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ABSTRACT 

Abscisic acid (ABA) is a plant hormone that plays an important role in 

growth and development, regulation of seed maturation, germination, and 

adaptation to environmental stresses. ABA signaling pathways overlap with other 

signaling pathways such as hormone-, developmental-, sugar-, and stress-

response pathways suggesting a complex network of interactions. Although 

physiochemlcal and molecular genetic approaches have provided fundamental 

insights into ABA signaling, our knowledge about transcriptional regulation of 

ABA signaling and components required for ABA signal transduction is far from 

complete. 

I have taken a multidisciplinary approach involving biochemical, molecular, 

genetic and pharmacological techniques to characterize ABA signaling in 

protoplasts. I have developed and utilized transient gene expression in 

protoplasts to functionally analyze the interactions of ABA regulatory genes {ABA 

INSENSITIVE-1, -3 and-5-Like gene families). Using a pharmacological 

approach, I demonstrated that phospholipase D (PLD) functions in ABA-inducible 

gene expression in rice. Antagonism of ABA, VIVIPAR0US1 (VP1) and 

lanthanum synergy by 1-butanol, a specific inhibitor of PLD, was similar to the 

inhibition by co-expression of ABI1-1. These results have shown that ABA, VP1, 

lanthanum, PLD and ABM are all involved in ABA-regulated gene expression and 

are consistent with an integrated model whereby La "̂" acts upstream of PLD. 

Using transient gene expression in rice and maize protoplasts, I have shown that 



overexpressed ABI5 transactivates several ABA-inducible promoters from both 

monocots and dicots and synergizes with ABA and co-expressed VP1. ABI5 also 

interacted with other known ABA signaling effectors such as ABU, lanthanum 

and PLD to regulate ABA-inducible gene expression demonstrating that ABI5 is a 

key target of a conserved ABA signaling pathway in plants. Based on my results, 

I propose that overexpression of ABI5-Like family members in combination with 

VP1 will confer value-added traits to transgenic plants including drought and salt 

tolerance, viability under stress and tissue-specific target gene expression. 

Reverse genetic analysis of ABF3, a member of the ABI5-Like family, 

demonstrated that ABF3 mutants are insensitive to ABA-inhibition of root growth 

confirming the role o1 ABF3 in vegetative ABA responses. Regulation of ABA 

signaling by post-transcriptional mRNA processing is discussed. 
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CHAPTER I 

GENERAL INTRODUCTION 

1.1 Plant hormones and gene expression 

Plant and animal hormones are fundamentally different from each other. 

Animal hormones are typically complex molecules such as steroids or small 

peptides that are produced in specialized glands and act on distant targets 

without interacting with each other. On the other hand, plant hormones and/or 

plant growth regulators are small and simple compounds (with the exception of 

brassinosteroids) that are naturally produced and interact with each other to 

affect diverse cellular processes. Plant hormones influence and regulate diverse 

cellular and physiological processes such as growth, development, flowering, 

fruit ripening, seed dormancy, senescence, leaf abscission, and regulation of 

water loss through transpiration. Plant growth regulators have been structurally 

elucidated and chemically synthesized, and some can mimic natural plant 

hormones when externally applied. Plant hormone pathways interact with each 

other and these Interactions are hypothesized to generate biological complexity 

that allows sessile organisms the plasticity to respond to an ever-changing 

environment. This paradigm is fundamentally different from animal signaling, in 

which hundreds of complex effector molecules act independently in linear signal 

transduction cascades on distant target cells. 

Hormone production is both spatially and temporally regulated to cause 

specific effects on plant growth and development. There are two generally 
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accepted models by which hormones act on a given tissue to cause the required 

effect. The first type is the steroid hormone model, where a lipophyllic hormone 

can pass through the plasma membrane to enter the cytoplasm and bind to a 

receptor molecule to form a hormone-receptor complex. This complex directly 

affects mRNA synthesis of hormone-regulated genes to cause the required 

physiological response (Beato et al., 1995). The second type is the peptide 

hormone model, where a peptide hormone binds to the receptor protein located 

in the plasma membrane and changes its conformation. The conformational 

change eventually leads to a cascade of events involving several secondary 

messengers resulting in modification of enzyme activities, altered metabolic 

processes and ultimately different responses or biological outcomes (Fig. 1.1; 

McCourt, 2001, 1999; Trewavas, 2000). 

Plant hormones are currently divided into five major groups. These are 

auxins, gibberellins, cytokinins, ethylene and abscisic acid (Reviewed by Eckardt, 

2003; Vogler and Kuhlemeier, 2003; Finkelstein et al., 2002; Finkelstein and 

Rock, 2002; Hutchison and Kieber, 2002; Olszewski et al., 2002; Wang et al., 

2002; Rock, 2000; McCourt etal., 1999; Hooley, 1998; Kende and Zeevaart, 

1997). Although the physiological effects of these plant hormones on diverse 

plant processes have been well studied, the molecular bases of their signaling 

are still not clear. Hormone signaling is complex due to significant overlap with 

stress and sugar response pathways (Leon and Sheen, 2003; Finkelstein et al., 

2002; Rolland et al., 2002). Understanding hormone signaling is crucial for 

developing genetically improved crop varieties as shown previously with 
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increased food grain production using dwarf varieties of wheat and rice (known 

as "green revolution"; Salamini, 2003). I describe below about five "classical" 

plant hormones and what is currently known about their respective signaling 

pathways to gene expression. 

1.1.1 Auxins (lAA) 

Indole Acetic Acid or lAA is a naturally occurring auxin. It is synthesized 

from the amino acid tryptophan in actively growing shoot or reproductive plant 

parts such as shoot apical meristems, young leaves, embryos, flowers, fruits and 

pollen. Auxin is transported in both apical and basipetal directions. lAA stimulates 

lateral root formation, cell elongation, cell division in the cambium, differentiation 

of phloem and xylem, root initiation on stem cuttings, and are also responsible for 

apical dominance and delaying of senescence (Hooley, 1998). Femaleness in 

dioecious flowers is promoted by auxins. Three important environmental 

responses that auxin regulates are: phototropism (response to light), gravitropism 

(response to gravity), and phyllotaxy (leaf and flower patterning on the shoot 

meristem). There are several synthetic auxins available, including 2, 4-D (2, 4-

Dichlorophenoxy acetic acid), NAA (Naphthalene acetic acid), and IBA (Indole 

Butyric acid). 

Dwarf varieties of crop plants have several advantages in agriculture, and 

plant height is controlled not only by auxin, but by other hormones such as 

Brassinosteroids (BRs) and GA. Multani et al. (2003) have identified a new 

mechanism controlling plant height in maize and sorghum dwarf mutants of 
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agronomic importance. They showed that the brachytic {br2) maize mutant and 

the dwarfs {dw3) sorghum mutants encode a P-glycoprotein responsible for the 

polar transport of auxin (Multani et al., 2003). 

Genes up-regulated by auxin (Abel and Theologis, 1996) as well as 

Arabidopsis mutants with defects in their auxin responses (Hobble, 1998) have 

been identified and well-characterized. Auxin-resistant Arabidopsis mutants such 

as axr1-6 were identified by selection at inhibitory concentrations of auxin 

(Hobble, 1998). Numerous auxin-response mutants have been identified and 

recently, Monroe-Augustus et al. (2003) have isolated an auxin response mutant, 

ibr5 as an Arabidopsis indole-3-butyric acid-response mutant, but It also is less 

responsive to indole-3-acetic acid, synthetic auxins, auxin transport inhibitors, 

and ABA. Like certain other auxin-response mutants, ibrS has a long root and a 

short hypocotyl when grown in the light. In addition, ibr5 displays aberrant 

vascular patterning, increased leaf serration, and reduced accumulation of an 

auxin-inducible reporter. The IBR5 gene encodes a dual-specificity phosphatase 

and may be a link between auxin and ABA signaling pathways (Monroe-

Augustus, 2003). 

Interactions of sugar signaling with auxins and cytokinins have been 

demonstrated previously (Coenen and Lomax, 1997). Analyses of Arabidopsis 

glucose insensitive2 {gin2) mutants revealed the physiological functions of a 

specific hexokinase (HXK1) in the plant glucose-signaling network (Moore et al., 

2003). HXK1 coordinates intrinsic signals with extrinsic light intensity. HXK1 

mutants lacking catalytic activity still support various signaling functions in gene 
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expression, cell proliferation, root and Inflorescence growth, and leaf expansion 

and senescence, thus demonstrating the uncoupling of glucose signaling from 

glucose metabolism. The gin2 mutants are also insensitive to auxin and 

hypersensitive to cytokinin. Plants use HXK as a glucose sensor to Interrelate 

nutrient, light, and hormone signaling networks for controlling growth and 

development in response to the changing environment (Moore et al., 2003). 

It has been proposed that auxin signal transduction is mediated by a 

conserved signalling cascade consisting of three classes of protein kinases: the 

mitogen-activated protein kinase (MAPK), MAPK kinase (MAPKK), and MAPKK 

kinase (MAPKKK). Kovtun et al. (1998) demonstrated that a specific plant 

MAPKKK, NPK1, activates a MAPK cascade that leads to the suppression of 

early auxin response gene transcription. A mutation in the kinase domain 

abolishes NPK1 activity, and the presence of the carboxy-terminal domain 

diminishes the kinase activity, Moreover, the effects of NPK1 on the activation of 

a MAPK and the repression of early auxin response gene transcription are 

specifically eliminated by a MAPK phosphatase. Transgenic tobacco plants 

overexpressing the NPK1 kinase domain produced seeds defective in embryo 

and endosperm development (Kovtun et al., 1998). These results suggest that 

auxin sensitivity may be balanced by antagonistic signaling pathways that use a 

distinct MAPK cascade in higher plants. 

Benjamins et al. (2003) provide the first molecular evidence for the 

involvement of calcium in auxin-regulated plant development. In Arabidopsis, the 

PINOID (PID) serine/threonine protein kinase, is a key component in the 
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signaling of this phytohormone. A screen for PID-interacting proteins using the 

yeast two-hybrid system has identified PID Interactions with two calcium-binding 

proteins: T0UCH3 (TCH3), a calmodulin-related protein, and PID-BINDING 

PROTEIN 1 (PBP1), a previously uncharacterized protein containing putative EF-

hand calcium-binding motifs. The interaction between PID and the calcium-

binding proteins is significant because it is calcium-dependent and requires an 

intact PID protein. Furthermore, the expression of all three genes (PID, TCH3, 

and PBP1) is up-regulated by auxin. These results indicate that TCH3 and PBP1 

interact with the PID protein kinase and regulate the activity of this protein in 

response to changes in calcium levels (Benjamins et al., 2003). 

Auxin-regulated gene expression involves two types of transcription 

factors, namely the Auxin Response Factors (ARFs) that bind to DNA directly 

and Auxin/lndole Acetic Acid (AUX/IAA) proteins that do not bind DNA but have 

protein-protein binding domains. AUX/IAA proteins are short-lived nuclear 

proteins and AUX/IAA genes are rapidly induced by auxin treatment and are 

found throughout higher plants (Reed, 2001; Abel and Theologis, 1996). ARFs 

bind to TGTCTC Auxin Response Elements (AuxREs) in promoters of early auxin 

response genes. ARFs have a conserved N-terminal DNA binding domain (DBD) 

and in most cases a conserved C-terminal dimerization domain (CTD). The ARF 

CTD is related in amino acid sequence to motifs III and IV found in Aux/IAA 

proteins. Just C terminal to the DBD, ARFs contain a non-conserved region 

referred to as the middle region (MR), which has been proposed to function as a 

transcriptional repression or activation domain. Results with transfected carrot 
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protoplasts show that ARFs with Q-rich MRs function as activators, whereas 

most, if not all other ARFs, function as repressors. ARF DNA Binding Domains 

(DBDs) alone are sufficient to recruit ARFs to their DNA target sites, and auxin 

does not influence this recruitment. The auxin response Is mediated by the 

recruitment of Aux/IAA proteins to promoters that contain a DNA binding protein 

with a Q-rich MR and an attached CTD (Tiwari et al., 2003). 

Genome-wide analysis of Arabidopsis has yielded 23 members of ARFs 

and 29 members of AUX/IAA proteins (Vogler and Kuhlemeier, 2003). Recent 

molecular genetic analysis of the auxin response in Arabidopsis suggests that 

auxin functions by modulating specific lAA-regulated genes through the 

ubiquitination of AUX/IAA proteins which serve as repressors (Hellman and 

Estelle, 2002; Kepinski and Leyser, 2002; Leyser, 2001). Following 

ubiquitination, target proteins are subjected to degradation in the 26S 

proteosome in a multi-step process. A model for Aux/IAA action has been 

proposed and reproduced in Fig 1.2 (Kepinski and Leyser, 2002). Aux/IAA 

proteins dimerize with ARF proteins on Auxin Response Elements (AuxREs) 

reducing transcription by preventing the recruitment of activating ARFs. 

Increasing auxin levels result in increased degradation of Aux/IAAs, allowing the 

formation of greater number of ARF-ARF dimers on AuxREs, and higher levels of 

transcription of auxin-responsive genes (Fig. 1.2). The 26S proteosome plays a 

major role in auxin-induced degradation. Transcriptional activation through 

ubiquitin-dependent proteolysis was proposed to play diverse roles in cellular 

processes (Lipford and Deshaies, 2003). It has been implicated in auxin, 
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brassinosteroid, and ethylene signaling. Recently Zhao et al. (2003) have used a 

chemical genetics approach to identify SIR1 as an upstream component that 

negatively regulates auxin signaling. Sirtinol, an Inhibitor of the Sirtuin family of 

nicotinamide adenine dinucleotide (NAD)-dependent deacetylases in yeast, 

specifically activates many auxin-inducible genes, thereby promoting several 

auxin-related developmental phenotypes. By screening for compounds that alter 

the expression pattern/levels of an auxin-inducible reporter line, DR5-GUS, sir1 

mutants were identified. sir1 mutants are resistant to sirtinol. The SIR1 gene 

encodes a protein composed of an ubiquitin-activating enzyme El-like domain 

and a Rhodanese-like domain homologous to that of prolyl isomerase. SIR1 may 

function upstream of Aux/IAA proteins and the corresponding protein degradation 

machinery (Zhao et al., 2003). 

1.1.2 Cytokinins 

Cytokinins are produced mainly in roots from the nucleoside adenosine 

and are transported through vascular tissue. They promote cell division and 

stimulate lateral bud growth. Cytokinins interact with auxins to regulate several 

aspects of plant growth and development such as apical dominance and 

root/shoot ratio. Cytokinins stimulate greening of tissues and delay senescence 

(Hutchison and Kieber, 2002). Synthetic cytokinins such as benzyl adenine and 

kinetin are used as growth stimulators in tissue culture. 

A number of recent findings have begun to shed light on the molecular 

basis of cytokinin signaling. These breakthroughs have come mainly from 
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molecular, genetic, and biochemical studies in Arabidopsis and Include the 

identification of cytokinin primary response genes, genes encoding cytokinin 

receptors, and a skeletal pathway of elements that mediate signaling between 

these components (reviewed by Hutchison and Kieber, 2002; Sheen, 2002c; Mok 

and Mok, 1994). 

Brugiere et al. (2003) show that Cytokinin Oxidasel (Ckxl) gene 

expression is inducible in various organs by synthetic and natural cytokinins. 

Ckxl is also induced by ABA, which may control cytokinin oxidase expression in 

the kernel under abiotic stress. Under non-stress conditions, cytokinin oxidase in 

maize may play a role in controlling growth and development via regulation of 

cytokinin levels transiting in the xylem. These results suggest that under 

environmental stress conditions, cytokinin oxidase gene induction by ABA results 

in degradation of cytokinins therefore impairing normal development (Brugiere et 

al., 2003). 

The proposed cytokinin signal transduction pathway is a phosphorelay 

pathway similar to bacterial two-component response system. An Arabidopsis 

mesophyll protoplast system has been used successfully for high-throughput 

functional genomic analysis of cytokinin signaling (Hwang and Sheen, 2001). 

Two-component systems are involved in various signal transduction pathways in 

many prokaryotes, fungi, slime molds, and plants (Stock et al., 2000). The 

prototypical two-component system is a major signaling mechanism that 

mediates the response to various environmental stimuli in bacteria. It typically 

consists of a membrane-localized His protein kinase that senses the input signal, 
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and a response regulator that mediates the output. Signaling is initiated when the 

His protein kinase, modulated by the environmental stimulus, autophosphorylates 

its conserved His residue. The phosphoryl group is transferred to a conserved 

Asp residue on the response regulator that results in modulation of Its activity 

(Fig. 1.3; Hwang et al., 2002). In the Arabidopsis cytokinin signal transduction 

pathway, hybrid histidine protein kinases (AHKs) that serve as cytokinin 

receptors and histidine phosphotransfer proteins (AHPs) transmit the signal from 

AHKs to nuclear response regulators (ARRs), which can activate or repress 

transcription. Similar components are also found in maize, suggesting a 

conservation of the cytokinin signaling mechanism in plants. There are four major 

steps to cytokinin signaling: AHK sensing and signaling, AHP nuclear 

translocation, ARR transcription activation, and a negative feedback loop through 

cytokinin-inducible yAPP gene products (Fig. 1.3; Sheen, 2002c). The completion 

of the Arabidopsis genome sequence has revealed 54 genes encoding putative 

AHKs, AHPs, ARRs, and related proteins, suggesting a substantial involvement 

of this signaling mechanism in many facets of plant cell regulation (Hwang et al., 

2002). Ectopic expression in transgenic Arabidopsis of ARR2, the rate-limiting 

factor in the response to cytokinin, is sufficient to mimic cytokinin in promoting 

shoot meristem proliferation and leaf differentiation, and in delaying leaf 

senescence (Hwang and Sheen, 2001). In Arabidopsis mesophyll protoplasts, 

the promoter of a cytokinin primary response gene encoding the response 

regulator 6 (ARR6) fused to LUC reporter gene was shown to be specifically 

induced by cytokinin (Hwang and Sheen, 2001). 
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The 26S proteosome/ubiquitin-mediated protein degradation is Involved In 

cytokinin signaling. The 26S proteasome is an ATP-dependent eukaryotic 

protease responsible for degrading many important cell regulators, especially 

those conjugated with multiple ubiquitins. Bound on both ends of the 20S core 

protease is a multl-subunit regulatory particle that plays a crucial role In substrate 

selection by an as yet unknown mechanism(s). Smalle et al. (2002) showed that 

the RPN12 subunit of the Arabidopsis regulatory particle is involved In cytokinin 

responses. A T-DNA insertion mutant that affects RPN12a has a decreased rate 

of leaf formation, reduced root elongation, delayed skotomorphogenesis, and 

altered growth responses to exogenous cytokinins, suggesting that the mutant 

has decreased sensitivity to the hormone. The cytokinin-inducible genes CYCD3 

and NIA1 are up-regulated constitutively in rpn12a-1, indicating that feedback-

inhibitory mechanisms also may be altered. rpn12a-1 seedlings also showed 

changes in auxin-induced growth responses, further illustrating the close 

interaction between auxin and cytokinin regulation. In yeast, RPN12 is necessary 

for the G1/S and G2/M transitions of the cell cycle, phases that have been shown 

to be under cytokinin control in plants (Smalle et al., 2002). 

1.1.3 Ethylene 

Ethylene is a gaseous hormone and is synthesized from the amino acid 

methionine. It promotes leaf abscission and fruit ripening and a commercially 

available synthetic analogue, ethephon, is used as a fruit ripener on bananas and 

apples. Ethylene regulates fruit and leaf pigmentation, and its synthesis Is 
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inducible by several external signals such as wounding, viral infection, chilling, 

injury and drought. 

A well-known effect of ethylene on plant growth is the so-called 'triple 

response' of etiolated dicotyledonous seedlings. This response is characterized 

by the inhibition of hypocotyl and root cell elongation, radial swelling of the 

hypocotyl, and exaggerated curvature of the apical hook. This highly specific 

ethylene response occurs at an early developmental stage (3 days post-

germination), permitting large mutant populations of seedlings to be screened 

rapidly for ethylene response defects. Over the past decade, genetic screens that 

are based on the triple-response phenotype have been extensively conducted on 

Arabidopsis by many laboratories and several mutants have been identified that 

can be divided into three distinct categories: constitutive triple-response mutants 

(i.e., ethylene overproductioni {eto1), eto2, eto3, constitutive triple responsel 

{Ctrl) and responsive to antagonisti {ran1lctr2)\ ethylene-insensitive mutants 

(i.e., ethylene resistanti {etr1), etr2, ethylene insensitive2 {ein2), ein3, ein4, ein5, 

and ein6); and tissue-specific ethylene-insensitive mutants (i.e., hooklessi {hls1), 

ethylene insensitive root1 {eir1), and several auxin-resistant mutants) (Bleecker 

and Kende, 2000). A combination of genetic and molecular analyses of these 

mutants has defined a largely linear ethylene response pathway leading from 

hormone perception at the plasma membrane to transcriptional regulation in the 

nucleus. Briefly, ethylene is perceived by a family of membrane-associated 

receptors, including ETR1/ETR2, ETHYLENE RESPONSE SENS0R1 

(ERS1)/ERS2 and EIN4 in Arabidopsis (Hua et al., 1998, 1995; Sakai et al., 
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1998; Chang et al., 1993). Ethylene binds to its receptors via a copper co-factor, 

which is probably delivered by the copper transporter RANI. Genetic studies 

predict that hormone binding results in the inactivation of receptor function (Hua 

and Meyerowitz, 1998). In the absence of ethylene, therefore, the receptors are 

in a functionally active form that constitutively activates a Raf-like 

serine/threonine (Ser/Thr) kinase, CTR1, which is also a negative regulator of the 

pathway (Kieber et al., 1993). EIN2, EIN3, EIN5, and EIN6 are positive regulators 

of ethylene responses, acting downstream of CTRL EIN2 is an integral 

membrane protein whose function is not understood (Alonso et al., 1999). E1N5 

and EIN6 have not yet been characterized at the molecular level. The nuclear 

protein EIN3 is a transcription factor that regulates the expression of its 

immediate target genes such as ETHYLENE RESPONSE FACT0R1 (ERF1) 

(Chao et al., 1997; Solano et al., 1998). ERF1 belongs to a large family of 

APETALA2-domain-containing transcription factors that bind to a GCC-box 

present in the promoters of many ethylene-inducible, defense-related genes (Hao 

et al., 1998). Thus, a transcriptional cascade that is mediated by E1N3/EIN3-Iike 

(EIL) and ERF proteins leads to the regulation of ethylene-controlled gene 

expression. 

A comprehensive model for the ethylene response pathway in the 

regulation of gene expression has recently been proposed (Fig. 1.4; Guo and 

Ecker, 2004). Ethylene gas is perceived by a family of endoplasmic reticulum-

associated receptors (ETR). Ethylene binding is proposed to inhibit receptor 

function. CTR1 is proposed to be activated by the unoccupied receptors via 
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physical interaction with them, and Is inhibited upon binding of ethylene by the 

receptor. A MAPK module, consisting of SIMKK and SIMK, Is proposed to act 

downstream of CTR1, although the biochemical consequence of this MAPK 

pathway is not known. Because many blotic and abiotic stimuli (salt stress, 

salicylic acid, elicitors and viral infection) activate the SIMKK/SIMK pathway, it 

remains to be determined whether their activation Is dependent upon the 

functions of the ethylene receptors and CTR1. Downstream components in the 

ethylene pathway include several positive regulators (EIN2, EIN5, EIN6 and the 

transcription factors EIN3 and EIL1). The level of EIN3 protein is controlled by 

ethylene, possibly via the proteasome (Ubiquitin/26S). The primary ethylene 

signaling pathway components (ETR to EIN3) are required for all known ethylene 

responses and, to date, none have been found to respond to signals other than 

ethylene. Branch points in the ethylene response pathway may lie downstream of 

EIN3/EIL1. Several Ethylene Response Element Binding Protein (EREBP) 

transcription factors are known to be immediate targets of EIN3/EIL1, which can 

bind to a primary ethylene response element (PERE) in the promoters of EREBP 

genes. EREBPs were originally identified on the basis of their ability to bind to 

the GCC box, a DNA motif associated with ethylene- and pathogen-induced gene 

expression. One EREBP, called ERF1, is also involved in jasmonic acid (JA)-

mediated gene regulation. It is likely that an as yet unidentified JA-regulated 

transcription factor (TF) may also bind to the promoter of ERF1 to activate its 

expression. Therefore, the promoter of ERF1 might function to integrate signals 

from both the ethylene and JA signaling pathways. Other EREBPs may act in a 
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similar manner to integrate the actions of ethylene with developmental signals 

and/or other hormone signals. Many EREBP proteins are known to regulate gene 

expression through interaction with a cis-element called the GCC-box, which is 

found in several ethylene-responsive genes Including PDF1.2 and HOOKLESSI 

(HLS1) which encode effector proteins that are needed to execute a wide variety 

of ethylene responses, from disease resistance to differential cell growth (Guo 

and Ecker, 2004). 

Genetic and phenotypic analyses of Arabidopsis mutants with glucose-

insensitive {gin) and glucose-oversensitive (gr/o) phenotypes have identified an 

antagonistic interaction between glucose and ethylene. The ethylene-insensitive 

etr1 and ein2 mutants have glo phenotypes, whereas the constitutive ethylene 

signalling mutant ctr1 is allelic to gin4 (Zhou et al., 1998). Using Arabidopsis 

protoplast system and transformation of various tagged transgenes, Yanagisawa 

et al. (2003) showed that glucose enhances the degradation of EIN3, a key 

transcriptional regulator in ethylene signaling through the plant glucose sensor 

hexokinase8 (AtHXK). Ethylene, by contrast, enhances the stability of EIN3. The 

ein3 mutant has a glo phenotype, and overexpression of EIN3 in transgenic 

Arabidopsis decreases glucose sensitivity. 

Alonso et al. (2003) have reported the creation of genome-wide 

Arabidopsis T-DNA insertion lines whose precise locations have been 

determined. In addition, a whole-genome gene expression study using an 

Affymetrix microarray identified 628 ethylene-regulated genes. Taking advantage 

of the availability of the sequence-indexed insertion mutant database and the 
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gene expression profile, several insertion mutations were isolated in four related 

ethylene-inducible ERF genes, called EDF genes. Although plants that carried 

mutations in just one of these genes had no ethylene response defects, multiple-

mutant plants exhibited significant ethylene-insensitive phenotypes 

demonstrating that the ERF family of transcription factors function in ethylene 

responses with a high degree of functional redundancy (Alonso et al., 2003). 

1.1.4 Gibberellic acid (GA) 

Currently 70 GA derivatives are known to the scientific community, making 

gibberellins the largest group of plant hormones. These are derived from the 

terpenoid pathway and are produced in embryonic tissues. GA breaks seed 

dormancy and stimulates germination by activating the synthesis of hydrolytic 

enzymes (amylases) to mobilize the storage reserves from the endosperm for 

seedling growth. Mutations that decrease sensitivity to GA also decrease 

percentage of seed germination. GA promotes growth by promoting cell division 

and cell expansion and is involved in the transition of the plants from vegetative 

growth to flowering. 

The interaction between GA and ABA is an important regulating factor in 

the developmental transition from seed dormancy to germination. In cereal 

aleurone tissue, GA induces and ABA suppresses the expression of a-amylases 

that are essential for the utilization of starch stored in the endosperm. During the 

last four decades, the cereal aleurone has been a valuable system for studying 

GA regulation of gene expression (Fig. 1.5). Cereal mutants impaired in GA 
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signaling have proved to be useful tools in Identifying GA signal transduction 

components that regulate gene expression in aleurone cells. The dwarf rice 

mutant, d1, has lesion in a gene encoding a heterotrlmeric Ga-protein that 

impairs GA signaling in aleurone cells (Ashikari et al., 1999). Analyses of another 

class of GA response mutants in wheat, rice, and barley have identified a role for 

GAI-/RGA-like proteins in GA signaling in cereal aleurone cells (Chandler et al., 

2002; Peng et al., 1997). In Arabidopsis, RGA (Silverstone et al., 1998) and GAI 

(Peng et al., 1997) act as negative regulators of GA signaling and these proteins 

belong to the plant-specific GRAS family of regulatory proteins and are 

characterized by conserved amino acid sequence domains; a central VHIID and 

carboxyterminal RVER, homopolymeric Ser and Thr, Leu heptad repeats, 

nuclear localization signals, and a highly conserved amino-terminal DELLA 

domain. Recent evidence indicates that GA derepression of RGA function occurs 

through promotion of RGA degradation (Silverstone et al., 2001). 

GA response regulates the SLENDER1 (SLN1) repression of gene 

expression. SLN1 protein is rapidly degraded upon treatment with GA and is 

hypothesized to involve ubiquitin-mediated proteolytic mechanism (Gubler et al., 

2002). Various GA response complexes have been identified in the promoters of 

a-amylase genes (Gubler and Jacobsen, 1992). Functional analyses have shown 

that TAACAAA-like sequence motifs present in these GA response complexes 

play a key role in mediating the GA activation of transcription. Mutation of these 

elements caused a loss of GA responsiveness in a-amylase promoters, providing 

functional support for their role in regulating transcription (Gubler and Jacobsen, 
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1992). A MYB transcription factor, GAMYB, increases in barley aleurone cells 

within 1 to 2 hr after GA application (Gubler et al., 2002, 1999). In vitro and 

transient expression experiments have shown that GAMYB binds specifically to 

the TAACAAA element of the GA-response complex and is able to transactivate 

both a-amylase and a number of other GA-responsive promoters in transient 

expression experiments in the absence of GA (Gubler et al., 1999). These results 

indicate that GAMYB may play an important role in activating the expression of 

GA-regulated genes (Fig. 1.5). An ABA-induced protein kinase, PKABA1 

mediates ABA-suppressed gene expression in barley aleurone layers (Gomez-

Cadenasetal., 1999). 

Zentella et al. (2002) investigated the functional interactions of GA and 

ABA signaling in the aleurone cells of barley seeds using double-stranded RNA 

interference (RNAi) technology. In this tissue, double-stranded RNA molecules 

generated from the transient expression of DNA templates caused a sequence-

specific suppression of the target genes. Gene-specific RNAi demonstrated that 

transcription factor, GAMyb, is not only sufficient but also necessary for the GA 

induction of amylase. Another regulatory protein, SLN1, is shown to be a 

repressor of GA action, and the use of RNAi technology to inhibit the synthesis of 

SLN1 led to de-repression of amylase even in the absence of GA. However, this 

effect still was suppressed by ABA. Although the ABA-induced Ser/Thr protein 

kinase, PKABA1, is known to suppress GA-induced amylase expression, 

PKABA1 RNAi did not hamper the inhibitory effect of ABA on the expression of 

amylase, indicating that a PKABA1-independent ABA signaling pathway also 
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may exist. These results suggest that the generation of specific RNAi in a 

transient expression approach is a useful technique for elucidating the role of 

regulatory molecules in biological systems in which conventional mutational 

studies cannot be easily performed (Fig. 1.5; Zentella et al., 2002). 

Classical breeding and agronomic research has helped In understanding 

how GA signaling affects crop yield. The creation of genetically Improved 

varieties, in particular, dwarf cultivars of wheat and rice, resulted in the doubling 

of food grain production, known as the "Green Revolution" (Khush, 2001). 

Scientists have since found that the genes responsible for the rice and wheat 

dwarf varieties encode proteins that either regulate GA biosynthesis or modulate 

its signaling pathway. 

1.1.5 Abscisic acid (ABA) 

ABA is synthesized in plastids from carotinoids that are derived from the 

terpenoid pathway. ABA controls both seed dormancy and germination and is 

also involved in stomatal closure, root growth inhibition (but promotion at low 

concentration), senescence and responses to stresses such as pathogen attack, 

wounding, chilling, salt and UV light (Reviewed by Finkelstein et al., 2002; 

Finkelstein and Rock, 2002; Xiong et al., 2002; Xiong and Zhu, 2001b; Rock, 

2000; Xiong et al., 1999; Bonetta and McCourt, 1998; Grill and Himmelbach, 

1998; Himmelbach et al., 1998; Leung and Giraudat, 1998; Addicot, 1983). 

Among all the ABA-regulated processes, opening and closing of stomata are 

best studied in terms of the molecular mechanisms. ABA-regulation of stomatal 

19 



aperture is unique because it is the only response that does not Involve 

irreversible developmental changes, but is a net result of reversible changes in 

the intracellular concentrations of osmotically active solutes that results in 

opening and closing of stomata (Assmann, 1993, 2003). 

ABA concentration increases when plants are exposed to dehydreation 

stress and stomata close which allows the plant to conserve water. ABA causes 

reductions in stomatal aperture by promoting stomatal closure and inhibiting 

stomatal opening. These are two separate turgor-driven processes and involve 

the coordinated activation and inhibition of inwardly- and outwardly-directed 

cation and anion channels present on the plasma membrane and tonoplast 

membranes. Although the identity or location of the ABA receptor(s) Is not 

known, a number of components acting downstream of ABA have been 

identified. These include protein kinases and phosphatases, an increase In 

cytosolic pH, slow anion channels, K"̂  channels, activation of phospholipase D, 

and an increase in the concentration of free calcium ions in the guard cell 

cytosolic [Ca^̂ 'jcyt via activation of several Ca^'"channel types (Fig. 1.6; 

Hetherington, 2001). Elevated [Ca '̂̂ jcyt is the target for several pathways 

downstream of ABA, including a plasma membrane calcium permeable Ion 

channel, phospholipase C/lnsPa, cyclic ADP ribose, and possibly inositol 

hexakisphosphate (IP6). The increase in [Ca^ ĵcyt then controls some of the Ion 

channels whose activity regulates guard cell turgor changes. However, not all the 

channels are regulated by increases in [Ca '̂̂ jcyt, so it is likely that the overall 

control of guard cell turgor requires additional calcium-independent components 
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or pathways (reviewed by Hetherington, 2001). Several new intermediates 

including reactive oxygen species (Pei et al., 2000), a putative heterotrlmeric G 

protein a-subunit (Wang et al., 2001), and the [Ca^ ĵcyt -mobilizing compound 

sphingosine-1-phosphate (Ng et al., 2001) have been shown to be involved in 

ABA signaling pathways. 

1.2 ABAsianalina 

ABA plays an important role in plant growth and development, regulation 

of seed maturation, germination, and adaptation to environmental stresses. In 

seeds, ABA content peaks before maturation and decreases to low levels in the 

later stages. ABA is also involved in lateral root development (De Smet et al., 

2003). Genetic analysis of Arabidopsis, tomato and cereals has reinforced the 

important role of ABA in seed germination as well as the requirement for GA 

during germination (Koorneef et al., 2002). A scheme of signaling pathways that 

interact with the ABA regulation of germination is shown in Fig. 1.7. 

ABA-inhibition of GA-induced a-amylase production in seeds is a well-

known phenomenon and interactions and cross talk of ABA with other plant 

hormones have also been studied extensively. One such example is that studies 

on ABA led to identification of previously cloned ethylene mutants (Beaudoin et 

al., 2000; Ghassemian et al., 2000). Mutants defective in multiple hormone 

responses such as PLEOTROPIC RESP0NSE1 {prl1) and BRASSINOSTEROID 

INSENSITIVE1 {bri1 and bri2) also confirmed the hormonal cross-talk. 
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Analysis of mutants with altered responses to sucrose and glucose has 

shown that signaling pathways mediated by sugars and ABA interact to regulate 

seedling development and gene expression. It is generally believed that high 

levels of exogenous Glucose (Glc) cause ABA accumulation, which results in a 

delay of germination and an inhibition of seedling development, a typical stress 

response. 

Cross-talk between sugar and ABA has been demonstrated in several 

mutants that have altered responses to both sugars and ABA. A grape ASR, 

VvMSA, involved in sugar- and ABA- signaling was isolated by means of a yeast 

one-hybrid approach using as a target the proximal promoter of a grape putative 

monosaccharide transporter {VvHT1). This promoter contains two sugar boxes, 

and its activity is induced by sucrose and glucose. VvMSA and VvHT1 share 

similar patterns of expression during the ripening of grape. Both genes are 

inducible by sucrose in grape berry cell culture, and sugar induction of VvMSA is 

enhanced strongly by ABA. These data suggest that VvMSA is involved in a 

common transduction pathway of sugar and ABA signaling (Cakir, 2003). 

Interactions of sugar and hormone-response pathways have been recently 

reviewed (Rook and Bevan, 2003). 

ABA regulates the accumulation of several Late Embryogenesis 

Abundant (LEA) proteins during seed maturation. Although, actual role of LEA 

proteins is not known, they are hypothesized to provide desiccation tolerance to 

the seeds. LEA proteins are also produced in anhydroblotic plants, animals and 

microorganisms, in which their expression correlates with desiccation tolerance. 
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LEA genes have been cloned from many plant species and at least six different 

groups of LEA proteins have been defined on the basis of expression pattern and 

sequence (Wise and Tunnacllffe, 2004; Cuming, 1999; Bray, 1993). They are 

produced in abundance during late embryo development, comprising up to 4% of 

cellular protein (Roberts et al., 1993), with maximum expression at post-

abscission during desiccation (Hughes and Galau, 1989). LEA proteins are 

induced by cold, osmotic stress or exogenous ABA. They have been proposed to 

protect cellular structures from the effects of water loss by acting as a hydration 

buffer, by sequestering ions, by direct protection of other proteins or membranes, 

or by renaturing unfolded proteins. LEA proteins have been shown to confer 

increased resistance to osmotic or freeze stresses when introduced into yeast 

and a barley LEA protein improved tolerance to water deficit in transgenic wheat 

(Sivamani et al., 2000). Few clues about function have been derived from protein 

structure because all three major groups of LEA proteins seem to be natively 

unfolded, at least in the hydrated state, even though secondary structure 

prediction programs suggest a high degree of folding for Group 3 and Group 6 

LEA proteins, chiefly into amphipathic a-helices. 

ABA is required to limit water loss from transpiration by regulating 

stomatal aperture and modifying the activity of ion channels in guard cells 

(Hetherington, 2001; Assmann and Shinozaki, 1999). ABA promotes closure of 

stomata as well as inhibits their opening. ABA acts by different mechanisms, 

namely faster responses such as stomatal closure and slower changes such as 

differential gene expression (Schroeder et al., 2001; Rock, 2000). ABA signaling 
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pathways overlap with other signaling pathways such as hormone-, 

developmental-, sugar-, and stress-response pathways suggesting a complex 

network of interactions (Reviewed by Leon and Sheen, 2003; Sharp, 2002; 

Finkelstein and Gibson, 2001; Gazzarrini and McCourt, 2003, 2001; Knight and 

Knight, 2001). Although, physiochemlcal and molecular genetic approaches have 

provided fundamental insights into ABA signaling, our knowledge about 

mechanisms of action of ABA and components required for ABA signal 

transduction is far from complete. 

Scientists have taken multidisciplinary approaches including genetic, 

biochemical, pharmacological/cell biological and computational {in silico) 

techniques to integrate different pathways into ABA signaling networks. So far, 

more than 50 genes involved in ABA biosynthesis or response have been 

identified (Finkelstein et al., 2002). The pathways of biosynthesis of ABA have 

been extensively studied and crucial intermediary steps identified (Finkelstein 

and Rock, 2002; Milborrow, 2001; Zeevaart, 1999). The genes encoding most of 

the enzymes involved in ABA biosynthesis have also been cloned and provide 

useful information in understanding the complex mechanisms governing ABA 

biosynthesis in plants. Several ABA biosynthetic mutants (named aba) have 

been isolated from various species. The aba mutants show viviparous 

germination, reduced growth, wilting and increased transpiration. These mutants 

have low levels of ABA and their phenotypes can be rescued using exogenous 

ABA. 
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Manipulation of key regulatory enzymes involved in ABA-biosynthesis has 

resulted in altered ABA-sensitivity, suggesting the practical application of 

knowledge related to the ABA biosynthesis in improving plant stress tolerance 

(Qin and Zeevart, 2002, 1999; Wigger et al., 2002). 

Genetic analysis of germination processes in Arabidopsis has resulted in 

isolation of ABA-insensitive {abi) mutants and their corresponding genes {ABIs) 

have been cloned by map-based methods. The mutants were isolated based on 

their ability to germinate on media containing ABA levels which are inhibitory to 

wild type germination (Finkelstein, 1994; Koorneef et al., 1984). The ABU and 

ABI2 genes encode homologous type 2C protein Ser/Thr phosphatases (PP2Cs) 

with partially redundant but distinct tissue-specific negative regulator functions in 

the regulation of ABA-, cold-, or drought-inducible genes and ion channels 

(Subramanian et al., 2002; Merlot et al., 2001; Chak et al., 2000; Allen et al., 

1999; Gostietal., 1999; Pei etal., 1998; Leung etal., 1997, 1994; Meyer etal., 

1994). Remarkably, these mutants are missense mutations of a conserved Gly-

to-Asp mutation (G180D in abi1-1 and G168D in abi2-1) that results in a 

dominant phenotype in vivo and reduced phosphatase activity in vitro (Sheen, 

1998). 

Additional genetic evidence to demonstrate the role of PP2Cs/ABI1-like 

family members in ABA signaling was obtained by analyzing the respective gene-

knockout or -overexpressing Arabidopsis plants. A multiple sequence alignment 

of 32 Arabidopsis protein phosphatases type-2C (PP2Cs) revealed a cluster 

composed by the four closely related proteins, ABM, ABI2, HAB1 and HAB2 
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(Homologous to ABM) (Saez et al., 2004). The expression of the HAB1 mRNA in 

vegetative tissues is strongly upregulated in response to exogenous ABA. 

Constitutive expression of HAB1 led to reduced ABA sensitivity both in seeds 

and vegetative tissues, compared to wild-type plants and In the presence of 

exogenous ABA, hab1-1 mutant shows ABA-hypersensitive inhibition of seed 

germination suggesting the role of HAB1 as a negative regulator of ABA 

signaling (Saez et al., 2004). 

Tahtiharju and Palva (2001) showed that the expression of both AtPP2CA 

and ABU was induced by low temperature, drought, high salt and ABA. The cold 

and drought-induced expression of these genes was ABA-dependent, but 

divergent in various ABA signalling mutants. In addition, the two PP2C genes 

exhibited differences in their tissue-specific expression as well as in temporal 

induction in response to low temperature. To further elucidate the function of 

AtPP2CA in cold acclimation, the corresponding gene was silenced by antisense 

inhibition. Transgenic antisense plants exhibited clearly accelerated development 

of freezing tolerance. Both exposure to low temperature and application of ABA 

resulted in enhanced freezing tolerance in antisense plants. These plants 

displayed increased sensitivity to ABA both during development of frost tolerance 

and during seed germination, but not in their drought responses. Furthermore, 

the expression of cold-and ABA-induced genes was enhanced in transgenic 

antisense plants. These results suggest that AtPP2CA is a negative regulator of 

ABA responses during cold acclimation (Tahtiharju and Palva, 2001). 
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Using single cell assays, Wu et al. (2003) showed that microinjecting 

mutant abi1-1 protein inhibited the activation of PD29/\-GUS and KIN2-G\JS In 

response to ABA, cyclic ADP-ribose (cADPR), and Ca "̂". The inhibitory effect of 

the mutant protein, however, was reversed by co-microinjection of an excess 

amount of the ABM protein. In transgenic Arabidopsis plants, overexpression of 

abi1-1 rendered the plants insensitive to ABA during germination, whereas 

overexpression of ABM did not have any apparent effect. Moreover, transgenic 

plants overexpressing abi1-1 were blocked in the induction of ABA-responsive 

genes; however, overexpression of ABM did not affect gene expression. Taken 

together, these results demonstrate that abi1-1 is likely to be a dominant 

negative mutation and ABM likely acts downstream of cADPR in the ABA-

signaling pathway. 

The ABI3 gene encodes a B3-domain transcription factor and is 

orthologous to maize VP1 {VIVIPAROUS-1) gene (Giraudat et al., 1992; McCarty 

et al., 1991). Both ABIS and VP1 are solely expressed in seed and are required 

for ABA-regulated seed development (Parcy et al., 1994). These mutants show 

altered ABA-responses including reduced seed dormancy, decreased ABA-

sensitivity and differences in developmental expression of storage proteins and 

Late Embryogenesis Abundant (LEA) genes. ABI3 expression is influenced by 

cold and light, in a similar way in both dormant and non-dormant wild-type seeds 

(Baumbusch et al., 2004). VP1 has been shown to have both activator and 

repressor functions during seed maturation and germination (Hoecker et al., 

1995). Several genes involved in developmental regulation such as LEAFY 
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C0TYLED0N2 {LEC2) and FUSCA3 {FUS3) which are homologous to ABI3 

were shown to positively regulate the expression of/\S/3 gene (Stone et al., 

2001; Parcy et al., 1997). Double mutant analysis of abi3 with led and fus3 has 

suggested that ABI3, LEC1 and FUS3 are part of an integrated genetic 

regulatory network controlling different aspects of seed and vegetative 

development (Parcy et al., 1997). Kroj et al. (2003) have shown that three 

homologous B3 type transcription factors regulate the model storage protein 

gene, At2S3, via two distinct mechanisms: FUSCA3 (FUS3) and LEAFY 

C0TYLED0N2 (LEC2) activate the At2S3 promoter in yeast suggesting that they 

regulate At2S3 by directly binding its promoter; ABI3, however, appears to act 

more indirectly on At2S3, possibly as a cofactor in an activation complex. In 

accordance with this, FUS3 and LEC2 were found to act in a partially redundant 

manner and differently from ABI3 in planta: At2S3 expression is reduced to 

variable and sometimes only moderate extent in fus3 and Iec2 single mutants but 

is completely abolished in the Iec2 fus3 double mutant (Kroj et al., 2003). 

Analyses of abi fusS and abi led double mutants show that both ABI4 and 

ABI5 interact genetically with both LEC1 and FUSS in controlling pigment 

accumulation, suppression of vivipary, germination sensitivity to ABA, gene 

expression during mid- and late embryogenesis, sugar metabolism, sensitivity to 

sugar, and etiolated growth (Brocard et al., 2003). However, none of the ABI 

transcription factors interacted directly with either FUSS or LEC1 in a yeast two-

hybrid assay system (Brocard et al., 2003). 

28 



Clerkx et al. (2003) have analyzed a mutant in Arabidopsis disturbed in 

seed storability. This mutant was isolated as a grs {green-seeded) mutant in an 

abi3-1 background. Genetic and physiological characterization showed that the 

monogenic grs mutant was not visibly green-seeded and mapped on to 

chromosome 4. This enhancer mutation did not affect the ABA sensitivity of 

seed germination or seed dormancy but was found to affect seed storability and 

seedling vigor. The decrease In viability and vigor could be related to an 

increase in conductivity, suggesting membrane deterioration. During seed 

maturation, ABIS regulates several processes: acquiring dormancy and long-term 

storability and loss of chlorophyll. These results indicate that GRS is a common 

regulator in the latter two but not of dormancy/germination. 

Several orthologues of VP1/ABIS have been isolated from various species 

and shown to have similar functions. The functional equivalency of VP1 was 

demonstrated by Suzuki et al. (2001) by showing that maize VP1 can 

complement most of the mutant phenotypes of Arabidopsis abiS when ectopically 

expressed. They have also observed the auxin-induced lateral root formation is 

completely suppressed by ABA in transgenic plants that are ectopically 

expressing VP1. These results suggested that VP1 mediates a novel interaction 

between ABA and auxin signaling that results in developmental arrest and 

altered patterns of gene expression (Suzuki et al., 2001). Recently, microarray 

analysis has confirmed the global regulation of several ABA-inducible genes by 

VP1 (Suzuki et al., 2003) establishing the crucial role of VP1 in plant 

development and ABA signaling. They have identified 353 VPI/ABA-regulated 
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genes by GeneChip analysis. Seventy-three percent of all the represented genes 

were affected by both VP1 and ABA in vegetative tissues, indicating a tight 

coupling between ABA signaling and VP1 function. A large number of seed-

specific genes were ectopically expressed in vegetative tissue of 35S: :VP1 plants 

consistent with evidence that VP1 and ABIS are key determinants of seed-

specific expression. ABI5 was activated by VP1, indicating conservation of the 

feed-fonward pathway mediated by ABIS. ABA induction of ABM and ABI2, 

negative regulators of ABA signaling, was strongly Inhibited by VP1, revealing a 

second pathway of feed-fonward regulation. These results indicate that VP1 

strongly modifies ABA signaling through feed-fonward regulation of ABI1/ABI5-

related genes. Of the 32 bZIP transcription factors represented on the GeneChip, 

genes in the ABI5-like family were specifically co-regulated by ABA and VP1. 

Analysis of genes up-regulated by ABA at the transcriptional level has 

revealed several interesting components of ABA-regulated gene promoters. The 

identities of these sequences have been substantiated by transient gene 

expression studies through which c/s-acting elements necessary and sufficient to 

confer ABA-inducible transcription have been discovered. Separate ABA-

responsive elements (ABRE) and coupling elements (CE) function cooperatively 

and redundantly as an ABA-response complex (ABRC). These sequences 

include G-box elements/ABA-response elements (ABREs), coupling elements 

such as RY/Sph elements and the recognition sequences for Myb/Myc 

transcription factors (Finkelstein et al., 2002; Rock, 2000; Busk and Pages, 1998; 

Shen and Ho, 1997; Ingram and Bartels, 1996). Arabidopsis AtMYC2 (bHLH) and 
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AtMYB2 (MYB) were shown to function as transcriptional activators In ABA 

signaling (Abe et al., 2003). 

The cloning of Transcription Factor Responsible for ABA-regulation 

(TRAB1) was a remarkable discovery, which has shown that TRAB1 binds both 

ABREs and VP1, thereby providing a mechanism for bZIP and VP1 

transactivation of ABA signaling (Hobo et al., 1999b). Regulation by ABA of 

TRAB1 and VP1 transactivation was not at the level of DNA binding, suggesting 

the existence of additional regulatory mechanisms. 

The ABM gene encodes an APETALA2 domain transcription factor. abi4 

mutants exhibit sugar- and salt- resistant germination and seedling growth and 

are allelic to gin6, sun6, sis5 and isi3 mutants (Finkelstein et al., 1998; Arenas-

Huertero et al., 2000; Huijser et al., 2000; Laby et al., 2000; Rook et al, 2001; 

Finkelstein et al., 2002; Rolland et al., 2002). Expression of ABI4 is not regulated 

by ABA and ABI4 was shown to function in a combinatorial network involving 

ABIS and ABI5 (Soderman et al., 2000). 

Apetala2/ethylene-responsive factor (AP2/ERF) proteins are AP2 domain-

containing transcription factors and form the second largest transcription factor 

family in plants. Xue and Loveridge (2004) report the characterization of a novel 

member of the AP2/ERF superfamily, dehydration-responsive factor 1 (HvDRFI) 

from bartey, and its role in ABA-mediated gene regulation. The expression of 

HvDRFI was upregulated in bartey leaves and roots under drought, salt or ABA 

treatment, and in embryos dunng seed maturation. Three forms of HvDRFI 

transcripts were produced through alternative splicing, two of which encoded 
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AP2 proteins. This alternative splicing pattern was also observed in a wheat 

homologue gene, TaDRFI. Both of HvDRFI AP2 proteins acted as 

transcriptional activators, capable of activating the promoter activity of an ABA-

inducible HVA1s in bartey. In vitro DNA-binding analysis using synthetic 

oligonucleotides revealed that HvDRFI AP2 protein bound preferably to a CT-

nch element (T(T/A)ACCGCCTT). HvDRFI activity on the activation o^ HVAU 

expression in bartey leaves was markedly enhanced by HvABI5, ABA or drought 

treatment. These results indicate that the HvDRFI transcriptional activator co

operates with other ABA-responsive factors in the upregulation of stress gene 

expression through an ABA-dependent pathway (Xue and Loveridge, 2004). 

The ABI5 gene encodes a basic Leucine Zipper (bZIP) transcription factor 

(Finkelstein and Lynch, 2000; Lopez-Molena and Chua, 2000). abi5-1 mutant 

allele encodes a protein that lacks the DNA binding and dimerization domains 

required for ABI5 function. Mutants of abi5 have slightly sugar-resistant 

germination and seedling growth (Brocard et al., 2002; Finkelstein et al., 2002). 

ABI5 was shown to activate or repress several LEA genes similar to ABIS, which 

may suggest that ABI5 may act as a positive or negative regulator depending on 

the target gene (Finkelstein and Lynch, 2000). ABI5 was shown to be involved in 

a post-germination developmental arrest checkpoint mediated by ABA. ABI5 

protein accumulation, phosphorylation, stability and activity are highly regulated 

by ABA and ABI5-overexpressing plants are hypersensitive to ABA (Lopez-

Molina et al., 2001). Both ABI4 and ABI5 are expressed in seeds as well as 

vegetative tissues. Physiological, genetic, and transgenic analyses of abi3, abi4 
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and abi5 mutants show extensive cross-regulation of expression, suggesting that 

these genes function in a combinatorial network rather than a regulatory 

hierarchy controlling seed development and ABA responses (Brocard et al., 

2002; Finkelstein et al., 2002; Soderman et al., 2000; Singh, 1998). 

The ABSCISIC ACID INSENSITIVE8 {ABI8) encodes a plant-specific 

protein of unknown biochemical function, mediating ABA and sugar responses 

essential for growth (Brocard et al., 2004). Mutants of abiS exhibit ABA-resistant 

germination, stunted growth, defective stomatal regulation, altered ABA-

responsive gene expression, delayed flowering and male sterility (Brocard et al., 

2004). Genetic analysis of double mutants showed that ABIS acts downstream of 

E/A/2, EP>A3 and EIN3. The abiS mutation is allelic to elongation defectivel {eld1) 

and kobitol {kob1) which were previously shown to be disrupted in cell 

elongation, cellulose synthesis, vascular differentiation and root meristem 

maintenance. These findings also support the results obtained with sbr and hlq, 

two mutants isolated from a screen for abi2 revertants that show defects in cell 

wall composition (Subramanian et al., 2002). ABI8 may be a useful link to study 

how ABA signaling and cellulose biosynthesis are related. 

There are 81 predicted bZIP genes in Arabidopsis (Arabidopsis Genome 

initiative, 2000; Riechmann et al., 2000; Jacoby et al., 2002), but only one bZIP 

subfamily has been genetically or functionally linked to ABA response, i.e., ABI5 

and its close homologues. This subfamily includes ABRE-binding factors (ABFs 

and AREBs), Enhanced Em Le\/e/(EEL/AtbZIP12), AtbZIP13-15, 27, and 67, and 

Arabidopsis Dc3-Promoter Binding Factors (AtDPBFs) (Bensmihen et al., 2002; 
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Brocard et al., 2002; Carles et al., 2002; Finkelstein et al., 2002; Kim et al., 2002; 

Choi et al., 2000; Finkelstein and Lynch, 2000; Lopez-Molina and Chua, 2000; 

Uno et al., 2000). Homologues of these genes have been cloned and 

characterized in rice and sunflower (Hobo et al., 1999b; Kim and Thomas, 1998; 

Kim et al., 1997) and are correlated with ABA-, seed-, or stress-induced gene 

expression. 

The era (Enhanced Response to ABA) mutants {era1-3) were isolated 

based on their inability to germinate in sub-inhibitory concentrations of ABA that 

do not affect germination of wild-type seeds. These mutants are hypersensitive to 

ABA and have increased seed dormancy. The era3 is allelic to ein2, which is 

ethylene-insensitive (Ghassemian et al., 2000; Alonso, et al., 1999). The ERA1 

gene encodes the p-subunit of a farnesyl transferase that may possibly function 

as a negative regulator of ABA signaling (Cutler et al., 1996). Farnesyl 

transferases attach a farnesyl lipid to the proteins at the carboxy terminal. 

Farnesylation and other lipid modifications of the proteins allow proteins to be 

targeted to the plasma membrane. Recently in the era1-2 mutant, ERA1 was 

shown to function upstream of cytosolic calcium and acts downstream of ABU 

and ABI2 (Allen et al., 2002). However, the actual targets of ERA1 action in ABA 

signaling are not yet known. Using a combination of suppressor screens and 

double mutant analysis, Brady et al. (2003) have determined a genetic 

relationship for ABI4/ABI5/ABI5/ERA1 loci. Based on germination in the presence 

of exogenous ABA, the ABM and ABI2 phosphatases act at or upstream of the 

ERA1 farnesyl transferase and the ABIS and ABI5 transcription factors act at or 
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downstream of ERA1. In contrast with ABIS and ABI5, the ABI4 transcription 

factor appears to act at or upstream of ERA1. Based on reporter gene 

constructs, the upstream regulation of ABIS by ERA1 occurs at least partially at 

the level of transcription, suggesting that this lipid modification is required to 

attenuate ABIS expression. Similar experiments also indicate that ABIS is auxin-

inducible in lateral root primordia. Related to this, loss-of-function ajb/3 alleles 

show reduced lateral root responsiveness in the presence of auxin and an auxin 

transport inhibitor, and era1 mutants have increased numbers of lateral roots. 

These results suggest the possibility that genes identified through ABA-

responsive germination screens such as ERA1 and ABIS also have functions in 

auxin action in Arabidopsis (Brady et al., 2003). 

G-proteins and/or Rho subfamily of GTPases were shown to be involved 

in ABA signaling (Yang, 2002). Zheng et al. (2002) have investigated the 

functional role of Arabidopsis RhoGTPase ROP10 in ABA signaling. A null ropW 

mutant exhibited enhanced responses to ABA in seed germination, root 

elongation, transpiration assays, and in the induction of expression of the 

transcription factor AtMYB2. Consistent with this, ROP10 overexpressing 

transgenic plants showed reduced sensitivity to ABA responses (Zheng et al., 

2002). ROP10 is localized to the plasma membrane and is suggested to be a 

potential target of ERA1 and is involved in the negative regulation of ABA 

signaling (Zheng et al., 2002). 

Recent findings also linked ABA signaling with RNA metabolism 

suggesting that ABA-responsive genes could be targeted by RNA degrading 
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mechanisms. Characterization of ABA-sensitivity mutations in RNA-binding 

proteins demonstrate that ABA signaling is regulated by post-transcriptional 

mRNA processing (Kuhn and Schroeder, 2003; Federoff, 2002). Many novel 

factors that are involved in both RNA metabolism and ABA signaling were 

reported, such as HYPONASTIC LEAVES-1 {HYL1), SUPERSENSITIVE TO 

ABA AND DROUGHT-1 {SAD1) and ABA HYPERSENSITIVE-1 {ABH1). 

(Hugouvieux et al., 2001 ; Xiong et al., 2001a ; Lu and Fedoroff, 2000). Li et al. 

(2002) have reported that a RNA-binding protein, AKIP1 is modulated by a ABA-

activated protein kinase, AAPK in guard cells (Li et al., 2002, 2000). 

Mutant screens based on differences in leaf temperatures have identified 

OPEN ST0MATA1 {0ST1) which has cooler leaves because of transpirational 

water loss (Mustilli et al., 2002). 0ST1 encodes a putative Ser/Thr protein kinase 

and is highly homologous to previously described protein kinases, AAPK1 from 

Vicia faba and PKABA1 from wheat. ost1 mutants exhibit disruption of both ABA-

induced reactive oxygen species (ROS) production and calcium channel 

activation. Genetic studies have shown that 0ST1 acts upstream of ABM (Mustilli 

et al., 2002). Further characterization of 0ST1 will provide clues as whether it 

interacts with any other signaling effectors. 

Biochemical and pharmacological studies have suggested the involvement 

of receptors, ion channels, glycoprotein complexes, G-proteins, phospholipases, 

phosphatases, kinases, secondary messengers such as phosphatidic acid (PA), 

diacylglycerol (DAG), inositol 1,4,5-triphosphate (IPS), cyclic ADP-ribose and 

calcium ions in transducing the ABA signal leading to the gene expression 
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(Assmann, 2002; Finkelstein et al., 2002; Yang, 2002; Allen et al., 2001; Rock, 

2000; Sheen, 1998,1996; Wu et al., 1997). Recent studies have also shown the 

involvement of nitric oxide, reactive oxygen species (ROS) and phosphoinositols 

in ABA signaling (Meinhard et al., 2002; Neill et al., 2002; Xiong et al., 2001c; 

Zhang et al., 2001; Pei et al., 2000). Many of the signaling intermediates and 

their mechanisms of action are highly conserved among different species and in 

several cases, the genetic studies have provided supportive evidence for such 

interactions. 

ROS have been proposed to function as second messengers in ABA 

signaling in guard cells. Kwak et al. (2003) reported identification of two partially 

redundant Arabidopsis guard cell-expressed NADPH oxidase catalytic subunit 

genes, AtrbohD and AtrbohF, in which gene disruption impairs ABA signaling. 

afrjbo/7D/F double mutations impair ABA-induced stomatal closing, ABA 

promotion of ROS production, ABA-induced cytosolic Câ "̂  increases and ABA-

activation of plasma membrane Ca^'^-permeable channels in guard cells. 

Exogenous H2O2 rescues both Ca "̂" channel activation and stomatal closing in 

atrbohD/F. ABA inhibition of seed germination and root elongation are impaired 

in atrbohD/F, suggesting more general roles for ROS and NADPH oxidases in 

ABA signaling. These data provide direct molecular, genetic, and cell biological 

evidence that ROS are rate-limiting second messengers in ABA signaling, and 

that the AtrbohD and AtrbohF NADPH oxidases function in guard cell ABA signal 

transduction (Kwak et al., 2003). 
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ABA receptors and direct evidence for their existence are yet to be 

described. Putative ABA receptors have been described In Vicia faba guard cells 

(Hornberg and Weiler, 1984), but this work has not been reproduced. Both 

extracellular and intracellular sites of perceptions of ABA were demonstrated for 

ABA signaling (Jeannette et al., 1999; Leung and Giraudat, 1998; Gilroy and 

Jones, 1994). ABA-binding proteins have been isolated and shown to mediate 

ABA responses in vitro (Zhang et al., 1999, 2002). However, their direct role in 

regulating physiological responses of ABA has not yet been demonstrated. Using 

surface plasmon resonance (SPR) in conjunction with flow cytometry, Desikan et 

al. (1999) have provided indirect evidence for a putative ABA-receptor complex 

that interacts with a cell-surface glycoprotein. A monoclonal antibody (JIM19) 

generated against pea guard cell protoplasts specifically binds to plasma 

membrane glycoproteins and antagonizes ABA-inducible gene expression in rice 

and bariey protoplasts (Desikan et al., 1999; Wang et al., 1995). However, a 

perfect candidate for ABA receptor is yet to be identified. 

Visualization of the ABA-perception sites provides new insights into the 

nature of membrane-associated ABA receptor(s). Biotinylated ABA (bioABA) was 

used to characterize the ABA-perception sites in the stomatal guard cells of Vicia 

faba (Yamazaki et al., 2003). Treatment with bioABA induced stomatal closure 

and shrinkage of guard cell protoplasts (GCPs). The ABA-perception sites were 

visualized by fluorescence microscopy and confocal laser scanning microscopy 

(CLSM), using bioABA and fluorescence-labeled avidin. Fluorescent particles 

were observed in patches on the surface of the GCPs. Fluorescence intensity 
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was quantified by flow cytometry (FCM) as well as by CLSM. Binding of bioABA 

was inhibited by ABA in a dose-dependent manner. Pre-treatment of GCPs with 

proteinase K also blocked the binding of bioABA. Binding of bioABA was 

inhibited by RCA-7a, an ABA analog that induces stomatal closure, but not by 

RCA-16, which has no effect on stomatal aperture. Another ABA analog, PBI-51, 

inhibited ABA-induced stomatal closure. This ABA antagonist also inhibited 

binding of bioABA to the GCPs (Yamazaki et al., 2003). 

Phospholipases C (PLC) and Phospholipase D (PLD) have been 

implicated in both fast and slow ABA signaling (Sanchez and Chua, 2001; Wang, 

2001, 1999; Jacob et al., 1999; Staxen et al., 1999). Ritchie and Gilroy (1998) 

have shown that application of phosphatidic acid to bartey aleurone inhibits 

gibberellin-inducible amylase production and triggers synthesis of an ABA-

inducible amylase inhibitor. They have also shown in vitro that ABA stimulates 

PLD activity in plasma membrane extracts (Ritchie and Gilroy, 2000). PLC and 

PLD genes are up-regulated by ABA (Hirayama et al., 1995; Xu et al., 1997). G-

proteins were also proposed to be involved in PLD-mediated ABA signaling 

(Ritchie and Gilroy, 2000). In bariey aleurone protoplasts, the ABA-stimulation of 

PLD is GTP-dependent and is antagonized by pertussis toxin, demonstrating the 

PLD-association of G-proteins (Ritchie and Gilroy, 2000). Recently, G-proteins 

were also shown to be involved in ABA-triggered stomatal mechanism (Lemichez 

etal., 2001; Wang, 2001). 

Phosphoinositide-specific phospholipase C (PI-PLC) catalyzes the 

hydrolysis of phosphatidylinositol 4,5-bisphosphate to generate inositol 1,4,5-
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trisphosphate and diacylglycerol, both of which act as secondary messengers. 

Three partial cDNAs (pVr-PLCI, pVr-PLC2, and pVrPLCS), which encode forms 

of putative PI-PLC were cloned from mung bean and Vr-PLCS mRNA level was 

shown to be rapidly induced in an ABA-independent manner under 

environmental stress conditions (drought and high salinity). GFP-Vr-PLCS fusion 

protein was localized primarily to the plasma membrane of the Arabidopsis 

protoplasts indicating the place of action for PLC (Kim et al., 2004). Studies using 

stably transformed tobacco plants containing very low levels of PI-PLC in their 

guard cells show that PLC plays a role in the events associated with the inhibition 

of stomatal opening by ABA, but not in the cellular reactions that are responsible 

for ABA-induced stomatal closure (Mills et al., 2004). Phosphatidylinositol 3-and 

4-phosphate were shown to be required for ABA-regulated stomatal movements 

(Jung etal., 2002). 

The sphingolipid metabolite sphingosine-1-phosphate (SIP) functions as a 

signaling molecule involved in ABA signaling (Ng et al., 2001). Coursol et al. 

(2003) report that the enzyme responsible for SIP production, sphingosine 

kinase (SphK), is activated by ABA in Arabidopsis thaliana, and is involved in 

both ABA-inhibition of stomatal opening and promotion of stomatal closure. 

Surprisingly, SIP regulates stomatal apertures and guard cell ion channel 

activities in wild-type plants, but not in knockout lines of the sole prototypical 

heterotrimeric G-protein alpha-subunit gene, GPA1. These results implicate 

heterotrimeric G-proteins as downstream elements in the SIP signaling pathway 

that mediates ABA regulation of stomatal function, and suggest that the interplay 
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between SIP and heterotrimeric G proteins represents an evolutlonarily 

conserved signaling mechanism (Coursol et al., 2003). 

Hydogen peroxide (H2O2) and nitric oxide (NO) have been shown to be 

involved in ABA signaling (Neill et al., 2003). In guard cells, the reactive oxygen 

species, hydrogen peroxide and the reactive nitrogen species nitric oxide have 

been identified as key molecules regulating ABA-induced stomatal closure 

(Chinnusamy et al., 2004). As with many other physiological responses In which 

H2O2 and NO are involved, stomatal closure In response to ABA also appears to 

require the tandem synthesis and action of both these signaling molecules. 

Recent pharmacological and genetic data have identified NADPH oxidase as a 

source of H2O2, whilst nitrate reductase has been identified as a source of NO in 

Arabidopsis guard cells. Some signaling components positioned downstream of 

H2O2 and NO are calcium, protein kinases and cyclic GMP. Both ABA-dependent 

and ABA-independent signaling pathways are involved in osmotic stress 

tolerance. Components of mitogen-activated protein kinase (MAPK) cascades 

may act as converging points of multiple abiotic as well as biotic stress signaling 

pathways (Chinnusamy et al., 2004). Recently, an Arabidopsis mutant {Atnosi) 

was identified that had impaired NO production, organ growth, and ABA-induced 

stomatal movements (Guo et al., 2003). 

Calcium mediates a wide variety of cellular signaling processes (Bush, 

1995). CIPK3, a Ser/Thr protein kinase associates with a calcineurin B-like 

calcium sensor and regulates ABA response during seed germination and ABA-

and stress-induced gene expression in Arabidopsis. The expression of the CIPK3 
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gene itself is responsive to ABA and stress conditions, including cold, high salt, 

wounding, and drought. Disruption of CIPKS altered the expression pattern of a 

number of stress gene markers in response to ABA, cold, and high salt. 

However, drought-induced gene expression was not altered in the cipk3 mutant 

plants, suggesting that CIPKS regulates select pathways In response to abiotic 

stress and ABA. These results identify CIPKS as a molecular link between stress-

and ABA-induced calcium signal and gene expression in plant cells. Because the 

cold signaling pathway is largely independent of endogenous ABA production, 

CIPKS represents a cross-talk "node" between the ABA-dependent and ABA-

independent pathways in stress responses (Kim et al., 2003). 

ABA triggers an oscillation in the cytosolic Câ "̂  concentration, which is 

then perceived by unknown Câ "̂  binding proteins to initiate a series of signaling 

cascades that control many physiological processes, including adaptation to 

environmental stress. Guo et al. (2002) have shown that a Ca^" binding protein, 

SCaBP5, and its interacting protein kinase, PKSS, function as global regulators 

of ABA responses. Arabidopsis mutants with silenced SCaBP5 or PKSS are 

hypersensitive to ABA in seed germination, seedling growth, stomatal closing, 

and gene expression. PKSS physically interacts with ABI2 and to a lesser extent 

with the homologous ABM proteins. These results suggest that SCaBP5 and 

PKSS are part of a calcium-responsive negative regulatory loop controlling ABA 

sensitivity (Guo et al., 2002). 

BET proteins are distinguished by an N-terminal bromodomain or 

bromodomain and an ET domain. These proteins have been found to be 
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associated with chromatin. Genetic, biochemical and molecular techniques have 

implicated BET proteins In functions as diverse as melosis, cell cycle control and 

homeosis and suggest that BET proteins may modulate chromatin structure and 

affect transcription via a sequence-independent mechanism (Florence and Faller, 

2001). Duque and Chua (2003) have characterized a plant gene encoding a 

member of the BET subgroup of bromodomain proteins, a novel class of putative 

transcription factors. Imbibition-inducible 1 (IMB1) appears to be a nuclear 

protein as suggested by subcellular localization in onion epidermal cells using an 

IMB1-yellow fluorescent protein fusion protein. In Arabidopsis, IMB1 is expressed 

at very low levels in dry seeds, but is markedly induced during seed imbibition. In 

addition, IMB1 transcript levels are down regulated during germination. Seeds of 

a loss-of-function mutant allele, imb1, show impaired cotyledon greening during 

germination in ABA, and express higher levels of ABI5 protein than the wild type. 

Taken together, these results show that IMB1 plays a role in the promotion of 

seed germination by regulating the ABA signal transduction pathways (Duque 

and Chua, 2003). 

Post-translational modification of proteins by sumoylation and/or 26S 

proteosome/ubiquitin-mediated proteolysis has emerged as a common and 

important mechanism for regulating protein function. Recently, Smalle et al. 

(2003) showed that an Arabidopsis mutant expressing an altered RPN10 subunit 

exhibited a pleiotropic phenotype consistent with specific changes in 26S 

proteasome function. rpn10-1 plants displayed reduced seed germination, growth 

rate, stamen number, genetic transmission through the male gamete, and 
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hormone-induced cell division, which can be explained partially by a constitutive 

downregulation of the key cell cycle gene CDKA. rpn10-1 also was more 

sensitive to ABA, salt, and sucrose stress and to DNA-damaging agents and had 

decreased sensitivity to cytokinin and auxin. Most of the phenotypes can be 

explained by a hypersensitivity to ABA, which is reflected at the molecular level 

by the selective stabilization of the ABI5 protein. Collectively, these results 

indicate that RPN10 affects a number of regulatory processes in Arabidopsis 

likely by directing specific proteins to the 26S proteosome for degradation and 

regulates the responses to signals transduced by ABA. 

Small ubiquitin-like modifier (SUMO) is a small protein that is structurally 

related to but functionally different from ubiquitin. Lois et al. (2003) report the 

identification and functional analysis of AtSUMOl, AtSUM02, and AtSCEIa as 

components of the SUMO conjugation (sumoylation) pathway in Arabidopsis. In 

yeast-two hybrid assays, AtSUM01/2 interacted specifically with a SUMO-

conjugating enzyme but not with a ubiquitin-conjugating enzyme. AtSCEIa, the 

Arabidopsis SUMO-conjugating enzyme ortholog, conjugated SUMO to RanGAP 

in vitro. AtSUM01/2 and AtSCEIa colocalized at the nucleus, and AtSUM01/2 

are conjugated to endogenous SUMO targets in vivo. Analysis of transgenic 

plants showed that overexpression of AtSUM01/2 does not have any obvious 

effect in general plant development, but increased sumoylation levels attenuate 

ABA-mediated growth inhibition and amplify the induction of ABA- and stress-

responsive genes such as RD29A. Reduction of AtSCEIa expression levels 

accentuates ABA-mediated growth inhibition. These results suggest a role for 
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SUMO in the modulation of the ABA signal transduction pathway (Lois et al., 

2003). 

Recently, tissue-specific microarray analysis has been carried out for 

identifying specific sub sets of ABA-responsive genes (Leonhardt et al., 2004). 

Oligomer-based DNA Affymetrix GeneChips representing about one-third of 

Arabidopsis genes were used to profile global gene expression in guard cells, 

which identified 1309 guard cell-expressed genes. Guard cell expression profiles 

were compared with those of mesophyll cells, resulting in identification of 64 

transcripts expressed preferentially in guard cells. Statistical analyses of promoter 

regions of ABA-regulated genes reveal an ABRE. A highly ABA-induced PP2C 

transcript, AtP2C-HA, in guard cells was identified. A T-DNA disruption mutation 

in AtP2C-HA confers ABA-hypersensitive regulation of stomatal closing and seed 

germination. These results provide a basis for cell type-specific genomic scale 

analyses of gene function. 

Although recent years have seen tremendous progress in understanding 

ABA signaling, several puzzles remain unsolved. Many key components of ABA 

signaling are yet to be identified including the elusive ABA receptor. The 

functional interactions of ABA signaling effectors are not completely known and 

necessitate a thorough investigation. 
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1.3 Obiectives and rationale of present study 

Abiotic stresses, such as drought, salinity, extreme temperatures, 

chemical toxicity and oxidative stress are serious threats to agriculture and the 

natural status of the environment. Increased salinization of arable land is 

expected to have devastating global effects, resulting in 30% land loss within the 

next 25 years, and up to 50% by the year 2050. Therefore, breeding for drought 

and salinity stress tolerance in crop plants should be given high research priority 

in plant biotechnology programs. Molecular control mechanisms for abiotic stress 

tolerance are based on the activation and regulation of specific stress-related 

genes (Chandler and Robertson, 1994). These genes are involved in the whole 

sequence of stress responses, such as signaling, transcriptional control, 

protection of membranes and proteins, and free-radical and toxic-compound 

scavenging (Wang et al., 2003). ABA has been shown to play a significant role in 

drought-, cold-, and various environmental stress signaling. Manipulation of ABA-

responsive genes leads to better stress adaptation. Previous studies suggest that 

better understanding of ABA signaling is a prerequisite for genetic engineering of 

stress-tolerant crops and increased global food production. This goal is only 

achievable if we could elucidate ABA signal transduction pathways and 

functionally characterize different intermediary key components to know how they 

interact with each other to regulate responses to various environmental stresses. 

Although ABA-regulated processes share genetic elements (some ABA 

mutants affect both processes) and signaling intermediates such as 

phospholipases, cADP-ribose, IP3, and calcium ions, these secondary 
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messengers are not specific to ABA pathways. Our knowledge of separate yet 

overiapping ABA and stress signal transduction pathways Is fragmentary and 

calls for developing rapid high throughput assay systems. 

In addition to the classical approaches to studying ABA signaling, recent 

advances have also utilized cell biological approaches in single cell systems in 

reconstructing minimal signaling cascades leading to the gene expression 

(Sheen, 2001; Rock, 2000; Leung and Giraudat, 1998). Technologies such as 

double stranded RNA interference (RNAi) were successfully applied to dissect 

GA/ABA signaling pathways in bariey aleurone cells (Zentella et al., 2002). 

Transient gene expression systems in protoplasts offer a wide range of 

advantages. Protoplasts show physiological perceptions and responses to 

hormones, metabolites, environmental cues, pathogen-derived elicitors, and 

pharmacological agents (Sheen, 2001). Because of ease of manipulation and 

high throughput of transient gene expression assays, protoplasts are a good 

model system to address the molecular mechanisms of ABA responses. 

I am interested in elucidating the molecular mechanisms of ABA signaling 

and the following objectives have been set for the present study: to take a 

pharmacological approach in protoplasts and screen for drugs that have specific 

effects on ABA-inducible gene expression; to overexpress novel, hypothetical 

effectors in protoplasts and study their functional interactions with known 

signaling components to integrate them into ABA signaling pathway(s); to take a 

reverse-genetic approach and study the effects of ABA-responsive gene knock

outs to understand the gene function. 
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Fig. 1.1 Extracellular or intracellular hormonal signal perception and transduction. 
Signals bind to receptors on cell surface (ligand 1) or inside the cytoplasm (ligand 
2). Letters represent: V, vacuole, N, nucleus, C, chloroplast (Adapted from 
Trewavas, 2000). 
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Fig. 1.2 Model for Aux/IAA action (Adapted from Kepinski and Leyser, 2002). 
Aux/IAAs form a variety of dimers with both ARFs and other Aux/IAAs. The 
equilibrium of these dimerization events has the potential to alter gene 
expression from Auxin Response Elements (AuxREs) in auxin-responsive 
promoters. Auxin regulates both the degradation of Aux/IAA proteins and the 
transcription o1 Aux/IAA genes. 
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Fig. 1.3 Model of the cytokinin signal transduction pathway in Arabidopsis 
(adapted from Sheen, 2002). Cytokinin signal is perceived externally or internally 
by multiple histidine protein kinases at the plasma membrane. On perception of 
the cytokinin signal, histidine protein kinases initiate a signalling cascade through 
the phosphorelay that results in the nuclear translocation of AHP proteins from 
the cytosol. Activated AHP proteins interact with sequestered ARR proteins or 
ARR complexes, and release the activation type of ARR proteins from putative 
repressors in the nucleus. The liberated ARR proteins bind to multiple cis-
elements in the promoter of target genes. The transcription activation is essential 
for cell proliferation, shoot formation and delayed leaf senescence. Activation of 
the repressor-type of ARR genes as cytokinin primary response genes provides 
a negative feedback mechanism. RD, response domain; BD, DNA-binding 
domain; AD, transcription activation domain. PM, plasma membrane; N, nucleus; 
R, putative repressor; H, histidine; D, aspartate. 
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Fig. 1.4 A model for the ethylene response pathway in the regulation of gene 
expression (adapted from Guo and Ecker, 2004). Please see the text for more 
details. (?) represents an unknown factor or element. Arrows and t-bars 
represent positive and negative effects, respectively. Solid lines indicate effects 
that occur through direct interaction whereas dotted lines indicate effects that 
have not yet been shown to occur through direct interaction. 
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Fig. 1.5 GA and ABA interact with each other in bariey aleurone cells. (A) GA 
response pathway leading to gene expression in aleurone cells (adapted from 
Olszewski et al., 2002). (B) ABA induces HvA1/HvA22 promoters and activates 
PKABA1 which in turn inhibits GAMyb action (Zentella et al., 2002). Please see 
the text for detailed explanation. 
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Fig. 1.6 ABA signaling in guard cells (adapted from Hetherington, 2001). 
Overview of some of the intermediates (yellow boxes) known to be involved in 
ABA signal transduction pathways responsible for the regulation of stomatal 
aperture. Difficulties in placing these elements in a linear sequence and the 
requirement to control multiple processes (red boxes) contributing to the control 
of stomatal aperture (green box) leads to the suggestion that guard cell signaling 
pathways are arranged as networks. Abbreviations: AtRacI, a Rho family 
GTPase; ROS, reactive oxygen species; S1P, sphingosine-1-phosphate; ICa, a 
plasma membrane calcium permeable channel; MAPK, a MAP kinase; AAPK, an 
ABA activated protein kinase; Ga, the a-subunit of a heterotrimeric G protein; Nt-
Syr1, a syntaxin involved in membrane trafficking; PLC, phospholipase C; PLD, 
phospholipase D; cADPR, cyclic adenosine diphosphoribose; IP6, inositol 
hexakisphosphate (note, this compound has not yet formally been shown to 
elevate guard cell Ca^"); ABH1, a mRNA cap binding protein; ABM and ABI2, 
type 2C phosphoprotein phosphatases; and GCA2, currently unidentified. 
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Fig. 1.7 Scheme of signaling pathways that interact with the ABA regulation of 
germination (taken from Finkelstein et al., 2002). Arrows represent promotion of 
processes or expression of the regulators. Bars represent inhibitors of the 
indicated processes. The positions of loci do not imply the order of gene action. 
Genes PKABA1, GAMyb and SLN1 are from bariey. 
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CHAPTER II 

PROTOPLAST TRANSIENT ASSAY SYSTEM 

2.1 Introduction 

Different genetic transformation methods, such as Gene Gun/particle 

bombardment. Polyethylene Glycol, and electroporation, for transient gene 

expression were developed to introduce genes of interest into suspension cells, 

bartey aleurone and protoplasts. However, not a single method can be efficiently 

applied to all plants/ tissues. 

Protoplasts are plant cells without cell walls, i.e., the cell walls have been 

enzymatically removed. They are competent to accept foreign DNA and 

transiently express heterologous transgenes. Transient gene expression systems 

in protoplasts offer a wide range of advantages. Protoplasts show physiological 

perceptions and responses to hormones, metabolites, environmental cues, 

pathogen-derived elicitors, and pharmacological agents (Sheen, 2001). 

Hormonal responses have been extensively studied using the protoplast 

transient expression systems in various plant species. For example ABA, auxins, 

cytokinins, and gibberellins, when added to protoplasts transformed with reporter 

genes driven by hormone-responsive promoters, show inducible gene expression 

and interactions of different signaling effectors. Therefore protoplasts can be 

used to test and critically validate interactions of hypothetical signaling 

components (Moore et al., 2003; Yanagisawa et al., 2003; Asai et al., 2002, 
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2000; Hwang and Sheen, 2001; Kovtun et al., 1998). Using Arabidopsis 

protoplasts, Coursol et al. (2003) have shown that sphingosine-1-phosphate 

(SIP) is involved in ABA regulation of guard cell turgor. Carrot protoplasts were 

used to elucidate different domains responsible for auxin-mediated transcription 

(Tiwari et al., 2003). In bartey aleurone cells, transcription factors HvABI5 

(Hordeum yulgare ABA-1NSENSITIVE5) and HvVPI (Hordeum yulgare 

yiVIPAROUSl) were shown to interact synergistically to activate ABA-inducible 

gene expression, but have no effect on ABA-suppression of a-amylase 

expression (Caseretto and Ho, 2003). Using an Arabidopsis protoplast transient 

assay system, Uno et al. (2000) have demonstrated that bZIP transcription 

factors AREB1 and AREB2 (ABA Responsive Element Binding Proteins) function 

as transcriptional activators in the ABA-inducible expression of rd29B promoter. 

Because of ease of manipulation and high throughput of transient gene 

expression assays, protoplasts are a good model system to address the 

molecular mechanisms of ABA and other hormone and stress responses. 

Isolation, transformation and culturing of protoplasts had been reported from a 

variety of plants (reviewed by Sheen, 2001). 

We previously isolated rice protoplasts from embryogenic suspension 

cultures, but the cultures were difficult and expensive to maintain. Furthermore, 

suspension cultures accumulate somaclonal variations over repeated 

subculturing, which raise issues about reproducibility and stability of the system. 
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Therefore, we have opted to develop comparable systems in maize and 

Arabidopsis. 

2.2. Methods 

2.2.1 Isolation of rice protoplasts 

Protoplasts were isolated from either suspension cultures or callii 

according to Marcotte et al. (1988) with modifications. Suspension cultures and 

callii were grown in liquid medium or on phytagel plates. Plant material was 

subcultured every week and only freshly inoculated cultures were used for 

isolation of protoplasts. One liter of liquid MS medium contained 3% sucrose, 10 

ml of lOOx Bs vitamins, MS salts and 0.5 mg/ml 2, 4-D. I tested the digestibility of 

tissue, transformation efficiency and response to ABA and found that 3-day-old 

cultures gave the best responding protoplasts (data not shown). Rice suspension 

cells were harvested from a freshly grown liquid culture by spinning at 700 rpm 

on a bench top centrifuge in 50 ml falcon tubes. The supernatant was removed 

and the cell mass was weighed and incubated with enzyme solution with a ratio 

of 1g of cell mass to 4 ml enzyme solution. The enzyme mix contained in 100 ml, 

2g cellulose YC, O.S5g Macerozyme RIO, 100 mg pectolyase (Karian Research 

products, Santa Rosa, CA), 10 ml lOx Ne major salts, 1 ml 100x Ne minor salts, 

13g mannitol and the pH adjusted to 5.6 with 1M HCI and filter sterilized. After 

incubation at room temperature for 16 hr in dark on a rotary shaker, protoplasts 

were sieved through 70 pm nylon mesh and equal volume of krens solution (1L 
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contained 8.19g NaCI, O.S725g KCl, 18.S76g CaCb, 0.9g glucose, 2.S8Sg 

HEPES and pH adjusted to 5.8 and filter sterilized) was added and were spun 

down at 700 rpm for 5 minutes. The pellet was washed twice and was 

resuspended in 20 ml krens solution. The protoplasts were counted using the 

haemocytometer and the viability was measured using fluorescein diacetate. 

2.2.2 Protoplast viability assay 

Cell viability was determined from an aliquot of protoplasts treated 5 min 

with 0.01% (w/v) fluorescein diacetate (Molecular Probes, Eugene, OR). 

Protoplasts were excited at 488nm UV light and fluorescence was detected by 

either flow cytometry or using an epifluorescent microscope (see subheading 

2.2.11). 

2.2.3 Plasmid constructs 

pBM207 (Hill et al., 1996) contains the 650 bp wheat Em promoter driving 

uidA expression (GUS). pAHC18 contains the 2.0 kb maize Ubiquitin promoter 

driving firefly luciferase (LUC, Bruce and Quail, 1990)) and was included as an 

internal reference for non-ABA-inducible transient transcription. pCR559 contains 

the Em promoter driving a modified GFP (sGFP) with preferred codons and the 

S65T mutation that gives enhanced fuorescence, faster chromophore formation 

and slower photobleaching (Chiu et al., 1996). It was made by ligation of the 3.3 
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kb Ncol-EcoRI fragment of pBM207 and the 1.0 kb Ncol-EcoRI fragment of 

p35SC4PPDK-sGFP(S65T) containing the nos terminator (Chiu et al., 1996). 

2.2.4 Transformation of rice protoplasts 

Transformation of rice protoplasts was done according to Maas et al. 

(1995). Approximately 3 million protoplasts in 300 pi volume were transformed 

with reporter constructs alone or in combination with effector constructs using 

Polyethylene Glycol (100 ml of PEG mix contained 2.0Sg MgCl2.6H20, 8.2g 

Mannitol, 0.477g HEPES, 25g PEG1540, adjusted to pH 6.0 with KOH and filter 

sterilized). DNA (60 pg Em-GUS/Em-GFP constructs, 20 pg Ubi-L\JC and 40 pg 

of effector constructs) was added in the center of the Petri plate and six 100 pi 

drops of PEG were placed around the DNA at equidistance. 300 pi of protoplasts 

were added to the DNA and mixed with drops of PEG each for 10 sec and finally 

incubated in dark for SO min. The transformation reaction is stopped by adding 5 

ml of Krens solution and the mix was spun at 700 rpm for 3 min and PEG was 

removed. The protoplast pellet was incubated with ABA and/or pharmacological 

agents in dark for 16 hr and processed for reporter enzymatic assays or flow 

cytometry (Fig. 2.1). 

2.2.5 Plant material for isolating maize protoplasts 

Maize seeds genotype FR37cms X FR49 (Illinois Foundation Seed Inc., 

Champaign, IL) were imbibed in deionized water overnight and sown in 
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Arabidopsis potting soil. They were germinated in constant light for 4 days at 

2S°C and are moved to dark chambers when the seedlings are 1-2 cm long. The 

age of the plants and growth conditions were observed to be critical for the 

successful isolation of protoplasts. Initially, light grown green seedlings of maize 

were used for enzyme digestion and observed that the protoplast quality and 

their resistance to withstand high voltages were not on par with those of 

protoplasts isolated from etiolated seedlings. Moreover, the purity of protoplasts 

is compromised because of a high number of chloroplasts (data not shown). 

2.2.6 Isolation of protoplasts from maize 

Protoplast isolation was done according to Sheen (2002a, b) with 

modifications. The midrib region of the secondary leaves was removed and 

several leaves are piled and sliced into 0.5-1 mm thick strips using a fresh razor 

blade. These strips were then incubated with enzyme solution in a 125 ml conical 

flask (enzyme to tissue ratio, 25 ml/SO leaves) in aluminium foil and digested with 

continuous shaking on a platform shaker at 40 rpm. Keeping the flask in vacuum 

before shaking for SO min was optional and only increased the protoplast yield 

slightly. Yield and quality of protoplasts were often checked to make sure 

digestion was progressing. After 90 min, speed of the shaker was increased to 

80 rpm for 1 min to enhance the yield of the protoplasts. The enzyme solution 

was sieved through 70 pm nylon mesh (Carolina Biologicals) and was spun at 

700 rpm for 5 min. The pellet was washed twice to remove all the traces of the 
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enzyme and finally resuspended in 20 ml wash and incubation solution (0.6 M 

mannitol, 4mM MES and adjusted to pH 5.7). Protoplasts were kept on Ice until 

further use. They were tested for viability using the FDA staining and counted 

using a Haemocytometer as described previously for rice protoplasts. 

2.2.7 Preparation of enzyme solution 

The enzyme mixture contained 1.5% cellulase RS, 0.3% macerozyme 

RIO, 0.6 M mannitol, 10 mM MES and adjusted to pH 5.7. The enzyme solution 

was heated at 50°C for 5-10 min to inactivate proteases and accelerate enzyme 

solubility. It was cooled to room temperature and 1 mM CaCb, 5 mM |3-

mercaptoethanol and 0.1% BSA were added. The clear solution was filter-

sterilized and stored at 4°C. 

2.2.8 Transformation of maize protoplasts 

Maize protoplasts were transformed by both PEG and electroporation 

techniques. I found that electroporation works well with maize protoplasts and 

thus different conditions for electroporation were standardized. Approximately 

50,000 protoplasts in 300 pi volume were mixed with DNA and transferred to 

prechilled 0.4 mm cuvettes (BioRad). They were kept on ice for 10 min and were 

electroporated (400 V, 200 pF and two pulses). After electroporation, the 

cuvettes were incubated on ice for 10 min and protoplasts were transferred to 

Eppendorf tubes where they were incubated with either wash solution only or 100 
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pM ABA made in wash solution. After 16 hr incubation in the dark, protoplasts 

were processed for enzymatic assays as previously described for rice 

protoplasts. 

2.2.9 Isolation of Arabidopsis protoplasts 

Arabidopsis seeds (Ler and Col) were stratified for three days and sown 

on Arabidopsis potting soil. The seedlings were grown for three weeks under 

constant light at 22°C and well-expanded rosette leaves were harvested for 

protoplast isolation. Several leaves were piled up and sliced into 0.5-1 mm strips 

and incubated in enzyme solution (1-1.5% cellulase RIO, 0.2-0.4% macerozyme 

RIO, 0.4 M mannitol, 20 mM KCl, 20 mM MES, 10 mM CaCb, 5 mM 

P-mercaptoethanol, 0.1% BSA and pH adjusted to 5.7) in the same way as 

previously described for maize protoplasts. After harvesting, Arabidopsis 

protoplasts were washed in washing & incubation (Wl) solution (0.5 M mannitol, 

4 mM MES-pH 5.7 and 20 mM KCl) and transformation was carried out with 

PEG. 

2.2.10 PEG -mediated transformation of 
maize and Arabidopsis protoplasts 

Approximately 50,000 protoplasts in 300 pi volume were mixed with 20-50 

pi DNA and 300 pi PEG solution (10 ml contained 4g PEG4000 from Fluka, 3 ml 

H2O, 2.5 ml 0.8 M mannitol, 1 ml 1 M Ca(N03)2 or CaCb)) and incubated at room 

temperature for 30 min. Protoplasts were spun at 800 rpm for 3 min and residual 
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PEG was removed. The pellet was resuspended in 300 pi wash solution to which 

equal volume of ABA was added. For Arabidopsis protoplasts, after 

transformation with PEG, Wl solution was added as described above. 

2.2.11 Reporter enzyme assays 

Protoplasts were lysed in 250 pL of lysis buffer, spun at maximum speed 

for 3 minutes in a micro centrifuge and the supernatant retained. Luciferase 

substrate was prepared according to the manufacturer's instructions (Promega, 

Madison, Wl). 10 pi of sample extract was mixed with 50 pi of substrate and 

luciferase activity measured on a Zylux FB15-luminometer (Fischer Scientific, 

Pittsburgh, PA). 

GUS activities of the samples were determined (Jefferson, 1987), using 4-

methylumbelliferone glucuronide (Rose Scientific, Edmonton, Alta., Canada) as 

substrate dissolved in 50 mM NaPi, pH 7.0, 10 mM EDTA, 0.1% (v/v) Triton X-

100, 3.4 mM N-lauryl sarcosine and 10 mM 2-mercaptoethanol. The relative 

reporter gene activity was represented as the ratio of GUS to LUC activities, 

expressed in units of 4-methylumbelliferyl fluorescence/40 ^1 extract/h and 

photons/10 1̂1 extract/min, respectively. 

Flow cytometry of protoplasts was performed on a Becton Dickinson (San 

Jose, CA) FACS Vantage dual beam instrument equipped with a 200 pm nozzle 

and Lysis II acquisition and analysis software. The excitation wavelength for flow 

cytometry was 488 nm (UV light). Fluorescence emission detection was done 
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with a Fluorescein iso thiocyanate (FITC) 530/30 mm filter set. For GFP 

expression analysis both live cells, as well as, cells fixed in 2% 

paraformaldehyde were used. Krens solution was used as a sheath fluid in FACS 

machine. Ten thousand protoplasts were gated and their weighted fluorescence 

[Fluorescence intensity (*) number of protoplasts expressing GFP]/ total number 

of gated protoplasts) was calculated to measure Em-GFP activity (Desikan et al., 

1999). 

2.3 Results 

2.3.1 ABA dose-response of Em-GUS expression 

To characterize the maximal and specific effects of pharmacological 

agents on ABA-inducible expression, it was considered important to perform 

interaction experiments with concentrations of exogenous ABA that are 

physiologically relevant. Therefore, an ABA dose-response of Em-GUS 

expression was performed. The results are shown in Fig. 2.2. There was a log-

linear relationship of ABA concentration to Em promoter expression up to 100 

pM, with a correlation coefficient of r =0.92. There was a significant increase (P < 

0.0005) in Em-GUS transcription in response to 1 pM ABA treatment. The 

maximal induction of Em-GUS (28-fold) was observed with 100 pM ABA 

treatment. The slight decrease in relative Em-GUS induction observed with 

saturating (200 pM) ABA concentration may have been caused by a negative 

effect of high ABA concentrations on protoplast viability (Hagenbeek et al., 2001). 
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2.3.2 Flow cytometric analysis of Em-GFP expression 

Protoplasts are heterogenous populations and looking at individual cell 

response to ABA and finding the actual number of transformed protoplasts may 

answer some of the questions related to low transformation frequencies and 

sensitivity towards ABA. Flow cytometry was used to analyze Em-GFP 

expression in rice protoplasts and the results were presented in Fig. 2.3. Similar 

to the results obtained with Em-GUS construct (Fig. 2.2), 100 pM ABA was able 

to significantly induce Em-GFP expression. When compared to untreated control, 

100 pM ABA resulted in both an increase in number of protoplasts expressing 

GFP, as well as, their fluorescence intensity (Fig. 2.3 and Desikan et al., 1999). 

2.3.3 GUS and LUC proteins accumulate in rice 
protoplasts in a time-dependent manner 

To measure time-dependent reporter enzyme activities, two time-course 

experiments were done. Replicates of protoplast samples were transformed with 

either Em-GUS or Ubi-L\JC constructs and/or treated with or without 100 pM 

ABA. Aliquots were removed at specific time points 3, 6 and 9 hr and analyzed 

for reporter enzyme activities. The results shown in Fig 2.4 demonstrate that 

GUS protein starts accumulating as early as 3 hr when treated with 100 pM ABA. 

There was a significant difference in GUS activity in samples treated with or 

without 100 pM ABA (Fig. 2.4). Luciferase activity was detected beginning at 3 hr 

time point and continued to increase exponentially up to 9 hr time point (Fig. 2.5). 

Comparing the slopes of GUS and LUC enzyme activity, it can be hypothesized 
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that LUC enzyme activity is different from that of GUS and that LUC accumulates 

faster than GUS (Fig. 2.4 and Fig. 2.5). It was also observed that LUC enzyme 

activity was less stable when compared to the GUS activity (data not shown). 

2.3.4 Standardization of transformation in 
maize protoplasts 

I have tested mesophyll tissues from plants of different age for protoplast 

isolation. Parameters such as digestibility, protoplast response to ABA and 

resistance to withstand electroporation conditions were compared. Etiolated 

mesophyll tissue from 10-12 day old seedlings (having 10-15cm long secondary 

leaves) produced protoplasts that withstood high voltages and responded very 

well to the hormone treatment. Incubating the protoplasts on ice after 

electroporation increased the reporter gene expression measured (data not 

shown). Several parameters such as number of protoplasts, voltage, 

capacitance, resistance and number of pulses given were tested for 

standardizing the protocol. 

Electroporator from BTX Instruments was chosen for standardizing 

electroporation technique for maize protoplast transformation due to the fact that 

different parameters such as voltage, capacitance, and resistance can be 

controlled. First, the amount of capacitance required was standardized, which 

included testing various amounts ranging from 100-400 pF and their respective 

time constants were measured. Tow hundred pF was chosen to be useful for 

transformation experiments based on the fact that it produced the maximum time 
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constant (data not shown). Increasing amounts of voltage was applied to 

protoplasts and their relative transformation efficiency was calculated and 

represented by the LUC activity (Fig. 2.6). With increasing voltage, 

transformation efficiency (in terms of LUC activity) also increased, but only up to 

400V, beyond which transformation efficiency sharply decreased and reached its 

lowest level at 500V. This decrease can be attributed to an observed increased 

number of dying protoplasts (data not shown). The empirical evidence (from the 

manufacturer's protocols) is that the voltage that kills approximately 50% 

protoplasts is considered to be the appropriate voltage at which one can expect 

to obtain maximum gene expression without compromising cell viability. Our 

results support this model (data not shown). 

There is a common misconception that a greater number of protoplasts in 

a transformation aliquot may lead to higher expression levels. I have tested the 

effect of number of protoplasts on the transformation efficiency (Fig. 2.7) and 

observed that expression increased steadily and reached peak levels at 50,000 

protoplasts, but decreased at higher concentrations (Fig. 2.7). This result 

demonstrates that the ratio of protoplast number to input DNA is a critical 

parameter in determining the expression levels. Another parameter I tested was 

the number of electric pulses given in electroporation based on the assumption 

that number of pulses would directly influence the amount of DNA uptake and 

subsequently affect the gene expression. Different pulses were applied to 

protoplasts and their relative expression levels were measured. Results shown in 
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Fig. 2.8 demonstrate that two pulses work best when compared to one or three. 

This observation suggests that higher number of pulses kills protoplasts which 

results in lower transformation efficiencies. 

We have used the polyethylene glycol method for rice protoplast 

transformation successfully before and I wanted to find out whether PEG 

technique works better than electroporation or not. Fig. 2.9 shows the results 

from an experiment where same number of protoplasts was transformed using 

both methods with equal amounts of DNA and their relative expression was 

measured and compared (Fig. 2.9). There was apparently no significant 

difference between the expression levels using both methods when only Em-

GUS expression was measured. But interestingly upon induction with 100 pM 

ABA, the difference became obvious and electroporated protoplasts responded 

better than the ones transformed with PEG (there was a 1.75-fold difference in 

activity). In the similar way, when Ubi-ABf3 was cotransformed and induced with 

100 pM ABA, electroporated protoplasts responded well and performed 

approximately 5 times better than their counterparts that are transformed with 

PEG, suggesting that both ABA induction as well as effector transactivation were 

greater when protoplasts were electroporated (Fig 2.9). 

Plant signaling pathways are complex and are conserved among different 

species. To show that effectors can work in heterologous systems, I endeavored 

to develop protoplast transient assays in other plant species. I extended our 

efforts to standardize protoplast transient expression system in Arabidopsis with 

68 



objectives of testing some of the known effector interactions from maize system 

in Arabidopsis to study conservation of ABA signaling mechanisms and compare 

transformation efficiencies among different species to know which system Is 

more robust. Equal numbers of protoplasts from Arabidopsis and maize were 

transformed with the same amount of Ubi-L\JC construct and their relative 

luciferase activities were compared (Fig. 2.10). The results show that maize 

protoplasts were better than Arabidopsis protoplasts in both transformation 

efficiency and transgene expression. There was an 84-fold difference in 

expression between Arabidopsis and maize systems (Fig. 2.10), suggesting that 

maize protoplasts are superior when compared to Arabidopsis protoplasts, and 

can be used for high throughput transient gene expression assays. Although, 

these differences are remarkable, it should be cautiously interpreted as both 

systems were not worked out using the same method, i.e., electroporation and 

PEG work best for maize and Arabidopsis protoplasts, respectively. This also 

calls for a notion that quantitative comparison of transient expression across 

species can be done but the results should be carefully interpreted. 

Nevertheless, I have observed that qualitative functional interactions of ABA 

signaling effectors are highly conserved among diverse plant species and can be 

demonstrated using transient expression system such as protoplasts (please see 

Chapter IV). 
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2.S.5 DNA-dose responses of Em-GUS and 
L/jb/-LUC In maize protoplasts 

For standardizing the amount of input DNA of reporter constructs, I 

characterized their dose-dependent expression in maize protoplasts. Increasing 

amounts of Em-GUS and Ubi-L\JC reporter DNAs were transformed into maize 

protoplasts by electroporation and their respective activities were measured and 

results are shown in Fig. 2.11 and 2.12. Increasing concentrations of Em-GUS 

DNA resulted in a linear increase in GUS activity up to 80 pg DNA. Absence of a 

significant difference between GUS activities measured from 80 pg and 120 pg 

input DNA suggests that the competency of 50,000 protoplasts is saturated at 80 

pg. There was also a sharp decrease in GUS activity beyond 120 pg indicating 

that transformation efficiency is negatively affected beyond 120 pg, which could 

be due to decreased cell viability or transformation efficiency. However, the 

sensitivity towards Ubi-LUC DNA input was totally different from that of Em-GUS. 

The LUC activity increased exponentially and reached its peak at 20 pg of DNA 

input and sharply decreased there after, demonstrating that the ratio of input 

DNA to activity of LUC is different from that of GUS (Fig. 2.11). 

2.3.6 Identifying novel ABA-responsive promoters 
from Arabidopsis 

Similar to the maize protoplast system, several experiments were done to 

standardize different parameters for increased transformation efficiency in 

Arabidopsis protoplasts. These protoplasts were found to be more transformable 
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using the PEG method compared to the electroporation. I endeavored to find 

novel ABA-inducible promoters to be tested in transient systems. 

Supplemental information from Hoth et al. (2002) on Massively Parallel 

Signature Sequences (MPSS) of Arabidopsis (genotype Columbia), was used to 

identify several potential ABA-inducible genes. In collaboration with Dr. Deepa 

Alex, PCR primers were designed with appropriate restriction enzymes and 

promoter sequences were amplified and cloned into a vector, driving the GUS 

reporter gene. These constructs of Promoter-GUS fusions namely, At2g 15960, 

At5g06760, At5g13170, At3g28750, AtSg21520 and At5g66170 were tested for 

the activity and ABA-inducibility in maize protoplasts. Expression from all 

constructs was detectable. One hundred pM ABA induced Em-GUS expression 

to 12.3 fold when compared to the No ABA control. The increase in fold 

difference in GUS activity when treated with ABA was 1.74 and 1.34 for 

At2g15960p-GUS and At5g06760p-GUS constructs, respectively. ABA treatment 

of protoplasts transformed with all other promoter-GUS fusions did not result in 

higher GUS activity compared to the control no ABA treatment (Table 2.1). The 

actual raw GUS activities were higher for Em-GUS when compared to other 

promoter-GUS fusions (data not shown). This result also substantiates our claim 

that Em promoter is a suitable inducible system to study ABA-inducible transient 

gene expression in maize protoplasts. 
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2.4 Discussion 

After the first report of foreign DNA transformation In tobacco protoplasts 

(Aoki and Takabe, 1969), transient expression assays in diverse plant species 

have been extensively utilized to study not only plant hormone signaling 

(Gampala et al., 2002, 2001; Sheen, 2001, 1998; Tena et al., 2001; Hagenbeek 

etal., 2000; Uno etal., 2000; Gubler etal., 1999; Abel and Theologis, 1996), but 

also hydrogen peroxide and elicitor signaling that helped to unravel many 

hypothetical intermediary components which were later integrated into signaling 

pathways. I am interested in various ABA signaling mechanisms and I have 

successfully developed and utilized the rice, maize and Arabidopsis protoplasts 

for studying various functional interactions of different effectors in ABA signaling 

(Chapter IV). 

I have standardized the techniques for transformation in maize and 

Arabidopsis protoplasts and demonstrated that different parameters such as 

voltage, number of protoplasts, amount of DNA and number of pulses all are 

important for high transformation efficiency and transient gene expression levels. 

Transformation levels vary from species to species and we observed that among 

maize, rice and Arabidopsis, highest transformation efficiency is achievable with 

maize protoplasts (data not shown). 

Most importantly, I have shown that protoplasts from diverse species 

namely Arabidopsis (Dicots), and rice and maize (monocots) uptake exogenous 

DNA, express the foreign DNA transiently and respond well to the exogenous 
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hormones such as ABA. The protoplast transient reporter assay system has a 

large dynamic range of ABA sensitivity (Fig. 2.2 and 2.3). This attribute, together 

with the ease of handling large numbers of samples, makes it an ideal system to 

screen and characterize effector molecules that interact with ABA signaling 

pathways. 

I have also standardized the protocols for isolating and transforming 

protoplasts from etiolated maize leaves from plants grown in controlled growth 

chambers. When compared to rice protoplasts, maize mesophyll cells were easy 

to work with for the following reasons. They are easy to Isolate, better withstand 

the high voltage of electroporation conditions, and the efficiency of transformation 

is much higher. We speculate that maize protoplasts will eventually allow the 

elucidation of vegetative-specific ABA transcriptional machinery. Species-specific 

transformation protocols need to be developed. 

Developing protoplast assay systems in different crop species such as 

maize, sorghum, cotton, wheat, Medicago truncatula, etc., will allow us to 

perform functional genomics and obtain useful information regarding 

conservation of hormone signaling across species. Performing microarray 

analysis of global transcriptional profiling using the crop-specific gene chips Is 

also feasible. Most recently, protoplasts have been used to demonstrate dsRNA 

(Double-stranded RNA)-mediated reporter transcript degradation (Han etal., 

2004) suggesting the diverse applications and feasibility of the system. 

Protoplast transient gene expression assay can also be used to test the 
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functional role of mlRNAs in ABA-regulated gene expression. This assay would 

be analogous to the Agrobacterium tumefaciens leaf infiltration assay developed 

for miRNA metabolism (Llave et al., 2002). Protoplasts are a useful tool to 

explore high-throughput functional genomics with the advantage of expressing 

any epitope-tagged gene of interest in Arabidopsis/maize protoplasts and sort the 

transformed cells using the flow cytometry for further characterization. 
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Table 2.1. Effect of ABA on the expression of Arabidopsis promoter- GUS 
fusions. Different promoter-GUS fusions were transformed Into maize protoplasts 
and either treated with zero ABA or 100 pM ABA. The fold difference was 
calculated after normalizing the GUS activity with LUC activity. 

Construct Fold difference from control 

Em-GUS 12.3 

At2g15960p-G[JS 1.74 

At5g06760p-GUS 1.34 

At5g13170p-G\JS 0.48 

/\f3g28750p-GUS 0.73 

At3g21520p-G[JS 0.38 

/\f5sr66^70p-GUS 0.88 
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Fig. 2.1 Transient reporter gene expression in protoplasts. Protoplasts were 
transformed using Poly ethylene glycol (PEG) or electroporation techniques with 
different effector constructs (individually or in combination) and reporter gene 
expression was measured by enzyme assays or flow cytometry according to 
methods described by Desikan et al. (1999). 

76 



c 
s 
u 
a. 

> 

o 
I 

s 

20 

15 

10-

0 

A 

• r=0.92 

• 

-

^ 

(7x)* 

i 1 

(22x) 

(14x) 1 

1 1 

(28x) 

1 
X 

(24x) 

1 10 50 100 

[ABA] (fiM) 
200 

Fig. 2.2 ABA induces Em-GUS expression in a dose-dependent manner in rice 
protoplasts. Numbers in parentheses indicate the fold induction in ABA-inducible 
Em-GUS expression relative to the zero ABA treatment. The correlation 
coefficient (r) for linear regression of fold-induction between 0 and 100 |iM ABA is 
shown. Asterisk (*) indicates significantly different from no ABA treatment, P < 
0.0005 (two-sided Student's t-test, equal variance assumed). Error bars are ± 
S.E.M., three replicates per sample. 
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B 

Fig. 2.3 Flow cytometric analysis of rice protoplasts transformed with ABA-
inducible Em-GFP construct. Ten thousand protoplasts were gated and 
their weighted fluorescence was measured with or without 100 pM ABA 
(Panel A and B, respectively). Cell size and fluorescence intensity were 
plotted. GFP expressing protoplasts were indicated by green dots. 
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Fig. 2.4 Time-dependent accumulation of Em-GUS activity in rice protoplasts. 
Protoplasts were treated with either 100 pM ABA or incubation solution alone. 
Error bars are ± S.E.M., three replicates per sample. 
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Fig. 2.5 Time-dependent accumulation of Ubi-L\JC activity in rice protoplasts. 
Protoplasts were transformed with Ubi-LliC construct and incubated for S, 6 and 
9 hr, respectively, and luciferase activity was detected using a luminometer. Error 
bars are ± S.E.M., three replicates per sample. 
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Fig. 2.6 Standardization of electroporation conditions for maize protoplast 
transformation. Increasing voltage was applied to maize protoplasts mixed with 
Ubi-L\JC DNA. BTX electroporator was adjusted to standard capacitance (200 
pF) and resistance (1S ohms). LUC activity was measured according to the 
protocol described in Methods. Control represents mock transformation (contains 
No DNA). Four replicates were done and average presented. Error bars ± S.E.M. 
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Fig. 2.7 Higher number of protoplasts has a negative effect on transformation 
efficiency. Increasing numbers of protoplasts were transformed with Ubi-LUC 
construct and luciferase activity was measured. Results represent average from 
six replicates. Error bars ± S.E.M. 
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Fig. 2.8 Effect of number of electric pulses on transformation efficiency. Fifty 
thousand protoplasts were subjected to one, two or three pulses and their effect 
on Ubi-LUC expression was measured. Results were from four replicates. Error 
bars + S.E.M. 
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Fig. 2.9 Comparison of transformation efficiency using two methods, namely, 
electroporation and polyethylene Glycol. Fifty thousand protoplasts were 
transformed with Em-GUS and or L/b/'-ABFS constructs, and GUS/LUC relative 
activity was measured. Error bars represent ± S.E.M. 
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Fig. 2.10 Comparison of transformation efficiency between maize and 
Arabidopsis protoplasts using polyethylene Glycol and eletroporation methods 
respectively. Fifty thousand protoplasts were transformed with 20 pg of Ubi-L\JC 
construct. LUC measurement was done according to the methods described 
previously. Error bars represent three replicates ± S.E.M. 
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Fig. 2.11 DNA dose-response of Em-GUS construct in maize protoplasts. 
Increasing concentrations of Em-GUS plasmid DNA were transformed into 
protoplasts by electroporation and GUS activity was quantified. Error bars are + 
S.E.M., three replicates per sample. 
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Fig. 2.12 DNA dose-response of Ubi-LUC construct in maize protoplasts. 
Increasing concentrations of Ubi-L\JC plasmid DNA were transformed into 
protoplasts by electroporation and luciferase activity was quantified using a 
luminometer. Error bars are + S.E.M., three replicates per sample. 
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CHAPTER III 

PHOSPHOLIPASE D IS INVOLVED IN ABA-INDUCIBLE 

GENE EXPRESSION IN PROTOPLASTS 

S.I Role of Phospholipases in Cellular Signaling 

Several labs have successfully used pharmacological agents, commonly 

known as "drugs" or "poisons" to implicate hypothetical intermediary components 

in signal transduction pathways in plants and animals. Pharmacology offers the 

advantages of testing a whole battery of drugs in a relatively short period of time 

to infer hypothetical mechanisms of signaling pathways. This approach when 

combined with a transient assay system, such as protoplasts, helps in generating 

data that is useful in further detailed studies using other approaches (Sheen, 

2001). Pair-wise and multiple combinations of drugs can identify signaling 

components that are in the same or parallel pathways. The activities of over-

expressed ABA signaling effectors are easily and rapidly assayed in protoplasts 

which allow facile analysis of pharmacological agents for Interaction with ABA-

signaling components, as well as characterization of the molecular mechanisms 

of such interactions. 

I am interested in elucidating the role of phospholipases in ABA signaling. 

Three classes of phospholipases, Phospholipase C (PLC), Phospholipase D 

(PLD), and Phospholipase A (PLAi and PLA2) have been well-characterized (Fig. 

S.I A). Phospholipase C (PLC) and phospholipase D (PLD) are 
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phosphodiesterases that hydrolyze phospholipids, producing inositol 1,4,5-

trisphosphate (IP3) and diacylglycerol (DAG), or phosphatidic acid (PA) and the 

head group respectively. PLA hydrolyzes the sn-2 acylester bond of 

phospholipids to free fatty acids and 1-acyl-2-lysophospholiplds (Wang, 2001). 

Phospholipases affect the structure and stability of cellular membranes and 

regulate diverse cellular functions (Wang, 2001). Phospholipases have been 

proposed to play a major role in mediating a wide range of cellular processes in 

plants such as membrane trafficking, membrane degradation, cell proliferation, 

cytoskeletal organization, defense responses, differentiation, reproduction, water 

deficit, and hormone action (Wang, 2001, 1999; Frank et al., 2000; Munnik et al., 

1998). An Arabidopsis PLA MA gene was shown to be induced by cold, salt, UV, 

jasmonic acid, ethylene and abscisic acid (Narusaka et al., 200S). 

Plant PLDs fall into 5 different classes namely, PLDa, PLDp, PLDy, PLD5 

and PLD^ (Qin and Wang, 2002). PLDa is the best characterized of all PLDs and 

was shown to be involved in ABA signaling (Ritchie and Gilroy, 2000, 1998; 

Jacob et al., 1999; Xu et al., 1997; Hirayama et al., 1995). Totally 12 PLD genes 

from Arabidopsis were cloned whose products differ in their catalytic and 

regulatory properties. Plant PLDs, with the exception of PLD^ differ from animal 

and yeast PLDs in having the conserved C2 domain (calcium/phospholipids-

binding fold). Most plant PLDs can act on multiple substrates such as 

phosphatidylcholine, phosphatidylethanolamine and phosphatidylglycerol. 

However, their requirement for calcium is different (Wang, 2001). 
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Three novel PLD genes from rice, designated RPLD3, RPLD4 and RPLD5 

were cloned and shown to be similar to PLD subfamilies of Arabidopsis (McGee 

et al., 200S). Immunolocalization with peptide specific antibodies to each of the 

five PLDs demonstrated that the isoforms have overiapping but distinct patterns 

of distribution in rice cells (McGee et al., 200S). 

Several factors for the hydrogen peroxide-induced PLD stimulation have 

been proposed, including protein kinase C (PKC), tyrosine kinase, mitogen-

activated protein kinase (MAPK) and Ca "̂", but their precise roles remain to be 

defined (Banno and Nozawa, 200S). 

Phospholipase D activation was correlated with microtubule reorganization 

in tobacco BY-2 cells (Dhonukshe, 200S). 1-Butanol inhibited the expression of 

the microtubule reporter GFP-MAP4 and released cortical microtubules from the 

plasma membrane and partially depolymerized. Cell growth and division were 

also inhibited in the presence of n-Butanol. However, phosphatidic acid or 

isomers 2-, and S-Butanol did not affect microtubule organization (Dhonukshe, 

200S). 

PLC and PLD have been implicated in ABA regulation of stomatal 

movements (Jacob et al., 1999; Staxen et al., 1999). Ritchie and Gilroy (1998) 

have shown that application of phosphatidic acid (PA) to bariey aleurone inhibits 

gibberellin-inducible a-amylase production and triggers synthesis of an ABA-

inducible amylase inhibitor. They have also shown in vitro that ABA stimulates 

PLD activity in plasma membrane extracts (Ritchie and Gilroy, 2000). PLC and 
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PLD genes are up regulated by ABA (Hirayama et al., 1995; Xu et al., 1997). 1-

Butanol (1-But), a specific inhibitor of PLD (Munnik et al., 1998; Cross et al., 

1996) inhibits ABA-induced accumulation of the RAB (response to ABA) protein 

(Ritchie and Gilroy, 1998). However, the specificity of PLD action in secondary 

messenger formation and ABA-regulated gene expression is far from 

understood. 

Interactions of G-protein and PLD-mediated signaling pathways have 

been recently elucidated. PA induces leaf cell death in Arabidopsis by activating 

the Rho-related small G protein GTPase-mediated pathway of reactive oxygen 

species generation (Park et al., 2004). In response to PA, transgenic leaves of 

Arabidopsis expressing a constitutively active rop2 mutant exhibited eariier cell 

death and higher levels of ROS than wild type, whereas those expressing a 

dominant-negative rop2 mutant exhibited later cell death and lower ROS. 

However, in the absence of exogenous PA, no spontaneous cell death or 

elevated ROS was observed in constitutively active rop2 plants, suggesting that 

the activation of ROP GTPase alone is insufficient to activate the ROP-mediated 

ROS generation pathway. These results indicate PA-modulation of additional 

factors required for the active ROP-mediated ROS generation pathway involved 

in various stress and defense responses of plants (Park et al., 2004). Kim et al. 

(2004) have shown that a rac-like small G-protein Brad from Brassica 

campestris activates a PKC-dependent phospholipase D. 
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I am interested In the cell biology of ABA signal transduction, from events 

at the cell surface such as ligand binding (Desikan et al., 1999), through 

secondary messengers such as calcium, IP3, and cyclic ADP ribose (Wu et al., 

1997), to changes in gene expression. Protoplast transient assay system allows 

facile analysis of pharmacological agents for interaction with ABA-signaling 

components, as well as characterization of the molecular mechanisms of such 

interactions. In the present study, I have obtained pharmacological evidence that 

PLD functions in ABA-inducible reporter gene expression in rice and acts 

downstream of the ABA effector lanthanum. VP1-transactivation of ABA-inducible 

promoters is inhibited by 1-Butanol, and the extent of 1-Butanol inhibition is 

comparable to that effected by coexpression of the dominant negative abi1-1 

protein. These results are consistent with genetic studies showing an ABA 

requirement for VP1 action and suggest that PLD and abi1-1 act upstream of 

VP1 on a single ABA-signaling pathway. 

S.2 Methods 

S.2.1 Plant materials 

Embryonic rice suspension cultures {Oryza sativa L. cv IR-54) were kindly 

provided by Dr. W.M. Marcotte Jr. (Clemson University, Clemson, SC) and 

propagated in MS basal medium (Murashige and Skoog, 1962). Three days after 

subculturing, protoplasts were prepared and transformed with various mixtures of 

DNA constructs using polyethylene glycol precipitation as previously described 
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(Hagenbeek et al., 2000; Desikan et al., 1999). Aliquots of transformed 

protoplast samples were treated with or without pharmacological agents and ABA 

for 18 h in dark in a final volume of 0.8 ml of Krens solution (Marcotte et al., 

1988). 

S.2.2 Plasmid constructs 

Plasmid pBM207 contains the wheat {Triticum aestivum) Early 

Methionine-labeled {Em) promoter driving (GUS, p-glucuronidase encoded by 

uidA from E.coli; Marcotte et al., 1988). Plasmids pQS264 and pLSP contain the 

barley {Hordeum vulgare) Hva1 and Hva22 promoters driving GUS expression, 

respectively (Shen and Ho, 1997). Plasmids pBMS14 and pAHC27 contain the 

cauliflower mosaic virus S5S promoter {35S) and maize Ubiquitin {Ubi) promoter 

driving GUS expression, respectively (Marcotte et al., 1988; Christensen and 

Quail, 1996). Plasmid pCRS49.1SS contains the 35S promoter driving VP1 

sense cDNA (Hill et al., 1996). Plasmid pG2 encodes the chimeric Cauliflower 

Mosaic Virus S5S -maize C4 pyruvate orthophosphate dikinase {Ppdk35S) 

promoter driving the coding region of the Arabidopsis thaliana abi1-1 dominant 

negative G180D mutant allele (Sheen, 1998). Plasmid pDirect 2.6 contains the 

Ubi promoter in a reversed orientation and was used as control construct to 

balance the total amount of input plasmid DNA between various treatments. 

Plasmid pAHC18 contains the Ubi promoter driving firefly luciferase (LUC; 

Christensen and Quail, 1996) and was included in transformations to provide an 
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internal reference for non-ABA-inducible transient transcription In reporter 

enzyme assays. 

S.2.S Chemicals 

1-Butanol was obtained from Acros Organics (New Jersey). 2-Butanol was 

from Nacalai Tesque, Inc. (Kyoto, Japan). Synthetic abscisic acid {{+)-cis, trans-

abscislc acid) and lanthanum chloride were obtained from Sigma (St. Louis, MO). 

ABA was dissolved and stored in absolute ethanol at -20°C as a 0.1 M stock 

solution. Prior to use, required dilutions of ABA were made in Krens solution, and 

control samples received the same volumes of solvents as in ABA treatments. 

S.2.4 Functional assays 

Protoplasts were transformed with polyethylene glycol, and were 

incubated for 16h with ABA and/or pharmacological agents. Viability assays were 

done on protoplasts before they were processed for reporter enzyme assays. 

Viability assay and reporter enzyme assays were described in details in a 

previous chapter (methods section of Chapter II). 

S.2.5 Phospholipase D enzyme assay 

The PLD assay was modified from Wang et al. (199S). PLD was assayed 

using the fluorescent dye labeled Phosphatidylethanolamine (7-nitro-2-1,S-

benzoxadiazol-4-yl (NBD)-PE, Avanti Polar Lipids, AL). A 200 pi reaction 

contained 12.5 nmole NBD-PE, 100 mM MES/NaOH (pH 6.5), 50 mM CaClz, 0.5 
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mM SDS, and 20 pi diluted enzyme solution. The reaction was initiated by adding 

the NBD-PE to the mix and the tubes were incubated at 30°C with gentle 

shaking. The reaction was stopped by adding 1 ml of chloroform/methanol (2:1, 

v/v). After vortexing and centrifuging at 12,000 rpm, 100 pi of aqueous phase 

was measured for fluorescence at 480/5S4 nm using Cytofluor II microplate 

spectrofluorometer (Molecular Dynamics, Sunnyvale, CA, USA). NBD-labeled 

head group is cleaved by the action of PLD and the amount of NBD fluorescence 

in the aqueous phase is considered directly proportional to the PLD activity 

(Wang etal., 199S). 

S.S Results 

S.S.I Screening for drugs that affect ABA signaling 

Several labs have successfully used pharmacological studies to probe 

hypothetical signaling components. Using inhibitors of protein phosphatases and 

kinases in pea epidermal cells. Hey et al. (1997) have shown that ABA regulation 

of both dehydrin mRNA accumulation and stomatal responses require protein 

phoshorylation. In guard cells, inhibitors of farnesyltransferase a-

hydroxyfarnesylphosphonicacid and manumycin were shown to activate the 

ABA-induced anion efflux and stomatal closure (Pei et al., 1998). ABA-mediated 

stomatal closure is mediated by cyclic ADP-ribose and Is inhibited by nicotinimide 

or 8-amino-cADPR (Leckie et al., 1998). Monensin and brefeldin A (BFA), 

inhibitors of Golgi-mediated protein secretion, rapidly perturb the transport 
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catalytic activity of specific plasma membrane-associated efflux carriers for 

indole-S-acetic acid (lAA) and inhibit polar transport of lAA (Morris and Robinson, 

1998). Studies with Clostridium botulinum type C toxin have demonstrated that 

the drug disrupts a syntaxin SYR1 that prevents the ion channel response to 

ABA in guard cells (Leyman et al., 1999). Using a splroketal-macrolide, 

Yokonolide B, Hayashi et al. (200S) have shown that the drug inhibits the 

expression of auxin-inducible genes and blocks degradation of AUX/IAA proteins 

suggesting Yokonolide B specifically inhibits auxin action. 

I have tested various pharmacological agents or drugs that are known to 

affect fast ABA signaling components and measured their effects on slower ABA-

inducible {Em, HVA1, HVA22, and ^-Phas) and non-ABA-inducible promoters 

{35S, Ubiquitin). The hypothesis is that pharmacological agents that affect ABA 

signaling would result in changes in ABA-inducible reporter gene expression. 

Staxen et al. (1999) have showed that PLC inhibitors such as U-7S122 

antagonize ABA-responses in guard cells. However an inactive isomer U-7S12S 

did not show such response suggesting the specificity of inhibition by U-7S122. 

The tyrosine phosphatase inhibitor phenylarsine oxide can completely block 

ABA-induced MAP kinase activation and rab16 gene expression suggesting that 

ABA activates MAP kinase via a tyrosine phosphatase and is a prerequisite for 

ABA induction of Rab16 gene expression (Munnik et al., 1995). Brefeldin A (BFA) 

disassembles Golgi and prevents trans-Golgi vesicular budding, and hence 

interferes with the transport of glycoproteins to the plasma membrane where they 
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can be incorporated and become functional (Morris and Robinson, 1998). Since 

there is evidence for the involvement of plasmamembrane-glycoprotein in ABA 

signaling (Desikan et al., 1999), BFA could be tested for Its ability to block ABA 

signaling in protoplasts. 

I have tested Brefeldin A, U-7S122 and Phenylarsineoxide for their 

potential effects on ABA-inducible gene expression without much success. BFA 

concentrations up to 5 pM did not inhibit ABA-inducible gene expression and did 

not affect protoplast viability (data not shown). This conclusion was established 

by conventional GUS/LUC assays initially and later by repeating the same 

experiment with Em-GFP and detection of ABA-inducible expression by flow 

cytometry (data not shown). To actually claim that BFA has no effect on ABA 

signaling in protoplasts, the effect of BFA on activity of plasmamembrane specific 

markers could be measured to show that the drug is working. 

Micromolar concentrations of U-7S122, which is a known inhibitor of PLC, 

were found to have a small inhibitory effect on ABA-inducible Em-GUS 

expression, and a structurally similar negative control, U-7SS4S had no effect on 

ABA signaling (data not shown). In the similar context, Phenylarsineoxide, a 

proven inhibitor of tyrosine phosphatases in plants (Kretsch et al., 1996), was 

found to have a small inhibitory effect on ABA- inducible Em-GUS expression 

(data not shown). 

These results were not statistically significant and prompted me to screen 

for additional drugs. One of the candidates was 1-Butanol (1-But), a specific 
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inhibitor of phospholipase D (PLD) and known to inhibit ABA-responses in barley 

aleurone and Vicia faba guard cells (Jacob et al., 1999; Ritchie and Gilroy, 1998). 

S.S.2 1-Butanol specifically inhibits ABA-inducible 
Em-GUS expression 

PLD is competitively inhibited by 1-Butanol due to its ability to transfer the 

phosphatidyl moiety of the substrate to 1-Butanol instead of water, producing 

phosphatidylbutanol that can be used as a quantitative assay of PLD activity 

(Munnik et al., 1995). The trans-phosphatidylation reaction is unique to PLD, 

making 1-Butanol a suitable pharmacological agent to study PLD-regulated 

processes (Cross et al., 1996; Munnik et al., 1995; Yang et al., 1967). In order to 

test the role of PLD in ABA signaling in rice embryonic tissue, I measured the 

effect of various concentrations of 1-Butanol on ABA-inducible gene expression 

in protoplasts at a sub-saturating concentration (1 pM) of ABA. The results are 

shown in Fig. S.2. 1-Butanol antagonized ABA-inducible Em-GUS expression in a 

dose-dependent manner. Significant inhibition of ABA-induced Em-GUS 

expression was seen with 0.01% (v/v) 1-Butanol (P < 0.01). The maximum 

inhibition of Em-GUS expression (85%) was observed with 0.2% 1-Butanol 

treatment. There was a good linear correlation (r = 0.88) between inhibition of 

Em-GUS expression and 1-Butanol concentration. The 1-Butanol effect was 

specific for ABA-inducible Em promoter activity because the non-ABA-inducible 

promoter constructs Ubi-GUS (data not shown) or 35S-GUS (Fig. S.2; P > 0.S4) 

were not significantly affected. 
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S.S.S 1-Butanol does not significantly affect 
protoplast viability 

Since pharmacological agents used at high concentrations have negative 

effects on cell viability, it was important to rule out the trivial possibility that 1-

Butanol affected transcription by a general decrease in cell activity. The results of 

an experiment to correlate protoplast viability with 1-Butanol doses are shown in 

Table S.I. Treatment of protoplasts with 0.5% 1-Butanol decreased cell viability 

26% from untreated control cells, whereas 0.01% 1-Butanol, a concentration that 

antagonized Em-GUS expression significantly (Fig. S.I), decreased cell viability 

only 6% (P> 0.2). These results indicate that 1-Butanol inhibition of ABA-

inducible gene expression is not due to its effect on cell viability. 

S.S.4 Increasing concentrations of ABA decrease the 
inhibition of Em-GUS expression by 1-Butanol 

In order to provide insight into the interaction of ABA and PLD signaling, 

the effect of 1-Butanol on the dose-dependence of ABA-inducible gene 

expression was tested. Results are shown in Fig. S.S. In response to increasing 

concentrations of ABA, the inhibition of Em-GUS caused by 0.1% 1-Butanol 

steadily decreased from above 50% at sub-saturating ABA concentrations to 

29% at a saturating concentration (lOOpM) of ABA (Fig. S.S). The linear 

correlation coefficient between 1-Butanol inhibition of Em-GUS expression and 

ABA concentration was r =-0.92. 
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S.S.5 1-Butanol antagonizes expression of the 
ABA-inducible Hva1 and Hva22 promoters 

I extended our experiments to include the ABA-inducible promoters Hva1 

and Hva22 (Shen and Ho, 1997). Fig. S.4 shows results of 1-Butanol (0.1%) 

inhibition experiments on promoters induced by ABA. 1-Butanol significantly 

antagonized expression of the ABA-inducible Em-GUS, Hva1-G\JS and Hva22-

GUS reporter constructs (P < 0.04), albeit to different extents (Fig. S.4). 

S.S.6 The biologically inactive PLD Inhibitor 2-Butanol 
does not affect ABA-inducible Em-GUS expression 

I sought further evidence for the specificity of 1-Butanol effects on PLD 

activity by testing a non-active isomer of Butanol, 2-Butanol (Jacob et al., 1999; 

Ritchie and Gilroy, 1998; Cross et al., 1996; Munnik et al., 1995), for antagonistic 

activity against ABA-inducible gene expression. The results are shown In Table 

S.2. Increasing concentrations of 1-Butanol (P < 0.0002), but not 2-Butanol (P > 

0.25), significantly inhibited ABA-inducible Em-GUS expression (Table S.2). 

3.S.7 Effect of 1-Butanol on ABA, VP1, and 
lanthanum transactivation of Em-GUS expression 

In order to place the site of action of PLD in an ABA signaling cascade, I 

performed interaction studies between 1-Butanol and two agonists of ABA-

inducible gene expression, the transcription factor VP1 and the trivalent ion 

lanthanum (Hagenbeek et al., 2000; Hill et al., 1996; Rock and Quatrano, 1996; 

McCarty et al., 1991). The results are shown in Table S.S. Over-expression of 
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VP1 by co-transformation of the 35S-VP1 cDNA construct transactivated Em-

GUS expression by 20-fold and acted in synergy with a subsaturating 

concentration of ABA to give 40-fold transactivation. 1-Butanol treatment of co-

transformed protoplasts resulted in significant antagonism of 35S-VP1 

transactivation and ABA+ 35S-VP1 synergy to a similar extent as 1-Butanol 

inhibition of ABA-induction alone (Table S.S). Lanthanum ion treatment (1 mM) 

activated Em-GUS expression by 4-fold, and a SO-fold synergistic Induction was 

observed in response to 10 pM ABA plus lanthanum treatment. 1-Butanol also 

significantly inhibited Em-GUS expression induced by lanthanum or lanthanum 

plus ABA in synergy (Table S.S). 

S.S.S Measuring the activity of Phospholipase D 

I endeavored to set up an in vitro assay for ABA modulation of PLD 

activity in plasma membrane preparations as described in Ritchie and Gilroy 

(2000), with a view to integrate my lanthanum and ABA functional results into a 

putative plasmamembrane model of ABA receptor action. Table S.4 data shows 

that there was a high background activity and low sensitivity of the PLD assay 

when pert'ormed as described with commercially available reagents and PLD 

enzyme. Results of PLD assays with whole rice cell extracts (Table S.5) are 

consistent with the low sensitivities observed with commercially available control 

enzymes. Further work is required to establish this method as a viable assay for 

in vitro studies on an ABA receptor. 

101 



s.4 Discussion 

I have demonstrated here that 1-Butanol, a specific Inhibitor of PLD 

(Jacob et al., 1999; Munnik et al., 1998; Ritchie and Gilroy, 1998; Cross et al., 

1996; Munnik et al., 1995), but not the biologically inactive analogue 2-Butanol, 

specifically antagonized ABA-inducible gene expression in rice protoplasts (Table 

S.2, Fig. S.I). Taken together with the similar results of Richie and Gilroy (1998) 

and Jacob et al. (1999), in bariey aleurone and guard cell protoplasts, 

respectively, these data suggest that PLD is a conserved element in ABA 

signaling cascades in plants. 1-Butanol inhibition of ABA-inducible gene 

expression was strongly dose-dependent (Fig. S.I), and increasing 

concentrations of ABA could partially overcome the inhibition by 0.1% 1-Butanol 

(Fig. S.2). These results are consistent with the competitive inhibition of PLD by 

1-Butanol and suggest that PLD is a major element in ABA signaling leading to 

gene expression. Because the inhibition by 1-Butanol was not complete, other 

ABA signaling mechanisms may be operating in parallel to PLD. Fan et al. (1997) 

have shown that antisense suppression of PLDa expression retards ABA-

inducible leaf senescence. Expression of PLD mRNA is induced by ABA and 

stresses (Hirayama et al., 1995), consistent with the hypothesis that PLD activity 

is rate-limiting for ABA signal amplitude. Staxen et al. (1999) have provided 

biochemical and pharmacological evidence for the role of PLC in ABA-mediated 

stomatal closure. It remains to be determined if PLC is involved in ABA-regulated 

gene expression and whether there is crosstalk between PLC and PLD 

102 



pathways. PLC produces diacylglycerol and IP3, which trigger some cellular 

responses to ABA such as calcium transients and stomatal closure (Staxen et al., 

1999). Wu et al. (1997) have shown that IP3 was able to induce ABA-inducible 

gene expression in tomato; therefore, a PLC pathway may also operate in ABA-

inducible gene expression. DAG can be interconverted to phosphatidic acid by 

diacylglycerol kinase (Wang, 1999). Interestingly, major isoforms of PLD require 

micromolar quantities of calcium for their optimum activity (Wang, 1999; Pappan 

et al., 1998, 1997a, b) suggesting that PLC action may precede PLD-dependent 

ABA-signaling. 

Recently, immunolocalization studies on calcium-activated PLC were done 

in tobacco guard cells (Hunt et al., 200S). Transgenic tobacco plants with 

considerably reduced levels of PLC in their guard cells were only partially able to 

regulate their stomatal apertures in response to ABA suggesting that PLC is 

involved in the amplification of the calcium signal responsible for reductions in 

stomatal aperture in response to ABA (Hunt et al., 200S). 

IPS was shown to be an important signaling molecule. Inositol 5-

phosphatases (5PTases) hydrolyze IP3. Analysis of transgenic plants 

constitutively overexpressing At5PTasel showed that stomata were insensitive to 

ABA and ABA-regulated gene expression was delayed. ABA-induced IPS levels 

were also lower in the transgenic plants suggesting that IPS may be necessary 

for ABA responses (Burnette et al., 200S). 
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I have demonstrated that 1-Butanol antagonized the VP1-transactivation 

of Em- GUS expression to the same extent as that of ABA- induction. Since both 

VP1 and ABA are required for Em expression in planta (McCarty et al., 1991), we 

interpret 1-Butanol inhibition of VP1 trans-activation as primarily an effect on 

ABA-dependent processes required for VP1 activity. However, other 

interpretations are plausible. For example, VP1/ABIS also has ABA-independent 

genetic interactions with developmental factors and some ABA-regulated 

promoters (Hoecker et al., 1999; Carson et al., 1997; Vasil et al., 1995) and PLD 

may be involved downstream of these VP1-related pathways. 

Previously, Northern blots of rice suspension culture RNAs showed 

interactions between salt stress (Bostock and Quatrano, 1992) or lanthanum 

treatment (Rock and Quatrano, 1996) and ABA-inducible Em gene expression. 

Lanthanide ions have been extensively used as plasma membrane calcium 

channel blockers (Huang et al., 1994). Hagenbeek et al. (2000) have 

demonstrated that trivalent ions such as lanthanum and terbium specifically 

activate ABA-inducible promoters through an ABM-dependent pathway In rice 

protoplasts. I have shown that 1-Butanol inhibits lanthanum-activated and 

lanthanum/ABA- synergistic Em-GUS expression, suggesting that PLD plays a 

significant downstream role in a lanthanum-mediated ABA signaling pathway. 

Lanthanum non-selectively blocks Arabidopsis ion channels involved in signal 

transduction (Lewis and Spalding, 1998). The mechanism of action of lanthanum 

on ABA-inducible gene expression is not known. Lanthanum interacts with 
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membranes and is hypothesized to promote calcium release (van Steveninck et 

al., 1976), processes that are associated with PLC and PLD activity. The effects 

of ABA plus 35S-VP1 on ABA-inducible gene expression are inhibited by 

overexpression of abi1-1 cDNA (Chapter IV) but to a lesser extent (S9% average 

for Em, Hva22, and Dhn promoters; Gampala et al., 2001) compared to 1-

Butanol inhibition (Table S.S). These results suggest that PLD and ABM may 

affect the same or similar ABA signaling pathway(s). Lanthanum and ABA act in 

synergy on ABA-inducible gene expression with or without co-expressed VP1, 

suggesting that ABA, lanthanum, and VP1 act on the same pathway. 

Overexpression of abi1-1 inhibits ABA- and lanthanum activation, either alone or 

in synergy, of the Dhn, Em, and Hva22 promoters to a similar extent (68% on 

average). However, inhibition by abi1-1 of the VP1 interactions with lanthanum 

and ABA are, on average, lower (42%; Gampala et al., 2001) than inhibition of 

ABA- and lanthanum effects. This result is consistent with the existence of an 

ABA-independent mechanism of VP1 transactivation (Carson et al., 1997; Vasil 

et al., 1995). The molecular mechanisms of VP1 and ABU activity are not 

known. ABM may negatively regulate ABA signaling by interacting with a 

transcription complex that includes VP1. 

My demonstration of PLD functioning in ABA-inducible gene expression In 

rice protoplasts was corroborated by recent findings by Hallouin et al. (2002) who 

have shown in Arabidopsis suspension cells that PLD activity is necessary for 

PvAB^8 expression and can be antagonized by 1-Butanol in a dose-dependent 
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manner. Their results suggested that, in Arabidopsis suspension cells, ABA-

induced PLD activity does not involve G-proteins, which is in contrast with 

previous findings by Ritchie and Gilroy (2000), who proposed the involvement of 

G-proteins in PLD-activation in barley aluerone because PLD-activation can be 

antagonized by pertussis toxin, a known G-protein inhibitor. These distinct 

findings suggest that PLD activation in ABA signaling pathways could vary 

between different tissue types (Hallouin et al., 2002; Ritchie and Gilroy, 2000). 

PLD and heterotrimeric G-proteins play important and diverse roles in 

cellular regulation and signal transduction. In animal systems, Ga interacts with 

the upstream transmembrane G-protein-coupled receptors (GPCRs) and with the 

P-subunit. The binding of a ligand to a cognate receptor promotes the exchange 

of GDP for GTP on Ga, and the GTP-bound Ga activates the downstream effector 

proteins (Cismowski et al., 2001). Recent findings have suggested that AtRGSI 

(Regulators of G protein Signaling) is a critical modulator of plant cell proliferation 

(Chen et al., 200S). Mammalian cells contain a number of GQS that mediate many 

distinctive cellular functions (Offermanns, 200S). In contrast, the number of GQS is 

very limited in plants; Arabidopsis has only a single canonical Gagene, GPA1 

(Assmann, 2002; Jones, 2002; Wang et al., 2001). Arabidopsis Ga null mutants 

are impaired in several cellular processes, including cell division, ABA signaling 

in guard cells, and germination behaviors in response to glucose and hormones 

(Wang et al., 2001; Ullah et al., 2002, 2001). These changes indicate that Ga is 

involved in multiple cellular processes in plants and thus may interact with 
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multiple effector proteins for different functions. The only protein reported to 

interact with Ga in Arabidopsis is the cupin-domain protein AtPlrin, which 

interacts with a CCAAT box-binding transcriptional factor (Lapik and Kaufman, 

200S). Atpirini mutants exhibit an ABA-imposed delay in seed germination and 

early seedling development. Interaction studies also indicated that Atpirini may 

function downstream of GPA1 in regulating seed germination (Lapik and 

Kaufman, 200S). Co-incubation of bacterially expressed tobacco PLDa with GQ 

decreased the PLDa activity (Lein and Saalbach, 2001). It has also been shown 

that disruption of Ga in Arabidopsis affects ABA-mediated stomatal movement 

and increases plant water loss (Wang et al., 2001). 

Arabidopsis phospholipase Dal interacts with the heterotrimeric G-protein 

a-subunit through a motif analogous to the DRY motif in G-protein-coupled 

receptors (Zhao and Wang, 2004). Several lines of evidence were presented to 

show the interactions of PLD and G-proteins in vitro. PLDal co-precipitates with 

Ga and PLDal-Ga binding was abolished when conserved DRY motif of PLDal 

was mutated demonstrating the specificity of the interaction. The DRY motif is a 

highly conserved triplet of amino acids, Asp-Arg-Tyr, located at the boundary of 

transmembrane helix S and the second intracellular loop (Alewijnse, 2000) and 

plays a pivotal role in the signal transduction pathways of G-Protein Coupled 

Receptors (GPCRs) (Oliveira et al., 199S; Zhu et al., 1994; Scheeret al., 1996, 

1997; Ballesteros et al., 1998; Rasmussen et al., 1999). Activities of PLDal and 

Ga are reciprocally modulated because addition of Ga decreased the activity of 
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PLDal (Zhao and Wang, 2004). The G-protein coupled receptor GCR1 was 

shown to regulate DNA synthesis through activation of phosphatidylinositol-

specific PLC (Apone et al., 200S). 

It remains largely unknown how PLD activity and its interactions with G-

proteins are regulated at the molecular level. Using the tryptic in-gel assays, 

Novotna et al. (200S) have demonstrated that activities of PIP2-dependent PLDs 

from mustard are regulated by phosphorylation and dephosphorylation. 

Transient gene expression studies permit integration of diverse (e.g.. Inter

species), trans-acting effectors into a single system, thereby facilitating 

characterization and testing of molecular mechanisms. My results provide insight 

into the action of ABA, lanthanum, PLD, ABM and VP1 in regulating ABA-

inducible promoter activity. The data are consistent with, but do not derive a 

model of ABA action: receptor, La "̂" -^ ABM, PLD -^ VP1 -^ gene expression. 

However, it is also possible that these effectors act in parallel rather than 

sequentially. The failure to measure comparable PLD activity in protoplast 

extracts is a limitation so far, but could be overcome by using other methods 

such as using acyl chain-labeled substrates. 

With the exception of an unconfirmed report in 1984 (Hornberg and 

Weiler, 1984), no ABA receptors have been described. Using surface plasmon 

resonance in conjunction with flow cytometry, Desikan et al. (1999) provided 

indirect evidence for a putative ABA-receptor complex that interacts with a cell 

surface glycoprotein. A monoclonal antibody, JIM19, generated against pea 
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guard cell protoplasts, specifically binds to plasma membrane glycoproteins and 

antagonizes ABA-inducible gene expression in rice and bariey (Desikan et al., 

1999; Wang et al., 1995). It is noteworthy in this context that PLC is involved in 

shedding of arabinogalactan proteins (AGPs) by plasma membrane vesicles 

(Svetek et al., 1999). AtAGPSO was recently shown to play a major role in root 

regeneration and seed germination, and agpSO mutant shows suppression of 

ABA-inhibition of seed germination and altered regulation of ABA-regulated 

genes (van Hengel and Roberts, 200S). The precise role of arabinogalactan 

proteins in ABA-regulated gene expression is yet to be established (Schultz et 

al., 2000). It will be worthwhile to pursue multiparameter correlated flow 

cytometric analysis of cell suri'ace glycoprotein markers and Em-GFP expression 

in response to ABA and effectors in order to critically analyze the relationship of 

cell surface glycoproteins and ABA perception and signaling from receptor, 

through lanthanum, PLD, abil and VP1, leading to the gene expression. 

Arabidopsis potentially contains five classes of PLDs, with different 

affinities for calcium (Wang et al., 2001; Qin and Wang, 2002). Most of them 

have been characterized, but only for PLDa is there any functional evidence for 

involvement in ABA signaling which suggests that overexpression of PLDs in 

transgenic plants would provide research materials to understand the role of PLD 

in plant stress adaptation. Sang et al. (2001) have shown that antisense 

suppression of PLDa resulted in accelerated water loss and a decreased ability 

to tolerate drought stress, whereas overexpression of PLDa has enhanced the 
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plant's sensitivity to ABA and resulted in decreased water loss through 

transpiration and increased stress tolerance. These results have clearly 

demonstrated the potential for overexpressing PLDa in transgenic plants to make 

them adapt better for environmental stresses. Manipulation of PLD activity may 

also have benefits to the food industry. Recently an antisense-PLD was 

transformed into tomato resulting in reduced PLD activity and produced firmer 

transgenic fruits due to increased membrane stability (Oke et al., 200S). 
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Table S. 1. 1 -Butanol does not significantly affect protoplast viability. Rice 
protoplasts were treated for 18 hr with various concentrations of 1-Butanol, then 
stained with 0.01% FDA for 5 min. and measured in triplicates by flow cytometry. 
The percentage of viable protoplasts was calculated from the number of cells 
(out of 10,000 gated) above the fluorescence threshold set for dead, EtOH-fixed 
cells. Asterisk (*) indicates no significant difference between control and 
treatment, P > 0.2 (two-sided Student's t-test, equal variance assumed.) 

... , .... Percent 
1-Butanol Treatment (%) Viability Decrease 

^ ^°^ (from Control) 

Control (0) 

0.01 

0.05 

0.1 

0.2 

0.5 

69 

65* 

58 

59 

54 

51 

— 

6 

16 

14 

22 

26 
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Table S.2. The biologically inactive PLD inhibitor, 2-Butanol does not affect ABA-
inducible Em-GUS expression. Protoplasts were transformed, treated with 10 pM 
ABA, and aliquots treated with either water (Control) and two concentrations of 1-
Butanol or 2-But. Asterisk (*) indicates significantly different from Control, P < 
0.0002 (two-sided Student's t-test, equal variance assumed).''' No significant 
difference from the Control, P > 0.25). Results are the average of four 
transformation experiments, ± S.E.M. 

Alcohol Treatment 

Control (0) 

0.1% 

0.2% 

1-Butanol 

— 

65*+1 

75* ± 1 

Percent Inhibition 

2-Butanol 

— 

0+±S 

5^ ±2 
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Table S.S. Effect of 1-Butanol on ABA-, VP1-, and lanthanum transactivation of 
Em-GUS expression. Activation and inhibition of Em-GUS expression was 
calculated as the fold- induction relative to the Control (no effector added) in 
paired samples. Asterisk (*) indicates significantly different than Control, P < 0.06 
(two-sided Student's t-test, equal variance assumed). Values are the average (± 
S.E.M.) of S replicate transformations. 

Effector 

Control (none) 

lOpMABA 

35S-VP1 

10pMABA + 35S-VP1 

1 mM La^^ 

10pMABA + La^* 

Activity 
(Fold-Induction over 

Control) 

1 

15 

20 

40 

4 

SO 

± 

± 

+ 

+ 

± 

1 

1 

2 

O.S 

0.5 

Inhibition by 1-But 
(%) 

50* ±4 

48* ±4 

4S*±2 

61* + S 

52* ±S 
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Table S.4. In vitro phospholipase D activity of commercially available enzyme. 
Protein concentration was measured using the BioRad's kit. The ability of PLD to 
break down NBD-PE was reported as its relative activity (Fluorescence Units). 

Tr«.fmont Substrate Con. ^ . • r̂  r . Fluorescence 
Treatment /nmnl«^ Protein Cone, (pg) Units 

^ °®^ (RLU) 

Control 

Sample 1 

Sample 2 

Sample S 

12.5 

12.5 

12.5 

12.5 

0 

5 

25 

50 

1014 

14S4 

1475 

1771 
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Table S.5. In vitro phospholipase D activity of rice protoplast extracts. Three 
replicates were done for each sample and the respective standard error of mean 
is shown. Asterisk (*) indicates significantly higher than control, P< O.OS (one
sided Student's t-test). 

-P . . Substrate Protein Cone. Fluorescence Units 
ireatment Con. (nmole) (pg) (RLU) ± SEM 

Control 

Sample 1 

Sample 2 

12.5 

12.5 

12.5 

0 

5 

25 

41S0±62 

4610* ±170 

4770* ± 51 
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DAG 
PA 

B 

PLEb 
Phospholipid 

1-Butanol 

Ptd-Bul 

Fig. S.I Action of phospholipases. (A) PLC and PLD are phosphodiesterases that 
hydrolyze phospholipids, producing (respectively) inositol 1,4,5-trisphosphate 
(IP3) and diacylglycerol (DAG), or phosphatidic acid (PA) and the head group (H). 
PLA hydrolyzes the sn-2 acylester bond of phospholipids to free fatty acids and 
1-acyl-2-lysophospholipids. (B) PLD transfers the phosphatidyl moiety of the 
substrate to 1-Butanol producing phosphatidylbutanol (Ptd-But) and Head group 
(H) instead of phosphatidic acid (PA) and water (H2O). 
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Figure S.2 1-Butanol specifically inhibits ABA-inducible Em-GUS expression in a 
dose-dependent manner, while having no effect on 35S promoter activity in 
transiently transformed rice protoplasts. Asterisk (*) indicates significantly 
different from Control, P < 0.01 (two-sided Student's t-test, equal variance 
assumed). Cross (f) indicates no significant difference from Control, P> 0.S4 
(two-sided Student's t-test, equal variance assumed). The correlation coefficient 
(r) is for linear regression of percent inhibition of Em-GUS expression to 1-
Butanol concentration. Error bars are ± S.E.M., three replicates per sample. 
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Fig. S.S Increasing concentrations of ABA decrease the inhibition of Em-GUS 
expression by 1-Butanol. Numbers in parentheses are the percent relative 
inhibition by 0.1% 1-Butanol at the given ABA concentration. Asterisk (*) 
indicates significantly different than Control, P < 0.04 (two-sided Student's t-test, 
equal variance assumed). There is a negative correlation (r = -0.92) between 
ABA concentration and percent inhibition of Em-GUS expression. Data are the 
average of two replicate experiments. Error bars are ± S.E.M., three replicates 
per sample. 
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of the ABA-inducible Hva1 and Hva22 promoters. Fold induction was calculated 
relative to untreated, paired controls (set to unity) from four samples. Asterisk (*) 
indicates significantly different from ABA-treated, no 1-Butanol control, P < 0.04 
(two-sided paired Student's t-test, equal variance assumed). Error bars are ± 
S.E.M., six replicates per sample. 
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CHAPTER IV 

TRANSCRIPTIONAL REGULATION OF ABA SIGNALING 

4.1 Introduction 

ABA plays a significant role In a variety of physiological processes during 

plant growth and development and mediates plant responses to environmental 

stresses. ABA-regulated effects work in two steps, namely faster responses such 

as stomatal closure and slower changes such as regulating differential gene 

expression (Schroeder et al., 2001; Rock, 2000). ABA signaling pathways 

overiap with other signaling pathways such as hormone-, developmental-, sugar-, 

and stress-response pathways suggesting a complex network of interactions 

(Reviewed by Leon and Sheen, 200S; Finkelstein and Gibson, 2002; Sharp, 

2002; Gazzarrini and McCourt, 2001; Knight and Knight, 2001). Transcriptional 

regulation of ABA signaling and ABA-crosstalk with other signaling pathways 

have been studied using diverse approaches such as classical genetics, 

pharmacology and biochemistry (Finkelstein et al., 2002; Busk and Pages, 1998). 

To date, more than 50 ABA-responsive genes have been identified and 

demonstrated to play a significant role in ABA signaling. 

Analysis of ABA-responsive gene promoters has identified c/s-regulatory 

sequences that are necessary and sufficient to confer ABA-inducible gene 

expression (Marcotte et al., 1988; Shen and Ho, 1997; Uno et al., 2000). 

Separate ABA-Responsive Elements (ABRE) and Coupling Elements (CE) 

function cooperatively and redundantly as an ABA Response Complex (ABRC) 
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(Shen and Ho, 1997; Singh, 1998; Hobo et al., 1999a). Atypical c/s-regulatory 

sequence contains (C/T) ACGTGGC consensus and is recognized by bZIP 

transcription factors. In seeds, ABREs were shown to act synergistically with RY 

elements to activate the seed-specific transcription. RY-repeats were shown to 

mediate transactivation of seed-specific promoters by the developmental 

regulator PvALF (Bobb et al., 1997). Transcription factors, Mybs and Mycs have 

been shown to bind specifically to ABA-responsive promoters (Abe et al., 200S, 

1997). Interactions of ABREs and DREs in ABA-dependent expression of rd29A 

gene in response to dehydration and high-salt stress have been demonstrated 

(Narusaka etal., 200S). 

Genetic analyses (Finkelstein, 1994a, b; Koorneef etal., 1984) of 

germination processes in Arabidopsis have resulted in map-based cloning of the 

ABA-INSENSITIVE (ABU-5) genes (Finkelstein and Lynch, 2000; Lopez-Molina 

and Chua, 2000; Finkelstein et al., 1998; Rodriguez et al., 1998; Leung et al., 

1997, 1994; Meyer et al., 1994; Giraudat et al., 1992). The semidominant abi1 

and abi2 mutations are the most pleiotropic ABA-insensitive mutants in terms of 

physiological and tissue-specific ABA processes (Shinozaki and Yamaguchi-

Shinozaki, 1997; Rock and Quatrano, 1994). The ABU and ABI2 genes encode 

homologous type 2C protein Ser/Thr phosphatases with partially redundant but 

distinct tissue-specific functions in regulation of ABA-, cold-, or drought-inducible 

genes and Ion channels (Chak et al., 2000; Pei et al., 1998). Remarkably the sole 

mutant alleles, abi1-1 and abi2-1, are both missense mutations of a conserved 

Gly to Asp (G180D in abi1-1, G168D in abi2-1) that result in a dominant 
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phenotype in vivo and reduced phosphatase activity in vitro (Rodriguez et al., 

1998; Sheen, 1998; Leung et al., 1997). Plants homozygous for intragenic null 

suppressor alleles of abi1-1 exhibit higher seed dormancy and enhanced ABA 

sensitivity to germination inhibition and stomatal movements, suggesting that 

ABU (and probably ABI2) act as negative regulators of ABA signaling (Gosti et 

al., 1999). Overexpression of abi1-1 antagonizes both up- and down-regulation of 

ABA-responsive promoters (Sheen, 1998). ABM acts downstream of the ABA 

agonist lanthanum (Hagenbeek et al., 2000). The molecular mechanisms and 

targets ol ABU and lanthanum action are not known. Recently, Ohta et al. (200S) 

have identified a novel protein phosphatase interaction domain (PPI) in the 

protein kinase, SALT OVERLY SENSITIVE2 (S0S2) that mediates interaction 

with the protein kinase interaction domain (PKI) in ABI2. This interaction was 

disrupted by the abi2-1 mutation. 

BLAST analysis of the Arabidopsis genome showed that the Protein 

Phosphatase type 2C (PP2C) family contains 72 members (Kerk et al., 2002), 

and a phylogenetic tree of 40 of the most closely related Arabidopsis PP2Cs is 

shown in Fig. 4.1. Several of these PP2Cs contain both conserved Glycine 

residues (aa174 and aa180 of ABI protein) which were previously demonstrated 

to be required for phosphatase and ABA signaling activities (Gosti et al., 1999; 

Sheen, 1998). Out of 40 PP2Cs, I short-listed 20 PP2Cs that have close 

homology to ABM (ABM-like family) and named them from P2C1-20. Some of 

the ABM-like members have been characterized as being induced by wounding 

(Cheong et al., 2002) (those marked with @ sign; Fig. 4.1). A small cluster that is 
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composed of four closely related proteins, ABM, ABI2, HAB1 and HAB2 (AtP2C-

HA and P2C2 have been renamed as HAB1 and HAB2 (Saez et al., 2004). The 

ABA-hypersensitive phenotype of hab1-1 seeds together with the reduced ABA 

sensitivity of 35S:HAB1 plants are consistent with a role of HAB1 as a negative 

regulator of ABA signaling (Saez et al., 2004). 

The ABI3, ABI4, and ABIS genes encode proteins belonging to three 

distinct classes of transcription factors: the basic BS-domain, APETALA2-domaln 

and the basic leucine zipper (bZIP) domain families, respectively. Physiological, 

genetic, and transgenic analyses of ajb/3, aib/4 and abiS mutants show cross-

regulation of expression, suggesting these genes function in a combinatorial 

network rather than a regulatory hierarchy controlling seed development and 

ABA responses (Soderman et al., 2000). 

Mutant characterization has demonstrated that ABI4, ABI5, and CTR1 

(CONSTITUTIVE TRIPLE RESP0NSE1, a key regulator of ethylene signaling) 

genes play an important role in the sugar signaling response in plants. ABI4 and 

ABI5 transcripts accumulate in response to sugars, whereas the CTR1 transcript 

is transiently reduced followed by a rapid recovery. Glc-regulation of ABI4 and 

CTR1 transcripts is dependent on the developmental stage and is affected in 

mutants displaying Glc-insensitive phenotypes such as gins, abas, abi4, abi5, 

and Ctrl but not in abi1-1, abi2-1, and abi3-1, which do not show a Glc-

insensitive phenotype (Arroyo et al., 200S). 

Recently, ABI5-like bZIP proteins named ABFs1-4 (ABRE- binding 

Factors) (Choi et al., 2000) and AtDPBFs (Arabidopsis DcS-Promoter Binding 
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Factors) (Kim et al., 2002), homologous to ABIS, have been Isolated based on 

their ability to bind ABREs. Expression of ABFs is induced by ABA and several 

other stress treatments suggesting their potential role in ABA signaling (Choi et 

al., 2000). It has recently been shown that overexpression of ABFS and ABF4 

confers hyper-sensitivity to ABA in transgenic Arabidopsis plants (Kang et al., 

2002). 

Despite numerous biochemical studies showing binding of bZIP factors to 

ABA-responsive promoter elements (Chern et al., 1996; Lu et al., 1996a; Nantel 

and Quatrano, 1996; Oeda et al., 1991; Guiltinan, 1990), until recently there was 

no functional evidence for the role of bZIP factors in ABA signaling. Cloning of 

ABI5 and its homologs, the AtDPBFs, ABFs, AREBS, and TRAB1 has 

demonstrated a correlation between these bZIPs and ABA signaling. Members 

of this family of bZIPs can bind ABA-responsive elements, heterodimerize, and 

have limited trans-activating activities (Finkelstein et al., 2002; Bensmihen et al., 

2002; Brocard et al., 2002; Carles et al., 2002; Kim et al., 2002; Choi et al., 2000; 

Finkelstein and Lynch, 2000; Lopez-Molina and Chua, 2000; Uno et al., 2000). 

ABI5 transcript and protein accumulation, phosphorylation state, stability, and 

activity are highly regulated by ABA during germination and eariy seedling growth 

(Lopez-Molina and Chua, 2001; Finkelstein and Lynch, 2000). Similarly, 

expression of some of the AREB genes is induced by ABA, and their ability to 

transactivate an ABA-responsive promoter is inhibited by the abi1-1 mutation 

(Uno etal., 2000). 
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Analysis of Arabidopsis genome sequence has revealed 75 distinct 

members of the bZIP family (Jacoby et al., 2002). Based on the homology and 

presence of conserved motifs, AB15 and its closely related homologues (IS in 

total) were placed in the "Class A" bZIPs (Table 4.1). We named this class, ABI5-

like family that contains ABI5, AtDPBFs, AREBs and ABFs and has a 

characteristic domain signature: three N-terminal charged domains (C1-CS) 

followed by bZIP domain and an additional charged domain C4 (Fig. 4.2). 

The VIVIPAR0US1 (VP1) gene of maize (McCarty et al., 1991) is 

orthologous to ABI3 of Arabidopsis (Giraudat et al., 1992) and encodes a 

transcription factor required for ABA-regulated seed development. Structure-

function studies with VP1 in transient gene expression assays have 

demonstrated that the N-terminal acidic domain functions as both a 

transcriptional activator and repressor (Hoecker et al., 1995). The conserved B2 

domain is required for transactivation of the ABA-inducible Em promoter and for 

enhancing the in vitro binding of various bZIP proteins to their cognate targets 

(Hill et al., 1996). The BS domain binds specifically to promoter sequences 

required for transactivation but not to ABA- responsive cis elements (Suzuki et 

al., 1997). The exact molecular mechanisms of VP1/ABIS action are not known, 

but it interacts genetically with ABI4 and ABI5, possibly forming a regulatory 

complex mediating seed-specific and/or ABA-inducible gene expression 

(Soderman et al., 2000). ABIS also genetically interacts with ABU in controlling 

ABA responses in Arabidopsis (Parcy and Giraudat, 1997). 
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Based on the homology to VP1/ABIS, several orthologues from different 

species were identified and their respective identity and similarity with respect to 

maize VP1 were presented in Table 4.2 (Rock, 2000). As evident from this 

analysis, ABIS has the closest homology to VP1 (69%). We also analyzed the 

Arabidopsis genome by BLAST searches for homologues and found ABIS-like 

gene family consists of S4 members that show homology in either B1-domain or 

BS-domain (Table 4.S) (Reichmann et al., 2002, 2000). 

Recently, TRAB1 was shown to bind both ABA-responsive promoter 

elements and VP1, thereby providing a mechanism for bZIP and VP1 

transactivation of ABA signaling (Hobo et al., 1999). Similarly, two-hybrid assays 

in yeast have shown that ABI5 forms homodimers and binds to ABIS; the B1 

domain of ABIS was essential for these interactions (Nakamura et al., 2001). 

Regulation by ABA of TRAB1 and VP1-transactivation was not at the level of 

DNA binding (Hobo et al., 1999b), suggesting the existence of additional 

regulatory mechanisms. PvALF, a bean orthologue of VP1 that transactivates the 

^-Phas promoter has been proposed to function by remodeling chromatin 

independent of exogenous ABA (Li et al., 1999). 

I am interested in elucidating the molecular mechanisms of ABA signaling. 

In this study, I utilized transient gene expression In protoplasts to functionally 

analyze the interactions of genetically defined ABA regulatory genes (members 

of ABU-like-, and ABI5-like families) and pharmacological effectors (La^*, 1-

butanol, an inhibitor of phospholipase D) (Gampala etal., 2001; Hagenbeek et 

al., 2000) in ABA-inducible gene expression. I have obtained evidence that ABI5-
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L family members specifically interact with all tested ABA signaling effectors and 

promoters from both monocots and dicots, and synergize with ABIS-like family 

members, demonstrating the conservation of ABA signaling in plants and the 

utility of protoplasts for molecular and cell biological dissection of ABA regulatory 

mechanisms. 

4.2 Methods 

4.2.1 Plant Materials 

Embryonic rice suspension cultures {Oryza sativa L. cv IR-54) were kindly 

provided by Dr. W. M. Marcotte Jr. (Clemson University, Clemson, South 

Carolina, USA) and propagated in MS medium (Murashige and Skoog, 1962). 

Three days after subculturing, protoplasts were isolated and transformed with 

various mixtures of DNA constructs using polyethylene glycol precipitation as 

previously described (Desikan et al., 1999; Maas et al., 1995). Aliquots of 

transformed protoplast samples were treated with or without ABA and 

pharmacological agents for 16 h in the dark in a final volume of 0.8 ml of Krens 

solution. 

Etiolated leaves from 10-12d old seedlings were used for isolating maize 

protoplasts. Approximately 50,000 protoplasts were used for transformation of 

each event as described in chapter II (methods section). 
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4.2.2 Chemicals 

1-Butanol was obtained from Acros Organics (Geel, Belgium). Synthetic 

((±)-c/s, frans-abscisic acid) (ABA) and lanthanum chloride were obtained from 

Sigma (St. Louis, Missouri, USA). Fluorescein diacetate was obtained from 

Molecular Probes (Molecular Probes Inc., Eugene, Oregon, USA) and was stored 

as 1% stock solution in acetone at -20° C. ABA was dissolved and stored in 

absolute ethanol at -20° C as a 0.1 M stock solution. Prior to use, required 

dilutions of ABA, lanthanum chloride and 1-butanol were made in Krens solution, 

and control samples received the same volumes of solvents as in ABA and 

pharmacological treatments. 

4.2.S Plasmid Constructs 

Plasmid pBM207 contains the wheat {Triticum aestivum) Eariy 

Methionine-labeled {Em) promoter driving the expression of p-glucuronidase 

(GUS; encoded by uidA from Escherichia coli) (Hill et al., 1996). The 

>AfEm6::GUS fusion is a translational fusion including nine codons of the AtEm6 

gene, created by ligating a 1.2 kb Xba\-Pvu\\ fragment of the AtEm6 gene cloned 

into the Xba\ and Smal sites of pBIIOI.S. Plasmid pTZ207 containing the Vicia 

faba ^-Phaseolin promoter (Slightom et al., 198S) was created by digesting 

pTZ/Phas with Acc\ to release the 1.5 kbp ^-Phaseolin cDNA. The vector was 

end-filled with Klenow fragment, dephosphorylated with calf intestinal 

phosphatase, and ligated to the 2 kbp A/col/EcoRI end-filled fragment of pBM207 

encoding GUS. Plasmids pQS264 and pLSP contain the bariey {Hordeum 
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vulgare) Hva1 and Hva22 promoters driving GUS expression respectively (Shen 

and Ho, 1997). Plasmid pBMS14 (Marcotte et al., 1988) contains Cauliflower 

Mosaic Virus 35S {35S) promoter driving GUS expression. A construct (pDHS59) 

containing the maize Ubiquitin {Ubi) promoter (Christensen and Quail, 1996) 

driving 1.4 kb ABIS cDNA was created by digesting pDHS49 (L/ib/::VP1-Myc) with 

EcoRI and filling in the linearized product with Klenow fragment before digesting 

with BamHI to release the VPI-Myc fragment. The resulting 4.8 kbp vector was 

then ligated with the 1.4 kbp BamHI/H/ndlll end-filled fragment of pBKA5 

(Finkelstein and Lynch, 2000) encoding the Arabidopsis thaliana (L.) Heynh. 

ABIS cDNA. ABFs (1-4), ABI4 and AtHB6 were cloned by PCR amplification of 

their respective cDNAs from Arabidopsis cDNA library (Minet et al., 1992) by 

utilizing synthesized primers (Table 4.4). Plasmid pCRS49.1SS contains the 3SS 

promoter driving the VP1 sense cDNA (Hill et al., 1996). Plasmid pG2 encodes 

the 35S-maize C4 pyruvate-orthophosphate dikinase {Ppdk-3SS) promoter 

chimera driving the coding region of Arabidopsis abi1-1 dominant-negative 

G180D mutant allele (Sheen, 1998). Plasmids pGI and pDirect2.6 were used as 

controls to demonstrate the protein-specific nature of the AB15 and ABI1-1 

effects. Plasmid pGI Is identical to pG2 except it is wild type at aa180 (Gly), and 

the phosphatase active site has been mutated (G174D) to express a null mutant 

(Sheen, 1998). Plasmid pDirect2.6 contains the L/jt>/promoter in a reverse 

orientation and was used as control construct to balance the total amount of input 

plasmid DNA between various treatments and as a potential target for binding of 

endogenous transcription factors. Plasmid pAHC18 contains the Ubi promoter 
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driving firefly {Photinus pyralis) luciferase (Christensen and Quail, 1996) and was 

included in transformations to provide an internal reference for non-ABA-

inducible transient transcription in reporter enzyme assays. Typically 60 pg DNA 

for reporter constructs and 40 pg DNA for effector constructs were used for 

transformations. Cell viability was measured by staining the protoplasts with 

0.01% FDA and batches of protoplasts with viability higher than 90% were used 

for transformations. 

4.2.4 Parallel cloning of SSP Arabidopsis full length 
cDNAs using Cre-lox pUNI recombination system 

The recombination-based cloning strategy was designed according to Liu 

et al. (2000, 1998) who used a univector plasmid-fusion system (UPS) (Fig. 4.S). 

This method is used to easily recomblne a gene of interest into a series of 

acceptor vectors containing regulatory elements for expression in a particular 

host cell. We have engineered an Ubiquitin driven VPI-cMyc construct (Fig. 4.4) 

that has been extensively used for subcloning cDNAs from the Arabidopsis cDNA 

library. The system I want to develop consists of a given donor vector containing 

the gene of interest downstream of loxP, and an acceptor vector containing 

various epitope tags at the S' end of a Ubiquitin promoter for high level 

expression of chimaeric epitope-tagged proteins In cereals (Christinsen and 

Quail, 1996) and a loxH site positioned S" to the regulatory/structural elements to 

drive recombination in vitro by Cre recombinase (Fig.4.5). Once the genes are 

moved into the acceptor vectors through recombination, they can be readily 
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expressed in either bacteria or protoplasts depending upon the kind of acceptor 

construct used. The system utilizes the cre-lox site-specific recombination 

system of bacteriophage PI for recomblning the gene of interest into acceptor 

vector (Abremski et al., 1984; Sternberg et al., 1981). The recombination reaction 

is catalyzed by a site-specific recombinase that fuses two S4 bp loxP or loxH 

sequences. 

The UPS uses Cre-/ox site-specific recombination to catalyze plasmid 

fusion between the univector, a plasmid containing the gene of interest and host 

vectors containing regulatory information. Fusion events are genetically selected 

and result in placing the gene under the control of new regulatory elements. The 

UPS eliminates the need for restriction enzymes, DNA ligases and many in vitro 

manipulations required for subcloning, and allows for the rapid construction of 

multiple constructs for expression in multiple organisms. UPS can also be used 

to transfer whole libraries into new vectors, and additional uses Including 

directional PCR cloning and the generation of S'-end gene fusions using 

homologous recombination in bacteria have been described (Liu et al., 1998). 

For recombination, in a SO pi reaction, 100 ng each of acceptor and donor 

vector DNAs were mixed with 10x recombination buffer, 1U recombinase 

(Novagen) and incubated at S7°C for Ihr. 5 pi of recombination reaction was 

transformed into electrocompetent TOP10 cells and the fusion plasmid was 

selected on kanamycin containing LB plates. By selecting for kanamycin 

resistance, one can avoid picking up the acceptor vector alone (they will not grow 

since they don't have the kanamycin resistance marker) or donor vector alone 
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(they will not grow because the origin of replication R6KY only replicates In PIR1 

cells). 

One of the aims of the lab is functional genomics of AB11-, S-, 5-like family 

members. To this end, it is practically feasible with the Ubi-loxH acceptor vectors 

we have developed to recomblne all pUni cDNAs of Arabidopsis (full-length 

cDNAs from SSP through ABRC; Yamada et al., 200S) of interest for functional 

genomics of ABA and stress signaling with the derivatives of acceptor construct, 

pDHS49. Partial oligos containing the required original loxH site and epitope tag 

sequences were designed with terminal BamHI/EcoRI restriction sites (listed In 

Table 4.5). They were extended into full length by mutually primed synthesis 

(Ausubel et al., 1994) and cut with BamHI and EcoRI. The digested product was 

run on a 12.5-15% polyacrylamide gel to separate the S7-merfrom the rest of the 

components. The adaptor was purified from the gel by SM sodium acetate and 

subsequent ethanol precipitation, and ligated to pDHS49 vector (sticky end 

ligation) to obtain the acceptor constructs 701-705. All the clones were 

sequenced using the Ubil primer (5' cgctatttatttgcttgg S'). Acceptor vectors, 701, 

702, 70S and 705 {Ubiquitin promoter in pDHS49 containing the original /ox/-/site 

only, loxH-H\s6, loxH-HA, and loxH-cMyc respectively) were made and found to 

efficiently recomblne with donor pUNI51 vectors containing various Arabidopsis 

cDNAs of interest. Together, these recombination-based cloning vectors 

constitute a new comprehensive approach for the rapid and efficient generation 

of recombinant DNA that can be used for parallel processing of large gene sets, 

a feature that will facilitate future functional analysis of Arabidopsis genome. Our 
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lab foresees cloning of SSP ORF cDNAs (Yamada et al., 200S) into the acceptor 

vectors described above. 

4.S Results 

4.S.I Activity of ABU-like family members 

The role of ABU as a negative regulator of ABA signaling was 

demonstrated by genetic analysis of abi1-1 intragenic suppressors of null 

mutants (Gosti et al., 2001; Meriot et al., 1999) and site-directed mutagenesis of 

ABM protein (Sheen, 1998). Genome analysis of Arabidopsis has identified, in 

total 72 proteins homologous to protein phosphatases (PP2Cs) (Kerk et al., 

2002) (Leube et al., 1998) (Fig. 4.1). In collaboration with Dr. Deepa Alex, a post-

doc in the lab, several of these putative PP2Cs (ABM-like family members) from 

Arabidopsis cDNA library were cloned into pDHS49 under the control of Ubiquitin 

promoter. Some of these cDNAs (ABI2, P2C2, P2C4, P2C11, and P2C16) were 

transformed into maize protoplasts and their ability to affect ABA-inducible gene 

expression was tested. 35S-Ppd/c-abi1-1, Ubi::AB\2, and Ubi::P2C4 significantly 

antagonized the ABA-inducible Em;:GUS expression to more than 50% (P< 

0.012), while the effect of P2C2, P2C11 and P2C16 on Em::GUS expression was 

not significant (Fig. 4.6). The interesting results came from the overexpression of 

tyjb/::P2C15 which transactivated Em::GUS expression specifically. Previously, it 

was shown that the conserved Glycine residue at amino acid position 180 was 

important and G180D mutation resulted in dominant negative effect on ABA 

signaling (Sheen, 1998). Therefore, I have tested a mutant derivative of P2C15 
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{Ubi•.•.P2C^5mut- amino acid 180, Glycine to Aspartic acid mutation) in 

protoplasts and showed that it did not result in transactivation of Em: :GUS 

expression confirming that the transactivation effect of P2C15 is specific to ABA 

signaling (Fig. 4.7). 

4.S.2 AB15 transactivates ABA-inducible 
promoters in protoplasts 

Previous results have demonstrated a specific log-linear dose-response to 

exogenous ABA of various promoters in synergy with transgene effectors in 

transiently transformed rice protoplasts (Gampala et al., 2001; Hagenbeek et al., 

2000). To test the role of ABI5 in ABA signaling in rice protoplasts and further 

examine the conservation of ABA signaling machinery among species, I 

measured the effect of overexpressed ABI5 cDNA, driven by the Ubi promoter, 

on various ABA-inducible promoters. Table 4.7 shows the results of numerous 

promoter activation experiments that tested the specificity and extent of 

functional interactions of ABA and co-expressed ABI5. In these experiments, a 

construct containing the Ubi promoter alone was transformed in the negative 

control samples to account for possible DNA effects or titration of endogenous 

transcription factors. Therefore, the effects observed by Ubi-AB\5 

cotransformation are due to ABI5 overexpression. There was a significant 12-

fold induction of wheat Em: :GUS expression observed with 10 pM ABA 

treatment. Co-transformation of Ubi::AB\5 cDNA specifically and significantly 

transactivated Em::GUS expression more than 2-fold over control, in the 
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presence or absence of ABA (Table 4.7). Co-expression of ABI5 also specifically 

and significantly trans-activated the ABA-inducible Hva1 and Hva22 promoters of 

bariey, the ^-Phas promoter of bean, but not the non-ABA-inducible 3SS 

promoter of Cauliflower Mosaic Virus (Table 4.7). The ABI5 trans-activation 

functioned in synergy with exogenous ABA, based on the observed factorial, 

rather than additive, responses of promoters to ABA plus ABI5 treatments 

compared to either treatment alone (Table 4.7). This result demonstrates that 

ABI5 trans-activation acted via an ABA-specifIc pathway. 

4.S.S Lanthanum synergizes and 1-Butanol 
antagonizes ABA-induction of Phas-GUS expression 

Protoplasts are a facile model system for cell biological analyses of 

signaling mechanisms (Hagenbeek and Rock, 2001; Rock, 2000). I extended my 

analyses of the ABA agonist lanthanum and ABA antagonist 1-Butanol, a 

competitive and specific inhibitor of PLD and ABA-regulated gene expression 

(Gampala et al., 2001; Munnik, 2001; Ritchie and Gilroy, 1998), to the ^-Phas 

promoter of bean, (Slightom et al., 198S). Zheng et al. (1995) have shown that p-

Phaseolin accumulates up to 4% of the total endosperm protein in transgenic 

rice. The ^-Phas promoter exhibited a relatively weak response to a saturating 

dose (100 îM) of ABA in rice protoplasts (Tables 4.7, 4.8), ranging from 4- to 20-

fold induction due to experimental variation. 1-Butanol treatment specifically 

inhibited ABA-inducible ^-Phas promoter activity in a dose-dependent manner 

(Table 4.8). The biologically inactive isomer 2-butanol had no effect on ABA-
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inducible promoter expression (Gampala et al., 2001). Lanthanum Ions had a 

small but significant agonist effect on the ^-Phas promoter and acted in synergy 

with ABA (Table 4.8), as previously observed for other ABA-inducible promoters 

(Gampala etal., 2001; Hagenbeek etal., 2001; Rock and Quatrano, 1996). 

4.5.4 ABI5 potentiates lanthanum-activated and 
lanthanum/ABA synergy of Em-GUS expression 

In order to determine if ABI5 is regulated by the lanthanum effect, I tested 

the interaction of lanthanum with ABI5 transactivation of Em::GUS expression 

and the results are shown in Table 4.9. Lanthanum ion treatment (1 mM) 

significantly activated Em::GUS expression by 1.7-fold, and a synergistic 

induction was observed in response to 10 pM ABA plus lanthanum treatment (S5-

fold versus 17-fold induction in response to ABA alone). Co-transformed ABI5 

potentiated both ABA and lanthanum induction of Em::GUS alone and in 

combination, since co-transformation of ABI5 resulted in a factorial increase in 

Em::GUS expression of 1.5-fold, 2-fold, and I.S-fold over the 10 fiM ABA-, 1 mM 

lanthanum-, or both- treatments, respectively, similar to the 1.7-fold trans

activation over No ABA Control (Table 4.9). 

4.5.5 1-Butanol antagonizes ABA induction and 

AB15-transactivation 

Phospholipases PLC and PLD have been implicated in ABA signaling 

(Gampala et al., 2001; Munnik, 2001; Sanchez and Chua, 2001; Staxen et al., 

1999; Ritchie and Gilroy, 1998). To test the dependence of ABI5 transactivation 
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of Em::GUS on PLD activity, protoplasts were co-transformed with ABIS cDNA 

and were treated with or without a competitive inhibitor of PLD, 1-Butanol (1-But) 

(Munnik, 2001). 1-Butanol significantly antagonized ABA induction and ABI5 

trans-activation of Em::GUS in a dose-dependent manner (Table 4.10), and the 

inhibitions by 1-Butanol of ABA induction versus ABI5 transactivation were not 

significantly different from each other (Table 4.10). 

4.S.6 abi1-1 antagonizes ABI5-transactivatlon 
of Em-GUS expression 

Previous studies have shown that ABA induction and VP1 trans-activation 

of ABA-inducible promoters are antagonized by over-expression of the dominant-

negative allele of ABU (Gampala et al., 2001; Hagenbeek et al., 2000; Sheen, 

1998), with greater than 90% inhibition possible with increasing concentrations of 

effector abi1-1 construct (Hagenbeek and Rock, 2001). I co-expressed ABI5 and 

abi1-1 (or ABM""" as a negative control) in rice protoplasts and observed that 

abi1-1 significantly inhibited dose-dependent ABA induction (by 68%) and ABI5 

trans-activation/ABA synergy of Em::GUS expression by 68% and 62% 

respectively (Fig. 4.8). Overexpression of abi1-1 also inhibited ABA-inducible 

P/?as::GUS expression and ABA synergy with ABI5 (Fig. 4.10). 

I also tested the effect of abi1-1 on ABFS-transactivation to demonstrate 

ABM as a central regulator of ABI5-like family transcription factors. Fig. 4.9 

summarizes the effect of abi1-1 on ABFS transactivation. As shown previously, 

100 pM ABA induces Em-GUS expression by 7 fold and ABFS transactivates Em 
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promoter 6- and 7-fold respectively in absence and presence of 100 pM ABA 

(Fig. 4.9). abi1-1 significantly antagonizes ABA-induction and ABFS-

transactivation by 90 and 86%, respectively (P< O.OOS and 0.00007, Paired 

Student's t-test, equal variance assumed). These results establish that 

overexpressed abi1-1 significantly inhibits ABFS-transactivation of Em-GUS 

expression to a greater extent than that of ABI5 (86% compared to 62%; Figs 4.8 

and 4.9, respectively). 

4.S.7 AtHB6 is an agonist of ABA-inducible gene expression 

Himmelbach et al. (2002), using a yeast two hybrid screen for interacting 

proteins for ABM, identified AtHB6, a homeodomain leucine (HD)-zipper protein 

as a target that binds to the phosphatase domain of ABM and negatively 

regulates ABA responses. Expression of several of the AtHB-subfamlly members 

(AtHB-5, -6, -7, and -12) inducible by ABA/abiotic stresses suggesting their 

involvement in ABA signaling (Deng et al., 2002; Gago et al., 2002; Soderman et 

al., 1999; 1996; Lee and Chun, 1998). Johannesson et al. (200S) have shown 

that Increased expression levels of AtHB5 In transgenic Arabidopsis plants cause 

an enhanced sensitivity to the inhibitory effect of ABA on seed germination and 

seedling growth. Consistent with this finding, they have demonstrated that the 

ABA-responsive gene RAB18 is hyperinduced by ABA in transgenic 

overexpressor lines as compared to the wild type. Moreover, AtHB5 gene activity 

is down-regulated in the abil-1, abi3-1 and abiS-1 mutant lines, but not in abi2-1 

or abi4-1 (Johannesson et al., 200S). 
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I hypothesize that regulation of the ABA-inducible reporter gene 

expression in maize protoplasts by AtHB6 would demonstrate the role of AtHB6 

protein as a transcriptional activator or repressor. I have tested the effect of 

Arabidopsis AtHB6 cDNA expression on ABA-inducible gene expression in maize 

protoplasts. Results shown in Fig. 4.11 demonstrate that AtHB6 acts as an 

agonist of ABA-inducible Em-GUS expression and VP1-transactivation. ABA 

treatment significantly induces Em-GUS expression by 6-fold. AtHB6 

transactivates Em-GUS expression and potentiates VP1-transactivation with or 

without ABA treatment suggesting the possible interactions of AtHB6 with Em 

promoter and VP1 in maize protoplasts (Fig. 4.11). 

4.S.S Expression of ABI4 cDNA in rice protoplasts 

Extensive cross-regulation of ABIS, ABI4 and ABI5 has been shown 

previously (Brocard et al., 2002; Soderman et al., 2000). Thus, it can be 

hypothesized that ABI4 may have transcriptional activity in protoplasts. I have 

overexpressed GFP-tagged Arabidopsis ABI4 domains in rice protoplasts. Both 

full length (S27aa) ABI4:GFP and N-terminal (1-287aa) ABI4:GFP translational 

fusion constructs driven by the ABI4 and 3SS promoters, respectively, were 

expressed and detected by flow cytometry (data not shown). The preliminary 

results of transient assays in rice protoplasts suggested that the full-length 

AB14:GFP fusion does not transactivate when expressed at low levels, and the 

truncated AB14:GFP fusion may act as a dominant negative effector of Em 

promoter activity (data not shown). Attempts to amplify ABI4 cDNA by PCR from 
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the cDNA library were unsuccessful which prompted me to clone it from 

Arabidopsis genomic DNA {ABI4 gene consists of a single exon). Fig. 4.12 

shows the results from overexpression of ABI4 in maize protoplasts. ABI4 was 

observed to have no significant effect on either ABA-inducible Em-GUS 

expression or VP1-transactivation of Em-GUS expression (Fig. 4.12) and I 

speculate that it is probably due to absence of tissue-specific factors required for 

ABI4-mediated regulation of ABA signaling in maize protoplasts. VP1 

transactivated Em-GUS expression by 46-fold, but failed to synergize the ABA-

induction which could be explained because of saturating concentrations of ABA 

used (100 pM). Previously, maize ABI4 has been shown to bind to a coupling 

element, CE1 in ABA and sugar response genes (Nlu et al., 2002), but 

transactivation of ABA-responsive promoters by maize ABI4 hasn't been 

demonstrated yet. 

4.S.9 ABI5 interacts synergistically with ABA and VP1 

Protein interaction assays in yeast have identified the domains required 

for the physical interaction of ABI5 with ABIS (Nakamura et al., 2001); however, 

the functional significance of the Interactions is unknown. We tested for functional 

interactions of ABI5 with the maize orthologue of ABIS, VP1, on heterologous 

ABA-inducible promoters. Fig. 4.1 S shows the results from ABI5 and VP1 cDNA 

effector construct co-transformation experiments on trans-activation and ABA 

synergy of the wheat Em (Fig. 4.ISA), Arabidopsis yAfEm6 (Fig. 4.1 SB) and bean 

p-P/7as (Fig. 4.ISC) promoters. Overexpression of ABI5 and VP1 alone trans-
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activated all three promoters, and both effectors synergized with ABA (Fig. 4.IS). 

Interestingly, VP1 and ABI5 had different modes of synergy with ABA on 

Em::GUS expression than with AtEmG or p-P/7as. Overexpression of VP1 had a 

relatively stronger trans-activating effect with low (especially zero) dose 

treatments of ABA (Fig. 4.1 SA). Conversely, the synergy between VP1 and ABA 

was more apparent for AtEmG and p-P/7as at high ABA concentrations (Fig. 

4.1 SB, 4.1 SC). When both VP1 and ABI5 were co-expressed with the 

AfEm6::GUS or p-P/ias::GUS reporters, strong synergies between both the 

effectors and ABA were observed (Fig. 4.1SB,C). Most strikingly, strong and 

significant synergistic interactions of ABA, ABI5 and VP1 were observed with all 

promoters over the range of ABA concentrations tested (Fig. 4.IS). 

4.S.10 Bioinformatics, cloning and overexpression 
of novel ABI5-llke effectors 

I compiled several of the VP1 homologues from different species based on 

their conserved domains. Their percentage of identity and similarity were 

calculated using the Clustal X software (Thompson et al., 1997). These data 

were published in a review article written by my supervisor (Fig. 4.2; Rock, 2000) 

and were used to develop an applied project (see 4.S.12). Likewise, from the 

Arabidopsis Genome Initiative database I have identified some of the novel 

bZIPs which are closely related to ABI5, TRAB1 and ABFs. ABI5 showed strong 

homology to AtDPBFs (1-5), ABFs (1-4), TRAB1, AREBs (1-S), PvbZIP6 and few 

putative Arabidopsis ABRE-binding factors (Table 4.1 and 4.11). Since I showed 
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transcriptional activity of ABI5 in rice protoplasts and ABI5-like family may have 

redundant functions, my hypothesis is that overexpression of ABI5-homologues 

may also have similar transactivation effects. 

To test for functional redundancy in interactions of bZIPs and VP1, I have 

cloned the cDNAs of ABF1-4, DPBFS/AREBS and DPBF4 from a cDNA library 

(Minet et al., 1992) and expressed them in maize protoplasts. Overexpression of 

VP1, ABFS, ABF4, ABI5, DPBFS/AREBS and DPBF4 resulted in specific 

transactivation of ABA-inducible gene expression (Table 4.12 and Fig. 4.14). 

ABI5 and ABFS strongly synergized with overexpressed VP1. The synergistic 

results were similar to those observed for ABI5 and VP1. However, when ABI5 

and ABFS were co-expressed, they showed no synergy (data not shown) which 

could be due to heterodimerization of these closely related bZIPs which might 

have prevented from their individual activities. Although, ABF1 and ABF2 did not 

transactivate Em:GUS expression, interestingly, only ABF1 but not ABF2 

interacted synergistically with VP1 (Table 4.12 and Fig. 4.14). DPBFS/AREBS 

and DPBF4 did not interact with VP1 suggesting that DPBFs may interact with 

other unknown factors in ABA signaling (Table 4.12 and Fig. 4.14). For example, 

members of ABI5-like family may not solely interact with VP1, but instead other 

members of the ABIS-like family members, of which there are S4 members in 

Arabidopsis. 

These results have provided additional evidence for VPI-bZIP synergy 

and supported our hypothesis that these interactions are specific to ABI5 family 

members and prompted us to file an invention disclosure on a method for seed 
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and tissue-specific stress inducible gene expression (see invention disclosure). 

Future experiments will include testing interactions of each ABI5-like family 

member with ABIS-like family by pair-wise cotransformations into maize 

protoplasts. Epitope tagging the ABI5-like and ABIS-like families is feasible and 

will be used for detecting protein-protein interactions in vitro. Homo- and hetero

dimerization of AtDPBFs was demonstrated (Kim et al., 2002) and ABI5 was 

shown to dimerize with AtDPBFs. Expression of AtDPBFs was lower in 

vegetative tissues when compared to that of ABI5. It would be interesting to test 

the effects of cotransforming ABF2/ABF4, and AREBS/DPBF4 in presence of 

ABA (Fig. 4.14). Structure/function studies to test interactions between CI 

domain of ABI5-like family and VP1/AB1S are feasible. 

4.S.11 Invention Disclosure 

Overexpression of transcription factors was previously shown to have 

potential benefits for agricultural biotechnology in improving the stress tolerance 

of crops (Kang et al., 2002; Kasuga et al., 1999; Thomashow, 1999; Holmberg 

and Bulow, 1998; Jaglo-Ottosen et al., 1998). Based on our results with ABI5-like 

family and VP1, we (Chris Rock and Srinivas Gampala) have filed for US patent 

(pending) through Texas Tech University entitled Transcription factors and 

method for introducing value-added seed traits and stress-tolerance. We claim 

that overexpression of these bZlP transcription factors in combination with VP1 

will confer value-added traits to transgenic plants, including drought and salt 

tolerance, viability under stress and tissue-specific target gene expression. Our 
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data strengthen the claim that pair-wise combination of bZIP transcription factors 

with VP1 affords a platform to introduce value-added seed traits and stress 

tolerance in transgenic plants. These approaches may lend themselves to 

practical applications to improve expression of transgenes in target tissues such 

as leaves or seeds and render transgenic horticultural and ornamental plants and 

crops to be better able to withstand environmental stress via coordinated 

regulation of multiple endogenous gene sets in stress tolerance pathways. Some 

of the very first baseline experiments to periderm will include standardizing 

protoplast isolation procedure from diverse plant species such as cotton and 

sorghum to show proof in principle that first, ABA signaling mechanisms are 

conserved in plants and second, ABI5-like family synergistically interacts with 

ABIS-like family to activate stress-inducible seed and tissue-specific gene 

expression. Transgenic plants overexpressing these epitope tagged-transcription 

factors will be analyzed by transcript and protein expression studies. Gene 

stacking of multiple transcription factors in crop species is feasible, contingent 

upon improvement in stress-tolerance. 

4.S.12 Establishing a multi-component system for seed 
and tissue-specific stress-inducible gene expression 

Previous studies have shown that overexpression of transcription factors 

have beneficial effects on plant stress tolerance. Lee et al. (200S) have 

expressed the Arabidopsis CBF1 driven by three copies of an ABA-responsive 

complex (ABRC1) from the bariey HVA22 gene in order to improve the 
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agronomic performance of the transgenic tomato plants. The results 

demonstrated that CBF1 enhances the agronomic performance (Lee et al., 

200S). 

One of the goals of the invention disclosure is to demonstrate that value 

added traits can be introduced into a variety of crops. It was shown previously 

that ectopic expression of transcription factors (ABIS, ABI4 and ABI5) results in 

hypersensitivity of vegetative tissues to ABA (Parcy et al., 1997; Soderman et al., 

2000; Lopez-Molina et al., 2001). Our objective is to develop a multi-component 

heterologous system in Arabidopsis and other crop species such as cotton by 

having different combinations of transcription factors. Currently, the ABI5-like 

family bZIP transcription factors which were shown to have synergistic activities 

with VP1 are being cloned into the binary vector, pKYLX-myc9-loxP (Guo and 

Ecker, 200S). These constructs will be moved into Agrobacterium strain C58 by 

electroporation. Arabidopsis ecotype Columbia will be transformed with C58 

carrying different AB15-like genes. Subsequently, transgenic Arabidopsis plants 

will be selected on kanamycin. Homozygous lines will be identified and crossed 

with 35S-VP1 (Donald McCarty's lab) or 35S-ABIS (Gerome Giraudat's lab) lines 

to generate VP1/ABIS-ABI5L overexpressing plants. These lines will be tested for 

stress response compared to both wild type and transgenic plants 

overexpressing the either of the transcription factors alone. 
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4.4 Discussion 

I have demonstrated synergistic interactions of ABA with ABI5 and VP1, 

alone and in combination, in transient gene expression of both monocot and dicot 

ABA-inducible promoters In rice protoplasts. The data presented here 

consistently point towards the conservation of ABA signaling pathways between 

plant species. All tested ABA-inducible promoters from monocots {Hva1, Hva22, 

Em) and dicots {AtEmG, ^-Phas) were regulated by ABA in rice protoplasts, 

including the bariey Dehydrin promoter studied previously (Hagenbeek et al., 

2000). The ABA pathway-specific pharmacological agents La^* and 1-But acted 

predictably on the ABA-regulated promoters, as did the maize VP1 and 

Arabidopsis abi1-1 gene products which have previously been shown to interact 

with each other and the above pharmacological agents (Gampala et al., 2001; 

Hagenbeek et al., 2000). The strong trans-activation by VP1 of the Em promoter 

in the absence of ABA (Fig. 4. ISA) is likely explained by the observation that the 

Em promoter elements sufficient for activation by ABA and VP1 are partially 

separable (Vasil et al., 1995). 

It was shown previously that a GAL4AD-ABI5 fusion activates an AtEmG-

LacZ reporter in yeast by 2-S fold in absence of ABA (Nakamura et al., 2001). 

Presumably, this reflects an ABA-independent DNA binding event targeted to the 

ABI5 binding site, with transactivation accomplished by the GAL4 activation 

domain. Our results showing synergy of ABI5 with ABA suggest that ABA is 

required for ABI5 trans-activation of ABA-inducible promoters. More significantly, 

the Arabidopsis ABI5 gene product interacted with all the tested ABA effectors, 
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firmly supporting the conclusion that the ABA signaling mechanisms operating in 

rice embryonic protoplasts are conserved with those in other plants and tissues, 

and that ABI5 activation may be the consequence, directly or indirectly, of the 

effectors. A similar conclusion was drawn for ABA activation of TRAB1 by Hobo 

et al. (Hobo et al., 1999b) based on observed ABA-dependent trans-activation 

but ABA-independent DNA binding by TRAB1. The ABI5-related AREB1 and 

AREB2 did not transactivate the RD29 promoter in the absence of ABA in 

Arabidopsis leaf protoplasts (Uno et al., 2000), whereas other Arabidopsis ABI5 

family members ABFs and AtDPBFs transactivated the Em promoter in 

protoplasts in the absence of exogenous ABA (Finkelstein et al., 2002; Fig. 4.14), 

similar to ABI5. 

The molecular mechanisms of the effectors studied here are not known, 

but there is evidence that La^* and PLD act at the plasma membrane, suggesting 

that they function near to a postulated membrane-bound ABA receptor that may 

interact with G-protein subunits coupled to calcium and ion channels (Liu and 

Luan et al., 2001; Wang et al., 2001; Ritchie and Gilroy, 1998; Huang et al., 

1994). Some early ABA signal transduction components exist in animals, 

suggesting ABA signaling mechanisms may be even more broadly conserved 

than previously thought (Sutton et al., 2000). It is worth testing whether La^" can 

modulate ABA-activation of PLD in plasma membrane fractions (Ritchie and 

Gilroy, 2000). 

Because the abi1-1 allele acts as a dominant-negative protein 

phosphatase possibly acting on targets other than those of wild type PP2Cs 
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(Gosti et al., 1999; Sheen, 1998), it is difficult to interpret Its antagonistic action 

on ABI5 activity (or any other ABA activity). For example, if abi1-1 "poisons" or 

traps some necessary ABA sensitivity components, then theoretically ABM could 

function either upstream or downstream of ABI5 activation and still achieve the 

end result of lower ABA-inducible gene expression. Allen et al. (1999) observed 

reduced ABA-inducible [Ca '̂̂ jcyt concentrations and S-anion channel currents in 

the abi1-1 and abi2-1 mutants that were restored by external Ca^^, suggesting 

that ABM and ABI2 act upstream of [Ca^̂ 'jcyt to regulate anion channels. 

However, Grabov et al. (1997) showed that abi1-1 dominant negative protein had 

no detectable effect on the ABA-activation of the S-anion channel in transgenic 

tobacco while decreasing ABA sensitivity of K"" channels, suggesting that ABM 

function may be more flexible. Consistent with this hypothesis, Shen et al. 

(2001) have shown that abi1-1 antagonizes only the ABA-inducible pathway of 

gene expression but not the ABA-suppression pathway of gibberellin-inducible 

gene expression. Taken together, we interpret these results to support the 

hypothesis that ABM could act at or near ABI5 during transcriptional activation of 

ABA-inducible genes in rice. ABI5 and homologues are phosphorylated in planta 

(Uno et al., 2000) and are plausible targets for ABM activity in vitro (Lopez-

Molina et al., 2001), since the conserved regions contain consensus residues for 

protein kinases (Finkelstein and Lynch, 2000; Uno et al., 2000). ABM did not 

physically interact with AB15 in yeast two-hybrid assays (Nakamura et al., 2001), 

but this result could be due to the absence of a phosphorylated ABI5 substrate in 

yeast. 
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It has been shown that at least three cloned PP2Cs play important roles 

as negative regulators in ABA signaling (Saez et al., 2004; Sheen, 1998). Hence, 

closely related ABM homologues with conserved residues In PP2C domains may 

function in overiapping or redundant ABA and stress signaling pathways. We 

have characterized several of the 72 PP2Cs in Arabidopsis as candidates for 

ABA- and stress-signaling effectors, based on homology to ABM. Some of the 

PP2Cs tested in maize protoplast system were found to have effects on ABA-

inducible gene expression. The observation that P2C15 but not its mutant 

derivative (G2D similar to abl1-1) could transactivate Em-GUS expression Is a 

convincing argument that several of these PP2Cs could be tested for their 

efficacy as effectors of ABA-inducible gene expression in transiently transformed 

protoplasts. Although previous findings by Sheen (1998) have demonstrated that 

a G180D mutation in ABM protein would make it dominant-negative, in our 

system, G180D mutation in P2C15 only abolished its transactivation effect on 

Em-GUS expression and did not result in negative regulation of ABA signaling 

such as previously observed for ABM. Both the native and the dominant-negative 

forms of ABM were shown to function as negative regulators of ABA signaling 

(Sheen, 1998). Interestingly, no PP2Cs have been reported so far which have 

transactivation effect on ABA-inducible gene expression. To understand how 

P2C15 regulates ABA-inducible gene expression we could perform structure-

function studies on P2C15 protein and characterize its interactions with other 

signaling components in maize protoplasts. 
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In maize protoplasts, AtHB6 interacted with ABA signaling machinery as 

well as VP1 to activate reporter gene expression. Previously, Himmelbach et al. 

(2002) have observed transcriptional activation by AtHB6 in Arabidopsis 

protoplasts. However, the interactions between VP1 and AtHB6 are novel and 

may provide clues as to understanding interactions of ABIS-like family with 

homeodomain proteins. 

The activities of over-expressed ABI5 and VP1 on seed-specific reporter 

gene expression demonstrated here suggest that spatial, temporal, and 

quantitative expression of transcription factors may constitute a combinatorial 

mechanism conferring specificity and amplitude of ABA-inducible gene 

expression in plants (Singh, 1998). Consistent with this model is the observation 

that the promoters studied here are also expressed to a lesser degree in 

vegetative tissues in response to ABA and/or stress or when VP1 orthologues 

are ectopically expressed (Soderman et al., 2000; Li et al., 1999). The 

physiological significance of a two- to four-fold increase in ABA-inducible gene 

expression by ABI5 in rice protoplasts is corroborated by overexpression studies 

with 35S::ABI5 transgenic Arabidopsis. Lopez-Molina et al. (2001) have shown 

that there is a limited developmental time window immediately after germination 

when ABA-inducible ABI5 accumulation correlates with ABA-mediated growth 

quiescence. Three days after germination, ABI5 expression was no longer ABA-

inducible, but in 35S::ABI5 transgenic plants expressing ABI5 to varying degrees 

there was a good correlation between ABA sensitivity to root and embryo growth 

inhibition and ABI5 protein levels, and 35S::ABI5 plants retained water more 
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efficiently than wild type Lopez-Molina et al., (2001). Because the rice callus 

cultures used in our studies are derived from embryonic tissue, it is possible that 

endogenous ABA regulatory factors (such as OsVPI, OsABI5, OsABI4) interact 

with overexpressed ABI5 and contribute to the observed transactivations. Two-

week-old transgenic 35S::ABI5 Arabidopsis plants do not exhibit significantly 

elevated AtEm1 or AtEmG expression, perhaps because of the absence of 

embryonic factors in vegetative tissue that interact with ABI5. However, bZIP 

protein binding to ABA responsive elements is independent of VPI/PvAlf and 

dependent on ABA in vivo (Hobo et al., 1999b; Li et al., 1999; Busk and Pages, 

1997). 

Suzuki et al. (200S) have identified S5S VPI/ABA-regulated genes by 

GeneChip analysis. Seventy-three percent of all the represented genes were 

affected by both VP1 and ABA in vegetative tissues, indicating a tight coupling 

between ABA signaling and VP1 function. A large number of seed-specific genes 

were ectopically expressed in vegetative tissue of 35S::VP1 plants consistent 

with evidence that VP1 and ABIS are key determinants of seed-specific 

expression. ABI5 was activated by VP1, indicating conservation of the feed-

fonward pathway mediated by ABIS. ABA induction of ABM and ABI2, negative 

regulators of ABA signaling, was strongly inhibited by VP1, revealing a second 

pathway of feed-fonward regulation. These results indicate that VP1 strongly 

modifies ABA signaling through feed-fonward regulation of ABI1/ABI5-related 

genes. Of the S2 bZIP transcription factors represented on the GeneChip, genes 

in the ABI5-like family were specifically co-regulated by ABA and VP1. 
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Transient expression analyses of a reporter gene under the control of the 

At2S1 promoter in transgenic plants overexpressing ectopically AtbZIPIO, 

AtbZIP25, and ABIS reveal that none of these factors could activate significantly 

the reporter gene when expressed individually. However, co-expression of 

AtbZIP10/25 with ABIS resulted in a remarkable synergistic increase in reporter 

gene expression, suggesting that they are part of a regulatory complex involved 

in seed-specific expression (Lara et al., 200S). 

ABI5 is required for a postgermination developmental arrest check point 

that's mediated by ABA in Arabidopsis (Lopez-Molina et al., 2001) and ABI5 acts 

downstream of ABIS to execute this important phenomenon (Lopez-Molina et al., 

2002). abiS mutants are ABA-insensitive and unable to execute the ABA-

mediated growth arrest. Postgermination proteolytic degradation of ABI5 is 

interrupted by perception of an increase in ABA concentration through mitogen-

activated protein kinase (MAP kinase) signaling (Lu et al., 2002). Lopez-Molina et 

al. (200S) have cloned a novel ABI5-interacting protein (AFP) that can form high 

molecular weight (Mr) complexes with ABI5 in embryo-derived extracts. Like 

ABI5, AFP mRNA and protein levels are induced by ABA during seed 

germination. Two different afp mutant alleles {afp-1 and afp-2) are hypersensitive 

to ABA, whereas transgenic plants overexpressing AFP are resistant; in these 

plants, AFP and ABI5 protein levels are inversely correlated suggesting that AFP 

regulates ABI5 degradation. Genetic analysis shows that abiS-4 is epistatic to 

afp-1, indicating the ABA hypersensitivity of afp mutants requires ABI5. 
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Proteasome inhibitor studies show that ABI5 stability is regulated by ABA through 

Ubiquitin-related events (Lopez-Molina et al., 200S). 

Although the exact mechanisms of VP1 action are not known, it is 

postulated based on several protein-protein interaction studies in yeast that VP1 

could potentiate ABA-inducible gene expression by forming DNA binding 

complexes with 14-S-S, heat shock proteins, histone, bZIP, Zinc finger, RNA Pol 

II subunit RPB5 or other proteins (Jones et al., 2000; Kurup et al., 2000; Li et al., 

1999; Schultz et al., 1998, 1996). Mutations in VP1 and ABI3 loci have a range of 

pleiotropic effects on a number of developmental markers for seed maturation 

and germination that have different degrees of ABA-responsiveness, and ABIS 

genetically interacts with developmental mutants that are not ABA-insensitive 

(Rohde et al., 1999; Parcy et al., 1997; Hoecker et al., 1995). These results 

suggest that VP1 and ABI3 do not have entirely conserved functions and may 

serve to integrate ABA signaling into a network regulating development. 

Because of the ease of manipulation and high throughput of transient 

gene expression assays, protoplasts are a good model system to address the 

molecular mechanisms of ABA responses. AB15 and VP1 are the prototypical 

bZIP and ABA transcription factors, based on mutant phenotypes (Finkelstein et 

al., 2000; Lopez-Molina et al., 2000; McCarty et al., 1991). The B1 domain of 

ABIS binds to the N-terminal charged domains of AB15 (Nakamura, 2001). There 

are 9 closely related bZIP members in the ABI5 family in Arabidopsis; for many of 

these there exists circumstantial or functional evidence for their involvement in 

ABA signaling (Finkelstein et al., 2002; Choi et al., 2000; Uno et al., 2000). 
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Likewise, there are 14 members of the VP1/ABIS BS domain family in 

Arabidopsis (Riechmann et al., 2000), including two known regulators of 

embryonic development: FUSS and LEC2. Therefore, it is likely that genetic 

redundancy may mask subtle, tissue-specific ABA mutant phenotypes in planta. 

Structure/function analysis, domain swapping and co-transformation experiments 

with ABI5, VP1 and family members in protoplasts will facilitate unraveling the 

complexity of ABA-inducible transcription. For example, generating an allelic 

series of ABI5 mutant cDNAs could address whether ABA, La^*, PLD, VP1, and 

ABM modulation of ABI5 activity is mediated through the same activation 

domains. The outcomes of these studies should provide ample resources and 

strategies for practical applications to genetic engineering of crops with value-

added seed qualities and improved productivity under environmental stress 

conditions. 
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Table 4.1 Arabidopsis ABI5-like bZIP transcription factor family. bZIP names 
were according to Jacoby et al. (2002). Published gene names were presented in 
the third column. 

AtbZIP # 

AtbZIP12 

AtbZIPIS 

AtbZIP14 

AtbZIP15 

AtbZIP27 

AtbZIPS5 

AtbZIPSe 

AtbZIPS7 

AtbZIPSS 

AtbZIPS9 

AtbZIP40 

AtbZIP66 

AtbZIP67 

Accession # 

At2g41070 

At5g44080 

At4gS5900 

At5g42910 

At2g 17770 

At1g49720 

At1g45249 

At4gS4000 

AtSg 19290 

At2gS6270 

At1gOS970 

AtSg56850 

AtSg44460 

Gene Name 

AtDPBF4/EEL 

ABF1 

ABF2/AREB1 

ABFS 

ABF4/AREB2 

ABI5 

GBF4 

AREBS 

AtDPBF2 

GenBank# 

AFSS4209 

BN00002S 

BN000021 

AJ419599 

BN000022 

AF09S544 

AF09S545 

AF09S546 

AF09S547 

AFSS4206 

U0182S 

AB017162 

AJ419600 
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Table 4.2 Maize VP1 and its orthologues from dicots and monocots (Rock, 
2000). Sequences of the orthologues were obtained from 
http://www.ncbi.nlm.nih.gov/ and similarity and identity were calculated In 
comparison with full length VP1 (McCarty et al., 1991). 

Spec/es/Protein (GenBank 
Accession No.) 

Domain 

ZeamaysA/PI (gi:138603) 

0Ayza/DsVP1 (gi: 391885) 
Identity 

Similarity 

/Ai^ena/AfVPI (gi:2924300) 
Identity 

Similarity 

Daucus/DcABI3 (gi:5578746) 
Identity 

Similarity 

Phaseolus/PvALF (gi: 1046278) 
Identity 

Similarity 

Craterostigma/CpyP^ (gi:2288899) 
Identity 

Similarity 

Popu/t/s/PtABI3(gi:2661461) 
Identity 

Similarity 

/Arab/cfops/s/ABI3 (gi:584707) 
Identity 

Similarity 

ArabidopsisA=\JS3 (gi:3582520) 
Identity 

Similarity 

Acidic 1 
(aa 26-
118)t 

77 
94 

76 
92 

28 
64 

24 
76 

34 
74 

25 
60 

39 
75 

Basic 1 
(aa 120-

234) 

73 
93 

67 
90 

38 
70 

38 
76 

39 
77 

20 
39 

41 
80 

Basic 2 
(aa 379-

421) 

84 
98 

79 
98 

40 
74 

46 
77 

49 
79 

14 
42 

46 
79 

26 
46 

Basic 3 
(aa 496-

619) 

91 
98 

89 
95 

77 
94 

83 
96 

82 
92 

14 
37 

84 
97 

51 
77 

Overall 

— 

90 

72 

62 

67 

67 

50 

69 

28 
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Table 4.S Arabidopsis ABIS-like gene family. ABIS gene was used as a query 
string for the BLAST search and closely related genes were identified. ABIS 
contains an acidic domain and three basic domains (B1-BS) that have been well 
characterized. 

Accession number 

At3g24650 
At3g26790 
At1g28300 
Atlg 13260 
At3g25730 
At1g68840 
At1g25560 

At2g30470 
At4g32010 
At4g21550 
At4g01500 
At1g51120 
At2g46870 
At1g01030 
At2g 36080 
At1g50680 
At3g61970 
At5g06250 
At3g11580 
At2g 33720 
At2g21920 
At1g78640 

At3g04260 
At5g25830 
At1g78430 
At1g35240 
At1g05920 
At3g25185 
At3g20300 
At4g26660 
At2g28350 
At2g43060 

Gene Name 

ABi3 
FUSS 
LEC2 
RAVI 

RAV1L 
RAV2 

RAV2L 

AB3L1 
AB3L2 
AB3L3 
AB3L4 
AB3L5 
AB3L6 
AB3L7 
AB3L8 
AB3L9 

AB3L10 
AB3L11 
AB3L12 
AB3L13 
AB3L14 
AB3L15 

B1L1 
B1L2 
B1L3 
B1L4 
B1L5 
B1L6 
B1L7 
B1L8 
B1L9 

B1L10 
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Table 4.4 Gene-specific PCR primers used for cloning AtHB6, ABI4 and ABIS-
like family members from Arabidopsis cDNA library (Minet et al., 1992). 

Gene Primer sequence (5'-3') 

ABF1 

ABF2 

ABF3 

ABF4 

DPBFS 

DPBF4 

ABI4 

F: cccaagcttggatccaaagggtctgattcgttgt 

R: cggggtaccgttaacgtcacatcttctctatagct 

F: cccaagcttggatcccccaaacgaagaaccaaaca 

R: cggggtaccgatatcttcttcaaaattggtaactc 

F: ccgctcgagggatccgaagcttgatcctcctagtt 

R: cggggtaccgatatcagatacaagataaattcact 

F: cccaagcttggatccgaacaagggttttagggctt 

R: cggggtaccgatatcgttgccactcttaagtaata 

F: cccactagtggatccatggattctcagaggggtat 

R: cggggtaccgatatctcagaaaggagccgagcttg 

F: cccggtaccggatccacagtttctaaggcaaaata 

R: cggaggcctgaattcacttgaactagtgtttgtac 

F: tcccccgggagatcttcctcttcttcttctt 

R: ccgggtaccgatatcacgaattccttgaaaa 
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Table 4.5 Gene-specific PCR primers designed for cloning ABM-like family 
members (PP2Cs) from Arabidopsis cDNA library. 

Gene name 

ABU 

ABI2 

P2C2 

P2CHA 

P2C4 

P2C5 

P2C6 

PP2C 

P2C7 

P2C8 

P2C9 

P2C10 

P2C11 

P2C12 

P2C13 

P2C14 

P2C15 

P2C16 

P2C17 

P2C18 

Accession # 

At4g26080f 

At4g26080r 
At5g57050f 
At5g57050r 
At1g17550f 
At1g17550r 
At1g72770f 
At1g72770r 
At1g074S0f 
At1g074S0r 
At2g29S80f 
At2g29S80r 
At5g59220f 
At5g59220r 
At3g11410f 
At3g11410r 
At5g51760f 
At5g51760r 
At5g24940f 
At5g24940r 
At1g43900f 
At1g4S900r 
At5g53140f 
At5g5S140r 
At5g10740f 
At5g10740r 
At1g67820f 
At1g67820r 
At2g40180f 
At2g40180r 
At1g07160f 
At1g07160r 
At2g30020f 
At2g30020r 
At2g25620f 
At2g25620r 
AtSg17250f 
AtSg17250r 
At4g31750f 
At4gS1750r 

Primer sequence 

ggggtacccgttaatggaggaagtatc 
cgggatccgcggaccctctctgcctcag 

ggaattcctcctttaatggacgaag 
ggggtaccccaaaccttctttttcaattc 

cgggatccgcgaggtttggaagctgcatac 
ggaattccgagctcgagcatacactgtttc 
cgggatccgcgctcatggaggagatgac 

ggaattccgcgtactgcttgtaattaag 
ggggtaccccggaatatttagtagaggc 

ggaattccagagtgatgaggagattagtgtc 
gctctagagcgtttttttccccggatatg 
ggggtaccccacttacgtgtccttatc 

ggggtaccccgatcacatggctgagatttg 
ggaattccaacaaacattacgagagagac 
ggggtaccccgctctgtaaattggagaag 
ggaattccactaattattaagacgacgc 
ggggtacccctcttgatccaccgaaacg 
cgggatccgcgttttactgagagctattc 

ggaattcctgcaaaaatgggatatatggac 
gctctagagcaaaagaaggtagtggacg 
cgggatccgcgaatatatgcctagacag 
ggggtaccccaaatatgttagtgtattc 

cgggatccgcggtaaggtttgactacttag 
ggaattccacatgtccccaacagtatg 
cgggatccgcgtttgaaatttctgaag 
ggggtaccccgctatttataccttgtcg 
cgggatccgcgtagtcattgtagctctc 
ggaattccgttaagagttttcagcctttg 
gctctagagctcttatatgcaactctc 
gctctagagctaatgtactatgtg 

ggggtacccctacgaaacgatgtcgtcttc 
cgggatccgcgttgttattctgtctctac 

ggaattcctagaaacgatgtcttgctccg 
cgggatccgcctctcttttctatatgaac 

cgggatccgcgatgatgtttcaatatggaag 
ggggtaccccttttcagtcgtcaccatcctc 
ggggtaccccttttcagtcaaaacatggtc 
cgggatccgcgctaaaaaaccttcatcag 
cgggatccgcgagttaaagagttattgtgc 
ggaattccgaaaaggatgttaccaatg 
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Table 4.6 Sequences of oligonucleotides synthesized to make full length 
adaptors for cloning different epitope tags into acceptor vectors (701-705). 

Acceptor vector Oligo sequence (5'-S') 

701 F: cgggatccattacctcatatagcatacat 

(loxH) R: ggaattcataacttcgtataatgtatgct 

702 F: cgggatccaaaatggctcatcatcatcaccatcatattacctc 

(loxH-His6) R: ggaattcataacttcgtataatgtatgctatatgaggtaatat 

703 F: cgggatccaaaatggcttacccttacgatgtgcctgatta 
cgcttatccttatg atgttcc 

(loxH-HA) ^- ggaattcataacttcgtataatgtatgctatatg 
aggtaatagcataatcaggaacatcat 

704 F: cgggatccaaaatggattacaaggatgatgatgataa 
gggagattataaggacgatgacg 

(loxH-FLAG) ^- ggaattcataacttcgtataatgtatgctatatgagg 
taattcctttatcgtcatcgtc 

705 
F: cgggatccaaaatggagcaaaagttgatcagcg 

aggaggatttggagcagaaacttatcagc 

(loxH-cMyc) ^' ggaattcataacttcgtataatgtatgctatatatgag 
gtaatcaaatcctcctcgctgataagt 
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Table 4.7 ABI5 transactivates the ABA-inducible bariey promoters Hva1, Hva22 
and bean p-P/jas promoter in rice. Fold-induction (ABA treatment and/or ABI5 
trans-activation) were calculated relative to Control (zero ABA added, equal to 
unity) in paired samples co-transformed with either Ubi::AB\5 cDNA effector 
construct or Ubi:: expression vector alone and treated as described in 
Experimental Procedures. For Em, Hva1 and Hva22 experiments, the 
concentration of ABA used was 10 pM; for p-P/?as experiments, 100 pM. Values 
are the average (± S.E.M) of four replicate transformations. ^Significantly different 
than Control, P< O.OOS (two-sided Student's f-test, equal variance assumed). 
"Significantly higher than either ABA or Ubi::AB\5 reference, P< O.OS (one-sided 
Student's f-test, equal variance assumed). '̂ Not significantly induced by ABA nor 
trans-activated by ABI5 (P > 0.50, one-sided Student's f-test, equal variance 
assumed). 

Construct 

Em: :GUS 

Em: :GUS + Ubi::AB\5 

Hva1 ::GUS 

Hval ..GUS + Ubi ::AB\5 

Hva22 ::GUS 

Hv^a22 ::GUS+L//}/::ABI5 

p-P/7as::GUS 

p-P/7as::GUS+(;jb/::ABI5 

35S.;GUS 

35S.-.GUS + Ubi::AB\5 

Fold induction 

No ABA 

1 

2.3^ ±0.12 

1 

S.6^±0.8 

1 

S.5^±0.5 

1 

4.7^ ± 0.4 

1 

0.8*= ±0.1 

in GUS expression 

+ ABA 

12^ ±0.6 

28" ±2.6 

5.S'±0.9 

16.9" ±S.O 

S.4^ ± 0.5 

8.1" ±0.9 

S.6^ ± 0.5 

52" ± 7.2 

1.0^ ±0.2 

0.9^ ±0.1 
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Table 4.8 Lanthanum synergizes with, and a PLD inhibitor (1-Butanol) 
antagonizes, ABA-induction of Phas::G\JS expression. Fold induction was 
calculated for ABA-induction, lanthanum activation and ABA/lanthanum synergy 
by comparing to the Control (No ABA/lanthanum added) in paired samples 
treated as described in Experimental Procedures. Inhibition of Phas::G\JS 
expression by 1-But is expressed as the percent inhibition (in parentheses) 
relative to Control samples (zero 1-butanol added). Values are the average (± 
S.E.M) of three replicate transformations. ^Significantly different than Control, P< 
0.001 (two-sided Student's f-test, equal variance assumed). "Significantly higher 
than ABA or La "̂" treatments alone, P< O.OS (one-sided Student's f-test, equal 
variance assumed). '̂ Not siginificantly affected by lanthanum or ABA, P> 0.4 
(two-sided Student's f-test, equal variance assumed). N/A, Not analyzed. 

ABA (pM) 

0 

100 

100 

100 

0 

100 

Treatments 

La^* (m 

0 

0 

0 

0 

1 

1 

M) 1-But (%) 

0 

0 

0.1 

0.2 

0 

0 

Promoter fold induction 

S5S 

1 

0.9^ ± 0.04 

N/A 

N/A 

1.1'=±0.S 

1.1'=±0.1S 

p-P/7as 

1 

2S^± 0.001 

9.7 ± 0.08 (-58%) 

7.1 ±0.11 (-69%) 

1.5'±0.006 

45" ±0.08 
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Table 4.9 AB15 potentiates lanthanum-activated and lanthanum/ABA synergistic 
activation of Em::GUS expression. Fold induction and activation were calculated 
for ABA-induction, lanthanum activation and ABA/lanthanum synergy by 
comparing to the Control (zero ABA/lanthanum added, equal to unity) in paired 
samples as described in Experimental Procedures. The fold-induction over non-
ABI5-cotransformed samples is shown in parentheses. 'Significantly different 
than Control, P< 0.008 (two-sided Student's f-test, equal variance assumed). 
"Significantly higher than without Ubi::AB\5, P< 0.002 (one-sided Student's f-
test, equal variance assumed). "^Significantly higher than ABA or Lâ "̂  treatments 
alone, P< 0.0005 (one-sided Student's f-test, equal variance assumed). 

Treatments 

ABA (pM) 

0 

10 

0 

10 

La^^ (nr 

0 

0 

1 

1 

iM) 

Promoter Fold Induction 

Em::GUS 

1 

17'±1.4 

1.7'±0.06 

35*= ±1.4 

Em::GUS + Ubi::AB\5 

1.7'±0.06 

26"±0.50(1.5x) 

S.4" ± 0.14 (2.0x) 

49"±2.40(1.Sx) 
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Table 4.10 1-Butanol antagonizes ABA-induction and ABI5-transactivation of 
Em::GUS expression. Inhibition of reporter gene expression was calculated as 
the percent inhibition of GUS/LUC activity relative to Control samples (zero 1-But 
added) treated with or without ABA and/or co-transformed with Ubi::AB\5 or Ubi:: 
vector alone. Values are the average (± S.E.M) of three replicate 
transformations. 'Significantly different than Control, P< 0.002 (two-sided 
Student's f-test, equal variance assumed). "Not significantly different from 
Em::GUS transformation alone, P > 0.25 (two-sided Student's f-test, equal 
variance assumed). 

Treatments 

ABA(pM) 1-Butanol 
(%) 

10 0.1 

10 0.2 

Relative Inhibition of Reporter 
Activity 

Em::GUS 

45 '±S 

5S'±6 

Em::GUS + 
Ubi::AB\5 

57 ' " ± 6 

60 ' " ±1 
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Table 4.11 Sequence comparison of ABI5/DPBF1 (At2gS6270) with its 
homologues from Arabidopsis and other species. Protein sequences were 
aligned against ABI5 using ClustalX program (Thompson et al., 1997). ABFs 
were isolated on the basis of their ability to bind ABREs (Choi et al., 2000). 
PvbZIP6 is a member of the ABI5-bZIP sub family and was isolated from 
ethylene-treated leaf abscission zones of broad bean, but was not shown to be 
involved in ABA signaling. TRAB1 and EmBPI are bZIP transcription factors 
implicated in ABA signaling by transient gene expression studies (Guiltinan, 
1990; Hobo et al., 1999). AtDPBFs were identified by searching the Arabidopsis 
databases for homology to sunflower DPBFs which were recently cloned (Kim et 
al., 2002). 

Gene Species Annotation 
no. 

Identity (%) Similarity 
(%) 

ABF2/AREB1 

ABFS/AtDPBF5 

ABF4/AREB2 

PvbZIP6 

ABF1 

AtDPBF2 

TRAB1 

AtDPBFS/AREBS 

EmBPI 

AtDPBF4 

GBF4-like 

GBF4 

Arabidopsis 

Arabidopsis 

Arabidopsis 

Bean 

Arabidopsis 

Arabidopsis 

Rice 

Arabidopsis 

Wheat 

Arabidopsis 

Arabidopsis 

Arabidopsis 

At1g45249 

At4gS4000 

AtSg19290 

AFS69792 

At1g49720 

AtSg44460 

AB02S288 

AtSg56850 

MS8418 

At2g41070 

At5g44080 

At1gOS970 

42.5 

S5.5 

S1.6 

SS.9 

S6.2 

S6.0 

SI.2 

S5.5 

17.2 

S0.1 

20.0 

19.2 

6S.8 

6S.8 

61.7 

61.S 

60.6 

59.1 

52.7 

50.9 

48.6 

45.9 

45.7 

S7.1 
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Table 4.12 Overexpressed ABI5-like family members interact synergistically with 
ABA and VP1 to transactivate wheat Em promoter in maize protoplasts. 
Protoplasts were transformed with Em-GUS alone or with Ubi-AB\5-L constructs 
and/or 35S-VP1 construct, and treated with 100 pM ABA. Fold induction in ABA-
induction, ABI5-L-transactivation or synergy with VP1 was calculated relative to 
No ABA control, ABA induction alone, or VP1-transactivation alone respectively. 
Results were statistically validated and found to be significant (P< 0.0001, two-
sided Student's f-test, equal variance assumed). 

Construct 

Em-GUS only 

Em-GUS + Ubi-yP^ 

Em-GUS + Ubi-AB\5 

Em-GUS + Ubi-ABF^ 

Em-GUS + Ubi-ABF2 

Em-GUS + Ubi-ABF3 

Em-GUS + U/)/-ABF4 

Em-GUS + Ubi-DPBF3 

Em-GUS + L;b/-DPBF4 

Treatment 
±ABA 

0 

100 |JM 

0 

100 |JM 

0 

100 |JM 

0 

100 |JM 

0 

100 |JM 

0 

100 |JM 

0 

100 JJM 

0 

100 jjM 

0 

100 |JM 

Fold 
Induction 

1 

10.1 

45.1 

3.6 

6.8 

2.5 

1.5 

0.4 

1.3 

1.1 

7.3 

4.2 

16.9 

4.1 

5.3 

2.5 

11.2 

2.4 
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Table 4.12 Overexpressed ABI5-like-family members interact synergistically with 
ABA and VP1 to transactivate wheat Em promoter in maize protoplasts. 

Construct Treatment Fold 
±ABA Induction 

Em-GUS + Ubi-AB\5+35S-yP^ 

Em-GUS + L/d/-ABF1+35S-VP1 

Em-GUS + t;/)/-ABF2+35S-VP1 

Em-GUS + (;fa/-ABF3+35S-VP1 

Em-GUS + i;b/-ABF4+35S-VP1 

Em-GUS + L/b/-DPBF3+35S-VP1 

Em-GUS + L//3/-DPBF4+35S-VP1 

0 

100 | JM 

0 

100 j jM 

0 

100 | JM 

0 

100 | JM 

1 0 

100 j jM 

1 0 

100 | JM 

1 0 

100 | JM 

1.4 

2.1 

2.6 

4.3 

0.9 

1.1 

1.5 

5.3 

0.9 

1.4 

0.9 

1.4 

0.6 

0.8 
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At3g5l370 
At5g66080 
At4g38S20 
At1g09l60 
At1968410 
At2g25070 
At4g31860 P2C19 
At4g26080 ABI1*< 
At5g57050 AB12$ 

- At1g17550 P2C25 
At1g72770®AtP2C-HA 
At1g07430 P2C4$ 
At2g29380 P2C5 
At5gS9220 P2C6 

— At3g114'J0®PP2C 
At5gS1760*P2C7 
At l 948040 
A«gl7250*P2C17 
At3g62260 
At2g33700 
Ai3g51470 
At2g25620 P2C16* 
At1g22280 
At1g34750 
At1g78200 

- At2g20630 
At4g28400® 
AtSg15260 
At2g34740 ^ 
At5g10740 P2C11* 
AtSg24940 P2C8 
At4g31750 P2C18 
At5g53140 P2C10 
At1g43900*P2C9 
At1g07160^P2C14 
At2g30020^P2C1S* 
At2g40180 P2C13 
At1g67820 P2C12 

— At2g40860 
At3g16800 
At3g06270 

Fig. 4.1 Arabidopsis ABM-like family showing 40 most closely related PP2Cs to 
ABM. The proteins were analyzed by the Pileup program of GCG using 
progressive pairwise alignments. ABU (At4g26080) was shown by an arrow. The 
asterisked (*) genes contain mutations in the essential protein phosphatase 
active site (MED) or ABA signaling (GVY/FDGHG) residues. The genes marked 
with "@" are upregulated by wounding (Cheong et al., 2002). P2C19 is 
upregulated by ABA and overexpressed VP1 (Suzuki et al., 200S). Genes 
marked with dollar sign ($) were tested in the present study. 
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C1 C2C3 bZIP C4 

• II 

Fig. 4.2 ABI5-like bZIP transcription factor family. Family members were placed 
in Class "A", and exhibit four conserved charged domains (C1-C4) and a 
consensus bZIP domain which is important in DNA binding and dimerization 
(Jacobyetal., 2002). 
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tox*= toxPor/oxH depending on acceptor vector 

Fig. 4.S Recombination strategy for parallel cloning of ABRC cDNAs into 
acceptor vectors for expression studies in protoplast transient assays. pAcceptor 
vector can be either pBAD-ThioE or any other acceptor vector that has the 
required loxH/loxP sites. 
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Hindlll 

BamHI 

BamHI 

EcoRI 

Fig. 4.4 Plasmid vector map of CRpDHS49 (Gampala et al., 2002), used for 
cloning the ABI1-, ABIS-, and ABI5-like family members. For subcloning, VPI-
cMyc was released by digesting with BamHI/EcoRI enzymes and the vector was 
ligated with cDNAs with compatible ends. 
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Hindlll 

EcoRI 

Fig. 4.5 Plasmid maps of acceptor and donor vectors (A) CR701 recombination-
ready acceptor vector. VPI-cMyc cDNA from the original plasmid CRpDHS49 
was released by digesting with BamHI/EcoRI enzymes and ligated to loxH 
containing adaptor (701) or/ox/^-epitope tags, Hise, HA, FLAG and cMyc (702, 
70S, 704 and 705, respectively) with an idea of making in-frame N-terminal 
epitope tag-pUNIcDNA fusions. 
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/ ; Kan 

pUNI 51 
(2554 bp) 

Mul 

indlll 

Spel 

• Fwdsequendng primer 
CTGTTGGTGTGTCTATTAAATCGATTTTTTGTTATAACAGACACT 

^)i T3 Promoter 
GCTTGTCCGATATTTGATTTAGGATACA GGTACC AATTAACCCT 

137 

• Lc«P 
CACTAAAGGG ATA ACT TCG TAT AGC ATA CAT TAT ACG AAG 

EcoRI Eagl ^-A • rtw 
TTA TCT GGA ATT CGG CCG TC A AGG CCA GAA GGA GAT ATA 

ORF SfiS-B Stdl LaflD 
ACC ATG » TAA GGCCTCATGGGCC GTCGAC TAGAATTGTGAGC 

PfotI 
GCTCACAATTCTA GCGGCCGC GAGATCATATCACTGTGGACGTT 

GATGAAAGAATACGTTATTCTTTCATCAAATCGTGGTCGATCGAC 

• Rvs sequencing primer • 
GAGCTCGCTGATCAGCCTCGTCTGTGCCTTCTAGTTGCCAGCCAT 

Fig. 4.5 (B) Plasmid map of pUNI51 vector. Sequences, reading frames and 
annotation for all 701-705 constructs were similar to the construct shown above. 
Cloning is done at Sfil-A/Sfil-B sites. 
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O 80 

% 60 
3 
k. 
0) 
Q. 

^ 40 
> 
< 
(0 
D 
O 
a> 
> 

20 

• i H Em-GUS+35S-Ppdk-abr" 
r~a em-GUS+J5S-Ppdfc-abi1-1 

em-GUS+U6;-ABI2 
£m-GUS+Ub/-P2C2 
Ein-GUS+t/b/-P2C4 
Efn-GUS+(./to/-P2C11 
Em-GUS+(;bi-P2C16 

Control 

i 

•O 
100 pM 

[ABA] ( |JM) 

Fig. 4.6 Members of ABH-like family interact with ABA-inducible Em-GUS 
expression. Protoplast samples were transformed with Em-GUS alone in 
combination with either 35S-Ppd/f-ABI1""" expression construct or L/jb/-P2C-like 
constructs. ABM, ABI2 and P2C4 significantly antagonize ABA-inducible Em-
GUS expression. Asterisk (*), dollar sign ($) and number sign (#) represent 
statistical significance, P< 0.00S5, 0.012 and 0.01 respectively (Paired Student's 
t-test, equal variance assumed). Symbols "@, +" represent P values > 0.05. Error 
bars are ± S.E.M. 
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O 250 
3 

§ 200 

g 150 

> 
'̂  100 
< 
(O 
3 
O 
0) 
_> 
iS 
0) 
Of 

50 

-

-

^ H £m-GUS+35S-Ppd<f-abl1""" 
i ^ £m-GUS+35S-PPd/^-abl1-1 
1 1 E/n-GUS+iyW-P2C15 
1 1 Em-GUS+U/!)#-P2C15mut 

* 

~r- L 

T' 
5 

T 

Control 100 pM 
[ABA] ( M M ) 

Fig. 4.7 Overexpressed P2C15 specifically transactivates ABA-inducible Em-
GUS gene expression. Em-GUS construct was transfomned into maize 
protoplasts either alone or with PP2C15 or its G180D mutant derivative. 3SS-
PPd/f-abi1-1 construct was included as a positive control. Ubi-P2C^5, but not its 
G180D mutant derivative could significantly transactivate Em-GUS expression 
with ($) or without ABA (*) (P< 0.007 and 0.43 respectively, two sided Student's t-
test, equal variance assumed). Error bars are ± S.E.M., four replicates per 
sample. 
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> 

o 

> 

0̂  

h-3 

§ 
SI 
5 

80 

60 

40 

20^ 

0 

-•-£i«: :GUS 
- 0 £ / M : : G U S + f/A/::ABI5 

-V^^w: :GUS+f/6i:: ABIS 
+555-P/7rfA::abil-l 

(-62%) 
* 

(-68%) 

0 10 100 
[ABA] (^M) 

Fig. 4.8 Overexpression of dominant-negative abi1-1 antagonizes ABI5 trans
activation of Em::GUS expression and ABA/ABI5 synergy. Control samples were 
cotransformed with a 35S-Ppd/c::ABI1""" expression construct (Sheen, 1998). 
Numbers in parentheses indicate the relative percentage inhibition compared to 
the Control. Asterisk (*) indicates significantly different from Control, P< O.OOOS 
and 0.0004 respectively (Paired Student's f-test, equal variance assumed). Error 
bars are ± S.E.M., three or four replicates per sample. 
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^ 400 

o 

~ 300 

0) 

a. 

> 200 
u 
(0 

CO 

O 

.§ 

.> 
i2 
0) 

100 

(-57®/-49%* ) 1 

X-

(-90*;-86% ) 

Control 100 pM 
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Fig. 4.9 Overexpressed abi1-1 significantly antagonizes Em-GUS expression. 
Inhibition was observed both in presence and absence of ABA, P< 0.00002 (@) 
and O.OOOS (#) respectively (Paired Student's t-test, equal variance assumed). 
abi1-1 also antagonizes ABFS-transactivation of Em-GUS expression both in 
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sided Student's t-test, equal variance assumed). Numbers in parentheses 
represent relative percentage inhibition compared to the Control. Control 
samples were cotransformed with a 35S-Ppd/f-ABI1""" expression construct 
(Sheen, 1998). Results were the average of four replicates and error bars 
represent ± S.E.M. 
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and 0.0004 respectively (Paired Student's f-test, equal variance assumed). Error 
bars are ± S.E.M., three or four replicates per sample. 
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Fig. 4.11 AtHBB acts as an agonist of ABA-inducible Em-GUS expression and 
VP1 transactivation. Protoplasts were transformed with either Em-GUS alone 
and/or Ubi-AtHB6 and 35S-VP1. 100 pM ABA significantly induces Em-GUS 
expression ("#" represents statistically significant, P< 3x10'^, Paired Student's t-
test, equal variance assumed). AtHB6 significantly transactivates Em-GUS 
expression in the absence (*) and presence (@) of ABA (P< O.OOOOS and 0.017 
respectively). AtHB6 potentiates VP1-transactivation of Em-GUS expression with 
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"X and y" represent fold-induction values with or without ABA respectively. Error 
bars are ± S.E.M., four replicates per sample. 
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Student's t-test, equal variance assumed). Error bars are ± S.E.M., four 
replicates per sample. 
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CHAPTER V 

REVERSE GENETIC ANALYSIS OF ABFS FUNCTION 

5.1 Reverse genetics as a tool to study ABA signaling 

The term "Reverse genetics" includes any sequence-based study to test a 

specific gene's functional role. In Arabidopsis this approach has been extensively 

used either by screening for EMS or T-DNA insertions or overexpressing the 

gene and characterizing its effects on the phenotype of the plant. Reverse 

genetic approach in Arabidopsis functional genomics has gained wide spread 

popularity due to the availability of the entire Arabidopsis genome sequence. 

Wisconsin Biotechnology Center has been offering scientists a service to target a 

particular gene of interest. Recently, Salk T-DNA Express 

(http://signal.salk.edu/cgi-bin/tdnaexpress) and Torrey Mesa Research Institute 

(TMRI) (www.tmri.org) have developed technology to target the whole 

Arabidopsis genome. The Arabidopsis Tilling Facility (ATP) 

(http://tilling.fhcrc.org:9S66/) allows scientists to choose a particular region of a 

gene of interest to be tilled. Arabidopsis Biological Resource Center (ABRC) 

maintains all the stocks of the mutant seed material contributed from different 

sources such as Salk, TMRI and ATP, and serves as a central distribution 

source. 

Within the ABI5-like bZIP subfamily, only for ABI5 and EEL (Enhanced Em 

Level) (Finkelstein and Lynch, 2000; Bensmihen et al., 2002) is there any genetic 

evidence for involvement in ABA signaling. My hypothesis is that reverse genetic 
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studies of ABI5/EEL homologues will help me understand the roles of ABI5-bZIP 

family in physiological responses of ABA. From the analysis of AB15 transcript, it 

was evident that ABI5 is highly expressed in desiccating and dry seeds and at a 

lower level in young (8d old) vegetative tissue and its mRNA accumulation is 

ABA-inducible (Finkelstein and Lynch, 2000). Ectopic expression of ABIS 

hyperactivates ABA-inducible vegetative expression of ABI5 (Soderman et al., 

2000). ABI5 expression is regulated by ABI3 and ABM genes and ABA (Lopez-

Molina et al., 2001; Soderman et al., 2000). However, expression and tissue-

specificity of ABI5-homologues in response to ABA and their cross regulation In 

wild type and mutant backgrounds is not completely understood. ABI5 protein 

contains a less conserved activation domain and three charged domains (C1-CS) 

at the N-terminus, and shares high homology to other members of ABI5-like 

family such as ABFS within charged domains C1-CS and the highly conserved 

bZIP domain. 

Overexpression of ABI5, ABFS and ABF4 have resulted in hypersensitivity 

of transgenic plants to ABA, reduced transpiration and enhanced drought 

tolerance suggesting that ABI5-bZIP sub family may have similar functions in 

ABA signaling. (Kang et al., 2002; Lopez-Molina et al., 2001). Ectopic expression 

of ABI5 has activation or repressing effects on other ABI5-family members 

suggesting the cross regulation (Brocard et al., 2002). Availability of EMS and T-

DNA insertion mutant lines is expediting the process of testing the functional 

roles of all Arabidopsis genes in planta. I obtained several of these mutant lines 

(ABRC salk-insertion lines, TMRI-Gariic lines and ABFS-TILLING lines) and 
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studied their responses to ABA compared to wildtype Columbia, particulariy In 

ABFS-TILLING mutants. 

5.2 Methods 

5.2.1 Plant material 

All seed material (Arabidopsis thaliana ecotype Columbia and Landsberg) 

was obtained from Arabidopsis Biological Resource Center (ABRC, Ohio). Seeds 

were sterilized in 70% ethanol for 5 min and S0% bleach containing 0.01% 

TritonX for 5 min and extensively washed with sterile water. They were stratified 

at 4°C for three days to break any residual dormancy and were germinated on 

Petri plates containing half strength MS salts, 2% sucrose and 1% phytagel. 

Germinated 5-day-old seedlings were transferred to pots containing sterile soil 

and were grown under constant light at 22°C. 

5.2.2 TILLING of ABFS gene 

Recently developed Targeting Induced Local Lesions jn Genomes 

(TILLING) (http://tilling.fhcrc.org:9S66/) (Till et al., 200S) is a service funded by 

NSF to Steve Henikoff (FHCRC) which provides the service to scientists for 

targeting any given gene of interest and generates an allelic series of point 

mutations. Arabidopsis seeds are mutagenized with EMS and the resulting Ml 

plants self fertilized. The M2 generation seedlings were used for preparing 

genomic DNA samples for mutational screening. Several of the DNA samples are 

pooled and subjected to gene-specific PCR by using the primers designed using 
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CODDLE program (Codons Optimized to Discover Deleterious Lesions). 

CODDLE separately handles the prediction of changes which should truncate the 

protein and destabilize the RNA (nonsense changes and splice junction changes) 

and the prediction of missense changes which should alter function of the gene 

product (those in conserved amino acid blocks in the coding region). The entire 

screening procedure was standardized for amplifying a 1 kb length of a given 

gene that can be analyzed using the high throughput system. For a given Tilling 

request, the ATP facility screens DNAs from approximately SOOO M2 plants 

harboring EMS mutations and typically delivers up to 12 mutations for each 

requested gene. For the TILLING analysis of ABFS, CODDLE program was used 

to determine the best region to find mutations and accordingly primers to amplify 

a product of 1019 bp of ABFS gene (Left primer: gtgtgagtgagcagcagccaacg. 

Right Primer: gcttcacttcctggcactgcgaaa) were designed and submitted to ATP 

facility. Subsequently, 7 mutations were identified in ABFS gene and using the 

PARSESNP software in the tilled region we obtained the mapping locations of 

the mutations and at least two of the mutations were sequenced. I have 

characterized ABA-responses of ABFS-tilling lines using physiological assays. 

5.2.S ABA-inhibition of seed germination assay 

For determining the correct concentration of ABA that is inhibitory to 

wildtype seed germination, seeds were germinated on plates containing 

increasing concentrations of ABA (Sigma, St. Louis, MO). Subsequently, ABFS-

TILLING mutants and wild type Columbia seeds were germinated on S pM ABA-
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containing MS medium plates and the percentage of germination and 

development of green cotyledons were scored after 4 days. abi2-1 (CS2S, 

ABRC) was included as a positive control for insensitivity to ABA-inhibition of 

seed germination. 

5.2.4 ABA-lnhibltion of root growth assay 

The root growth inhibition assay was done according to Brocard et al. 

(2002) with modifications. Seeds were sterilized, stratified and germinated on 

Petri plates containing minimal medium. Three-4-day old seedlings were 

transferred to plates with or without 10 pM ABA and were grown vertically to 

facilitate root growth for better comparison. New root growth was measured after 

4 days on ABA-containing medium. 

5.S Results 

5.S.1 Analysis of ABFS-TILLING mutations 

I have carried out molecular genetic studies to characterize ABFS and 

ABI5- family members in Arabidopsis in an attempt to understand their functional 

roles in physiological responses of ABA. As an additional approach to generate 

genetic resources for further characterization, using the TILLING (Till et al., 2003, 

2002; Colbert et al., 2001) services available to the Arabidopsis scientific 

community, I have identified several EMS-induced point mutations in the ABFS 

gene coding region (Table 5.1 and Fig. 5.1). The corresponding seed lines were 

obtained from ABRC, and seeds were multiplied, and homozygous clonal lines 
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were selected. Homozygosity of the mutant 91025 was established by two 

methods: First, the ABFS coding region from wildtype and mutant plants were 

sequenced, and a G to A mutation leading to a stop codon in the CI charged 

domain that results in premature termination of ABFS translation was identified 

(Fig. 5.2). Second, the ABA-inhibition of root growth assay was done to show that 

all the siblings of CS91025 line showed insensitivity to ABA (data not shown). 

Four of the ABFS-Tilling lines were characterized for their phenotypes of ABA-

sensitivity (ABA-inhibition of germination, ABA-inhibition of root growth, wiltiness 

and stress tolerance). Another mutation (CS88212) was identified in the 

conserved charged domain C2 but found to be a silent mutation. 

I have analyzed ABFS-Tilling mutants for altered responses to ABA such 

as ABA inhibition of seed germination, ABA inhibition of root growth and loss of 

leaf fresh weight by transpiration. The preliminary results have shown that there 

are subtle phenotypic differences between these mutant lines and wild type 

Columbia except for CS91025, which showed a slightly wilty phenotype (data not 

shown). 

Pilot experiments were done for ABA-inhibition of seed germination and 

root grov\/th inhibition for Columbia and abi2-1 genotypes. 1 pM ABA inhibited 

wildtype seed germination up to 80% and showed no effect on abi2-1 mutants, 

whereas a concentration of S pM completely inhibited seed germination of 

Columbia and only partially inhibited the ABA-insensitive abi2-1 genotype by 

20% (Fig. 5.4). Similarly, abi2-1 serves as a positive control for root growth 

inhibition assay and ABA dose-response assays demonstrated that two 
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concentrations of ABA reveal significant differences in ABA-sensitivity of abi2-1 

compared to Col. (Fig. 5.5). Both 5 and 10 pM ABA significantly inhibited abi2-1 

root growth when compared to wildtype (P< O.OS and 0.00001 respectively. 

Paired Students t-test, equal variance assumed). 10 pM ABA inhibited root 

growth of wildtype by 63% (Fig. 5.5) and was later used for testing the ABFS-

tilling mutants. 

Table 5.2 shows the results of an experiment with TILLING lines for ABA 

inhibition of seed germination. Three pM ABA, which showed different effects on 

germination of wildtype and abi2-1 mutant seeds (Fig. 5.4), was added to the MS 

medium and the TILLING lines were germinated. Wildtype Columbia seeds did 

not germinate. The ABFS-TILLING mutants showed no mutant phenotype with 

respect to ABA sensitivity to seed germination. The positive control abi2-1 

germinated completely in contrast to wildtype and tilling lines (Table 5.2). 

One of the classical responses that is affected by ABA is root growth, and 

I have shown that more than 60% inhibition of root growth can be observed in 

response to transferring seedlings to 10 pM ABA. Fig. 5.6 shows the results from 

the root growth inhibition assay comparing the ABFS tilling lines with wildtype 

Columbia. Two sibling mutant lines of CS91025 were insensitive to 10 pM ABA 

and were not significantly affected, but wildtype Columbia seedlings were 

significantly inhibited by ABA (P < 0.91 and 0.0002 respectively (Paired student's 

t-test, equal variance assumed) (Fig. 5.6). Tilling mutant 879S7 showed 

hypersensitivity towards ABA inhibition of root growth when compared to 
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wildtype. However, homozygosity of this particular mutation has not been 

confirmed, yet. 

ABA and sugars synergistically induce the expression of ABI5. 

Overexpression of ABI5 conferred hypersensitivity to sugars for inhibition of 

seedling growth and induction of anthocyanin accumulation (Brocard et al., 2002) 

and S5S-ABF3 plants are hypersensitive to glucose (Kang et al., 2002). Based 

on this information, I hypothesize that ABFS-tillIng mutants may show insensitivity 

to sugar-mediated grov\/th arrest when grown on sugars. When we tested 4 and 

6% glucose concentrations, we observed that ABFS-tilling mutant CS91025 was 

insensitive to growth arrest by 6% glucose (data not shown) when compared to 

wildtype suggesting that sugar responses are affected by a mutation in ABFS. 

5.3.2 Salk and TMRI insertion mutant lines 

Database searches using SIGNAL (http://signal.salk.edu/cgi-

bin/tdnaexpress) and TMRI (http://wvtfw.tmri.org) have identified several insertion 

lines in ABI5-like family members. These seeds were obtained from ABRC and 

multiplied. Southern blots were done to identify the homozygous insertion lines 

and several of the putative candidate lines were short listed (Table 5.3). 

Restriction digested RAFL/pUNI full length cDNA clones or PCR amplified ABI5-

like ORFs were used as probes in Southern blotting. Full-length cDNA clones 

were for all the ABI5-like family members were obtained from ABRC and Riken 

and will be used for expression studies in protoplasts in the near future. 
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5.4 Discussion 

Previously, Kang et al. (2002) have shown that overexpression of ABFS 

and ABF4 resulted in drought tolerance and reduced water loss through 

transpiration. Similar results were also obtained by Lopez-Molina et al. (2001) 

where ABI5-overexpressing transgenic plants retained water more efficiently than 

the wild type plants. However, abiS-1 mutants are only slightly resistant to ABA-

inhibition of germination, and have normal levels of transpiration. These results 

suggest that over-expression or under-expression of ABI5-like family members 

may have different effects on ABA-responsiveness. 

We have observed from our ABA-sensitivity assays that ABFS-tilling 

mutations do not result in ABA-inhibition of seed germination (Table 5.2) and 

slightly altered transpiration rate (data not shown). However, mutants CS91025 

and CS879S7 were affected in the ABA-inhibition of root growth showing either 

insensitivity or hypersensitivity to ABA inhibition (Fig. 5.6), which can be 

correlated with higher expression of ABFS transcript in roots compared to any 

other parts of the plant (Kang et al., 2002). This result was also corroborated by 

the MPSS (Massively Parallel Signature Sequences) database analysis that 

analyzes at the abundance of transcript in different plant tissues, confirmed that 

ABFS transcript abundance is high in roots. A systematic analysis of quantitative 

measurements (p.p.m.) of tissue-specific expression profile of ABFS transcript 

has indicated that ABFS transcript is present in several of the tissue types, the 

maximum being in roots (abundance of class l-inside ORF: CAF, actively growing 

callus-85; INF, inflorescence- mixed stage, immature buds-14; LEF, 21 day 
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leaves-31; ROF, 21 day roots-139; SIF, siliques 24 to 48hr post-fertilization-2S; 

API , ap1-10 inflorescence-mixed stage, immature buds-S; APS, ap3-G 

inflorescence-mixed stage, immature buds-2; AGM-agamous inflorescence-

mixed stage, immature buds-0; INS-inflorescence-mixed stage, immature buds-2; 

SAP, sup/apl inflorescence-mixed stage, immature buds-1). Presence of sense 

and antisense tags of ABFS mRNA suggests a post-transcriptional regulation of 

ABFS transcript. I hypothesize that wildtype ABFS is required for normal ABA-

inhibition of root growth, but this phenomenon is compromised in ABFS-tilling 

mutants (CS91025 and CS87937). ABFS-tilling mutants were insensitive to sugar 

inhibition suggesting that sugar responses are affected by a mutation in ABFS. 

I mapped the mutations to the coding region of ABFS and showed that 

only CS91025 is located in the conserved CI domain that leads to a stop codon 

(Fig. 5.3). One of the mutations (CS88212) is a silent mutation, and other 

mutations mapped to the regions outside conserved domains among ABI5-like 

family (data not shown). The results from my experiments should be interpreted 

carefully due to the proposed functional redundancy among ABI5-like family 

members (Brocard et al., 2002; Finkelstein et al., 2002; Kang et al., 2002) that 

may result in subtle differences in phenotypes. Nevertheless, further 

characterization of tilling mutants and other insertion lines will yield useful clues 

for understanding ABI5-llke bZlP transcription factor family. 

Using the transient gene expression assays in protoplasts, I have shown 

that ABFS driven by an Ubiquitin promoter strongly transactivates ABA-regulated 

gene expression and synergistically interacts with VP1 (ABIS-like family) 
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suggesting that ABFS plays an important role In bZIP-regulated ABA signaling 

(Chapter IV). Characterization of double and triple mutants and in vitro 

biochemical studies of members of ABI5-like family would address the 

interactions of this important bZIP transcription factor family. Deletion analysis 

and domain swapping of ABI5-like family will identify and establish the functional 

domains important for ABA regulation. 

Overexpression of ABFS conferred ABA hypersensitivity, sugar 

hypersensitivity, enhanced drought tolerance and altered ABA-regulated gene 

expression (Kang et al., 2002). However, the overexpression approach may be 

disadvantageous, because it may turn off or turn on the genes which are not 

generally regulated by ABFS and may also affect other ABI5-like members by 

non-natural dimerization. Our ABFS-Tilling mutant analysis showed no 

phenotypic differences, but it could be due to functional redundancy among the 

ABI5-like family, and can be addressed by making double mutants of ABFS/ABI5-

like family members. Detection of higher expression of ABFS in vegetative 

tissues (roots) suggests ABFS plays an important role in ABA signaling of these 

tissues. 
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Table 5.1. TILLING mutations identified in ABFS gene. First column represents 
nucleotide residue number that has undergone mutational change. Second 
column represents amino acid changes, denoted by different symbols: Asterisk 
(*) is nonsense mutation/stop codon and equal sign (=) is silent mutation. Third 
and fourth columns represent ABRC seed stock number and corresponding 
mutational position In the coding region respectively. 

Nucleotide 
change 

Effect ABRC Seed stock # Position 

G161A 

GS20A 

G448A 

C747T 

G775A 

C873T 

W66* 

G119= 

G162E 

P262S 

R271K 

LS04= 

CS91025 

CS88212 

CS87774 

CS91004 
CS88096 

CS879S7 

CS88212 

CI 
domain 

C2 
domain 
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Table 5.2 ABFS-TILLING mutants are sensitive to ABA-lnhlbition of seed 
germination. 3 pM ABA inhibited the germination of Columbia as well as ABFS-
TILLING mutants. abi2-1 mutants were included as a positive control and their 
germination was not affected by ABA. 

Genotype 

Col 

abi2-1 

91004-1 

91004-2 

91025-1 

91025-2 

# of seed 

SO 

SO 

SO 

SO 

SO 

SO 

% 

No ABA 

100 

100 

100 

100 

100 

100 

germination 

S pM ABA 

6.66 

100 

0 

0 

10 

10 
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Table 5.3 List of Salk and TMRI insertion lines that map to ABI5-like family. 
Database searches were done with SIGNAL (http://signal.salk.edu/cgl-
bin/tdnaexpress) and TMRI (http://www.tmri.org) websites for Identifying 
insertions in ABI5-like family members. Corresponding full length cDNA clones 
available from ABRC (Arabidopsis Biological Resource Center) and Riken 
(RAFL) are also included in the list. 

Seed Line # AGI# Annotation RAFL ABRC 

SALK_013163 

GABI_532E06 

GABI_534E06 

TMRI 401F8 

TMRI 1223A8 

SALK_043079 

SALK_132819 

SALK_142713 

SALK_084668 

SALK_072942 

SALK_099081 

SALK_038065 

TMRI 345G6 

SALK_006517 

SALK_030697 

FLAG_513D03 

TMRI 267E2 

TMRI 767G3 

TMRI 812A3 

FLAG_222H10 

FLAG_229E04 

SALK_002984 

SALK_138853 

SALK_138855 

SALK_150090 

FLAG_377E05 

GABI_490C04 

TMRI 128909 

TMRI 82709 

GABI_516F12 

TMRI 399E5 

At2g36270 

At2g36270 

At2g36270 

At2g36270 

At2g36270 

At1g49720 

At1g49720 

At1g49720 

At1g49720 

At1g49720 

At1g49720 

At1g49720 

At1g49720 

At5g42910 

At5g42910 

At5g42910 

At5g42910 

At5g42910 

At5g42910 

At5g42910 

At5g42910 

At1g45249 

At1g45249 

At1g45249 

At1g45249 

At1g45249 

At1g03970 

At1g03970 

At1g03970 

At1g03970 

At5g44080 

ABIS pmtr 

ABI5 pmtr 

ABI5 pmtr 

ABI5 

ABI5 

ABF1 coding 

ABF1 coding 

ABF1 3'UTR 

ABF1 pmtr 

ABF1 pmtr 

ABF1 pmtr 

ABF1 pmtr 

ABF1 pmtr 

AtbZIP15 3'UTR 

AtbZIPI5 coding 

AtbZIP15 3'UTR 

AtbZIPI5 3'UTR 

AtbZIPI5 3'UTR 

AtbZIPI5 3'UTR 

AtbZIPI 5 pmtr 

AtbZIPIS pmtr 

ABF2 intron = AREB1 

ABF2 pmtr 

ABF2 pmtr 

ABF2 pmtr 

ABF2 pmtr 

GBF4 pmtr 

GBF4 pmtr 

GBF4 pmtr 

GBF4 exon 

GBF4L 

pda1319S U19471 

R19471 

pda06990 U19757 
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Table 5.3 List of Salk and TMRI insertion lines that map to ABI5like family. 

Seed Line # AGI# Annotation RAFL ABRO 

SALK_085832 

SALK_147564 

SALK_061079 

TMRI 7SF2 

TMRI 1247B3 

SALK_096965 

SALK_107653 

SALK_075834 

SALK_075836 

SALK_002080 

salk_131169 

salk_109550 

sall<_133166 

SALK_138872 

SALK_127761 

SALK_021465 

GABI_671E03 

TMRI 414G8 

TMRIR12D7 

FLAG_392H07 

FLAG_607B05 

FLAG_482B05 

FLAG 514A11 

At3g56850 

At3gS6850 

At3g 56850 

At3g56850 

At3g56850 

At4g34000 

At4g34000 

At4g34000 

At4g34000 

At4g34000 

At4g34000 

At4g34000 

At4g34000 

At4g34000 

At4g34000 

At4g34000 

At4g34000 

At4g34000 

At4g34000 

At4g34000 

At4g34000 

At4g34000 

At4g34000 

AREB3 pmtr 

AREB3 pmtr 

AREB3 exon 

AREB3 exon 

AREB3 exon 

ABF3 coding 

ABF3 coding 

ABF3 pmtr 

ABF3 pmtr 

ABFS pmtr 

ABF3 exon 

ABF3 pmtr 

ABF3 pmtr 

ABF3 pmtr 

ABF3 pmtr 

ABF3 intron 

ABF3 pmtr 

ABF3 pmtr 

ABF3 pmtr 

ABFS pmtr 

ABFS pmtr 

ABFS pmtr 

ABFS pmtr 

pda04271 U16325 

U15508 
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Table 5.3 List of Salk and TMRI insertion lines that map to ABI5llke family. 

Seed Line # AGI# Annotation RAFL ABRO 

SALK_069523 

SALK_132901 

SALK_13290S 

SALK_042696 

SALK_000181 

SALK_02767S 

SALK_049S04 

SALK_137718 

SALK_043475.51 

SALK_007871 

TMRI 156F4 

SALK_034171 

SALK_021965 

SALK_08S497 

FLAG_432O0S 

GABI_314D04 

GABI_314B04 

SALK_02S758 

SALK 021965 

At3g19290 

AtSg 19290 

AtSg 19290 

AtSg19290 

AtSg 19290 

AtSg 19290 

AtSg 19290 

AtSg 19290 

AtSg 19290 

AtSg 19290 

AtSg 19290 

At3g56850 

AtSg44460 

At3g44460 

AtSg44460 

At3g44460 

AtSg44460 

At2g41070 

At2g41070 

ABF4 coding 

ABF4 coding 

ABF4 coding 

ABF4 pmtr 

ABF4 pmtr 

ABF4 pmtr 

ABF4 pmtr 

ABF4 pmtr 

ABF4 intron' 

ABF4 pmtr 

ABF4 pmtr 

AREBS pmtr 

DPBF2 coding 

DPBF2 coding 

DPBF2 3' UTR 

DPBF2 intron 

DPBF2 intron 

DPBF4 5' UTR 

DPBF4 exon 

pda04068 U10909 

pda12582 U2010S 

pda11142 
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bZIP 

V̂* 
Fig. 5.1 TILLING analysis of ABFS. (*) represents a stop codon. C1-C3 are 
charged domains present in the amino temninus of the protein. Identified 
mutations were shown by numbered arrow triangles that represent aminoacid 
changes are: 1-nonsense mutation; 2-silent mutation; S-G to E; 4, 5- P to S; 6-R 
toK. 

G to A transition 

A A G A A A C 

V A A 

MT^^''N 
Mv. 

Fig. 5.2 Chromatogram showing the G to A mutation in 91025 ABFS-TILLING 
mutant. Asterisk (*) represents nonsense mutation at nucleotide 161 in the 
coding region of ABFS. 
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ABF3 
ABI5/AtDPBF1 
AtDPBF2 
ABF1 
ABF4 
AtDPBF3/AREB3 
AtDPBF4 
ABF2-like 
GBF4 
GBF4-like 

C1 domain 

* 

MDELLKNI WTAEE 
MDEFLVSI WNAEE 
MDEFLANL WTTVE 
MDELLKNI WTAED 
MDELLKSI WTAEE 
LDELLKSV CSVEA 
LDELLKTV L 
MDELVKHI SSAEE 
--GVNDYT FASDS 
VEGI LHDT FASDP 

Fig. 5.3 Pile up of ABI5-like family highlighting the nonsense mutation (*) in ABFS 
Tilling mutation CS91025. Aminoacid encoding Tryptophan in the conserved CI 
domain (shown in red) is mutated by EMS. 
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Fig. 5.4 ABA-inhibition of seed germination. Columbia and abi2 seeds were 
plated on Arabidopsis minimal medium supplemented with various 
concentrations of ABA, stratified at 4°C for 4 days to break any residual 
dormancy, and incubated at 21 °C with a 16h- light period. Germination 
percentage was calculated after 3 days from seedlings with green cotyledons or 
fully emerged radicle. Values are the mean average of two Independent 
experiments where number of seeds, n=30. 
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[ABA] (|JM) 

Fig. 5.5 ABA-inhibition of root elongation. Seeds were germinated on ABA-free 
plates for four days and the germinated seedlings (n=10 each) were transferred 
to ABA-containing plates where all their root tips were aligned. The increase in 
root length was measured after 3 days and expressed as percentage relative to 
the control seedlings Incubated on ABA-free plates. Asterisk (*) and dollar sign 
($) represent significantly different than wildtype Columbia , P< 0.03 and 0.00001 
respectively (Two-sided Student's t-test, equal variance assumed). 
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Fig. 5.6 Analysis of ABA-inhibition of root growth assay on ABFS-TILLING lines. 
Seeds were germinated on ABA-free plates for four days and the germinated 
seedlings (n=10 each) were transferred to ABA containing plates where all their 
root tips were aligned. The increase in root length was measured after 3 days. 
On ABA containing plates, Columbia seedlings were significantly affected in their 
root growth (-30% relative inhibition) whereas ABFS-TILLING mutants (CS91025) 
were not; number sign (#) and asterisk (*) represent P < 0.0002 and 0.91 
respectively (Two-sided Student's t-test, equal variance assumed). 
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CHAPTER VI 

BIOCHEMICAL QUANTIFICATION OF 

OVEREXPRESSED PROTEINS IN PROTOPLASTS 

6.1 Detection and Quantification of epitope-
tagged proteins in protoplasts 

Epitope tagging is a recombinant DNA technique for making a gene 

product immunoreactive to an available antibody. First described by Monro and 

Pelham (1984), it was developed rapidly to include several epitope tags such as 

His, cMyc, HA, FLAG, V5, VSVG, Thioredoxin and synthetic RNA tags, and used 

in diverse applications such as protein detection, purification and studying 

protein-protein interactions (reviewed by Jarvik and Telmer, 1998). Epitope 

tagging provides a useful tool for Immunological detection and cellular 

localization of proteins in vivo and in vitro. 

One of the objectives of the present study is to standardize techniques to 

detect and quantify transiently overexpressed effector proteins in transformed 

protoplasts to demonstrate that these proteins are expressed in the same 

quantity and validate our results showing functional interactions of effectors. 

Although, usage of biochemical techniques to detect overexpressed epitope 

tagged genes driven by constitutive promoters had been successful In transgenic 

plants (Lopez-Molina et al., 2001), it has not been the same case with transient 

expression in protoplasts from different species which vary widely In 

transformation efficiencies. 
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Immunodetection of proteins by Western blots has been shown in several 

transgenic plant species including cowpea (Carette et al., 2002), tobacco, potato 

(Mestre et al., 2003), Arabidopsis (Lopez-Molina et al., 2003, 2002, 2001; Lu et 

al., 2002). In particular, HA-tagging was successfully detected In transgenic 

Arabidopsis plants using commercially available mouse monoclonal antibodies 

as well as antibodies raised against recombinant proteins produced in bacteria 

(Lopez-Molina et al., 2001). 

Sheen (1996) showed detection of HA-tagged overexpressed AtCDPKs 

(Calcium Dependent Protein Kinases) in maize protoplasts was possible by 

labeling the protein by p S ] methionine and subsequent immunoprecipitation with 

anti-HA antibody. A similar method was used for detecting HA-tagged MAPKKKs 

in Arabidopsis protoplasts (Kovtun et al., 2000). However, non-radioactive 

detection of transiently expressed proteins in protoplasts was not equally 

successful. Nam-Hai Chua's lab developed an efficient way to detect HA-tagged 

proteins in transgenic Arabidopsis plants. Using immunoprecipitation technique, 

endogenous ABI5 and overexpressed HA-ABI5 proteins were detected with 

ABI5-specific and anti-HA antibodies respectively (Duque and Chua, 2003; 

Lopez-Molina et al., 2003, 2002, 2001). 

Gao et al. (2003) have used a cMyc to tag and co-purify ethylene 

receptors ETR1 and CTR1 to show their association in vivo. A stress-responsive 

peanut dual specificity protein kinase was characterized by Hise tagging that 

helped further identification of conserved residues required for the protein kinase 

activity (Rudrabhatia and Rajasekharan, 2003, 2002). A chloroplast putative 
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nitrogen sensor, Pll from Arabidopsis was expressed and purified for biochemical 

studies when tagged with a Hise epitope (Smith et al., 2002). Co-

immunoprecipitation of Hise-tagged mu A-adaptin receptor binding domain with 

VSR-PS1 demonstrated their physical interactions (Happel et al., 2004). Several 

reports can be found in the literature for the usage of FLAG tag. A FLAG-tagged 

Arabidopsis Phytochelatin Synthase (AtPCSI) was detected in vivo (Lee et al., 

2002). Simone et al. (2001) have shown by adding a FLAG tag at the c-terminus 

of VirE2 protein that the carboxy-terminus of VirE2 from Agrobacterium Is 

required for its transport to host cells by the virB-encoded type IV transport 

system. Characterization and subcellular localization of a poplar Cinnamate 4-

hydroxylase (C4H) was made possible by fusing a FLAG tag to C4H (Ro et al., 

2001). A PLDa from tomato was characterized by fusing the cDNA with a FLAG 

tag (Whitakeretal., 2001). 

Some of the problems involved in detecting overexpressed proteins in 

protoplasts are, at least in part, due to low transformation efficiency and the 

fewer numbers of transformed cells. A typical transformation experiment results 

in 3-6% and 10-20% transformation efficiency for rice and maize protoplasts, 

respectively. As a result, the quantity of transgenic protein produced in the cells 

is lower than the detection limits most blotting systems can offer. However, this 

problem can be overcome by using strong promoters and optimizing the 

transformation conditions, as well, to obtain higher transformation efficiencies. 

One could also use high-sensitivity western blot kits which use 

chemiluminiscence to improve detection of signal by amplifying the signal. The 
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systematic approach that should provide useful results would be to fuse various 

epitope tags at the N- and C-termini of a particular protein and assay for its 

detection In protoplasts. In the current chapter, I have described the experiments 

that I peri'ormed to quantify transiently overexpressed proteins In rice and maize 

protoplasts. 

6.2 Methods 

6.2.1 Protein extraction 

Approximately 3 million rice protoplasts and 50,000 maize protoplasts 

were transformed with reporter constructs as well as effector constructs. After 16 

hr incubation, they were pelleted by centrifuging at 800 rpm for 3 min and 250 pi 

1x reporter lysis buffer (Promega) was added and thoroughly vortexed to lyse the 

protoplasts. The lysate was centrifuged at 10,000 rpm for 3 min and supernatant 

was retained. Reporter enzyme assays were performed as described in Chapter 

II and specific ABA-induction caused by effectors was measured. Protein 

quantification was done according to Bradford method using Coomassie Protein 

Assay Reagent (Pierce, Rockford, IL). For details about transformation and 

enzymatic assays, see Chapter II. 

6.2.2 Immunoprecipitation (IP) 

Transformed protoplasts were lysed according to the method described in 

6.2.1. Several of the lysate samples were pooled and the total protein content 

was measured using the Protein detection kits from either BloRad or Pierce. A 
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total protein content of 50 pg in 1 ml was used for IP Prior to treatment with 

primary antibody, cell lysate was precleared with 250 ng control mouse IgG along 

with 20 pi resuspended protein G-plus agarose conjugate (Santacruz 

Biotechnology). The mix was incubated at 4°C for SO min, and was centrifuged at 

2,500 rpm for 5 min at 4°C. The supernatant was transferred to a fresh eppendori" 

tube and 200 ng of primary antibody (Santacruz Biotechnology) was added. The 

mix was incubated overnight on a rotary shaker at 4°C. After the incubation with 

primary antibody, 20 pi protein G-plus agarose conjugate was added and 

incubate for additional 1 hr. The beads were spun at 2,500 rpm for 5 min at 4°C 

and the pellet was retained and washed 4 times with PBS (Phosphate Buffered 

Saline- For 1 liter add 0.262 g monobasic sodium phosphate monohydrate, 1.15 

g dibasic sodium phosphate, 9 g NaCI and adjust the pH to 7.0), each time 

repeating the centrifugation step. After the final wash, the pellet was 

resuspended in 20 pi 1x SDS-PAGE gel loading buffer, boiled for 7 min, briefly 

spun and loaded on SDS-PAGE gels. 

6.2.3 Western blotting 

Gel electrophoresis and western blotting was done according to published 

protocols (Ausubel et al., 1994; Towbin et al., 1979). SDS-PAGE gels were cast 

using the Mini vertical gel system from Thermo EC. For casting the separating 

minigel, 3.6 ml H20, 2 ml 4x Tris-HCI-SDS (pH 8.0)(For 100 ml, add 18.2 g Tris 

and 0.4 g SDS), 2.4 ml 40% acrylamide (29:1 acrylamide:bisacrylamide mix), 100 

pi freshly made Ammonium per sulphate and 10 pi TEMED were added and cast 
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into the 10 ml glass plate assembly. After solidification, the stacking gel (2.6 ml 

H20, 1 ml 4x Tris-HCI-SDS (pH 6.8)(For 50 ml, add 3.025 g Tris and 0.2 g SDS), 

0.4 ml 40% acrylamide (29:1 acrylamide:bisacrylamide mix), 70 pi freshly made 

ammonium persulphate and 7 pi TEMED) was cast with an appropriate well 

comb. 

Equal amounts of protein along with pre-stalned low range SDS-PAGE 

standards (BioRad) were loaded and gel electrophoresis was done at 100 V for 2 

hr in 1x running buffer (500 ml 5x buffer-7.55 g Tris, 36 g Glycine and 2.5 g 

SDS). The gel was electroblotted to Immobilon-P PVDF transfer membrane 

(Millipore) in gel running buffer using MiniBlot Module (Thermo EC) at 15V for 90 

min. Western blotting was done according to the manufacturer's Instructions 

(ECL Advance Western Blotting Detection Kit, Amersham Pharmacia). Mouse 

monoclonal antibodies against HA and LUC were obtained from Sigma (St. 

Louis, MO) and Anti-Thio antibody and anti-mouse secondary antibodies were 

obtained from Amersham Pharmacia. 

6.3. Results 

6.3.1 Overexpression of epitope tagged proteins 
in bacteria 

One of the limitations of studying plant proteins is the lack of protein 

purification techniques due to presence of phenolics that makes it difficult to 

purify and characterize them. However, using different epitope tags, they can be 

produced and purified to homogeneity from bacteria or plants and later used for 
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different structure-function studies. GST- or epitope tagged-plant proteins can be 

overexpressed and purified from bacteria or plants using sepharose or epitope 

tag-specific affinity chromatographic columns. For example, Hise-tagged proteins 

can be purified over a nickel column. 

To develop an appropriate system to overexpress ABI1-, ABIS-, and ABI5-

like family transcription factors, we have chosen an arabinose-inducible PBAD 

promoter-system (Guzman et al., 1995). This system has several advantages to 

work with: First, the promoter PBAD can be induced by arabinose to get optimum 

expression of recombinant protein. Second, conformational change brings 

histidine residues together to form the patch which can be chelated to the metal 

ions and subsequently purified using the nitrilotriacetic add (NTA) or Probond 

resin. Fig. 6.1 shows the plasmid maps of the cloning vector as well as a positive 

control pBAD/ThioE/Uni-CAT whose expression can be induced in TOP10 cells 

using arabinose. To optimize the concentration of arabinose required for higher 

expression of recombinant protein, we have done a dose-response experiment 

and the results were presented in Fig. 6.2. TOP10 cells expressing the 

recombinant plasmid were treated with either minus arabinose or increasing 

concentrations of arabinose ranging from 0.002 to 20% (v/v) arabinose. The 

results have demonstrated that no Thioredoxin-tagged CAT protein was detected 

in either minus arabinose control or the cells induced with lower concentrations of 

arabinose (0.002 and 0.02%). Forty two-kDa recombinant protein was detected 

beginning at 0.2% agarose induction and reached its peak levels at 2% agarose. 

However the protein accumulation was lower when induced with 20% arabinose 
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suggesting that the induction of AraBAD promoter was optimum with 2% 

arabinose. 

6.3.2 Detection of overexpressed proteins in 
rice protoplasts 

Efforts to detect overexpressed proteins by western blots were not 

successful and prompted us to use immunoprecipitation from pooled samples. 

Fig. 6.2 shows the results obtained from the western blot experiments of GUS 

and HA-tagged abi1-1 proteins in rice protoplasts. Bacterial GUS protein worked 

as a positive control to confirm the detection of GUS protein in protoplast 

extracts. Only Immunoprecipitated (IP) protoplast extracts showed the presence 

of GUS protein whereas the control protoplast lysates without IP did not show 

any detection (Fig. 6.2A). I have also done the similar experiment for HA-tagged 

abi1-1 protein. Control non-transformed protoplast samples as well as the ones 

without IP did not give any detectable signal, but the protoplast lysate that was 

IP'd showed the presence of 43 kDa HA-abi1-1 protein demonstrating the 

advantages of IP technique. 

6.3.3 Overexpressed reporter and effector proteins 
can be quantified in protoplasts 

To demonstrate the feasibility of western blot as a dependable and 

quantifiable technique, we measured the activities of LUC and abi1-1 proteins 

functionally and detected by western blots the limits of detection and correlated 

protein activities with the detection on western blots. Fig. 6.3 shows the results 

211 



from two parallel experiments done with Ubi-l\JC (Bruce and Quail, 1990) and 

35S-Ppd/c-abi1-1 (Sheen, 1998). We have chosen to use DNA concentrations 

from 0 to 20 pg because Ubi-L\JC activity was shown to decrease beyond 20 pg 

of DNA input (chapter II). Ubi-L\JC DNA concentrations from 0 to 20 pg resulted 

in exponential increase in LUC activity, 20 pg being with the highest activity 

(Table 6.1). However, LUC activity calculated per pg DNA input increased up to 

10 pg but decreased later (Table 6.1). Increasing concentrations of Ubi-L\JC was 

found to be directly proportional to the amount of luciferase protein (60 kDa) 

detected on western blots (Fig. 6.SA) and the lower limit of detection was 3 pg of 

input DNA. Similariy, activity of HA-tagged abi1-1 protein (43 kDa) was quantified 

and detected on western blots to compare the protein activity with detectable 

protein quantity. Table 6.2 demonstrates that increasing concentrations of S5S-

Ppdk-abi1-1-HA DNA could antagonize ABA-inducible Em-GUS expression up to 

90%, but the inhibition caused per pg DNA input decreases when increasing the 

DNA input concentrations from 0.5 to 80 pg. Fig 6.SB shows the results of 

correlation between increasing concentrations of DNA input and detectable AB11-

1 protein quantity on Western blots. 

6.4 Discussion 

Detection of overexpressed effector proteins in the rice protoplast 

transient gene expression system was not successful compared to maize 

protoplast system because of several reasons. One of the foremost reasons 

could be the low transformation efficiency of rice. The second reason is the 
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availability of sensitive detection systems such as ECL advance western blotting 

detection kit. Our results have demonstrated that it is feasible to quantify and 

detect transiently overexpressed reporter and effector proteins in protoplasts. 1 

have successfully detected and quantified GUS, LUC, HA-tagged abi1-1 (Fig. 6.2 

and 6.3) and cMyc-tagged VP1 (data not shown) proteins on western blots. I also 

showed the feasibility of overexpressing the recombinant plant proteins in 

bacteria (Fig. 6.1). I showed that the amount of DNA transformed into protoplasts 

is correlated with the amount of protein detected on western blots indicating that 

it is possible to find out the minimal DNA concentration required for detection of 

the protein in routine protoplast transformations (Fig. 6.3 and Tables 6.1-6.2). 

These results would also facilitate production of large amounts of proteins in 

bacteria and subsequent structure-function studies in near future. These studies 

will also help me to trouble shoot when a novel hypothetical effector is expressed 

in protoplasts and found not to have any measurable effect on ABA-inducible 

gene expression. 

Developing a LUC-based functional assay for cDNA expression will be a 

viable idea to look at effector protein action which can work in two ways that will 

enhance the reliability: first, luciferase will be biochemically quantified using a 

luminometer and second, it will be easily recognized on western blots using a 

mouse-anti-LUC antibody. 

Tagging different effector proteins with different tags (Hise, HA, c-Myc, 

FLAG and V5) at both amino-terminal and carboxy terminal will answer my 

queries regarding which tag works best in plants and particularly which 
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orientation with respect to the protein. I have constructed the Ubiquitin promoter-

driven acceptor vectors 701-705 containing the loxH site. These vectors are 

ready to be recombined with any given Arabidopsis cDNA cloned in pUNI 

plasmids. This approach will greatly help my endeavor to answer some of the 

questions related to epitope tag detection in plants. Eventually, the functional 

interactions shown with known effector proteins will be validated using the 

appropriate tagging of these proteins, by co-immunoprecipitations and 

subsequent western blot detection. Coimmunoprecipitatlon and detection of 

different epitope tags will facilitate identification and analyzing the protein-protein 

interactions including protein dimerization such as seen for ABI5-like family 

members. 

Currently, I also obtained several cre-lox based recombination-compatible 

binary acceptor vectors (Steve Elledge's lab and ABRC; Guo and Ecker, 2003; 

Liu et al., 2000, 1998a) that can be readily recombined with Arabidopsis cDNAs 

in pUNI vectors to express genes of interest in transgenic Arabidopsis plants and 

subsequently detect the protein expression. Some of the epitope tags available 

that can be recombined to make amino and carboxy terminal fusions are: HA, 

HA3, MYC3, MYCg, GST, FLAG, GFP, EE and Hise- In E.coli and yeast, insertion 

of the tag in the middle of protein did not significantly alter the expression and 

activity of tested proteins (Jarvik and Telmer, 1998). However, this kind of 

systematic analysis of epitope tag studies is lacking in plants. Analysis by 

Alarcone et al. (2001) has shown that introduction of T7-peptide tag at N-

terminus was more successful than was incorporation at C-terminus. 
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Another important factor to look at is the effectiveness of promoters driving 

the effector proteins in transient expression systems. To compare the expression 

levels of the same protein driven by two different promoters namely 3SS-Ppdk 

and Ubiquitin, to validate if stronger promoters produce detectably higher protein 

levels. I have created the Ubi-ab\^-^ construct by swapping the 3SS-Ppdk 

promoter with Ubiquitin promoter. Parallel transformations of 

35S-Ppd/c-abi1-1 and Ubi-ab\^-^ into maize protoplasts and looking at their 

inhibitory effect on ABA-inducible gene expression and correlated to the 

respective protein detection on western blots will provide us useful information as 

to which promoter needs to be used in protoplast transient assays for the 

purpose of effector protein detection. 

The effectors can also be tagged with auto-fluorescent proteins (AFPs-

CFP, YFP and GFP) and detected by flow cytometry. Multi-color flow should be 

standardized with appropriate compensation for the spectral overiaps between 

the colors. These AFPs have already been cloned under the Ubiquitin promoter 

and preliminary observations using fluorescent microscope and flow cytometry 

have shown that these AFPs can be expressed in rice protoplasts (data not 

shown). However, the logistics and technical know-how should be developed for 

detecting these AFPs in protoplasts to compare the effector protein 

concentration. AFPs have been demonstrated to show protein-protein 

interactions in both protoplasts as well as Arabidopsis cells. 
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Table 6.1 Luciferase activity and the DNA input are directly proportional to each 
other. Increasing concentrations of Ubi::L\JC were transformed into maize 
protoplasts and the LUC activity was measured. 

DNA LUC activity (RLU) Ratio 
concentration (pg) (LUC/pg) 

Control 53 0 

1 

2 

3 

4 

5 

6 

0.5 

1.0 

3.0 

5.0 

10.0 

20.0 

2809 

9355 

113002 

1642483 

10356491 

16901517 

5618 

9355 

37667 

328497 

1035649 

845076 

216 



Table 6.2 Inhibition caused by overexpression of abi 1-1 protein is DNA dosage 
dependent. Increasing amounts of 35S-Ppd/c::abi1-1-HA DNA was transformed 
into protoplasts and before detecting the protein on Western blot, its relative 
inhibition was measured by GUS/LUC assays. 

r̂ K,» . .• Relative inhibition of • *• 
DNA concentration ^ ^,,r. Ratio 

(pg) £'n::GUS expression (o/„ i^hibition/Mg) 

c 

1 

2 

3 

4 

5 

6 

7 

Control 

0.5 

1.0 

5.0 

10.0 

20.0 

40.0 

80.0 

0 

SS.8 

46.0 

72.5 

80.2 

81.4 

87.7 

89.8 

0 

67.6 

46.0 

14.5 

8.02 

4.07 

2.19 

1.12 
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Fig. 6.1 Plasmids used for recombinant protein production in bacterial cells. (A) 
Genes encidong plant proteins are cloned into pBAD/ThioE as thioredoxin-
fusions (B) Positive control pBAD/ThiE/Uni-CAT was utilized to optimize 
recombinant protein production. 

»*«js^ 

Fig. 6.2 Pilot expression studies of pBAD/ThioE/Uni-CAT construct in TOP10 
bacterial cells. TOP10 cells were transformed with the given construct and a 42 
kDa HP-Thioredoxin-CAT fusion protein was induced with increasing 
concentrations of arabinose. Bacteria was pelleted and vigorously vortexed to 
lyse, and pellet was separated by centrifuging at 10,000 rpm for 5 min. Total 
protein was measured using the BioRad's protein detection kit and 10 pg total 
protein was loaded on 12.5% SDS-PAGE gel. The blot was probed with an anti-
Thio primary antibody (1:5000 dilution) and alkaline phosphatase-conjugated 
secondary antibody (1:5000 dilution). Detection was done using an advanced 
chemiluminiscence-western blotting kit from Amersham Pharmacia. 
Representation of lanes, C - No arabinose control, 1 - 0.002% arabinose, 2 -
0.02% arabinose, 3 - 0.2% arabinose, 4 - 2% arabinose, 5 - 20% arabinose. 
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Fig. 6.3 Overexpressed proteins can be detected in rice protoplast extracts by 
immunoprecipitation (IP). Protoplast lysates from 10 transformations were pooled 
for each IP, and were incubated with Rabbit polyclonal antibody against bacterial 
GUS protein and rat monoclonal anti-HA antibody for purifying GUS and abi1-1-
HA proteins respectively. The antibody-protein complexes were separated using 
protein-G-PLUS-agarose beads. After several washes with 1x PBS, proteins 
were resuspended in gel loading buffer and separated on a 12.5% SDS-PAGE 
gel (Towbin et al., 1979). Western Blotting and detection was done using Bio
Rad's Western Blot kit and Amersham's ECL kit. (A) Immunoprecipitation (IP) 
and detection of GUS protein. Lanes 1-4 represent increasing concentrations of 
bacterial GUS protein, IP1-Immunoprecipitated GUS protein from protoplast 
extracts, LI-lysate without IP (B) IP and detection of HA-tagged abi1-1 protein. 
Lanes represent C-Protoplast lysate from mock DNA transformed samples, L2-
lysate from samples without IP, IP2- abil-1-HA protein after IP. 
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Fig. 6.4 Detection and quantification of overexpressed Luciferase (A) and abi1-1-
HA (B) in maize protoplast extracts. (A) Representation of lanes: C-no DNA 
control, 1-6: increasing concentrations of Ubi.LUC DNA (0.5, 1, 3, 5, 10 and 20 
pg respectively). After lysing the protoplasts, the luciferase activity was measured 
using a luminometer (Table 6.1), and equal amounts of total protein (5 pg) were 
loaded on SDS-PAGE gel. The blot was probed with a mouse monoclonal 
antibody against LUC (1:1000 dilution) to detect 60 kDa luciferase protein (B) 
Representation of lanes 1-7: increasing concentrations of 35S-Ppd/c::abi1-1-HA 
DNA input (0.5, 1, 5, 10, 20, 40 and 80 pg respectively). Before peri'orming the 
western blot with a mouse monoclonal antibody against HA (1:5000 dilution), the 
relative inhibition caused by abi1-1 protein was measured by GUS/LUC enzyme 
assays (Table 6.2) and 1 pg total protein was loaded for detecting 43 kDa ABM 
protein. Both the t)lots were probed with an alkaline phosphatase-conjugated 
secondary antibody (1:5000 dilution). Detection was done using an advanced 
chemiluminiscence-western blotting kit from Amersham Pharmacia. 50,000 
protoplasts were used for each transformation event. 
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CHAPTER Vll 

GENERAL CONCLUSIONS AND FUTURE PROSPECTS 

ABA-regulated disparate processes share genetic elements and signaling 

intermediates such as phospholipases, cADP-ribose, IP3, and calcium ions (6-9), 

but these secondary messengers are not specific to ABA pathways and our 

knowledge of separate, yet overiapping, ABA and stress signal transduction 

pathways is fragmentary and calls for developing a rapid high throughput assay 

system, such as the protoplast transient assay system. I have developed 

protoplast transformation techniques In rice, maize and Arabidopsis to test the 

interactions of novel and hypothetical ABA signaling effectors. 

The approaches I took in the present study are diverse but integrate 

multiple findings into a single-cell system to provide useful insights on complex 

ABA signaling. I have demonstrated that monocots and dicots have conserved 

ABA signaling machinery: The Arabidopsis ABI5-like family interacts with 

monocot and dicot ABA-inducible promoters and with ABA signaling effectors 

maize VP1, Arabidopsis ABM, lanthanum and phospholipase D in rice and maize 

protoplasts. 

Using a pharmacological approach, I demonstrated that phospholipase D 

functions in ABA-inducible gene expression in rice. Antagonism of ABA, VP1 and 

lanthanum synergy by 1-Butanol, a specific inhibitor of PLD, was similar to the 

inhibition by co-expression of ABI1-1. These results have shown that ABA, VP1, 
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lanthanum, PLD and ABM are all involved In ABA-regulated gene expression and 

are consistent with an integrated model whereby La^'^acts upstream of PLD. 

Using transient gene expression in rice and maize protoplasts, I have 

shown that overexpressed ABI5 transactivates several ABA-inducible promoters 

from both monocots and dicots and synergizes with ABA and co-expressed VP1. 

ABI5 also interacted with other known ABA signaling effectors such as ABU, 

lanthanum and Phospholipase D to regulate ABA-inducible gene expression. My 

results demonstrated that ABI5 is a key target of a conserved ABA signaling 

pathway in plants. Based on these results, we have filed an invention disclosure, 

"Transcription factors and method for introducing value-added seed traits and 

stress-tolerance" with Texas Tech University, wherein we propose that 

overexpression of ABI5-like bZIP transcription factors in combination with VP1 

will confer value-added traits to transgenic plants including drought and salt 

tolerance, viability under stress and tissue-specific target gene expression. 

Additional supportive evidence came from the overexpression studies of 

Ubi-ABFs which not only transactivated Em-GUS expression by several fold, but 

also interacted synergistically with co-expressed VP1 to give a super-induction in 

Em-GUS expression. This further strengthens our claim that pair-wise 

combination of bZIP transcription factors with VP1 would allow us to develop a 

platform to introduce value-added seed traits and stress tolerance in transgenic 

plants. To show the specificity of ABI5-VP1 interactions, we cotransformed ABI5 

and ABFS and did not see any synergistic interactions. These results 
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substantiate our invention disclosure and resulted In a US patent application (PO 

# 60/399,565, pending). Additional supporting results came from Caseretto and 

Ho (2003) who showed that synergistic interactions exist between bariey HvABI5 

and HvVPI proteins, and Kang et al. (2002) who showed that transgenic plants 

overexpressing ABF3/ABF4 have reduced transpiration and increased drought 

tolerance. 

Current knowledge in ABA signaling points out that VP1, ABI5 and ABM 

play important roles in ABA-regulated gene expression and may interact with 

signaling components in multiple regulatory pathways. Identifying the signaling 

intermediates such as different kinases and phosphatases and their key targets 

will help in understanding the ABA signaling mechanisms. 

Uno et al. (2000) have demonstrated that a specific ABA-activated 42-kDa 

protein kinase phosphorylated conserved N-terminal regions of the ABI5-like 

proteins. Recently, an ABA-inducible protein kinase PKABA1 was shown to bind 

specifically to TaABF which is a homologue of Arabisopsis ABI5 (Johnson et al., 

2002) which may suggest that ABI5 may be post-transcriptionally regulated by 

phosphorylation and de-phosphorylation of its ser/thr residues. Another important 

discovery was TRAB1, which is a close homologue of ABI5 and was shown to be 

phosphorylated in vivo explains the fine regulation of ABI5like protein activity in 

ABA signaling (Kagaya et al., 2002). Actual targets of ABU and ABI5 proteins are 

yet to be identified. Yeast one/two-hybrid assay system may be applied to 

identify and characterize some of these target protein kinase/phosphatases. 
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Domain-swapping and site-directed mutagenesis experiments will establish the 

protein structure-function. 

New genetic screens and reverse genetics have been significantly 

contributing towards our knowledge of ABA signaling. Recently, several mutants 

were isolated through genetic screens based on incorrect expression of reporter 

genes (Ishitani et al., 1997), sugar-insensitivity (Rook et al., 2001; Huijser et al., 

2000), differences in leaf temperatures (Meriot et al., 2002) and stereospeciflcity 

of ABA enantiomers (Nambara et al., 2002). 

The actual role of homeodomain transcription factors in ABA signaling is 

not known. There are 89 homeodomain proteins in Arabidopsis and nearly half of 

them have the homeodomain followed by a leucine zipper (Riechmann et al., 

2000). ABA/abiotic stresses have been shown to induce the expression of some 

of the HD-Zip family of transcription factors in Arabidopsis and sunflower (Deng 

et al., 2002; Gago et al., 2002; Soderman et al., 1999; 1996; Lee and Chun, 

1998). Recently a HD-Zip protein, ATHB6 was shown to interact physically and 

functionally with ABM and was suggested as a negative regulator of ABA 

signaling (Himmelbach et al, 2002). Hetero- and homo-dimerization between 

bZIP-transcription factors of same and different classes was reported previously 

in literature (Kim et al., 2002; Jacoby et al., 2002; Siberel et al., 2001; Kim and 

Thomas, 1998; Hurst, 1995; Izawa et al., 1993). Dimerization preferences of 

Arabidopsis HD-Zip proteins were also demonstrated in vitro (Johannesson et al., 

2001). bZIP proteins were shown to interact with zinc-finger proteins in sunflower 
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(Cheong et al., 1998), and may also interact with other classes of transcription 

factors such as homeodomain proteins (Halbach et al., 2000). Synergistic 

interactions between homeodomain and bZIP proteins have been demonstrated 

in animal systems (Cassel et al., 2002). Homo- and hetero-dimerization between 

bZIP proteins and their structural homologues is an interesting way to look at the 

potential partners for ABI5 protein. I propose that homeodomain proteins such as 

AtHB6 interact with VP1/ABIS-like family. In maize protoplasts, we observed that 

AtHB6 interacted with Em promoter and potentiated VP1-transactivation. 

I have identified several members of ABM-like, Bl-like and BS-like (based 

on homology to the Bl-and BS-domalns of ABIS/VP1), and ABI5-like genes 

based on their sequence homology to the known characterized genes. I 

hypothesize that many of these genes if not all, may have similar functions in 

ABA signaling. An example is inhibition of P2Cs (ABI2, P2C2, P2C4, P2C11 and 

P2C16) of ABA-inducible gene expression was similar to that of abil which 

suggests the redundant functions of these protein phosphatases. Further 

characterization of these gene families will provide useful insights into ABA 

signaling. For example, double and triple mutant analysis and transcript profiling 

of the knockouts for interesting candidate P2Cs will be useful. 

Advances in microarray technology have allowed global transcriptional 

profiling in response to different salt, drought, and hormonal treatments and 

pharmacological agents (Seki et al., 2001; Chen et al., 2002). This knowledge 

along with the enormous data available at (http://genome-
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www5.stanford.edu/Microarrav/SMD/) would enable the scientists to look for up-

and down-regulated genes for a particular hormonal treatment in wild type and 

mutant backgrounds. Supportive experiments such as northern blots for relative 

transcript abundance in different tissues should then be done to obtain 

corroborative evidence and draw conclusions. This approach will provide novel 

clues about studying the roles of particular genes or gene families at the whole 

plant level. In the near future, more genes involved in ABA signaling will be 

cloned and characterized through a unified effort from Arabidopsis 2010 project 

that is destined to identify the function of all Arabidopsis genes (more than 

26,000 in total). 

Alternative splicing has recently emerged as one of the most significant 

generators of functional complexity in several relatively well-studied animal 

genomes, but little is known about the extent of this phenomenon in higher 

plants. However, recent computational and experimental studies discussed here 

suggest that alternative splicing probably plays a far more significant role in the 

generation of proteome diversity in plants than was previously thought. Genes 

involved in ABA signaling may undergo alternate splicing. At least there is 

evidence of alternate splicing of ABFS to produce two splice variants of the same 

transcript. Alternate splicing may be an additional regulatory step In ABA 

signaling. 
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Recently discovered microRNAs (miRNAs) regulate the expression of 

several genes Involved in growth and development in diverse organisms such as 

C.elegans, Drosophila, animals and plants (Aukerman and Sakai, 2003; Bartel 

and Bartel, 2003; Benfey, 2003; Carrigton and Ambros, 2003; Kasschau et al., 

2002; Llave et al., 2002; Palatnik et al., 2002; Rhoades et al., 2002; Reinhart et 

al., 2002). miRNAs are single-stranded, 21 nucleotide long RNA molecules that 

are produced by non-coding hairpin-precursor containing intergenic regions 

(IGR). When they bind to target mRNA sequences, double stranded RNA 

complexes are degraded by distinct mechanisms. Discovery of miRNAs could 

very well be a link that connects plant hormone signaling with complex growth 

and development processes. Han et al. (2004) have demonstrated that levels of 

several miRNAs are reduced in Arabidopsis hyll mutant that is defective in a 

nuclear double-stranded RNA-binding protein and exhibits increased sensitivity 

to ABA and reduced sensitivity to auxin and cytokinin. In the similar way, the 

miRNA levels are elevated in transgenic plants overexpressing HYL1 gene 

wherein their corresponding target mRNAs are reduced suggesting the mlRNA-

mediated regulation of target gene expression (Han et al., 2004). The second 

evidence comes from analyzing the MPSS database for the presence of 

signature sense and antisense tags in genes that are involved in ABA response 

and regulation. One of the ABA-responsive genes that is reported to be involved 

in miRNA-mediated target degradation is B1L9/ARF10 (At2g28S50) which is 

bound by miR160 produced by the hairpin precursor mapped to the 4 kb 
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downstream of At2gS9180 IGR. Another piece of evidence that substantiates the 

existence of mIRNA-mediated regulation of gene expression came from 

analyzing the MPSS database (http://mpss.udel.edu^ which looks at the 

abundance of target mRNA and presence of sense and antisense tags present in 

the genes. Many of the ABA-responsive genes were found to have these tags, 

including ABFS. A systematic analysis of quantitative measurements (p.p.m.) of 

tissue-specific expression profile of ABFS transcript has demonstrated that ABFS 

transcript is highly abundant in root tissue which was eariier confirmed by Kang 

et al. (2002) by RT-PCR. These two independent results corroborate MPSS data. 

I have analyzed the ABI5-like family for presence of small RNA (sRNA) 

loci using the database (http://cgrb.orst.edu/smallRNA/db/) and found several of 

them (Table 7.1) which suggests miRNA mediated regulation of ABA-responsive 

gene expression. In particular, ABFS has sRNA loci which suggest the 

smallRNA-mediated degradation of transcript. ABFS was shown to be 

alternatively spliced (Brocard et al., 2002). BLAST searches of the microRNA 

database resulted in total 4 siRNA loci for ABFS transcript (Table 7.1). Although, 

the well-established miRNAs for the known targets, such as miR160-B1L9, has a 

AG value (free energy as calculated when miRNA binds to the target sequence 

and degrades it) of -37.5 which is much higher when compared to those for ABFS 

sRNA loci (highest being -34.7). However, experiments to characterize miRNA-

mediated degradation of ABFS transcript involving above mentioned loci are 

feasible. On the other hand, ABFS-knockout and overexpressing lines could be 
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used for looking at relative abundance of ABFS-miRNAs. Studying miRNA-

mediated ABFS transcript degradation in protoplast transient assay system Is 

feasible. 

Fig. 7.1 summarizes the research undertaken in the current study and 

presents significant findings. Lanthanum and ABA signals are perceived at the 

plasma membrane and the signal is tranduced through secondary messengers, 

such as phospholipase D, to the nucleus. Lanthanum regulation of endogenous 

ABA content is speculative. ABI5-like bZIPs and VPI/ABISIike transcription 

factors synergistically interact to regulate ABA-inducible gene transcription. The 

activity of ABI5-like bZIPs is regulated through phosphorylation (kinases) and 

dephosphorylation (phosphatases). Protein phosphatase ABM is a crucial 

component that acts as a negative regulator of ABA signaling. ABM antagonizes 

ABA-induction, AB15- and VP1-transactivation. Homeodomain transcription 

factors may bind to VPI/ABISIike proteins and regulate ABA signaling. ABA 

signaling is regulated by post-transcriptional mRNA processing and microRNAs 

may play a significant role in regulating ABA-responsive gene expression. 
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Table 7.1 ABI5-like family members contain small RNA loci. (A) List of sRNA loci 
present in ABI5-like family members. ORF sequences of ABI5like family 
members were blasted against existing small RNA database 
(http://cgrb.orst.edu/smallRNA/db/) for the presence of small RNAs in the ABI5-L 
family transcripts. (B) The individual dbe numbers (small RNA accession 
numbersfrom the database) and corresponding values were indicated for ABFS. 

Gene Accession 
number 

Number of sRNA 
loci present 

ABFS 

AtDPBF2 

AtDPBFS/AREBS 

ABF4 

ABF2 

GBF4 

GBF4-like 

At4gS4000 

At3g44460 

AtSg56850 

AtSg 19290 

At1g45249 

At1g0S970 

At5g44080 

4 

1 

8 

2 

3 

1 

3 

B 

Gene 

ABFS 

dbe (miRNA) 
accession # 

1284 

822 

384 

618 

AG 

-25.3 

-27.3 

-32.1 

-34.7 
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Fig. 7.1 Speculative model of ABA signaling. ABA and lanthanum (La^*) are 
perceived at the membrane and the signals are transduced into the nucleus to 
regulate gene transcription. VP1/ABIS-like proteins act in synergy with ABI5-like 
proteins, abil antagonizes ABA-, ABI5-, and VP1-activation. The actual roles of 
Homeodomain proteins, Phospholipase D (PLD), kinases and phosphotases and 
their potential targets and physical interactions are not clear. The detailed 
function of microRNAs in ABA signaling is yet to be demonstrated. 
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