination 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 ethylene-response signal 

transduction pathway (Suzuki et al., 2005).  

In addition to signaling causing stomatal closure and the growth 

reductions caused by decrease intracellular CO2, Other proteins respond to 

drought stress and ABA content by playing a role in signaling plant leaves to 

decrease growth by inhibition of cellular division and expansion.  For instance, a 
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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 extensibility. These proteins may actively cause signaling cascade 

changes. Maintenance of expansins,  LEA proteins, and others such as xyloglucan 

endotransglycosylases have also been associated with conveying increased 

drought tolerance and avoidance (Jones and McQueen-Mason, 2004; Sharp et al., 

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

signaling in response to drought stress (Yu et al., 2005b).  Important proteins such 

as these involved in drought signaling, in conjunction 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 (ROS) accumulation has also been shown to 

be a stress 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 H2O2, are primarily produced due to the enhanced enzymatic 

activities of plasma-membrane-bound NADPH oxidases, cell-wall-bound 

peroxidases, and amine oxidases in the apoplast during the stress response. They 

are involved in signaling various defense mechanisms such as stomatal closure 
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and root elongation, often by interaction with Ca
2+

 channels and other signaling 

proteins such as MAPKs (Laloi et al., 2004).  Once the stress signal is perceived it 

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

Drought Tolerance Mechanisms 

After stress perception and signaling, drought tolerance mechanisms are 

activated. These mechanisms allow the plant to maintain physiological 

functioning under limited water conditions and the extent to which these 

mechanisms are effective define the relative drought tolerance of the plant. The 

definition of drought tolerance may be expressed differently based on the 

performance requirements of various crop species, since it may be evaluated 

primarily based on traits such as yield or biomass accumulation (Blum, 2005). For 

turfgrasses, plants that are able to maintain green color, uniformity of growth, and 

functionality as a playing surface under stress conditions are considered the most 

drought tolerant (Turgeon, 2008). Since drought tolerance of turfgrasses requires 

a variety of phenotypic traits to be expressed, involving multiple physiological 

and biochemical pathways, it is considered a complex, quantitative trait.  

Creeping bentgrass is a cool season grass species utilizing the C3 metabolic 

pathway, which is generally less tolerant of stresses such as heat and drought 

relative to warm season C4 species. Major pathways such as those involved in 

stress signaling, energy production, carbohydrate storage and metabolism, protein 

synthesis, and many others may all be adversely affected by drought stress and 

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



14 

 

 

 

components that may be involved in conferring drought tolerance by regulation of 

its own pathway or by providing crosstalk to regulate other pathways.  Due to this 

complexity, the remainder of the introduction will focus on drought tolerance 

mechansims and the effects of drought stress on major metabolic pathways and 

several key regulators of the drought tolerance responses important to creeping 

bentgrass and other major turfgrasses  

Stomatal Aperture Regulation  

One of the primary defenses against dehydration of plant leaves during 

drought stress is by efficient regulation of guard cell turgor pressure to quickly 

regulate stomatal apperatures. Stomatal aperture is regulated by turgor pressure 

fluctuations determined by the osmotic status of the guard cells surrounding the 

stomatal pore (Li et al., 2000). These osmotic functions are regulated by ion 

channels primarily 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 (Wang et al., 2001). Stomatal closure is considered a drought 

tolereance mechanism because it will limit water loss through transpiration. 

However, morphological and environmental factors may predict how quickly and 

how long stomata need to be closed in a certain species and therefore indicate its 

capacity for drought tolerance. In C3 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 long, the diffusion of CO2 for 

photosynthesis and carbohydrate production in leaves will be reduced and will 
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concomitantly cause increases in O2 concentration. These changes will lead to 

reduced drought tolerance due to inadequate carbohydrate and energy production 

and other metabolic damages such as from ROS accumulation (Nilsen and Orcutt, 

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

oxygen species are discussed in more detail below. 

Maintenance of Carbon Metabolism  

Maintenance of a balance of carbohydrate anabolism and catabolism under 

stress conditions for continued growth and stress defense under drought 

conditions is largely due to the rates of photosynthesis, respiration, and sugar 

mobilization. During drought stress, stomatal and non-stomatal limitations of 

photosynthesis may 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 decline in available 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  (Foyer et al., 1998). C3 plants such as creeping bentgrass are 

particularly sensitive to stomatal limitations to photosynthesis during conditions 

when water is limited (Hu et al., 2010). Transient or permanent damage to 

photosynthetic machinery typically caused by prolonged drought stress is known 

as non-stomatal limitation to carbon uptake (Parry et al., 2002). 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 
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regeneration, loss of photosynthetic enzyme activity of enzymes involved in the 

dark and light reactions, a loss of photosystem health, and low photochemical 

efficiency (Lawlor and Cornic, 2002). 

Specific reductions in enzymatic activity or protein content are a major 

cause of reduction in biochemical pathways such as photosynthesis 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 discussed in more detail 

below. Drought stress typically causes a reduction in the content and functionality 

of major enzymes such as RuBisCo and GAPDH; however, increased expression 

of some enzymes involved in major metabolic pathways has also been detected 

(Penuelas et al., 2005). While reduction in photosynthesis under drought stress 

may be due to both stomatal and non-stomatal (metabolic) limitations, stomatal 

limitation of CO2 supply may be more important during the early phase of 

drought and non-stomatal impairment 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 Rubisco small subunit (rbcS) 

transcripts (Penuelas et al., 2005). In tomato (Solanum lycopersicum), the 

mechanism of reduced activity is thought to be due to the presence of intracellular 

inhibitors such as CA1P and ódaytime inhibitorô (Parry et al., 2002). These 

inhibitors are thought to bind to Rubisco in unstressed conditions to prevent the 

destruction of inactive Rubisco by proteases. Simultaneously, the same 
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experiment was done on wheat (Triticum aestivum L.), however, the results did 

not conclusively show that the  inhibitors were decreasing the activity of Rubisco 

(Parry et 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 chloroplastic membranes. It is thought that these 

changes can contribute to RuBisCo inactivation (Nilsen and Orcutt, 1996). There 

are also still some questions about the effects of water stress on cellular RuBP. 

The mechanisms of both decreased RuBisCo activity and RuBP regeneration 

under drought stress are not well understood (Flexas et al., 2004); (Flexas and 

Medrano, 2002; Bota et al., 2004; Flexas et al., 2004). The reduced enzyme 

functionality coupled with multiple feedback mechanisms such as reduced 

carbohydrate availability or poor generation of ATP wil l all play a role in 

effecting carbon metabolism rates, under drought stress (Chaves et al., 2003). 

Debate on whether the primary limiting factors to carbon metabolism rates are 

stomatal or non-stomatal 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 adjustment coupled with 

starch degradation may offset stomatal or non-stomatal limitations to 

photosynthesis (Hummel et al., 2010). Regardless, creeping 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.  
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 Osmolyte Accumulation and Osmotic Adjustment (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 availability is a main factor in determining a plantôs ability to 

adequately actively or inactively accumulate free osmolytes in the process known 

as osmotic adjustment (OA). OA is a drought tolerance mechanism in which 

plants accumulate small molecular weight metabolites such as sugars, organic 

acids, and amino acids to decrease the osmotic potential of the cell for water 

retention and maintenance of turgor pressure (Turner and Jones, 1980). The extent 

of OA is highly dependent on factors such as environmental conditions, 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 

overcome 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 to select for drought tolerant germplasm.   

Osmolytes important in OA in many plant species are generally 

categorized as protein and non-protein amino acids, other amine containing 

compounds and derivatives, soluble carbohydrates, organic acids and alcohols, 

and ions (Zhang et al., 1999). Primary examples of important osmolytes 

contributing to OA in creeping bentgrass are proline, glycine betaine, and sucrose 
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(DaCosta and Huang, 2006). Selecting for varieties with increased accumulation 

of these osmolytes through breeding or genetic manipulation has been a 

successful way to improve plant tolerance of drought stress. For instance, 

transgenically engineered maize plants (Zea maize L.) containing a gene to 

enhance GB synthesis and accumulation exhibited greater drought tolerance and 

had higher grain yield under drought stress than wild-type plants (Quan et al., 

2004). Similarly, proline accumulation has also been shown to effectively confer 

drought tolerance in several transgenic lines of different species. The D1-

pyrroline-5-carboxylate synthetase genes, AtP5CS from A. thaliana and OsP5CS 

from O. sativa, were both effective in improving drought tolerance in petunia 

(Petunia x hybrida) (Yamada et al., 2005).  Soybean (Glycine max) plants were 

transformed with the cDNA for L-1-pyrroline-5-carboxylate reductase (P5CR), 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 

PSII and enhanced photosynthesis compared to the antisense plants (De Ronde et 

al., 2004; Simon-Sarkadi et 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 may play a role 

in the extent and speed of OA (Conde et al., 2011). 

Cellular Membrane Stability 

Drought tolerance mechanisms such as OA would not be effective if the 

damage to plant cell membranes did not allow for maintenance of cellular turgor 
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pressure or compartmentalization 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 dehydration and a 

decrease in membrane stability is associated with loss of electrolytes and leakage 

of other celluar constituents. In response to moderate drought, the lipid content of 

membranes has been shown to decline due to the inhibition of lipid biosynthetic 

pathways as well as stimulation of lipolytic and peroxidative activities (Fu and 

Huang, 2001). In response to cellular drying, the total lipid content may decline 

and there is a significant change in lipid composition. Membrane polarity also is 

affected by drought stress, under which a decrease in polar lipids can be observed 

(Yordanov et al., 2000). The compositional changes include an increase in 

desaturated fatty acids and an altered balance between lipid types such as 

monogalactosyl-diacylglycerol (MGDG) and digalactosyl-diacylglycerol 

(DGDG).  In grasses, drought stress reduces the ratio of MGDG to DGDG. This 

ratio is important in determining the structure of lipid bilayers, since MGDG 

tends to form 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 membranes (Gigon et al., 

2004).  Membrane composition and stability 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 chains (Yardanov et al., 2000)  as well as cellular water and 

nutrient transport by transporters such as aquaporins (Maurel, 2007). 
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In addition to altered composition and permeability, recent studies have 

implicated membranes to be signaling indicators of drought stress. In addition to 

secondary messengers such as Ca
2+

 and cAMP, lipids such as phosphatidic acid 

(PA) have been recognized as signaling molecules. PA is formed by the cleavage 

by phospholipase D (PLDŬ) of structural lipids, such as those in membranes, to 

form PA and free polar head 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 ABA (Testerink 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 enhanced membrane stability under drought 

stress can be determined by measurement of leaf or root electrolyte leakage (Blum 

and Ebercon, 1981).  

Reactive Oxygen Species (ROS) Scavenging 

During drought stress, ROS accumulate due to a number of reasons 

including anabolic processes, byproducts of respiration, cessation of adequate flux 

through photochemical pathways, and they may be actively produced by plants 

for signaling purposes (Mittler, 2002). Regardless of how they are produced, the 

hyperaccumulation of ROS under drought conditions can become toxic to plant 

cells.  Thus, plants contain a wide range of ROS scavenging systems to prevent 

damage caused by ROS buildup. Plants that have the most effective or multiple 

pathways within their antioxidant system are typically more drought tolerant, 
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since the removal of ROS is necessary to prevent oxidative damage caused by 

their accumulation (Apel and Hirt, 2004).  The accumulation of ROS caused by 

heat and drought stress are alleviated mainly by the induction of gene expression 

coding for antioxidant enzymes such as superoxide dismutases (SOD), catalases, 

glutathione-S-transferases (GST), ascorbate peroxidases (APX), and glutathione 

peroxidases that break down and remove ROS (Ramanjulu and Bartels, 2002; 

Sharma and Dubey, 2005).   

Among other antioxidant mechanisms, H2O2 detoxication by different 

APX isoforms plays an important role in drought tolerance. Water deficit induced 

increases in transcript accumulation of APX genes in cowpea (Vigna 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 site (D'Arcy-Lameta et al., 2006).  Superoxide 

dismutase (SOD) enzymes also are highly upregulated during drought stress and 

have been shown to successfully reduce oxidative damage. Under the control of 

an oxidative stress-inducible promoter, rice plants (Oryza sativa L.) expressing a 

pea manganese superoxide dismutase (MnSOD) in chloroplasts were shown to 

have less electrolyte leakage and higher photosynthesis rates than wild type plants 

(Wang et al., 2005). Catalase (CAT) is also an antioxidant enzyme, which 

functions to remove H2O2. The expression of CAT genes in wheat was found to be 

complexly regulated by drought stress. CAT is an enzyme that is sensitive to 

degradation due to drought stress has been observed in several plant species (Luna 

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

enzyme activity and content.   

In addition, many non-enzymatic 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 

stress-induced oxidative damage (Larkindale and Knight, 2002), as well as nitric 

oxide (Hung and Kao, 2004).  Other non-enzymatic ROS scavenging metabolites 

are isoprene (Penuelas et al., 2005), Ŭ-tocopherol (Munne-Bosch, 2005), 

ascorbate (AA), reduced glutathione (GSH), and pigments such as carotenoids 

and flavonols (Jiang and Zhang, 2002).  There are also various compounds that 

induce the expression of antioxidant enzymes such as proline, which accumulates 

under drought stress conditions (Kocsy et al., 2005). 

Other stress protective proteins and metabolites 

Stress protective proteins such as dehydrins, chaperones, protease 

inhibitors, and others serve to assist protein folding, prevent denaturation of 

individual protein subunits, protein complexes (e.g. membrane bound or 

cytoplasmic), and other cellular structures in order to maintain their functionality 

(Close, 1996; Ingram and Bartels, 1996). Chaperones may have specific targets 

and have a large effect on the health of major metabolic pathways. For instance, 

in drought tolerant compared to sensitive wheat cultivars, maintenance of CLP 



24 

 

 

 

proteases, some heat shock proteins, RuBisCo activase, RuBisCo binding 

proteins, and dehydrins were important in determining drought tolerance 

(Demirevska, et al., 2008). Therefore, maintenance of these proteins may play a 

role in maintinaing photosynthesis rates in wheat exposed to drought stress. The 

function of other proteins up-regulated by drought stress such as universal stress 

proteins are thought to be involved in stress protection, but the role in plants is 

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

If protective mechanisms are overwhelmed and proteins do become 

damaged by drought stress, quick protein turnover is considered to be a drought 

tolerance mechanism. A rapid stimulation of protease activity for 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 protein turnover is considered to by a valuable 

recycling process. Plants may utilize by-products 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 adjustment or to synthesis 

nitrogenous secondary metabolites (Hieng et al., 2004). Plants possess a complex 

network of pathways enabling them to degrade damaged proteins, including 

pathways that are drought specific or are shared among responses to other abiotic 

stresses (Khanna-Chopra et al., 1999).  Plants stimulate degradation by up-

regulating genes and proteins involved in ubiquitin activation tagging, 

compilation of proteasomes, and change in the content and activity of various 

ligases, phosphatases, proteases, and other enzymes (Chaves et al., 2003). 
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Genomic Localization of Important D rought Tolerance Genes 

A comprehensive approach to evaluating complex drought tolerance traits 

that aims to understand all aspects of a drought tolerance mechanism from a 

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 is largely achieved by plant breeding efforts. Breeding 

efficiency can be significantly amplified by utilizing practices that involve 

knowledge of genetic regions controlling desirable traits. In creeping bentgrass, 

the whole genome has not yet been sequenced. Therefore, the main method 

available in this species to identify important genomic regions is by evaluating 

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

The identification of QTL is a method of associating a large genomic 

region of a species with the control and inheritance of a quantitative, 

phenotypically measurable trait. Quantitative traits are those that are controlled by 

many genes and biochemical processes such as traits affecting growth, yield, and 

stress resistance.  Once identified, 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 breeding (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 phenotyping, the marginal level of progress in fine mapping for 
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gene identification, and the potential for false QTLs (Kearsey and Farquhar, 1998; 

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 successes in fine mapping have allowed 

QTL detection and genomic selection utilizing markers to be considered the 

future of plant breeding (Ren et al., 2010; Yang et al., 2010; Lorenz et al., 2011; 

Salunkhe et al., 2011).  

QTLs have been successfully identified for a wide range of important 

agronomic traits such as those responsible for yield and stress resistances 

(Vinocur and Altman, 2005) and linking genomics to physiological traits is of 

immense importance for production of stress tolerant crops (Edmeades et al., 

2004).  Drought stress is the foremost abiotic stress that limits the growth and 

productivity of many plant species.  Identification of QTLs for various drought 

tolerance traits has been achieved in several major crop species such as corn (Zea 

mays L., Ribaut et al., 1997; Hao et al., 2010), wheat (Triticum aestivum L., 

Dashti et al., 2007), and rice (Oryza sativa L., Price et al., 2002), as well as model 

species such as Arabidopsis (Arabidopsis thaliana L., Juenger et al., 2005). In 

comparison to annual crops, 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 such as dollar spot in creeping bentgrass 

(Bonos, 2006; Chakraborty et al., 2006) and for gray leaf spot (Jo and Jung, 2006; 

Curley et al., 2008) and crown rust resistance in perennial ryegrass (Lolium 
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perenne) (Sim et al., 2007 ). Other valuable morphological characteristics such as 

seed yield (Brown et al., 2010) are being evaluated for QTL identification. Jo and 

Jung (2006) identified four QTLs for gray leaf spot resistance. Those QTL 

markers for disease resistance have a great potential to be utilized in breeding 

improvement for disease resistance. This approach may also be effective for 

developing markers linked to abiotic stress tolerance in turfgrass.  Knowledge of 

QTLs for abiotic stress tolerance traits in turfgrasses is severely lacking and the 

turfgrass industry would benefit greatly from QTLs for drought tolerance in 

creeping bentgrass.  

Objectives 

The main goals of this thesis were to evaluate how creeping bentgrass 

drought tolerance can be improved by genetic modification and genomic 

localization of drought tolerance traits. Part I will evaluate how increasing the 

endogenous level of a group of plant hormones, the cytokinins, will affect the 

drought tolerance response of creeping bentgrass. Drought injury symptoms have 

been associated with an inhibition in cytokinin synthesis and maintenance of 

endogenous cytokinin is associated with alleviation of drought damage.Therefore, 

the benefits of maintenance of cytokinins was determined by a comprehensive 

evaluation of transgenic creeping bentgrass containing a gene promoting 

cytokinin biosynthesis during drought stress on 1) whole-plant physiology 2) 

proteomic 3) metabolic and 4) genetic responses. Part II will evaluate major 
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physiological responses to drought stress in a bentgrass population in order to 

identify chromosomal regions associated with drought tolerance traits.  
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INTRODUCTION  

Drought is a detrimental abiotic stress for plant growth, including 

perennial turfgrass species. 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 the hormonal 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 ratios, carbon 

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 

senescence, and 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 in regulating stomatal closure (Bray, 1993; 

Chaves et al., 2003; Kramer and Boyer, 1995; Marrion-Poll and Leung, 2006). 

Some studies in annual crops have implicated CK in the coordination of plant 

responses to environmental stresses, including drought stress (Chaves et al., 

2003). How CK may regulate drought tolerance, particularly in perennial grasses, 

is not well understood. 
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To study the effects of CK metabolism on stress tolerance and the 

mechanisms of CK regulation of stress tolerance, two approaches have been 

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 application, 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 heat-induced 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 seaweed extract 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 

useful for understanding how CK regulates drought tolerance. The CK gene used 

in this study encodes adenine isopentenyl transferase (ipt), which catalyzes the 

formation of isopentenyladenosine-5ǋ-monophosphate from 5ǋAMP and 

isopentenylpyrophosphate, a key enzyme involved in the rate-limiting 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 petunia (Petunia ×hybrida) 

(Dervinis, 1999), lettuce (Lactuca sativa) (McCabe et al., 2001), and tobacco 
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(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 et al. (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 tobacco with a gene encoding transzeatin O-

glucosyltransferase (ZOG1) to increase endogenous CK O-glucosides, a storage 

form of CK, and found delayed leaf senescence of older leaves, decreases in 

cytokinin oxidase activity during drought stress, and improvement in postdrought 

recovery compared with wild-type 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 and 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 a way to redirect 

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 
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(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 from 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. Limited information 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 species, we transformed a widely used 

cool-season turfgrass species, creeping bentgrass, using the ipt gene ligated to a 

senescence-associated promoter, SAG12 (Gan and Amasino, 1995) and a heat 

shock promoter, HSP18.2 (Takahashi and Komeda, 1989). The senescence- and 

stress-inducible 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., 2006; Yoshida and Shinmyo, 2000). In previous studies, 

SAG12-ipt 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 growth, and root:shoot ratio. The objectives 

of this study were to investigate whether expression of the ipt gene-promoting CK 

synthesis driven by senescence- and/or stress-inducible promoters would improve 

drought performance in creeping bentgrass, and to examine 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 ipt transformation. 
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MATERIALS AND METHODS  

Plant Material and Growth Conditions 

Transgenic plants were developed by the Agrobacterium (Agrobacterium 

tumefaciens) transformation method as described in Xing et al. 2010 and Xu et al. 

2009. Plant materials included SAG12-ipt transgenic lines (S7, S8, S16, S25, S32, 

S37, S40, S41, S43, S55, S97, and S99), HSP18.2-ipt transgenic lines (H13, H27, 

H29, H31, H37, H42, and H43), the wild-type cultivar óPenncrossô (WT), and a 

null transformant (NT) control line of óPenncrossô that was transformed with an 

empty plasmid vector without the ipt gene. The transgenic plant lines used in this 

study were verified, by northern analysis, to be transformed and to contain the ipt 

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 propagated since 

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 å10 individual plants from the control and 

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 before watering treatment imposition. The 

growth chambers were set to regulate chamber conditions at a 12-h photoperiod, 

50% relative humidity, 500 ɛmolĿm
ī2

·s
ī1

 photosynthetic photon flux (PPF), and a 

day/night temperature of 23/20 °C. Plants were watered well and were fertilized 

with a controlled-release fertilizer (19Nï2.6Pï10K; Scotts, Marysville, OH) once 
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during plant establishment in the greenhouse and once before water treatment in 

the growth chamber. Plants were maintained at å3 cm height by hand clipping 

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 well-watered control plants within four containers 

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 plant 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 

Barbara, CA). Two-pronged waveguide probes 20 cm in length were buried 

horizontally in the middle of the root-zone media in each container and 

measurements were taken periodically during the 14-d treatment period.  

Overall turf performance was evaluated by visually rating turf quality 

(TQ). TQ was 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, 2008). Total root 
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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 fresh roots 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) determination. Root-to-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 on fresh (FW), turgid 

(TW), and DW of å0.1 g of leaf samples using the following formula: (FW ī 

DW)/(TW ī DW) Ĭ 100. Leaf FW was determined on a mass balance 

immediately after being excised from the plants. Turgid weights were determined 

after soaking the leaves in 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 Fv/Fm were measured to evaluate leaf senescence. A 

hand-held leaf Chl meter (SPAD-502; 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 index values were converted to Chl 

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

quantification was determined by an indirect enzyme-linked 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 a solution of 

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 and Statistical Analysis 

The experimental design was a split-plot design with irrigation treatments 

as the main plots and plant materials as the subplots, with four replicates for each 
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irrigation treatment and grass material. Effects of watering treatment, plant 

materials, and corresponding interactions 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 significance difference (lsd) test 

at the 0.05 P level.  
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RESULTS 

Soil Water Status 

Soil water content for well-watered plants was maintained at å25%. In the 

drought treatment, soil water content declined to å5% by 14 d of drought. Each 

replication of SAG12-ipt, HSP18.2-ipt 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 water deficit (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 well-watered plant lines 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 stress when five 

SAG12-ipt lines (S16, S37, S40, S55, and S8) and one HSP18.2-ipt line (H31) had 

higher RWC values than NT and WT plants (Fig. 2). Most of the transgenic-ipt 

lines maintained RWC at or above 70%, while the RWC of NT and WT plants 

were below this level at 12 d of drought.  
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Turf Quality (TQ)  

Well-watered plants generally did not exhibit significant differences in TQ 

among transgenic-ipt, WT, and NT throughout the experimental period, except at 

6 and 14 d of treatment due to the lower TQ of H43 (Fig. 3). Most SAG12-ipt 

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 of the SAG12-ipt lines 

did not fall to below this level until 14 d of drought. Most HSP18.2-ipt lines 

started to fall below the acceptable level after 10 d of drought. Differences in TQ 

of HSP18.2-ipt 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 Chl content did not vary between plant lines and remained constant 

under well-watered 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 content declined in all plant lines in response to 

drought stress, but the declines in SAG12-ipt 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 content of SAG-ipt 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 (Fv/Fm) 

Under well-watered conditions, no significant differences in Fv/Fm were 

detected between the plant lines, which maintained an average of å0.80 

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. 5B). HSP18.2-

ipt and SAG12-ipt lines exhibited variation in Fv/Fm, and several ipt lines 

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 

significantly higher 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 line S37 and 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 transgenic-ipt and control lines under optimal conditions 

such as due to differential tiller numbers (Xu et al., 2009). Root:shoot ratios were 

generally higher in transgenic-ipt lines compared with NT and WT after 14 d of 

drought (Fig. 6C); for example, lines S25 and S7 had root:shoot ratios of å0.25, 
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whereas the average root:shoot ratio of NT and WT was å0.075.The root:shoot 

ratio averaged å0.48 for the SAG12-ipt, NT, and WT under well-watered 

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

ratio were observed between plant lines (Fig. 6). Transgenic-ipt lines 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 plants was found in transgenic line S25 and S7, at å0.25, whereas the 

lowest ratio was in NT plants, at å0.05.  

Leaf iPA and ABA Content 

Leaf iPA content of well-watered plants did not differ significantly 

between plant lines, which averaged å30 pmolĿg
ī1

 DW in leaves (Fig. 7A, 

threshold). After 14 d of drought, iPA content declined in all plants. Seven of the 

12 SAG12-ipt 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 existed among these transgenic-ipt lines (Fig. 7A). The SAG12-ipt 

lines that were significantly different from NT and WT had an average iPA 

content more than four times higher, at 9.0 pmol·g
ī1

 DW in transgenic-ipt lines 

compared with 2.2 pmol·g
ī1

 DW in WT and NT plants. Slight increases in iPA 

content were found between the HSP18.2-ipt line and the control lines; however, 

these were not statistically different. Under well-watered conditions, leaf ABA 

content was å25 pmolĿg
ī1

 DW (Fig. 7B). Drought stress resulted in an 

accumulation in leaf ABA content above this control level. Transgenic-ipt lines 
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H13, H29, H42, S25, S32, S40, S41, S55, S7, S97, and S99 maintained leaf ABA 

levels significantly lower 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 well-watered conditions, which averaged 40 pmol·g
ī1

 DW 

(Fig. 8A, threshold). At 14 d of drought stress, root iPA content decreased 

significantly in WT, NT, and most of the SAG12-ipt plants, but was maintained at 

the well-watered level in S40, S55, and S8. Root iPA content in 11 of 19 

transgenic lines (H27, H31, H39, H43, S25, S37, 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 transgenic-ipt plants than 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·g
ī1

 DW (Fig. 8B). Transgenic lines H13, 

H29, H31, S25, S37, S43, and S97 had significantly lower ABA than the NT and 

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

Several ipt-transgenic lines exhibited improvement in drought 

performance as indicated by significantly greater TQ, Fv/Fm, Chl content, and 

RWC under drought stress. Overall, ipt expression in creeping bentgrass was 

effective in promoting better turf performance and alleviating drought-induced 

physiological changes such as leaf senescence, although significant variation was 

observed among the ipt lines and between the different promoters. The variation 

in turf performance between transgenic-ipt lines 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 Scowcroft, 1981), which may 

cause differences in transgene expression patterns. Greater differences in TQ, Chl 

content, Fv/Fm, and RWC were observed in the SAG12-ipt plants than in the 

HSP18.2-ipt plants, relative to the control lines. This could be due to lower 

expression of the HSP18.2 promoter, leading to a smaller increase in iPA content 

in roots and shoots compared with the SAG12-ipt lines. For example, Sakuma et 

al. (2006) found that the HSP18.2 was not highly expressed under drought stress 

compared with heat shock treatment. However, in our study, because root iPA 

levels were significantly higher in HSP18.2-ipt lines, other secondary cellular 

stresses could have activated the HSP18.2 promoter. Oxidative stress could have 

contributed to the induction of expression because HSP18.2 can be activated by 

hydrogen peroxide (Kovtun et al., 2000). More research is needed to confirm this 

possibility for HSP18.2- ipt lines. 
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The most pronounced effects of ipt transformation in creeping bentgrass 

were the increases in total root biomass, 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 delaying physiological 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., 2004; Luo et al., 

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 

promoters 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 study, the ipt transgene was ligated to a stress-inducible 

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 constitutive 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 between plants with tap root systems 

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

SAG12-ipt 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 levels in root 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 greater root:shoot 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 Huang, 2002) and the presence of SAG12-ipt (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 SAG12-ipt 

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, 
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greater Chl content, and higher RWC and Fv/Fm by 14 d of drought than non-

transgenic lines and thus had lower levels of drought-induced leaf senescence, 

although not all transgenic 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 of CK 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 improvements in physiological attributes under 

drought stress. This and differences in iPA translocation may be particularly true 

for the Hsp18.2-ipt lines that had higher root iPA content, but did not accumulate 

iPA to levels higher than the non-transgenic lines in the leaves. 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 applications 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 (DaCosta 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. Additionally, the 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 lines. The 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), and 

an accumulation of ABA has been shown to occur in less drought-tolerant 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 expression 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). Our results 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. However, this cannot 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 

as promoting 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 CK in the form of iPA is known to cause stomatal opening and reduced 

root growth, which would reduce drought resistance characteristics. However, it 
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has been found that the timing of increased CK content, the form of CK present, 

and the balance of hormones may 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, 2007). Most of 

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). Lower 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 drought-adaptive 

mechanisms (DaCosta and Huang, 2007; Volaire et al., 1998; Wang et 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 with greater 

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 drought stress. 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 influence plant growth and 

development, including leaf senescence (Naqvi, 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 CK-to-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 in CK-to-ABA ratio in SAG12 and 

HSP-ipt plants suggests that CK 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 performance 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 leaf senescence 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 cool-season turfgrasses and other plant 

species. 
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FIGURES 

Figure 1. Soil water content (%) in well-watered control and drought treatments 

in all plant lines of creeping bentgrass. Vertical bars indicate LSD values (P Ò 

0.05) for comparison between treatments at a given day of treatment where 

significant differences were detected.    
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Figure 2. Leaf relative water content (RWC, %) of the null transformant (NT), 

wild type óPenncrossô (WT), HSP18.2-ipt (H lines), and SAG12-ipt (S lines) of 

creeping bentgrass at 12 d of drought stress. The horizontal dashed line represents 

the average RWC value of all plants under well-watered 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 value (P Ò 0.05) for 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 of 1-9, of the null 

transformant (NT), wild type óPenncrossô (WT), HSP18.2-ipt (H lines), and 

SAG12-ipt (S lines) of creeping bentgrass exposed to well-watered conditions (A 

and C) and drought stress (B and D). Vertical bars indicate LSD values (P Ò 0.05) 

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

differences were detected.    

 

  



74 

 

 

 

Figure 4. Leaf chlorophyll content of HSP18.2-ipt plants (H lines) (A) and 

SAG12-ipt plants (S lines) (B) in comparison to the null transformant (NT) and 

wild type óPenncrossô (WT) of creeping bentgrass exposed to drought stress. The 

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

under well-watered conditions as transgenic lines, WT, and NT did not differ in 

this treatment. The vertical bars indicate LSD values (P Ò 0.05) for comparison 

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

detected.   
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Figure 5. Photochemical efficiency (Fv/Fm) of HSP18.2-ipt plants (H lines) (A) 

and SAG12-ipt plants (S lines) (B) in comparison to the null transformant (NT) 

and wild type óPenncrossô (WT) lines of creeping bentgrass. The horizontal 

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 LSD values (P Ò 0.05) for comparison 

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

detected.   
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Figure 6.. (A) Total root biomass, (B) total root length, and (C) root:shoot 

ratios of the null transformant (NT), wild type óPenncrossô (WT), HSP18.2-ipt 

plants (H lines) and SAG12-ipt lines (S lines) of creeping bentgrass at 14 d of 

drought stress. The horizontal dashed line represents the average value of each 

parameter for all plant lines under well-watered conditions as transgenic lines, 

WT, and NT did not differ in this treatment. The vertical bar indicates LSD value 

(P Ò 0.05) for comparison between plant lines at 14 d of drought stress.  Columns 

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 leaves of the null transformant (NT), wild type óPenncrossô (WT), 

HSP18.2-ipt plants (H lines) and (B) SAG12-ipt plants (S lines) of creeping 

bentgrass at 14 d of drought stress. The horizontal dashed line represents the 

average value of each parameter for all plant lines under well-watered conditions 

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

indicates LSD value (P Ò 0.05) for comparison between plant lines at 14 d of 

drought stress.  Columns marked with an asterisk indicate plant lines exhibiting 

significant differences from the WT plants.  

 
























































































































































































































































































































































































































































































