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ABSTRACT 

Many plant genes that are not expressed under normal growth conditions are activated in 

response to low temperature, drought, or salt stress. Plants must sense the stress they are 

under, then transmit the signal to the cellular machinery and activate stress-regulated 

genes. To help understand the signal events involved in the process, we used the firefly 

luciferase reporter gene driven by the stress-responsive RD29A promoter to screen for 

Arabidopsis mutants defective in stress signaling. In this study, the identification of 

several genetic loci is reported. Mutations in the FIERY I locus resulted in increased gene 

expression under low temperature, drought, salt, and abscisic acid (ABA) treatments. 

FIERY 1 thus underlies a connecting point of these diverse signaling pathways. FIERY I 

encodes an inositol polyphosphate 1-phosphatase and is proposed to mediate the 

degradation of the second messenger inositol 1,4,5-trisphosphate. On the other hand, 

mutation in the SAD I (supersensitive to ABA and drought I) locus rendered the mutant 

plants more sensitive in gene expression, seed germination and seedling growth to ABA 

and salt/drought stress, but the response to cold was not changed, sadl is also defective 

in drought-induced ABA biosynthesis and is impaired at the last step of ABA 

biosynthesis, i.e. the conversion of ABA aldehyde to ABA. SADl encodes a Sm-Iike U6 

snRNP and is predicted to participate in mRNA processing. Two other loci defined in 

this study were found to encode enzymes in the ABA biosynthetic pathways. LOSS 

encodes a molybdenum cofactor sulfurase and LOS6 encodes a zeaxanthin epoxidase. 

Mutations in these loci diminished osmotic stress-induced gene expression, suggesting 
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that ABA is key to osmotic stress signaling. Through studies with SAD I, LOSS and 

LOS6 loci, a feedback regulatory loop for ABA biosynthesis was also identified. In this 

regulatory loop, ABA stimulates the expression of ABA biosynthetic genes, and this self-

regulation may confer a rapid response to osmotic stress by speeding up ABA 

biosynthesis. These genetic, molecular, and biochemical studies provide many new 

insights into the signal transduction mechanisms in response to environmental stresses, 

and present successful examples of a molecular genetic approach to understanding 

complex processes such as stress signal transduction. 
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INTRODUCTION 

STRESS SIGNAL TRANSDUCTION IN PLANTS: AN OVERVIEW OF THE 

CURRENT UNDERSTANDING 

Plants live in a constantly changing environment. The physical environments provide the 

resources from which plants obtain their daily necessities, and are also signals from 

which plants derive information to adjust their growth and developmental programs; both 

aspects are vital for the success of plant life. However, environmental conditions, when 

exceeding their optimal ranges, can adversely affect productivity or even result in death 

in the extreme case. Since plants cannot move to avoid a stressful condition, in the 

course of evolution efficient mechanisms have developed to deal with stress without 

compromising the exploitation of environmental resources at their normal settings. 

Among stressful abiotic conditions for land plants, extreme temperatures and 

water deficits are very common. In certain areas, the build-up of high concentrations of 

salts in the soil can also result in a physiological drought stress that hampers nutrient 

uptake and disturbs water relations. All these stresses may have some common 

attributes. For example, they can impose an osmotic stress on plant cells. Similarly, 

these diverse environmental stress conditions have some common physiological 

consequences to plants. When plants experience such stresses, many altered cellular 

activities are observed that differ from those under normal conditions. These include, for 

example, a decline in photosynthesis, adjustment of ion homeostasis, production of 
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reactive oxygen species, generation of certain compatible organic compounds (sometimes 

referred to as osmolytes), and changes in plant growth rates and developmental programs. 

It is well documented that these processes are partly regulated by plant growth hormones, 

i.e. bioactive molecules which at low concentrations regulate a specific spectrum of 

physiological activities. The plant hormone that is most involved in stress responses is 

the sesquiterpene compound abscisic acid (ABA). Under normal growth conditions, the 

concentration of ABA in plants is very low. However, upon encountering environmental 

stress conditions such as drought, plants produce significantly increased amounts of 

ABA. During seed development, plants also produce an increased amount of ABA, 

which is required for seed development and the prevention of precocious seed 

germination (i.e., maintenance of seed dormancy). 

Plants exhibit an altered pattern of gene expression upon encountering stressful 

conditions. Many of these stress-responsive genes are responsive to exogenous ABA, 

i.e., their expression levels increase when ABA is administered. Except for a few genes 

that encode proteins with known functions, many stress-responsive genes encode proteins 

with unknown functions. Some of these proteins may have protective effects, since 

over-expression of transcription factors for these stress-responsive genes results in 

increased stress tolerance in transgenic plants. Thus, imderstanding the mechanisms of 

stress activation of these genes could provide better strategies to engineer hardier crop 

plants. Additionally, the transduction mechanisms for stress signals are fundamental 

questions in basic biology that are worth pursing in their own right. 
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The processes of stimulus perception, the relaying of signals to appropriate 

cellular machinery, and activating the expression of responsive genes, are referred to 

collectively as signal transduction. In this section, current studies on stress signal 

transduction processes in plants will be reviewed. Chapter I (co-authored by K.S. 

Schumaker and J.-K. Zhu, to be published in The Plant Cell Special Issue on Signal 

Transduction) emphasizes genetic studies that attempt to address the functionality of 

signaling components and pathways. In Chapter II (Appendix A), studies on individual 

components and their signaling units, referred as signaling 'modules' are reviewed. 

These are mainly molecular and biochemical studies that in many cases did not address 

the in planta functions of these modules. In the later part of Chapter II, current 

methodologies to study stress signal transduction in plants are evaluated. 



14 

Chapter I 

Signal Transduction for Environmental Stresses 

The cellular and molecular responses of plants to environmental stress have been studied 

intensively (reviewed by Hasegawa et al., 2000; Thomashow, 1999). However, the 

signal transduction mechanisms responsible for these cellular and molecular responses 

are not well understood. In this Chapter, we first consider common characteristics of 

stress signal transduction in plants, and then examine some recent studies on the 

functional analysis of signaling components. Finally, we attempt to put these 

components and pathways into signal transduction networks that are grouped into three 

generalized signaling types. 

GENERAL STRESS SIGNAL TRANSDUCTION PATHWAYS 

A generic signal transduction pathway starts with signal perception, followed by the 

generation of second messengers (e.g., inositol phosphates and reactive oxygen species). 

Second messengers can modulate intracellular Ca~^ levels, often initiating a protein 

phosphorylation cascade that finally targets proteins directly involved in cellular 

protection or transcription factors controlling specific sets of stress-regulated genes 

(Figure I). The products of these genes may participate in the generation of regulatory 

molecules like the plant hormones abscisic acid (ABA), ethylene, and salicylic acid (SA). 

These regulatory molecules can, in turn, initiate a second round of signaling that may 
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follow the above generic pathway although different components are often involved 

(Figures I and 2). 
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Figure 1. A generic pathway for the transduction of cold, drought, and salt stress signals in 
plants. Examples of signaling components in each of the steps are shown (for more 
detailed information, see Xiong and Zhu, 2001 d). Secondary signaling molecules can 
cause receptor-mediated Ca^* release (indicated with a feedback arrow). Examples of 
signaling partners that modulate the main pathway are also shown. These partners can be 
regulated by the main pathways. Signaling can also bypass Ca^* or secondary signaling 
molecules in early signaling steps. GPCR, G-protein coupled receptor; RLK, receptor-like 
kinase; InsP, inositol polyphosphates. Other abbreviations are given in the text. 

Signal transduction requires the proper spatial and temporal coordination of ail 

signaling molecules. Thus, there are certain molecules that participate in the 

modification, delivery, or assembly of signaling components, but do not directly relay the 

signal. They too are critical for the accurate transmission of stress signals. These 

proteins include protein modifiers (e.g., enzymes for protein lipidation, methylation, 

glycosylation, and ubiquitination), scaffolds, and adaptors (Xiong and Zhu, 200Id) 

(Figure 1). 
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Figure 2. Repetitive transients upon the perception of a primary signal. The primary 
increase in c]^osolic Ca^* facilitates the generation of secondary signaling molecules, which 
stimulate a second round of transient increases both locally and globally. These 
second Ca^* transients may feedback regulate each of the previous steps (not shown). Ca^* 
transients from different sources may have different biological significance and result in 
different outputs as shown. Secondary signaling molecules such as ROS can also directly 
regulate signal transduction without Ca^" (Output 2). 

MULTIPLICITY OF ABIOTIC STRESSES AS SIGNALS FOR PLANTS AND THE 

NEED FOR MULTIPLE SENSORS 

Low temperature, drought, and high salinity are very complex stimuli that possess many 

different yet related attributes, each of which may provide the plant cell with quite 

different information. For example, low temperature may immediately result in 

mechanical constraints, changes in activities of macromolecules, and reduced osmotic 

potential in the cellular milieu. High salinity includes both an ionic (chemical) and an 

osmotic (physical) component. The multiplicity of information embedded in abiotic 

stress signals underlies one aspect of the complexity of stress signaling. 

Based on this multiplicity, it is unlikely that there is only one sensor that 

perceives the stress condition and controls all subsequent signaling. Rather, a single 

sensor might only regulate branches of the signaling cascade that are initiated by one 

aspect of the stress condition. For example, low temperature is known to change 
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membrane fluidity (Murata and Los, 1997). A sensor detecting this change would initiate 

a signaling cascade responsive to membrane fluidity but would not necessarily control 

signaling initiated by an intracellular protein whose conformation/activity is directly 

altered by low temperature. Thus, there may be multiple primary sensors that perceive 

the initial stress signal. 

Secondary signals (i.e., hormones and second messengers) can initiate another 

cascade of signaling events, which can differ from the primary signaling in time (i.e. lag 

behind) and in space (e.g. the signals may diffuse within or among cells, and their 

receptors may be in different subcellular locations from the primary sensors) (Figure 2). 

These secondary signals may also differ in specificity from primary stimuli, may be 

shared by different stress pathways, and may underlie the interaction among signaling 

pathways for different stresses and stress cross-protection. Therefore, one primary stress 

condition may activate multiple signaling pathways differing in time, space, and outputs. 

These pathways may connect or interact with one another using shared components 

generating intertwined networks. 

POTENTIAL SENSORS FOR ABIOTIC STRESS SIGNALS 

Given the multiplicity of stress signals, many different sensors are expected, although 

none have been confirmed for cold, drought, or salinity. All three stresses have been 

shown to induce transient Ca^^ influx into the cell cytoplasm (reviewed by Sanders et al., 

1999; Knight, 2000). Therefore, channels responsible for this Ca^^ influx may represent 

one type of sensor for these stress signals. The activation of certain Ca^^ channels by 
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cold may result from physical alterations in cellular structures. This phenomenon was 

demonstrated in studies showdng that cold-induced Ca^*^ influx in plants occurs only 

following a rapid temperature drop (Plieth et aL, 1999), and that membrane fluidity and 

cytoskeletal reorganization are involved in early cold signaling (Orvar et al., 2000; 

Sangwan et al., 2001; Wang and Nick, 2001). 

Another type of membrane protein sensor for low temperature perception could 

be a two-component histidine kinase. Evidence suggests that the cyanobacterium 

histidine kinase Hik33 (Suzuki et al., 2000) and the Bacillus subtilis histidine kinase 

DesK (Aguilar et al., 2001) are thermosensors that regulate desaturase gene expression in 

response to temperature downshifts. In the genome of Arabidopsis thaliana several 

putative two-component histidine kinases have been identified (Urao et al., 2000), 

although no evidence has been reported for any of these histidine kinases as 

thermosensors. 

In plants, cold, drought, and salt stresses all stimulate the accumulation of 

compatible osmolytes and antioxidants (Hasegawa et al., 2000). In yeast and in animals, 

mitogen-activated protein kinase (MAPK) pathways are responsible for the production of 

compatible osmolytes and antioxidants. These MAPK pathways are activated by 

receptors/sensors such as protein tyrosine kinases, G-protein coupled receptors, and two-

component histidine kinases. Among these receptor-type proteins, histidine kinases have 

been unambiguously identified in plants. An Arabidopsis histidine kinase, AtHKl, can 

complement mutations in the yeast two-component histidine kinase sensor SLNI, and 

therefore may be involved in osmotic stress signal transduction in plants (Urao et al.. 



1999). Understanding the in vivo function of AtHKl and other putative histidine kinases 

and their relationship with osmotic stress-activated MAPK pathways will certainly shed 

light on osmotic stress signal transduction. 

Pathways leading to the activation of late embryogenesis abundant (Z.£^)-type 

genes including the DRE/CRT class of stress-responsive genes may be different from the 

pathways regulating osmolyte production. The activation of Z,£^-type genes may 

actually represent damage repair pathways (Zhu, 2001; Xiong and Zhu, 2002). Since the 

activity of phospholipase C in plants might be regulated by G-proteins, and 

phosphoinositols modulate the expression of these L£/l-like genes under cold, drought, 

and salt stress (see below), G-protein-associated receptors may exist and function in the 

perception of a secondary signal derived from these stresses. In this regard, analysis of 

stress signaling in the Arabidopsis Ga mutant gpa/ (Wang et al., 2001; Ullah et al., 

2001) would be of interest. G-protein associated receptors might also serve as one kind 

of membrane-bound receptors for ABA. 

INTRACELLULAR SECONDARY SIGNAL MOLECULES 

One early response to low temperature, drought, and salinity stress in plant cells is a 

transient increase in cytosolic Ca~^, derived either from influx from the apoplastic space 

or release from internal stores (Knight, 2000; Sanders et al., 1999). Internal Ca*^ release 

is controlled by ligand-sensitive Ca^^channels. These ligands are second messengers, 

which were first described in animal systems, and include for example, inositol 

polyphosphates, cyclic ADP ribose (cADPR), and nicotinic acid adenine dinucleotide 
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phosphate (NAADP). These molecules have all been found to be able to induce Ca"' 

release in plant cells and, in particular, guard cells (reviewed by Schroeder et al., 2001). 

An important feature of the role of Ca*^ as a signal is the presence of repetitive Ca"* 

transients. These transients may be generated both by first round second messengers and 

by signaling molecules such as ABA that may themselves be produced as a result of 

cascades of early Ca"^ signals (Figure 2). These rounds of Ca^^ signals may have quite 

different signaling consequences and, therefore, physiological meaning. 

Phospholipids 

As the selective barrier between living cells and their environments, the plasma 

membrane plays a key role in the perception and transmission of external information. 

Upon osmotic stress, changes in phospholipid composition are detected in plants as well 

as in other organisms (reviewed by Munnik et al, 1998). However, during exposure to 

stress, the major role of phospholipids, the backbone of cellular membranes, may be to 

serve as precursors for the generation of second messenger molecules. While the relevant 

cleaving enzymes are the phospholipases Ai, C, and D, the most studied is the 

phosphoinositide-specific phospholipase C (PI-PLC). First discovered in animal cells, 

PI-PLC hydrolyzes phosphotidylinositol 4,S-bisphosphate (PIP2) upon activation. PIP2 

itself is a signal and may be involved in several processes such as the recruitment and 

assembly of signaling complexes to specific membrane locations (Martin, 1998). 

Hydrolysis of PIP2 in animal cells has been shown to desensitize a G-protein stimulated 

current (Kobrinsky et al., 2000). Thus, PIP2 could directly affect cellular ion 
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homeostasis. During osmotic stress, plant cells may increase the production of PIP2 by 

upregulating the expression oi PISK (Mikami et al., 1998), a gene that encodes a 

phosphatidylinositol 4-phosphate 5-kinase functioning in the production of PIPi. 

Consistent with this observation, osmotic stress was found to rapidly increase PIP2 levels 

in cultured Arabidopsis cells (Pical et al., 1999; DeWald et al., 2001). Drought or salt 

stress also upregulates the mRNA levels for certain PI-PLC isoforms (Hirayama et al., 

1995; Kopka et al., 1998). This increase in PI-PLC expression could contribute to 

increased cleavage of PIP2 to produce two important molecules, diacylglycerol (DAG) 

and inositol 1,4,5-trisphosphate (IP3). DAG and IP3 are second messengers that can 

activate protein kinase C (PKC) and trigger Ca"^ release, respectively. 

In plants, the role of exogenous IP3 in releasing Ca"^ from cellular stores has been 

widely reported (Sanders et al., 1999; Schroeder et al., 2001). Transient increases in IP3 

were found in plants upon exposure to light, pathogen, gravity, anoxia, or several plant 

hormones (Munnik et al., 1998; Stevenson et al., 2000). IP3 levels increase in 

Arabidopsis plants under salt stress and the time frame for the increase correlates with 

changes in cytosolic Ca"^ levels (DeWald et al., 2001). Transient increases in IP3 levels 

were also observed in plant tissues or cultured cells during salt stress (Srivastava et al., 

1989; Drebak and Watkins, 2000; Takahashi et al., 2001). Inhibition of PI-PLC activity 

eliminated transient IP3 increases (Takahashi et al., 2001; DeWald et al., 2001) and 

inhibited the osmotic stress-induction of the stress-responsive genes RD29A and COR47 

(Takahashi et al., 2001). The stress hormone ABA also elicits transient increases in IP3 
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levels in Via'a faba guard cell protoplasts (Lee et al., 1996) and in Arabidopsis seedlings 

(Xiong et al., 2001c; Sanchez and Chua, 2001). 

Given its critical role in signaling, cellular IP3 levels must be tightly regulated 

through both controlled production and degradation. In animal cells, biochemical studies 

suggest that IP3 is degraded through either an inositol polyphosphate 3-lcinase pathway or 

an inositol polyphosphate 5-phosphatase (InsSPase) pathway, resulting in the generation 

of inositol 1,3,4,5-tetraphosphate (Ins(l,3,4,5)P4) and inositol 1,4-bisphosphate 

(Ins(l,4)P2), respectively (Majerus, 1992). However, information regarding the turnover 

of IP3 in plants is limited. To study the relationship between IP3 levels and gene 

expression, Bumette et al. (2001) overexpressed an InsSPase and found a delay in ABA-

induction of expression of a cold-induced gene {KINI) in the transgenic plants. In an 

independent study, Sanchez and Chua (2001) overexpressed the InsSPase AtPSPII under 

control of an inducible promoter. They found that expression of AtPSPII xcductd IP3 

accumulation in response to ABA treatment and deceased the induction of the expression 

of ABA-responsive genes such as RD29A, KIN2 and RD22. These results suggest that 

ABA-induced IP3 generation contributes to the induction of these genes. Taken together, 

these studies indicate that modifying InsSPase dosage can regulate stimulus-induced 

endogenous IP3 levels and affect stress and ABA signal transduction. In the Arabidopsis 

genome, there are about IS putative InsSPases (compared to only 5 FRY 1-like Ins 1 Pases, 

see below). It is likely that different isoforms might have different substrate specificities 

and/or subcellular localizations that imply distinct functions in the degradation of IP3 
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generated in response to various stimuli. Clearly, the role of InsSPases in regulating 

inositol phosphate levels should be addressed with loss-of-function insSpase mutants. 

In a genetic screen using a firefly luciferase reporter under the control of the 

stress-responsive RD29A promoter (Ishitani et al, 1997; see below), Xiong et al. (2001c) 

isolated an Arabidopsis mutant fiervl (fiyi) that exhibited an enhanced induction of 

stress-responsive genes under cold, drought, salt, and ABA treatments. Positional 

cloning of the FRY J gene revealed that it encodes a bifunctional enzyme with both 

3'(2'),5'-bisphosphate nucleotidase and inositol polyphosphate I-phosphatase (InslPase) 

activities. FRYl is identical to the previously described SAL J gene that was isolated by 

its ability to confer increased salt tolerance when expressed in yeast cells (Quintero et al., 

1996). Because fry! mutant plants did not show sulfur deficiency symptoms, the 3'(2'),5'-

bisphosphate nucleotidase activity of FRYl that functions in sulfur assimilation appears 

dispensable. Therefore, it was hypothesized that changes in the inositol polyphosphate 1-

phosphatase activity was responsible for the enhanced gene expression in fry I mutants in 

response to stress and ABA treatment (Xiong et al., 2001c). Results from these studies 

bring up interesting questions as to whether IP3 in plants is degraded via a S-phosphatase 

or a I-phosphatase pathway or both (Figiure 3), and what the contribution of each 

pathway to the overall termination of IP3 signaling might be. 

Several studies have reported that inositol 4,5-bisphosphate is the primary and 

immediate catabolite of [^H]-labeled IP3 in plants (Brearley et al., 1997; Drebalc et al.. 
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Figure 3. Potential pathways for inositol 1,4,5-trisphosphate (IP3) degradation in plants. 
The pathways are drawn based on information from animal systems. FIERYI inositol 
polyphosphate 1-phosphatase can hydrolyze lns(1,4)P2 and lns(1,3,4)P3. A potential 
pathway mediated by F1ERY1 with direct hydrolysis of IP3 at the 1-position is also 
indicated (with a question marit). 5-phosphatase, inositol polyphosphate 5-
phosphatase. 

1991; Joseph et al., 1989), suggesting that, in these plants IP3 was first hydrolyzed 

through a 1-phosphatase pathway. However, the inositol polyphosphate I-phosphatase 

responsible for this early termination of the IP3 signal in plants has not been identified. 

In addition, the inositol polyphosphate 1-phosphatases characterized in most animal cells 

do not hydrolyze IP3 (Inhom et al., 1987; Majerus, 1992). In the cell types in animals 

where the 1-phosphatases might be the primary terminators of IP3 signals (e.g.. Lynch et 

al., 1997), the molecular identities of these phosphatases are still unknown. In 

Arabidopsis, the activity of FRY 1/SAL 1 in the hydrolysis of Ins(l,4)P2 and Ins(l,3,4)P3 

was demonstrated previously (Quintero et al., 1996), but whether it could hydrolyze IP3 

was not icnown. Using IP3 as a substrate, FRYl recombinant protein was found to have a 
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measurable albeit limited activity (-13% relative to its ability to hydrolyze Ins(l,4)P2 or 

Ins(I,3,4)P3); Xiong et al., 2001c). The in vivo activity of FRY I on IP3 and its 

significance in overall IP3 metabolism have yet to be determined. Nevertheless, even 

without an activity on IP3 directly, loss of FRY 1 would inevitably slow down IP3 

degradation by blocking further degradation of Ins(l,4)P2 and Ins(l,3,4)P3 (Figure 3). 

Measurement of IP3 levels in fry I and wild type plants treated with ABA indicated that, 

whereas ABA induced a transient increase in IP3 levels in wild type plants, the IP3 levels 

in fry I mutant plants were higher and more sustained (Xiong et al., 2001c). Sustained IP3 

levels likely contributed to the enhanced expression of stress-responsive genes in fry I 

mutant plants. It is interesting to note that, while the expression of genes including 

RD29A, KIN I, C0R15A, HSP70 ax^dADH was enhanced in the fry I mutant, the 

induction of another stress-responsive gene COR47 was not enhanced compared with its 

expression in the wild type. This implies that COR47 might be regulated through a 

pathway different from that used by the other genes (Xiong et al., 2001c). 

Accumulating evidence suggests that phospholipase D (PLD) is also involved in 

the transduction of stress signals. PLD hydrolyzes phospholipids to generate 

phosphatidic acid (PA), another second messenger in animal cells that can activate PI-

PLC and PKC (English, 1996). PA may also serve as a messenger in plants (Wang, 

1999). In guard cell protoplasts, PLD activity mediates ABA-induced stomatal closture 

(Jacob et al., 1999). Drought and hyperosmolarity activate PLD and lead to transient 

increases in PA levels in plants (Frank et al., 2000; Munnik et al., 2000; Katagiri et al., 

2001). PLD appears to be activated by osmotic stress through a G-protein (Frank et al.. 
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2000) independently of ABA (Frank et al., 2000; Katagiri et al., 2001). However, excess 

PLD activity may have a negative impact on plant stress tolerance. PA is a non-bilayer 

lipid favoring hexagonal phase formation and may destabilize membranes at high 

concentrations (Wang, 1999). Drought stress-induced PLD activities were found to be 

higher in drought-sensitive than in drought-tolerant cultivars of cowpea (El Maarouf et 

al., 1999), suggesting a high PLD activity may jeopardize membrane integrity. 

Consistent with this notion, Arabidopsis loss-of-function pld mutants were found to be 

more tolerant to freezing stress (X. Wang, personal communication). 

Reactive Oxygen Species 

Drought, salt, and cold stress all induce the accumulation of reactive oxygen species 

(ROS) such as superoxide, hydrogen peroxide, and hydroxyl radicals (e.g., Hasegawa et 

al., 2000). These ROS may be signals inducing ROS scavengers and other protective 

mechanisms, as well as damaging agents contributing to stress injury in plants (e.g., 

Prasad et al., 1994). Since ABA was shown to induce H2O2 production (Guan et al., 

2000; Pei et al., 2000), ROS may be intermediate signals for ABA in mediating Catalase 

1 gene {CATl) expression (Guan et al., 2000), thermotelerance (Gong et al., 1998), 

activation of Ca'^ channels in guard cells (Pei et al., 2000), stomatal closure (e.g., Pei et 

al., 2000; Zhang et al., 2001), and even ABA biosynthesis (Zhao et al., 2001). While it is 

possible that ROS may activate downstream signal cascades via Ca^^ (e.g.. Price et al., 

1994), it is also possible that they can be sensed directly by key signaling proteins such as 

a tyrosine phosphatase through oxidation of conserved cysteine residues (reviewed by 



27 

Xiong and Zhu, 2002). In animal cells, reduced tyrosine phosphatase activity causes an 

increase in the output of MAPK pathways because tyrosine phosphatases inhibit MAPKs 

through dephosphorylation (Rhee et al., 2000). 

It is clear that ROS contribute to stress damage, as evidenced by observations that 

transgenic plants overexpressing ROS scavengers or mutants with higher ROS 

scavenging ability show increased tolerance to environmental stresses (reviewed by 

Bohnert et al., 1998; Nuccio et al., 1999; Hasegawa et al., 2000; Kocsy et al., 2001). 

Whereas the connections between ROS signal transduction and osmotic stress signal 

transduction are just beginning to emerge (Xiong and Zhu, 2002), the involvement of 

ROS in pathogenesis signal transduction is well documented (Lamb and Dixon, 1997). 

In hypersensitive responses, salicylic acid (SA) is thought to potentiate ROS signaling 

(Klessig et al., 2000). Although it is unclear whether osmotic stress leads to an increased 

SA level in plants, the observation that osmotic stress and SA activate the same MAPK 

(Hoyos and Zhang, 2000; Mikolajczyk et al., 2000; see below) suggests that the osmotic 

stress signal transduction and SA signal transduction may employ certain conunon 

components. Using transgenic Arabidopsis expressing a salicylate hydroxylase (NahG) 

gene, Borsani et al. (2001) demonstrated these SA-deflcient seedlings are more tolerant to 

salt and other osmotic stress. They suggested that the increased osmotic stress tolerance 

might result from decreased SA-mediated ROS generation in the A/aAG-expressing 

plants. 

Some genes related to osmotic stress signaling have been shown to be up-

regulated by oxidative stress, including the transcription factor DREB2A (see below) and 
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a histidine kinase (Desikan et al., 2001). It is not known whether other histidine kinases 

such as AtHKl that are potentially involved in osmotic stress signal transduction (Urao et 

al., 1999) are regulated by oxidative stress or not. Evidence from animal and yeast 

studies suggests that the histidine kinase-activated osmosensing MAPK pathways also 

mediate ROS signaling (reviewed by Xiong and Zhu, 2002). In Arabidopsis culture cells, 

it was reported that the MAPK AtMPK6 that can be activated by low temperature and 

osmotic stress could also be activated by oxidative stress (Yuasa et al., 2001). Thus it is 

likely that potential MAPK modules that mediate osmotic stress signal transduction may 

also be used for ROS signaling in plants. On the other hand, the significance of oxidative 

stress-regulated DREB2A expression in osmotic stress responses is unclear. Oxidative 

stress does not seem to activate the DREB2A-targeted DRE/CRT class of genes such as 

RD29A (J.K. Zhu, unpublished). Additionally, Arabidopsis plants over-expressing the 

MAPKKK ANPl were not affected in the expression of RD29A although these plants had 

a higher ROS scavenging capacity and an increased salt tolerance (Kovtun et al., 2000). 

Thus, MAPK pathways and the pathways for the activation of I£/4-like genes may 

represent different signaling types. 

Ca-^-COUPLED PHOSPHOPROTEIN CASCADES 

Transient increases in cytosolic Ca"^ are perceived by various Ca'^-binding proteins. In 

the case of abiotic stress signaling, evidence suggests that Ca~^-dependent protein kinases 

(CDPKs) and the S0S3 family of Ca^^ sensors are major players in coupling this 

universal inorganic signal to specific protein phosphorylation cascades. CDPKs are 



serine/threonine protein kinases with a C-terminal calmodulin-like domain with up to 4 

EF-hand motifs that can directly bind Ca"^. Some CDPKs have an N-terminal 

myristoylation motif suggesting potential association with membranes. Indeed, CDPKs 

from rice (OsCPK2) and zucchini (CpCPKl) were shown to be myristoylated and 

palmitoylated and targeted to membrane fractions (Ellard-Ivey et ai., 1999; Martin and 

Busconi, 2000). The Arabidopsis genome encodes at least 34 putative CDPKs (Harmon 

et al., 2001). A number of studies have shown that CDPKs are induced or activated by 

abiotic stresses, suggesting that they may be involved in abiotic stress signaling (Urao et 

al., 1994; T^tihaiju et al., 1997; Hwang et al., 2000; Pei et al., 1996). In rice plants, a 

membrane-associated CDPK was activated by cold treatment (Martin and Busconi, 

2001). In addition, overexpression of OsCDPK7 resulted in increased cold and osmotic 

stress tolerance in rice (Saijo et al., 2000). Thus, CDPKs somehow play roles in the 

development of stress tolerance. A clear demonstration of the involvement of CDPK in 

stress signal transduction has come from experiments in which an active AtCDPKl 

induced the expression of the stress-responsive HVAl promoter-driven reporter gene in 

maize leaf protoplasts (Sheen, 1996). Interestingly, a protein phosphatase type 2C 

(AtPP2CA) can block AtCDPKl activation of the HVA driven reporter gene expression 

(Sheen, 1996; Sheen, 1998). It is unclear whether AtPP2CA acts directly on AtCDPKl 

or modulates a downstream phosphorylation cascade. Recently, T^tihaiju and Palva 

(2001) generated -silenced Arabidopsis plants and found that there was an 

enhanced induction of CffF/, RAB18. RCI2A, and LTI78 ^i.e., RD29A) gene expression in 
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the silenced lines under cold or ABA treatment, and the transgenic plants exhibited a 

higher degree of cold acclimation. 

An ambiguity regarding the role of CDPK in stress signal transduction is how it 

might connect with other signaling modules. A CDPK was activated in response to 

pathogen infection (Romeis et al., 2000), yet its relationship to MAPK pathways that are 

also activated during the resistance responses is unclear. Results from previous studies in 

animals and yeast also lack a clear connection between Ca~^-binding protein/calmodulin 

and MAPK pathways. Recent studies with neural cells suggest that calmodulin perceives 

local and activates a MAPK pathway to regulate target gene expression (Dolmetsch 

et al., 2001), although the connecting point between Ca^^-calmodulin and the MAPK 

pathway remains unknown. In plants, an interesting finding was reported by Patharkar 

and Cushman (2000). These researchers obtained a CDPK interacting protein (CSPl) 

from a yeast two-hybrid screen. CSPl is a two-component pseudo-response regulator 

protein that could serve as a transcriptional activator (see below), suggesting a potential 

role for CDPK in directly shuttling information to the nucleus to activate gene 

expression. 

An important group of Ca'^ sensors in plants are the SOS3 family of Ca'^-binding 

proteins. The amino acid sequence of SOS3 is most closely related to the regulatory 

subunit of yeast calcineurin (CN6) and animal neuronal calcium sensors (Liu and Zhu, 

1998). A loss-of-function mutation in the Arabidopsis SOS3 gene renders the mutant 

plants hypersensitive to NaCl. Interestingly, the salt hypersensitive phenotype of sos3 

mutant plants can be partially rescued by increased concentrations of Ca^^ in growth 
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media (Liu and Zhu, 1997a). Thus, SOS3 may underlie part of the molecular basis for 

the long-observed phenomenon that higher external Ca"^ can alleviate salt toxicity in 

plants (Zhu, 2000). 

S0S3 possesses three EF-hand motifs and binds Ca"^ with low affinity compared 

to caltractin or calmodulin (Ishitani et al., 2000). The sos3 mutation occurred in one of 

the EF hand motifs and thus impairs the ability of the protein to bind Ca"^ (Liu and Zhu, 

1998; Ishitani et al., 2000). The low Ca*^-binding affinity of SOS3 suggests that the 

function of SOS3 in salt tolerance may be realized at specific subcellular locations where 

transient increases in Ca"^ are very large. SOS3 is myristoylated in vivo and 

myristoylation is required for its function in salt tolerance since disruption of the 

myristoylation motif eliminated the ability of SOS3 to complement the salt sensitive 

phenotype o{sos3 mutant plants (Ishitani et al., 2000). The requirement for 

myristoylation suggests that SOS3 may regulate the activities of membrane-bound ion 

transporters. This is supported by the identification of additional salt tolerance loci SOS2 

and SOS I in Arabidopsis as discussed below. 

Arabidopsis sos2 and sosi mutants, like sos3, are hypersensitive to salt stress and 

were isolated by their retarded growth on NaCl-supplemented agar plates (Wu et al., 

1996; Zhu et al., 1998). SOS2 is a serine/threonine protein kinase with an SNFl/AMPK-

like catalytic domain and a unique regulatory domain (Liu et al., 2000). The catalytic and 

regulatory domains of SOS2 interact with one another and repress the kinase activity 

presumably by blocking substrate access to the catalytic site (Guo et al., 2001). 

Interestingly, SOS3 interacts with SOS2 through the regulatory domain of SOS2 and this 
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may relieve the repression on kinase activity by making the catalytic site accessible to 

substrates (Halfter et al., 2000; Guo et al., 2001). Deletion analysis identified a 21-amino 

acid sequence (FISL motif) in the regulatory domain as necessary and sufficient for 

interaction with SOS3 (Guo et al., 2001). Deletion of the regulatory domain (Guo et al., 

2001) or the FISL motif results in a constitutively active kinase. An activated form of 

SOS2 can also be generated by replacing Thr-168 in the putative activation loop with Asp 

(Guo et al., 2001). When introduced into plants under control of the CaMV 35S 

promoter, this active form of SOS2 can complement the salt hypersensitive phenotypes of 

sos2 and sos3 (Y. Guo and J.-K. Zhu, unpublished results). 

Studies comparing the growth of wild type and mutant plants in response to NaCl 

and sequence analysis of the predicted SOSl protein suggested that SOS I encodes a 

Na'/H"^ exchanger (antiporter) on the plasma membrane (Shi et al., 2000). Genetic 

analysis indicated that SOSl, SOS2 and SOS3 function in a common pathway in 

controlling salt tolerance (Zhu et al., 1998; Halfter et al., 2000), and functional studies in 

yeast and plants have shown that SOSl is activated by the SOS3-SOS2 complex. When 

5051 alone was introduced into a yeast mutant lacking all endogenous Na'^-ATPases and 

Na'^/TT e.xchangers, the salt tolerance of the yeast mutant was only enhanced slightly (Shi 

et al., 2001). However, when SOSl was co-expressed with SOS2 and SOS3, or activated 

5052 was introduced, ±e yeast transformants became substantially more tolerant to salt 

(J. Pardo and J.-K. Zhu, unpublished data). Plasma membrane vesicles isolated from sos 

mutant plants had very low Na*/H^ exchange activity compared to the activity in vesicles 

isolated from wild type plants. When activated SOS2 protein was added to membrane 
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vesicles isolated from mutant plants, exchange activity was unaffected in the sosl mutant 

but increased to near wild-type levels in the sos2 and sos3 mutants (Qiu et al., 2001). 

These results demonstrate that, upon activation by SOS3, SOS2 stimulates the Na"/H" 

exchange activity of SOS 1. 

In addition to regulating SOSl exchange activity, SOS3-SOS2 may regulate other 

salt tolerance effectors. One such effector might be the Na^ transporter AtHKTl 

(Uozumi et al., 2000). HKTl homologs in other plant species were suggested to be either 

transporters or Na'"/K^ cotransporters (Liu et al., 2001; Horie et al., 2001; Rubio et al., 

1995). In Arabidopsis, mutations in AtHKTl suppressed the salt hypersensitivity 

phenotype of sos3 (Rus et a!., 2001), suggesting that wild type SOS3 may inhibit the 

activity of AtHKTl as a Na* influx transporter. Several other salt-stress related genes 

whose expression is uniquely regulated by SOS3-SOS2 have been identified (Gong et al., 

2001). Genome-wide expression profiling o{sos2 and^o^i mutants should identify more 

genes that are regulated at the transcriptional level by the SOS pathway. 

Since the SOS pathway operates during ionic stress, it is thought that homologs of 

SOS3 and S0S2 may also function in the transduction of other stress or hormonal 

signals. Including SOS2 and SOS3, Arabidopsis has 8 SOS3-like Ca'^-binding proteins 

and 22 SOS2-like protein Icinases (Guo et al., 2001), some of which have been found to 

interact in yeast two-hybrid assays (Guo et al., 2001; Albrecht et al., 2001). 

OTHER PHOSPHOPROTEIN SIGNALING PATHWAYS 
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Besides Ca"^-regulated protein kinase pathways, plants also use other phosphoprotein 

modules for abiotic stress signaling. In yeast, the HOG I MAPK pathway is activated in 

response to hyperosmolarity and is responsible for increased production of osmolytes like 

glycerol that are important for osmotic adjustment. It is possible that similar pathways 

also exist in plants as indicated by osmotic stress activation of some MAPK pathway 

components, although the plant pathway outputs are unclear at the moment. 

Parts of several MAPK modules (i.e., MAPKKK-MAPKK-MAPK) that may be 

involved in osmotic stress signaling have been identified in alfalfa (SIMKK-SIMK, 

Kiegerl et al., 2000) and in tobacco (NtMEK2-SIPKAVIPK, Yang et al., 2001) (Zhang 

and Klessig, 2001). Except for activation by stress treatment, however, the in planta 

function during stress signaling has not been established for any of the potential MAPK 

pathways. Salt stress can activate different MAPKs at different times after the onset of 

stress and the activities of these MAPKs also last for different time periods (e.g., 

Mikolajczyk et al., 2000). Additionally, different levels of salt stress can cause the 

activation of distinct MAPKs (Munnik et al., 1999). In Arabidopsis, one proposed 

MAPK pathway involved in stress signal transduction is AtMEKKl-MEKI/AtMKK2-

AtMPK4 (Ichimura et al., 2000). AtMPK4 is rapidly activated by cold, hyposmolarity, or 

wounding. Petersen et al. (2000) isolated an Arabidopsis atmpk4 mutant that showed 

constitutive systemic acquired resistance (SAR) to pathogens. The mpk4 mutant could be 

an invaluable genetic tool to test the role of this MAPK in osmotic stress signal 

transduction, and to identify the pathway targets. However, since this mutant has a high 

constitutive SA concentration (Petersen et al., 2000), analysis of osmotic stress signaling 
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in the mutant may be complicated by the fact that SA potentiates osmotic stress damage 

(Borsani et ai. 2001). In any case, analysis of the in vivo function of the various MAPK 

components and their inter-relationships will be essential for constructing signaling 

pathways. Recently, an Arabidopsis mutant defective in a MAPK phosphatase and that 

exhibited hypersensitivity to UV-C was identified (Ulm et al, 2001). The sensitivity of 

this mutant to salt stress was reported to be unaffected relative to wild type plants (Ulm et 

al., 2001). Thus, mutations in any MAPK module that affect osmotic stress signaling 

remain to be described. 

A common observation both in plants and in other organisms is that one MAPK 

module can be used for the transmission of multiple signals. For example, the SA-

induced protein kinase (SIPK) is activated by SA and wounding (Zhang and Klessing, 

1998) as well as by osmotic stress (Mikolajczyk et al., 2000). Oxidative stress also 

activates the MAPKKK NPKl (or the Arabidopsis ANPl) that targets two MAPKs, 

AtMPK3 and AtMPK6. Overexpression of NPKl in Arabidopsis plants resulted in the 

activation of oxidative stress-responsive genes and increased tolerance of the transgenic 

plants to freezing, salt and heat stress (Kovtun et al., 2000), probably due to increased 

oxidative scavenging ability. 

Besides MAPK pathways, other protein kinases are also involved in osmotic 

stress signal transduction. For example, a tobacco ASK I (Arabidopsis serine/threonine 

kinase l)-like protein kinase was activated within 1 min after osmotic stress (Mikolajczyk 

et al., 2000). ASKl has sequence similarity to the soybean protein kinases SPKI and 

SPK2. Interestingly, the soybean SPKI and SPK2 were found to be activated by osmotic 
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stress and able to phosphorylate a phosphatidylinositol transfer protein Sshlp (Monks et 

al., 2001). Sshlp was rapidly phosphorylated upon osmotic stress and it, in turn, 

enhanced phosphatidylinositol 3-kinase and 4-ldnase activities (Monks et al., 2001). 

SPKl and SPK2 may thus modulate osmotic stress signaling through regulation of 

phosphoinositide metabolism. 

ABA AND STRESS SIGNAL TRANSDUCTION NETWORKS 

During biotic or abiotic stress, plants produce increased amounts of hormones such as 

ABA and ethylene. In addition, SA and perhaps jasmonic acid (JA) may be involved in 

some parts of stress responses. These hormones may interact with one another in 

regulating stress signaling and plant stress tolerance. For example, ethylene has been 

shown to enhance ABA action in seeds (Gazzarrini and McCourt, 2001) but may 

counteract ABA effects in vegetative tissues under drought stress (Spollen et al., 2000). 

Nonetheless, ABA is undoubtedly the plant hormone most intimately involved in stress 

signal transduction. 

A Stress- and ABA-signaling Network Revealed by Genetic Analysis 

The involvement of ABA in plant environmental stress responses has long been 

recognized. However, the extent and the molecular basis of ABA involvement in stress-

responsive gene expression and stress tolerance were not immediately clear. Studies of 

the relationship between ABA and different stress-signaling pathways have been 

hampered by the paucity of signaling mutants. To facilitate genetic screens for stress 
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signaling mutants, transgenic Arabidopsis were engineered that express the firefly 

luciferase reporter gene {LUC) under control of the RD29A promoter, which contained 

both ABA- (ABRE) and dehydration-responsive elements (DRE/CRT). Seeds from the 

RD29A-LUC transgenic plants were mutagenized with EMS or T-DNA and seedlings 

from mutagenized populations were screened for altered RD29A-LUC responses 

(luminescence intensity) in response to stress and ABA treatments (Ishitani et al. 1997). 

Compared with wild type RD29A-LUC plants, mutants exhibited either a constitutive 

(cos), high (hos), or low (los) level of RD29A-LUC expression in response to various 

stress or ABA treatments. The occurrence of mutations with differential responses to 

stress or ABA or combinations of the stimuli revealed a complex signal transduction 

network and suggest that there are extensive connections among cold, drought, salinity 

and ABA signal transduction pathways (Ishitani et al. 1997). The characterization and 

cloning of some of the mutations has begun to provide new insights into the mechanisms 

of stress and ABA signal transduction. 

Dependency of Stress Signaling on ABA 

Salt, drought, and to some extent cold stress cause an increased biosynthesis and 

accumulation of ABA, which can be rapidly catabolized following the relief of stress 
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Figure 4. Pathways for the activation of the LEA-Wke class of stress-responsive genes 
with DRE/CRT and ABRE c/s elements. Cold, drought, salt stress, and ABA can activate 
these genes through stress-inducible transcription factors CBF/DREB1 and DREB2, and 
ABA-inducible bZIP transcription factors ABF/AREB (Shinozaki and Yamaguchi-
Shinozaki, 2000). An unidentified transcriptional activator ICE (inducer of CBF 
expression) (Thomashow, 2001) is indicated. IPs is involved in the signaling as revealed 
by genetic identification of the FRY1 locus, which negatively regulate IP3 levels and stress 
signaling (Xiong etal., 2001c). The HOS1 locus negatively regulates cold signaling 
presumably by targeting ICE or upstream signaling components for degradation (Lee et 
al., 2001). 0REB2-mediated gene activation also depends on ABA-dependent 
posttranscriptional/translational modifications of CBF/DREB1 or DREB2 or associated co-
activators (indicated with dashed arrows). COR, cold-regulated; RD, responsive to 
dehydration; LTI, low temperature-induced; KIN, cold-induced. 

(Koomneef et aL, 1998; Liotenberg et al., 1999; Taylor et al., 2000; Culter and Krochko, 

1999). Many stress-responsive genes are up-regulated by ABA (Bray, 1997; Ingram and 

Bartel, 1996; Rock, 2000). The role of ABA in osmotic stress signal transduction was 

previously addressed by studying the stress-induction of several of these genes in the 
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Arabidopsis ABA-deficient mutant abal-1 and dominant ABA-insensitive mutants abil-

1 and abi2-L A general conclusion from such studies was that, whereas low temperature 

regulated gene expression is relatively independent of ABA, osmotic stress-regulated 

genes can be activated through both ABA-dependent and ABA-independent pathways 

(Thomashow, 1999; Shinozaki and Yamaguchi-Shinozaki, 2000). However, recent 

genetic evidence suggests that stress-signaling pathways for the activation of LEA-Wke 

genes that are completely independent of ABA may not exist. In genetic screens, a group 

of mutants that exhibit diminished expression of RD29A-LUC under osmotic stress 

compared to wild type plants were recovered (Ishitani et al., 1997). Two of the loci 

defined by these mutants, LOSS and LOS6, have been characterized and the genes 

isolated. In losS, the expression of several stress-responsive genes such as RD29A, 

CORl5, COR47, RD22, and P5CS was severely reduced or even completely blocked 

during salt stress (Xiong et al., 2001b). Interestingly, losS plants are defective in 

drought-induced ABA biosynthesis. Molecular cloning revealed that LOSS encodes a 

molybdenum cofactor sulfurase (MCSU) and is allelic to ABA3 (Xiong et al., 2001b). 

The ABAS locus was defined previously by the aba3-l and aba3-2 mutants (Leon-

Kloosterzie et al., 1996) and recently by another allele frsl-1 (Llorente et al., 2000). 

When exogenous ABA was applied, salt-induction o(RD29A-LUC was restored to the 

wild type level, demonstrating that ABA-deficiency was responsible for the defect in 

osmotic stress regulation of gene expression (Xiong et al., 2001b). These findings 

suggest that osmotic stress induction of these stress-responsive genes is almost entirely 

dependent on ABA. 
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Similarly, in los6 mutant plants, osmotic stress-induction of RD29A, COR15A, 

KINl, COR47, RD19, and ADH was lower than that in wild type plants (Xiong et al., 

2002). los6 plants are also defective in drought-induced ABA biosynthesis. Genetic 

analysis showed that los6 is allelic to aba I and codes for a zeaxanthin epoxidase (ZEP) 

(Xiong et al., 2002; see below). 

Characterizations of the los5 and los6 mutants have revealed a critical role for 

ABA in mediating osmotic stress-regulation of gene expression. Since ABA deficiency 

does not appear to significantly affect the expression of DREB2A (which codes for a 

drought stress-specific transcription factor, see below), it is thought that ABA signaling 

may be required for regulating the activity of DREB2A or its associated factors in the 

activation of DRE class of genes (Xiong et al., 2001b) (Figure 4). This level of 

interaction between ABA signaling and osmotic stress signaling may underlie the 

synergistic interaction between ABA and osmotic stress in activating the expression of 

stress-responsive genes (Bostock and Quatrano, 1992; Xiong et al., 2001b; Xiong et al., 

1999a; Xiong et al., 1999b). 

Regulation of ABA Biosynthetic Genes 

Increased ABA levels under drought and salt stress are mainly achieved by the induction 

of genes coding for enzymes that catalyze ABA biosynthetic reactions. The ABA 

biosynthetic pathway in higher plants is understood to a great extent (reviewed by 

Koonmeef et al., 1998; Milborrow, 2001; Taylor et al., 2000; Liotenberg et al., 1999) 

(Figure S). Zeaxanthin epoxidase (ZEP) (encoded by ABAl in Arabidopsis and ABA2 in 
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Figure 5. Pathway and regulation of ABA biosynthesis. ABA is synthesized from a C40 
precursor ^-carotene via the oxidative cleavage of neoxanthin and a two-step conversion 
of xanthoxin to ABA via ABA-aldehyde. Environmental stress such as drought, salt and, 
to a lesser extent, cold stimulates the biosynthesis and accumulation of ABA by 
activating genes coding for ABA biosynthetic en^mes. Stress activation of ABA 
biosynthetic genes is probably mediated by a Ca -dependent phosphorelay cascade as 
shown on the left. In addition, ABA can feedback-stimulate the expression of ABA 
biosynthetic genes, also likely through a Ca^*-dependent phosphoprotein cascade 
(Xiong et al., 2001a; Xiong et al. 2002; Xiong and Zhu, unpublished). Also indicated is 
the breakdown of ABA to phaseic acid. ZEP, zeaxanthin epoxidase; NCED, 9-c/s-
epoxycarotenoid dioxygenase; AAO, ABA-aldehyde oxidase; MCSU, molybdate cofactor 
sulfurase. 

tobacco, Marin et al., 1996) catalyzes the epoxidation of zeaxanthin and antheraxanthin 

to violaxanthin (Rock and Zeevaart, 1991; Duckham et al., 1991). The 9-cis-

epoxycarotenoid dioxygenase (NCED) catalyzes the oxidative cleavage of 9-c/5-

neoxanthin to generate xanthoxin (Schwartz et al., 1997b; Tan et al., 1997). It is thought 

that xanthoxin is converted to ABA by a two-step reaction via ABA-aldehyde. The 

Arabidopsis aba2 mutant is impaired in the first step of this reaction, and is thus unable 
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to convert xanthoxin into ABA-aldehyde (Leon-KIoosterzie et al., 1996). The 

Arabidopsis aba3 mutant is defective in the last step of ABA biosynthesis, i.e. the 

conversion of ABA-aldehyde to ABA (Schwartz et al., 1997a; Bittner et al., 2001), which 

is catalyzed by ABA-aldehyde oxidase (AAO) (Figure 5). Mutations in either the 

aldehyde oxidase apoprotein (e.g., Seo et al., 2000) or molybdenum cofactor (MoCo) 

synthase would impair ABA biosynthesis and lead to ABA deficiency in plants. In this 

ABA biosynthetic pathway, the rate-limiting step was thought to be the oxidative 

cleavage of neoxanthin catalyzed by NCED (Tan et al., 1997; Qin and Zeevaart, 1999; 

Loitenberg et al., 1999; Thompson et al., 2000; Taylor et al., 2000). 

Expression studies with ZEP, NCED, AA03, and MCSU indicated that these 

genes are all up-regulated by drought and salt stress (Audran et al., 1998; luchi et al., 

2001; Seo et al., 2000; Xiong et al., 2001b; Xiong et al., 2002), although their protein 

levels were not examined in every case. The expression of ZEP (Xiong et al., 2002), 

NCED (Qin and Zeevaart, 1999), and MCSU (Xiong et al., 2001b) was not obviously up-

regulated by cold, consistent with little or no increase in ABA contents in plants 

subjected to cold treatment. 

ABA has long been thought to be able to activate enzymes that function in ABA 

catabolism. Indeed, the activity of a cytochrome P450 enzyme ABA 8'-hydroxylase, 

which catalyzes the first step of ABA degradation, was stimulated by exogenous ABA 

(e.g. Krochko et al., 1998). However, whether and how ABA regulates its own 

biosynthetic genes is not clear. Interestingly, except for NCEDs whose expression is not 

significantly induced by ABA treatment (luchi et al., 2001; Xiong et al., 2001a), ZEP 
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(i.e., LOS6/ABA1), AA03, and MCSU(i.e., LOS5IABA3) genes are all up-regulated by 

ABA (Xiong et al., 2001a; Xiong et al., 2001b; Xiong et al., 2002). This suggests that 

positive feedback regulation of ABA biosynthesis by ABA exists, underscoring a novel 

stress adaptation mechanism where an initial induction of ABA biosynthesis may rapidly 

stimulate further biosynthesis of ABA through a positive feedback loop (Figure 5). This 

feedback loop is indirectly regulated by SAD 1 (Supersensitive to ABA and Drought 1) 

since the sadl mutation impairs ABA regulation of AA03 and MCSU genes (Xiong et al., 

2001a). In addition, in the ABA insensitive mutant abil, this feedback loop is partially 

impaired but it is unaffected in abi2 (Xiong et al., 2002). The observations that ROS may 

mediate both ABA signaling (see above) and ABA biosynthesis (Zhao et al., 2001) 

suggest that the feedback regulation of ABA biosynthetic genes by ABA may be 

mediated in part by ROS, through a protein phosphorylation cascade (Figure S). The 

significance of this feedback regulation in ABA biosynthesis under abiotic stress awaits 

future study. Assuming this feedback loop is important in regulating overall ABA 

biosynthesis, the fact that NCEDs are either not up-regulated or weakly up-regulated by 

ABA is consistent with the notion that NCED catalyzes a limiting step in ABA 

biosynthesis. Nonetheless, the observation that over-expression of either one of these 

ABA biosynthetic genes led to increased ABA biosynthesis and enhanced drought stress 

tolerance (Frey et al., 1999; Thompson et al., 2000; luchi, et al., 2001; Xiong and Zhu, 

unpublished) suggests that ABA biosynthesis is coordinately controlled at multiple steps. 

Alternatively, it may result from the positive regulation of ABA biosynthetic genes by 

ABA since a limited initial increase in ABA biosynthesis from overexpressing a single 
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ABA biosynthetic gene may result in a coordinately increased induction of other ABA 

biosynthetic genes (Xiong et al., 2002). 

The mechanisms by which drought or salt stress up-regulate ABA biosynthetic 

genes are not understood. Recent studies suggest that all these genes (i.e., ZEP, MCED, 

AA03, and MCSU) are likely regulated through a common cascade that is Ca*"-

dependent (Xiong and Zhu, unpublished) (Figure 5). 

TRANSCRIPTIONAL ACTIVATION OF STRESS-RESPONSIVE GENES 

Molecular studies have identified many genes that are induced or up-regulated by 

osmotic stress (Ingram and Bartel, 1996; Bray, 1997; Zhu et al., 1997). Gene expression 

profiling using cDNA microarrays or gene chips has identified many more genes that are 

regulated by cold, drought, or salt stress (Kawasaki et al., 2001; Bohnert et al., 2001; Seki 

et al., 2001). Although the signaling pathways responsible for the activation of these 

genes are largely unknown, transcriptional activation of some of the stress-responsive 

genes are understood to a great extent owing to studies on a group of such genes 

represented by RD29A (also known as COR78/LTI7S) (Figure 4). The promoters of this 

group of genes contain both the ABA-responsive element (ABRE) and the dehydration 

responsive element (DRE)/(C-repeat, CRT) (Yamaguchi-Shinozaki and Shinozaki, 1994; 

Stockinger et al., 1997). Transcription factors belonging to the EREBP/AP2 family that 

bind to DRE/CRT were isolated and termed CBFI/DREBIB, CBF2/DREBC, and 

CBF3/DREB1A (Stockinger et al., 1997; Liu et al., 1998; Medina et al., 1999; Gilmour et 

al., 1998). These transcription factor genes are induced early and transiently by cold 
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stress, and they in turn activate the expression of target genes. Similar transcription 

factors DREB2A and DREB2B are activated by osmotic stress and may confer osmotic 

stress induction of target stress-responsive genes (Liu et al., 1998). Several bZip 

transcription factors (named ABF/AREB) that can bind to ABRE and activate the 

expression of ABRE-driven reporter genes also have been isolated (Uno et al., 2000; 

Choi et al., 2000). AREBl and AREB2 genes need ABA for full activation since the 

activities of these transcription factors were reduced in the ABA deficient mutant aba2 

and ABA-insensitive mutant abil-I, but were enhanced in the ABA-hypersensitive era I 

mutant, probably due to ABA-dependent phosphorylation of the proteins (Uno et al., 

2000). 

The ability of the CBF/DREB1 transcription factors to activate the DRE/CRT 

class of stress-responsive genes was further demonstrated by the observation that over-

expression or enhanced inducible expression of CBF/DREB 1 could activate the target 

genes. Overexpression also increased tolerance of the transgenic plants to freezing, salt, 

or drought stress (Jaglo-Ottosen et al., 1998; Kasuga et al., 1999; Shinozaki and 

Yamaguchi-Shinozaki, 2000; Thomashow, 2001), suggesting that regulation of the 

CBF/DREB I class of genes in plants is important for the development of stress tolerance. 

Early signaling components upstream of CBF/DREB I may be subjected to specific 

ubiquitination-mediated degradation as suggested by the molecular cloning of 

Arabidopsis HOSl locus (Lee et al., 2001). hosi mutant plants show enhanced cold-

induction of stress-responsive genes but salt or ABA induction of these genes was not 

substantially altered (Ishitani et al., 1998). HOSI encodes a novel protein with a Ring 
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finger motif similar to those present in a group of lAP (inhibitor of apoptosis) proteins in 

animals that act as E3 ubiquitin ligases to target certain regulatory proteins for 

degradation. HOS1 may have a similar function in cold signal transduction (Figure 4) by 

targeting a positive regulator(s) of CBF/DREBI expression for degradation, since the 

expression levels of the CBF/DREB I genes in hosl are higher than those in wild type 

plants under cold stress (Lee et al., 2001). Additionally, the nucleo-cytoplasmic partition 

of HOS I protein is regulated by cold. At normal growth temperatures, HOSl resides in 

the cytoplasm, but appears to relocate to the nucleus upon cold treatment, suggesting that 

HOSl may relay the cold signal to the nucleus to regulate the expression of CBF/DREB I 

genes (Lee et al., 2001). 

The fact that some stress-responsive genes such as RD22 do not have the typical 

DRE/CRT elements indicates that they may be activated through different mechanisms. 

A MYC transcription factor, RD22BP1, and a MYB transcription factor, AtMYB2, were 

shown to bind c«-elements in the RD22 promoter and cooperatively activate RD22 (Abe 

et al., 1997). In Arabidopsis, several putative two-component response regulators have 

Myb-like DNA-binding motifs (Urao et al., 2000). Two of these proteins, ARRl and 

ARR2 were shown to be transcription factors capable of binding to specific cis DNA 

sequences and activating a reporter gene or genes for mitochondrial complex I (Sakai et 

al., 2000; Lohrmann et al., 2001). More recently, Hwang and Sheen (2001) presented 

experimental evidence that ARRl and ARR2 are transcriptional activators that are 

positively regulated by the histidine phosphotransmitter (AHP) downstream of hybrid 

histidine kinase cytokinin receptors. AHP proteins are translocated into the nucleus from 
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the cytosol in a cytokinin-dependent manner. It is unknown whether similar 'shortcut 

circuitries' involving pseudo-responsive regulators function in hyperosmolarity signaling. 

However, a variant of this type of short pathway in salt stress signaling is conceivable. A 

CDPK from the common ice plant, MsCDPKl, interacts with and phosphorylates CSPl 

in a Ca^^-dependent manner (Patharkar and Cushman, 2000). The sequence of CSPl is 

similar to the Arabidopsis ARRl and ARR2. Salt stress also stimulates the translocation 

of MsCDPK to the nucleus where CSPl is localized. Furthermore, CSPl can bind to the 

promoters of several stress-responsive genes (Patharkar and Cushman, 2000). Together 

with the study showing that activated CDPKl can induce stress-responsive gene 

expression (Sheen, 1996), these findings raise the possibility that some CDPKs regulate 

CSPl-like transcription factors upon activation by Ca"^ and consequently activate the 

expression of some stress-responsive genes. 

Besides the transcription factors that directly bind to the cw-elements in the 

promoters of stress-responsive genes, transcriptional activation needs additional co-

factors that can also be important in determining the levels of gene expression. When 

over-expressed in Arabidopsis and tobacco, the soybean gene SCOF-l (encodes a zinc-

finger protein) can activate COR gene expression and increase freezing tolerance in non-

acclimated transgenic plants, although the SCOP-1 protein does not directly bind to either 

the DRE/CRT or ABRE elements (Kim et al., 2001). SCOF-l interacts with another G-

box binding bZip protein, SGBF-l. SGBF-1 can activate ABRE-driven reporter gene 

expression in Arabidopsis leaf protoplasts. Thus SCOF-l may regulate the activity of 

SGBF-l as a transcription factor in inducing COR gene expression (Kim et al, 2001). In 
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Arabidopsis, CBFI-mediated transcription may also require the transcriptional adaptor 

ADA and the histone acetyltransferase GCN5 (Stockinger et al., 2001). It is expected 

that gene mutations or altered activities in these components may affect low temperature 

regulation of COR gene expression without affecting the expression of CBF/DREBI 

genes. Mutations such as the Arabidopsis sfr6 (Knight et al., 1999) appear to fall into 

this category. The sfr6 mutants show reduced expression of some COR genes but the 

expression of CBF/DREBI genes is not affected (Knight et al., 1999). 

CATAGORIZING STRESS SIGNALING PATHWAYS: Outputs, Specificity, and 

Interactions 

Many signal transduction processes occur when plants are challenged with environmental 

stresses. However, there has been no consensus for how to categorize these many 

signaling events. From the above discussion on the major signaling processes, we think 

that the signal transduction networks for cold, drought, and salt stress can be divided into 

three major signaling types (Figure 6): (I) osmotic/oxidative stress signaling that makes 

use of MAPK modules, (II) Ca'^-dependent signaling that lead to the activation o^LEA-

type genes (such as the DRE/CRT class of genes), and (III) Ca'""-dependent SOS 

signaling that regulates ion homeostasis. Type I signaling may contribute to the 

production of compatible osmolytes and antioxidants, and may also relate to cell cycle 

regulation under osmotic stress. Representative mutants that might be affected in this 
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Figure 6. Major types of signaling for plants during cold, drought and salt stress. 
Representative cascades, outputs, biological functions, and exannples of mutants with 
phenotypes indicative of defects in the respective biological functions are shown. Type I 
signaling involves the generation of ROS scavenging enzymes and antioxidant 
compounds as well as osmolytes. The involvement of a MAPK pathway in the production 
of osmolytes in plants has not been demonstrated experimentally. Under osmotic stress, 
altered MAPK signaling may contribute to changed cell cycle regulation and growth 
retardation. Type II signaling involves the production of stress-responsive proteins mostly 
of undefined functions. Pathways within Type II signaling are shown in Figure 4. Type III 
signaling involves the SOS pathway which is specific to ionic stress. Signaling events for 
homologs of SOS3 (SCaBP) and S02 (PKS) are tentatively grouped with SOS3 and 
S0S2 yet these SCaBP-PKS pathways are not necessarily related to ion homeostasis. 
Connections between different types of signaling events are indicated with dashed-lines. 
Arrows indicate the direction of signal flux. Primary sensors are shown to be localized in 
the membrane. Receptors for secondary signaling molecules (2ndSM) are not shown. 

signaling branch include the freezing-tolerant mutant eskimol (eskJ) and the salt tolerant 

mutant photoautotrophic salt tolerance I (pstl). eskl accumulates increased amounts of 

proline and soluble sugars but the expression of the DRE/CRT class of genes is 

unaffected (Xin and Browse, 1998). The pstl mutant shows increased ROS scavenging 

capacity but appears unaltered in the accumulation of Na^ (Tsugane et al., 1999). Type II 
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signaling leads to the activation of the DRE/CRT class and other types of LEA-\\V& genes, 

and is the most extensively studied. Mutants defective in this signaling type include 

some of the cos. hos, and los mutants isolated in an RD29A-LUC reporter-facilitated 

genetic screen (Ishitani et al., 1997). Some of these mutations (e.g., fry I. hosl, los5, 

los6, and sadl) have been cloned and their roles in stress signaling discussed in the 

preceding sections. Type III signaling appears to be relatively specific for the ionic 

aspect of salt stress (Figiu-e 6). Targets of this type of signaling are ion transporters 

thatcontrol ion homeostasis under salt stress. The sos mutants (sos3, sos2, and sosI) fall 

into this category. These mutants are hypersensitive to salt stress, but activation of the 

DRE/CRT class of genes is unchanged in them (Zhu et al., 1998). In addition, salt-

induced accumulation of the compatible osmolyte proline was not reduced but rather was 

enhanced in the sos mutants (Liu and Zhu, 1997b). The enhanced proline production 

represents a compensatory response likely triggered by reduced salt tolerance in the 

mutants. Besides these major signaling routes, some additional pathways also exist as 

discussed earlier. 

One important issue regarding various stress signal transduction pathways is their 

specificities with respect to the input stimuli. The specificity and interaction between 

pathways have been addressed explicitly (Knight and Knight, 2001). As discussed 

before, each of ±e stress conditions (i.e., cold, drought, and high salinity) has more than 

one attribute. If two stress conditions have a common attribute (for example, 

hyperosmotic stress for drought and salinity), then the signaling arising from this 

common attribute might not be specific for either of the stress conditions. Additionally, it 
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is important to distinguish the particular pathways when signaling specificity is 

considered. Interaction among these three signaling types (Figure 6) is not extensive as 

evidenced by the lack of mutants defective in more than one of the signaling type and by 

the results from additional transgenic studies discussed above (e.g. Kovtun et al., 2000). 

For instance, osmotic stress-activation of the MAPKs SIPK and HOSAK in tobacco is 

independent of ABA and is not affected by the sosJ mutation (Hoyos and Zhang, 2000). 

Likewise, although both drought and salt stress result in a transient increase in cytosolic 

Ca"", drought stress does not appear to activate the SOS pathway. It is possible that these 

different stresses have different Ca"* signatures that could be decoded by respective Ca'* 

sensors. Specific Ca~^ oscillations in guard cells in the regulation of stomatal movements 

have been reported (Allen et al., 2001). Limited interaction between some of the 

different signaling pathways may be due to overlap in the detection range of Ca^"^-

sensors, particularly with respect to recurrent Ca^^ transients, which result from multiple 

rounds of stimulation by secondary signal molecules (Figure 2). Under certain 

circumstances, e.g. when a signaling component is over-expressed or ectopically 

expressed, unnatural interactions among the different signaling pathways may happen. 

One of the causes of this 'gain-of-fiinction' effect is the alteration of either the original 

subcellular localization or the dosage of the signaling molecules. Therefore, caution 

should be exercised when inferring the in vivo function or epistasis of genes from 

phenotypes caused by overexpression or dominant mutations. 

In contrast to limited interaction among the major different signaling routes 

(Figure 6), interaction within a signaling type can be fairly extensive. This is best 
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illustrated by the study of RD29A-LUC induction, as revealed by mutational analysis of 

the pathways (Ishitani et al., 1997) and further characterization of several mutants as 

discussed above (Figure 4). Additional discussion on pathway interaction for the 

activation of LEA-xy^ genes can be found in recent reviews (Shinozaki and Yamaguich-

Shinozaki, 2000; Knight and Knight, 2001). Similarly, interaction between MAPK 

pathways is also common as discussed in previous sections. 

CONCLUDING REMARKS 

Although this review of abiotic stress signal transduction in plants covers only a portion 

of the relevant studies, it is evident that the subject is very complex and ±at exciting 

progress is being made. Genetic approaches are important tools to analyze complex 

processes such as stress signal transduction. Conventional genetic screens based on 

stress injury or tolerance phenotypes have been applied with success (Zhu, 2000). 

However, such screens may not be able to identify all components in the signaling 

cascades due to functional redundancy of the pathways in the control of plant stress 

tolerance (Xiong and Zhu, 200 Id) (Figures 4 and 6). The accessibility of the Arabidopsis 

genome and various reverse genetics strategies to generate knockout mutants should lead 

to the identification of many more signaling components and a clearer picture of abiotic 

stress signaling networks. Molecular screens such as the one using the RD29A-LUC 

transgene as a reporter (Ishitani et al., 1997) are beginning to reveal novel signaling 

determinants (Figure 4). Similar approaches may prove useful for the study of other 

pathways such as osmolarity sensing (type I signaling, Figure 6). Adoption of forward 
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and reverse genetic approaches by more researchers in this field will certainly expedite 

our understanding of stress signaling mechanisms in plants. 

REFERENCES 

Abe, H., Yamaguchi-Shinozaki, K., Urao, T., Iwasaki, T., Hosakawa, D., and Shinozaki, 
K. (1997). Role of Arabidopsis MYC and MYB homologs in drought- and abscisic acid-
regulated gene expression. Plant Cell 9, 1859-1868. 

Aguilar, P.S,, Hemandez-Arriaga, A.M., Cybulski, L.E., Erazo, A.C., and de Mendoza, 
D. (2001). Molecular basis of thermosensing: a two-component signal transduction 
thermometer in Bacillus subtilis. EMBO J. 20, 1681-1691. 

Albrecht, V., Ritz, O., Linder, S., Harter, K., and Kudla, J. (2001). The NAF domain 
defines a novel protein-protein interaction module conserved in Ca'^-regulated kinases. 
EMBO J. 20, 1051-1063. 

Allen, G.J., Chu, S.P., Harrington, C.L., Schumacher, K., Hofihian, T., Tang, Y.Y., Grill, 
E., and Schroeder, J.I. (2001). A defined range of guard cell calcium oscillation 
parameters encodes stomatal movements. Nature 411, 1053-1057. 

Audran, C., Borel, C., Frey, A., Sotta, B., Meyer, C., Simonneau, T., and Marion-Poll, A. 
(1998). Expression studies of the zeaxanthin epoxidase gene in Nicotiana 
plumbaginifolia. Plant Physiol 118, 1021-1028. 

Bittner, F., Oreb, M., and Mendel, R.R. (2001). ABA3 is a molybdenum cofactor 
sulfiirase required for activation of aldehyde oxidase and xanthine dehydrogenase in 
Arabidopsis thaliana. J. Biol. Chem. 276,40381-40384. 

Bohnert, H.J. et al. (2001). A genomics approach towards salt stress tolerance. Plant 
Physiol. Biochem. 39, 295-311. 

Bohnert, H.J., and Sheveleva, E. (1998). Plant stress adaptations, making metabolism 
move. Curr. Opinion Plant Biology 1,267-274. 

Borsani, O., Valpuesta, V., and Botella, M.A. (2001). Evidence for a role of salicylic acid 
in the oxidative damage generated by NaCl and osmotic stress in Arabidopsis seedlings. 
Plant Physiol. 126, 1024-1030. 



54 

Bostock, R.M., and Quatrano, R.S. (1992). Regulation of Em gene expression in rice, 
interaction between osmotic stress and abscisic acid. Plant Physiol 98, 1356-1363. 

Bray, E.A. (1997). Plant responses to water deficit. Trends in Plant Science 2,48-54. 

Brearley, C.A., Parmar, P.N., and Hanke, D.E. (1997). Metabolic evidence for 
PtdIns(4,5)P2-directed phospholipase C in permeabilized plant protoplasts. Biochem J. 
324, 123-131. 

Bumette, R., Gunesekara, B., Ecertin, M., Berdy, S., and Gillaspy, G. (2001). A signal 
terminating gene from Arabidopsis can alter ABA signaling. 12th International Meeting 
on Arabidopsis Research. Abstract No. 373. 

Choi, H.I., Hong, J.H., Ha, J.O., Kang, J.Y., and Kim, S.Y. (2000). ABFs, a family of 
ABA-responsive element binding factors. J. Biol. Chem. 275, 1723-1730. 

Cutler, A.J., and Krochko, J.E. (1999). Formation and breakdown of ABA. Trends Plant 
Sci. 4,472-478. 

DeWald, D.B., Torabinejad, J., Jones, C.A., Shope, J.C., Cangelosi, A.R., Thompson, 
J.E., Prestwich, G.D., and Hama, H. (2001). Rapid accumulation of phosphatidylinositol 
4,5-bisphosphate and inositol 1,4,5-trisphosphate correlates with calcium mobilization in 
salt-stressed Arabidopsis. Plant Physiol. 126, 759-769. 

Desikan, R., Mackemess, S.A.H., Hancock, J.T., and Neill, S.J. (2001). Regulation of the 
Arabidopsis transcriptome by oxidative stress. Plant Physiol. 127, 159-172. 

Dolmetsch, R.E., Pajvani, U., Fife, K., Spotts, J.M., and Greenberg, M.E. (2001). 
Signaling to the nucleus by a L-type calcium channel-calmodulin complex through the 
MAP kinase pathway. Science 294, 333-339. 

Drobak, B.K., Watkins, P.A.C., Chattaway, J.A., Roberts, K., and Dawson, A.P. (1991) 
Metabolism of inositol (1,4,5) trisphosphate by a soluble enzyme fraction from Pea 
(Pisum sativum) roots. Plant Physiol. 95,412-419. 

Drebak B.K., and Watkins, P,A. (2000). Inositol(l,4,5)trisphosphate production in plant 
cells: an early response to salinity and hyperosmotic stress. FEBS Lett. 481,240-244. 

Duckham, S.C., Linforth, R.S.T., and Taylor, I.B. (1991). Abscisic acid-deficient mutants 
at the aba gene locus of Arabidopsis thaliana are impaired in the epoxidation of 
zeaxanthin. Plant Cell Environ 14,601-606. 



55 

Ellard-Ivey, M., Hopkins, R.B., White, T.J., and Lomax, T. (1999). Cloning, expression 
and N-terminal myristoylation of CpCPKl, a calcium-dependent protein kinase from 
zucchini {Cucurbita pepo L.). Plant Mol. Biol. 39, 199-208. 

El Maarouf, H., Zuily-Fodil, Y., Gareil, M., d'Arcy-Lameta, A., and Pham-Thi, A.T. 
(1999). Enzymatic activity and gene expression under water stress of phospholipase D in 
two cultivars of Vigna unguiculata L. Walp. differing in drought tolerance. Plant Mol. 
Biol. 39, 1257-1265. 

English, D. (1996). Phosphatidic acid: A lipid messenger involved in intracellular and 
extracellular signaling. Cell Signal. 8, 341-347. 

Frank, W., Munnik, T., Kerkmann, K., Salamini, F., and Bartels, D. (2000). Water deficit 
triggers phospholipase D activity in the resurrection plant Craterostigma plantagineum. 
Plant Cell 12, 111-123. 

Frey, A., Audran, C., Marin, E., Sotta, B., and Marion-Poll, A. (1999). Engineering seed 
dormancy by the modification of zeaxanthin epoxidase gene expression. Plant Mol. Biol. 
39, 1267-1274. 

Gazzarrini, S. and McCourt, P. (2001). Genetic interaction between ABA, ethylene and 
sugar signaling pathways. Curr. Opinion Plant Biol. 4, 387-391. 

Gilmour, S.J., Zarka, D.G., Stockinger, E.J., Salazar, M.P., Houghton, J.M., and 
Thomashow, M.F. (1998). Low temperature regulation of the Arabidopsis CBF family of 
AP2 transcriptional activators as an early step in cold-induced COR gene expression. 
Plant J. 16,433-442. 

Gong, M., Li, Y.-J., and Chen, S.-Z. (1998). Abscisic acid-induced thermotolerance in 
maize seedling is mediated by calcium and associated with antioxidant system. J. Plant 
Physiol. 153,488-496. 

Gong, Z., Koiwa, H., Cushman, M.A., Ray, A., Bufford, D., Kore-eda, S., Matsumoto, 
T.K., Zhu, J., Cushman, J.C., Bressan, R.A., Hasegawa, P.M. (2001) Genes that are 
uniquely stress regulated in salt overly sensitive {sos) mutants. Plant Physiol. 126, 363-
375. 

Guan, L.M., Zhao, J. and Scadalios, J.G. (2000). C/5-elements and trans-factors that 
regulate expression of the maize Cat I antioxidant gene in response to ABA and osmotic 
stress; H2O2 is the likely intermediary signaling molecule for the response. Plant J. 22, 
87-95. 



56 

Guo, Y., Halfter, U., Ishitani, M., and Zhu, J.K. (2001). Molecular characterization of 
functional domains in the protein kinase S0S2 that is required for plant salt tolerance. 
Plant Cell 13, 1383-1400. 

Halfter, U., Ishitani, M., and Zhu, J.K. (2000). The Arabidopsis SOS2 protein kinase 
physically interacts with and is activated by the calcium-binding protein SOS3. Proc. 
Natl. Acad. Sci. USA 97, 3730-3734. 

Hasegawa, P.M., Bressan, R.A., Zhu, J.K., and Bohnert, H.J. (2000). Plant cellular and 
molecular responses to high salinity. Annu. Rev. Plant Mol. Plant Physiol. 51,463-499. 

Harmon, A.C., Gribskov, M., Gubrium, E., and Harper, J.F. (2001). The CDPK 
superfamily of protein kinase. New Phytol. 151, 175-183. 

Hirayama, T., Ohto, C., Mizoguchi, T., and Shinozaki, K. (1995). A gene encoding a 
phosphatidylinositol-speciflc phospholipase C is induced by dehydration and salt stress in 
Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA 92, 3903-3907. 

Horie, T., Yoshida, K., Nakayama, H., Yamada, K., Oiki, S., and Shinmyo, A. Two types 
of HKT transporters with different properties of Na^ and K.^ transport in Oryza sativa. 
Plant J. 27, 129-138. 

Hoyos, M.E., and Zhang, S. (2000). Calcium-independent activation of salicylic acid-
induced protein kinase and a 40-kilodalton protein kinase by hyperosmotic stress. Plant 
Physiol. 122, 1355-1363. 

Hwang, I., and Sheen, J. (2001). Two-component circuitry in Arabidopsis cytokinin 
signal transduction. Nature 413, 383-389. 

Hwang, I., Sze, H., and Harper, J.F. (2000). A calcium-dependent protein kinase can 
inhibit a calmodulin-stimulated Ca"^ pump (ACA2) located in the endoplasmic reticulum 
of Arabidopsis. Proc. Natl. Acad. Sci. USA 97,6224-6229. 

Ichimura, K., Mizoguchi, T., Yoshida, R., Yuasa, T., and Shinozaki, K. (2000). Various 
abiotic stresses rapidly activate Arabidopsis MAP kinases ATMPK4 and ATN^IC6. 
Plant J. 24,655-665. 

Ingram, J., and Bartel, D. (1996). The molecular basis of dehydration tolerance in plants. 
Annu. Rev. Plant Physiol. Plant Mol. Biol. 47,377-403. 

Inhora, R.C., Bansal, V.S., and Majerus, P. (1987). Pathway for inositol 1,3,4-
trisphosphate and 1,4-bisphosphate metabolism. Proc. Natl. Acad. Sci. USA 84, 2170-
2174. 



57 

Ishitani, M., Liu, J., Halfter, U., Kim, C.S., Wei, M., and Zhu, J.K. (2000). SOS3 
function in plant salt tolerance requires myristoylation and calcium-binding. Plant Cell 
12, 1667-1677. 

Ishitani, M., Xiong, L., Stevenson, B., and Zhu, J.-K. (1997). Genetic analysis of 
osmotic and cold stress signal transduction in Arabidopsis: Interactions and convergence 
of abscisic acid-dependent and abscisic acid-independent pathways. Plant Cell 9, 1935-
1949. 

Ishitani, M., Xiong, L., Lee, H., Stevenson, B., and Zhu, J.K. (1998). HOSl, a genetic 
locus involved in cold-responsive gene expression in Arabidopsis. Plant Cell 10, 1151-
1161. 

luchi, S., Kobayashi, M., Taji, T,, Naramoto, M., Seki, M., et al. (2001). Regulation of 
drought tolerance by gene manipulation of 9-c/"j-epoxycarotenoid dioxygenase, a key 
enzyme in abscisic acid biosynthesis in Arabidopsis. Plant J. 27, 325-333. 

Jacob, T., Ritchie, S., Assmann, S.M., and Gilroy, S. (1999). Abscisic acid signal 
transduction in guard cells is mediated by phospholipase D activity. Proc. Natl. Acad. 
Sci. USA 9, 12192-12197. 

Jaglo-Ottosen, K.R., Gilmour, S.J., Zarka, D.G., Schabenberger. O., and Thomashow, 
M.F. (1998). Arabidopsis CBFl overexpression induces COR genes and enhances 
freezing tolerance. Science 280, 104-106. 

Joseph, S.K., Esch, T., and Bonner, W.D. (1989). Hydrolysis of inositol phosphates by 
plant extracts. Biochem. J. 264, 851-856. 

Katagiri, T., Takahashi, S., and Shinozaki, K. (2001). Involvement of a novel 
Arabidopsis phospholipase D, AtPLDS, in dehydration-inducible accumulation of 
phosphatidic acid in stress signaling. Plant J. 26, 595-605. 

Kasuga, M., Liu, Q., Miura, S., Yamaguchi-Shinozaki, K., and Shinozaki, K. (1999). 
Improving plant drought, salt, and freezing tolerance by gene transfer of a single stress-
inducible transcription factor. Nat. Biotechnol. 17,287-291. 

Kawasaki, S., Borchert, C., Deyholos, M., Wang, H., Brazille, S., Kawai, K., Galbraith, 
D., and Bohnert, H. (2001). Gene expression profiles during the initial phase of salt stress 
in rice. Plant Cell 13, 889-905. 

Kiegerl, S., Cardinale, F., Siligan, C., Gross, A., Baudouin, E., Liwosz, A., Eklof, S., Till, 
S., Bogre, L., Hirt, H., and Meskiene, 1. (2000). SIMKJC, a mitogen-activated protein 
kinase (MAPK) kinase, is a specific activator of the salt stress-induced MAPK, SIMK. 
Plant Cell 12,2247-2258. 



58 

Kim, J.C., Lee, S.H., Cheong, Y.H., Yoo, C.M., Lee, S.L, Chun, H.J., Yun, D.J., Hong, 
J.C., Lee, S.Y., Lim, C.O., and Cho, M.J. (2001). A novel cold-inducible zinc finger 
protein from soybean, SCOF-1, enhances cold tolerance in transgenic plants. Plant J. 25, 
247-259. 

Klessig, D.F. et al. (2000). Nitric oxide and salicylic acid signaling in plant defense. Proc. 
Natl. Acad. Sci. USA 97, 8849-8855. 

Knight, H. (2000). Calcium signaling during abiotic stress in plants. International Rev. 
Cytol. 195, 269-325. 

Knight, H., and Knight, M.R. (2001). Abiotic stress signalling pathways: specificity and 
cross-talk. Trends Plant Sci. 6,262-267. 

Knight, H., Veale, E.L., Warren, G.J., and Knight, M.R. (1999). The sfr6 mutation in 
Arabidopsis suppresses low-temperature induction of genes dependent on the CRT/DRE 
sequence motif. Plant Cell 11, 875-886. 

Kobrinsky, E., Mirshahi, T., Zhang, H., Jin, T., and Logothetis, D.E. (2000). Receptor-
mediated hydrolysis of plasma membrane messenger PIP2 leads to K^-current 
desensitization. Nature Cell Biol. 2, 507-514. 

Kocsy, G., Galiba, G., and Brunold, C. (2001). Role of glutathione in adaptation and 
signaling during chilling and cold acclimation in plants. Physiol. Plant. 113, 158-164. 

Koomneef, M., Leon-Kloosterziel, K.M., Schwartz, S.H., and Zeevaart, J.A.D. (1998). 
The genetic and molecular dissection of abscisic acid biosynthesis and signal 
transduction in Arabidopsis. Plant Physiol. Biochem. 36, 83-89. 

Kopka, J., Pical, C., Gray, J.E., and Muller-Rober, B. (1998). Molecular and enzymatic 
characterization of three phosphoinositide-specific phospholipase C isoforms from 
potato. Plant Physiol. 116, 239-250. 

Kovtun, Y., Chiu, W.L., Tena, G., and Sheen, J. (2000). Functional analysis of oxidative 
stress-activated mitogen-activated protein kinase cascade in plants. Proc. Natl. Acad. Sci. 
USA. 97, 2940-2945. 

Krochko, J.E., Abrams, G.D., Loewen, M.K., Abrams, S.R., and Culter, A.J. (1998). (+)-
abscisic acid 8'-hydroxylase is a cytochrome P450 monooxygenase. Plant Physiol. 118, 
849-860. 

Lamb, C., and Dixon, R.A. (1997). The oxidative burst in plant disease resistance. Annu. 
Rev. Plant Physiol. Plant Mol. Biol. 48,251-275. 



59 

Lee, H., Xiong, L., Gong, Z., Ishitani, M., Stevenson, B., and Zhu, J.K. (2001). The 
Arabidopsis HOSl gene negatively regulates cold signal transduction and encodes a 
RING-finger protein that displays cold-regulated nucleo-cytoplasmic partitioning. Gene 
Dev. 15, 912-924. 

Lee, Y., Choi, Y.B., Suh, J., Lee, J., Assmann, S.M., Joe, C.O., Keller, J.F., and Grain, 
R.C. (1996). Abscisic acid-induced phosphoinositide turnover in guard cell protoplasts of 
Vicia faba. Plant Physiol. 110,987-996. 

Leon-Kloosterzie, K.M., Gil, M.A., Ruijs, G.J., Jacobsen, S.E., Olszewski, N.E., 
Schwart, S.H., Zeevaart, J.A., and Koomneef, M. (1996). Isolation and characterization 
of abscisic acid-deficient Arabidopsis mutants at two new loci. Plant J. 10,655-661. 

Liu, W., Fairbaim, D.J., Reid, R.J., and Schachtman, D.P. (2001). Characterization of 
two HKTl homologues from Eucalyptus camaldulensis that display intrinsic 
osmosensing capability. Plant Physiol. 127, 283-294. 

Liu, J., Ishitani, M., Halfter, U., Kim, C.S., and Zhu, J.K. (2000). The Arabidopsis 
thaliana SOS2 gene encodes a protein kinase that is required for salt tolerance. Proc. 
Natl. Acad. Sci. USA. 97, 3735-3740. 

Liu, J., and Zhu J.K. (1997a). An Arabidopsis mutant that requires increased calcium for 
potassium nutrition and salt tolerance. Proc. Natl. Acad. Sci. USA 94, 14960-14964. 

Liu, J., and Zhu, J.K. (1997b). Proline accumulation and salt-stress-induced gene 
expression in a salt-hypersensitive mutant oiArabidopsis. Plant Physiol. 114, 591-596. 

Liu, J., and Zhu, J.K. (1998). A calcium sensor homolog required for plant salt tolerance. 
Science 280, 1943-1945. 

Liu, Q., Kasuga, M., Salcuma, Y., Abe, H., Miura, S., Yamaguchi-Shinozaki, K., and 
Shinozaki, K. (1998). Two transcription factors, DREBl and DREB2, with an 
EREBP/AP2 DNA binding domain separate two cellular signal transduction pathways in 
drought- and low-temperature-responsive gene expression, respectively, in Arabidopsis. 
Plant Cell 10, 1391-1406. 

Liotenberg, S., North, H., and Marion-Poll, A. (1999). Molecular biology and regulation 
of abscisic acid biosynthesis in plants. Plant Physiol. Biochem. 37, 341-350. 

Llorente, P., Oliveros, J.C., Martinez-Zapater, J.M., and Salinas, J. (2000). A freezing-
sensitive mutant of Arabidopsis,^5/, is a new aba3 allele. Planta 211,648-655. 



60 

Lohrmann, J., Sweere, U., Zabaleta, E., Baurle, I., Keitel, C., Kozma-Bognar, L., 
Brennicke, A., J. Kudla, and K. Harter. (2001). The response regulator ARR2: a pollen-
specific transcription factor involved in the expression of nuclear genes for components 
of mitochondrial complex I in Arabidopsis. Mol. Genet. Genomics 265, 2-13. 

Lynch, B.J., Muqit, M.M., Walker, T.R., and Chilvers, E.R. (1997). [^H] inositol 
polyphosphate metabolism in muscarinic cholinoceptor-stimulated airways smooth 
muscle: Accumulation of [^H] inositol 4,5 bisphosphate via a lithium-sensitive inositol 
polyphosphate 1-phosphatase. Pharmacology 280,974-982. 

Majerus, P.W. (1992). Inositol phosphate biochemistry. Annu. Rev. Biochem. 61, 225-
250. 

Marin, E., Nussaume, L., Quesada, A., Gonneau, M., Sotta, B., Hugueney, P., Frey, A., 
and Marion-Poll, A. (1996). Molecular identification of zeaxanthin epoxidase of 
Nicotiana plumbaginifolia, a gene involved in abscisic acid biosynthesis and 
corresponding to the ABA locus of Arabidopsis thaliana. EMBO. J. 15, 2331-2342. 

Martin, M., and Busconi, L. (2000). Membrane localization of a rice calcium-dependent 
protein kinase (CDPK) is mediated by myristoylation and palmitoylation. Plant J. 24, 
429-435. 

Martin, M.L., and Busconi, L. (2001). A rice membrane-bound calcium-dependent 
protein kinase is activated in response to low temperature. Plant Physiol. 125, 1442-1449. 

Martin, T.F.J. (1998). Phosphoinositide lipids as signaling molecules: common themes 
for signal transduction, cytoskeletal regulation, and membrane trafficking. Annu. Rev. 
Cell Biol. 14,231-264. 

Medina, J., Bargues, M., Terol, J., Perez-Alonso, M., and Salinas, J. (1999). The 
Arabidopsis CBF gene family is composed of three genes encoding AP2 domain-
containing proteins whose expression is regulated by low temperature but not by abscisic 
acid or dehydration. Plant Physiol. 119,463-470. 

Milborrow, B.V. (2001). The pathway of biosynthesis of abscisic acid in vascular plants: 
a review of the present state of knowledge of ABA biosynthesis. J. Exp. Bot. 52, 1145-
1164. 

Mikami, K., Katagiri, T., Luchi, S., Yamaguchi-Shinozaki, K., and Shinozaki, K. (1998). 
A gene encoding phosphatidylinositol 4-phosphate 5-kinase is induced by water stress 
and abscisic acid in Arabidopsis thaliana. Plant J. 15,563-568. 



61 

Mikolajc2yk, M., Olubunmi, S.A., Muszynska, G., Klessig, D.F., and Dobrowolska, G. 
(2000). Osmotic stress induces rapid activation of a salicylic acid-induced protein kinase 
and a homolog of protein kinase ASKl in tobacco cells. Plant Cell. 12,165-178. 

Monks, D.E., Aghoram, K.., Courtney, P.D., DeWald, D.B., and Dewey, R.E. (2001). 
Hyperosmotic stress induces the rapid phosphorylation of a soybean phosphatidylinositol 
transfer protein homolog through activation of the protein kinases SPKl and SPK2. Plant 
Cell 13, 1205-1219. 

Munnik, T., Irvine, R.F., and Musgrave, A. (1998). Phospholipid signaling in plants. 
Biochim. Biophy. Acta 1389, 222-272. 

Munnik, T., Ligterink, W., Meskiene, I., Calderini, O., and Beyerly, J., Musgrave, A., 
and Hirt, H. (1999). Distinct osmo-sensing protein kinase pathways are involved in 
signalling moderate and severe hyper-osmotic stress. Plant J. 20, 381-388. 

Munnik, T., Meijer, H.J.G., ter Riet, B., Frank W., Bartels, D., and Musgrave, A. (2000). 
Hyperosmotic stress stimulates phospholipase D activity and elevates the levels of 
phosphatidic acid and diacylglycerol pyrophosphate. Plant J. 22, 147-154. 

Murata, N. and Los, D.A. (1997). Membrane fluidity and temperature perception. Plant 
Physiol. 115, 875-879. 

Nuccio, M.L., Rhodes, D., McNeil, S.D., and Hanson, A.D. (1999). Metabolic 
engineering of plants for osmotic stress resistance. Curr. Opin. Plant Biol. 2, 128-134. 

Orvar, B.L., Sangwan, V., Omann, F., and Dhindsa, R. (2000). Early steps in cold 
sensing by plant cells: the role of actin cytoskeleton and membrane fluidity. Plant J. 23, 
785-794. 

Patharkar, O.R., and Cushman, J.C. (2000). A stress-induced calcium-dependent protein 
kinase from Mesembryanthemum crystallium phosphorylates a two-component pseudo-
response regulator. Plant J. 24, 679-691. 

Pei, Z.M., Ward, J.M., Harper, J.F., and Schroeder, J.I. (1996). A novel chloride charmel 
in Vicia faba guard cell vacuoles activated by the serine/threonine kinase, CDPK. EMBO 
J. 15,6564-6574. 

Pei, Z.M., Murata, Y., Benning, G., Thomine, S., Klusener, B., Allen, G.J., Grill E., and 
Schroeder, J.L (2000). Calcium chaimels activated by hydrogen peroxide mediate 
abscisic acid signaling in guard cells. Nature 406, 731-734. 

Petersen, M. et al. (2000) Arabidopsis MAP kinase 4 negatively regulates systemic 
acquired resistance. Cell 103, 1111-1120. 



62 

Pical, C., Westergren, T., Dove, S.K., Larsson, C., and Sommarin, M. (1999). Salinity 
and hyperosmotic stress induce rapid increases in phosphatidylinositol 4,5-bisphosphate, 
diacylglycerol pyrophosphate, and phosphatidylcholine in Arabidopsis thaliana cells. J. 
Biol. Chem. 274, 38232-38240. 

Plieth, C., Hansen, U.P., Knight, H., and Knight, M.R. (1999). Temperature sensing by 
plants: the primary characteristics of signal perception and calcium response. Plant J. 18, 
491-497. 

Prasad, T.K., Anderson, M.D., Martin, B.A., and Steward, C.R. (1994). Evidence for 
chilling-induced oxidative stress in maize seedlings and a regulatory role for hydrogen 
peroxide. Plant Cell 6, 65-74. 

Price, A.H., Taylor, A., Ripley, S.J., Griffiths, A., and Trewavas, A.J. (1994). Oxidative 
signals in tobacco increase cytosolic calcium. Plant Cell 6, 1301-1310. 

Qin, X., and Zeevaart, J.A.D. (1999). The 9-c:/5-epoxycarotenoid cleavage reaction is the 
key regulatory step of abscisic acid biosynthesis in water-stressed bean. Proc. Natl. Acad. 
Sci. USA 96, 15354-15361. 

Qiu, Q., Guo, Y., Dietrich, M., Schumaker, K.S., and Zhu, J.K. (2001). Characterization 
of the plasma membrane Na^/H"^ exchanger in Arabidopsis thaliana. Abstracts of The 
I2th International Workshop on Plant Membrane Biology, pp235, Aug 11-16, 2001, 
Madison, WI. 

Quintero, F.J., Garciadeblas, B., and Rodriguez-Navarro, A. (1996). The SALl gene of 
Arabidopsis, encoding an enzyme with 3'(2'), 5'-bisphosphate nucleotide and inositol 
polyphosphate I-phosphatase activities, increases salt tolerance in yeast. Plant Cell 8, 
529-537. 

Rhee, S.G., Bae, Y.S., Lee, S.R., and Kwon, J. (2000). Hydrogen peroxide: a key 
messenger that modulates protein phosphorylation through cysteine oxidation. Science's 
STKE, www stke.org/cgi/content/fiill/OC sigtrans:2000/53/pe 1 (web document). 

Rock, C. D. (2000). Pathways to abscisic acid-regulated gene expression. New Phytol. 
148, 357-396. 

Rock, C.D., and Zeevaart, J.A.D. (1991). The aba mutant of Arabidopsis thaliana is 
impaired in epoxy-carotenoid biosynthesis. Proc. Natl. Acad. Sci. USA. 88, 7496-7499 

Romeis, T., Piedras, P., and Jones, J.D.G. (2000). Resistance gene-dependent activation 
of a calciiun-dependent protein kinase (CDPK) in the plant defense response. Plant Cell 
12, 803-815. 



63 

Rubio, F., Gassmann, W., and Schroeder J.I. (1995). Sodium-driven potassium uptake by 
the plant potassium transporter HKTl and mutations conferring salt tolerance. Science. 
270, 1660-1663. 

Rus, A., Yokoi, S., Sharkhuu, A., Reddy, M., Lee, B.H., Zhu, J.K., Bressan, R., and 
Hasegawa, P.M. (2001). AtHKTl is a salt tolerance determinant that controls Na"" entry 
into plant roots. Proc. Natl. Acad. Sci. USA 98, 14150-14155. 

Saijo, Y., Hata, S., Kyozuka, J., Shimamoto, K., and Izui, K. (2000). Over-expression of 
a single Ca'^-dependent protein kinase confers both cold and salt/drought tolerance on 
rice plants. Plant J. 23, 319-327. 

Sakai, H., Aoyama, T., and Oka, A. (2000). Arabidopsis ARRl and ARR2 response 
regulators operate as transcriptional activators. Plant J. 24, 703-711. 

Sanchez, J.P., and Chua, N.H. (2001). Arabidopsis PLCl is required for secondary 
responses to abscisic acid signals. Plant Cell 13, 1143-1154. 

Sanders, D., Brownlee, C., and Harper, J.F. (1999). Communicating with calcium. Plant 
Cell 11,691-706. 

Sangwan, V., Foulds, I., Singh, J., and Dbindsa, R.J. (2001). Cold-activation of Brassica 
napiis BNl 15 promoter is mediated by structural changes in membranes and 
cytoskeleton, and requires Ca^^ influx. Plant J. 27, 1-12. 

Schroeder, J.I., Allen, G.J., Hugouvieux, V., Kwak, J.M., and Waner, D. (2001). Guard 
cell signal transduction. Armu. Rev. Plant Physiol. Plant Mol. Biol. 52, 627-658. 

Schwartz, S.H., Leon-Kloosterzie, K.M., Koomneef, M., and Zeevaart, J.A.D. (1997a). 
Biochemical characterization of the aba2 and abaS mutants in Arabidopsis thaliana. 
Plant Physiol. 114, 161-166. 

Schwartz, S.H., Tan, B.C., Gage, D.A., Zeevaart, J.A.D., and McCarty, D.R. (1997b). 
Specific oxidative cleavage of carotenoid by VP14 of maize. Science 276, 1872-1874. 

Seki, M., Narusaka, M., Abe, H., Kasuga, M., Yamaguchi-Shinozaki, K., Caminic, P., 
Hayashizaki, Y., and Shinozaki, K. (2001). Monitoring the expression pattern of 1300 
Arabidopsis genes under drought and cold stresses by using a full-length cDNA 
microarray. Plant Cell 13,61-72. 

Seo, M., Peeters, A.J.M., Koiwai, H., Oritani, T., Marion-Poll, A., Zeevaart, J.A.D., 
Koomeef, M., Kamiya, Y., and Koshiba, T. (2000). The Arabidopsis aldehyde oxidase 3 
(AA03) gene product catalyzes the final step in abscisic acid biosynthesis in leaves. Proc. 



64 

Natl. Acad. Sci. USA 97, 12908-12913. 

Sheen, J. (1996). Ca'^ dependent protein kinases and stress signal transduction in plants. 
Science 274, 1900-1902. 

Sheen, J. (1998). Mutational analysis of protein phosphatase 2C involved in abscisic acid 
signal transduction in higher plants. Proc, Natl. Acad. Sci. USA 95, 975-980. 

Shi, H., Ishitani, M., Kim, C., and Zhu, J.K. (2000). The Arabidopsis thaliana salt 
tolerance gene SOSl encodes a putative Na^/H* antiporter. Proc. Natl. Acad. Sci. USA. 
97, 6896-6901. 

Shi, H., Quintero, F.J., Pardo, J.M., and Zhu, J.K. (2002). The putative plasma membrane 
Na^/H^ antiporter SOSl controls long distance Na"" transport in plants. Plant Cell (in 
press). 

Shinozaki, K., and Yamaguchi-Shinozaki, K. (2000). Molecular response to dehydration 
and low temperature; differences and cross-talk between two stress signaling pathways. 
Current Opinion Plant Biol. 3, 217-223. 

Spollen, W.G., LeNoble, M.E., Samuel, T.D., Bernstein, N., and Sharp, R.E. (2000). 
Abscisic acid accumulation maintains maize primary root elongation at low water 
potentials by restricting ethylene production. Plant Physiol. 122, 967-976. 

Srivastava, A., Pines, M. and Jacoby, B. (1989). Enhanced potassium uptake and 
phosphatidylinositol 4,5-biphosphate turnover by hypertonic mannitol shock. Physiol. 
Plant. 77, 320-325. 

Stevenson, J.M., Perera, I.Y., Heilman, I., Person, S., and Boss, W.F. (2000). Inositol 
signaling and plant growth. Trends in Plant Sci. 5,252-258. 

Stockinger, E.J., Gilmour, S.J., Thomashow, M.F. (1997). Arabidopsis thaliana CBFl 
encodes an AP2 domain-containing transcriptional activator that binds to the C-
repeat/DRE, a c/5-acting DNA regulatory element that stimulates transcription in 
response to low temperature and water deficit. Proc Natl Acad Sci USA. 94, 1035-1040. 

Stockinger, E.J., Mao, Y., Regier, M.K., Triezenberg, S.J., and Thomashow, M.F. (2001). 
Transcriptional adaptor and histone acetyltransferase proteins in Arabidopsis and their 
interactions with CBFl, a transcriptional activator involved in cold-regulated gene 
expression. Nucl. Acid Res. 29, 1524-1533. 

Suzuki, L, Los, D.A., Kanesaki, Y., Mikami, K., and Murata, N. (2000). The pathway for 
perception and transcription of low-temperature signals 'mSynechocystis. EVfflO J 19, 
1327-1334. 



65 

Tahtihaiju, S., Sangwan, V., Monroy, A.F., Dhindsa, R.S., and Borg, M. (1997) The 
induction of kin genes in cold-acclimating Arabidopsis thaliana. Evidence of a role for 
calcium. Planta 203,442-447. 

Tahtihaiju, S., and Palva, T. (2001). Antisense inhibition of protein phosphatase 2C 
accelerates cold acclimation in Arabidopsis thaliana. Plant J. 26,461-470. 

Takahashi, S., Katagiri, T., Hirayama, T., Yamaguchi-Shinozaki, K., and Shinozaki, K. 
(2001). Hyperosmotic stress induced a rapid and transient increase in inositol 1,4,5-
trisphosphate independent of abscisic acid in Arabidopsis cell culture. Plant Cell Physiol. 
42,214-222 

Tan, B.C., Schwartz, S.H., Zeevaart, J.A.D., and McCarty, D.R. (1997). Genetic control 
of abscisic acid biosynthesis in maize. Proc. Natl. Acad. Sci. USA 94, 12235-12240. 

Taylor, I.B., Burbidage, A., and Thompson, A.J. (2000). Control of abscisic acid 
synthesis. J. Exp. Bot. 51, 1563-1574. 

Thomashow, M.F. (1999). Plant cold acclimation; freezing tolerance genes and 
regulatory mechanisms. Annu. Rev. Plant Physiol. Plant Mol. Biol. 50, 571-599. 

Thomashow, M.F. (2001). So what's new in the field of plant cold acclimation? Lots! 
Plant Physiol. 125, 89-93. 

Thompson, A.J., Jackson, A.C., Symonds, R,C,, Mulholland, B.J., Dadswell, A.R., Blake, 
P.S., Burbidge, A,, and Taylor, I.B. (2000). Ectopic expression of a tomato 9-cis-
epoxycarotenoid dioxygenase gene causes over-production of abscisic acid. Plant J. 23, 
363-374. 

Tsugane, K., Kobayashi, K., Niwa, Y., Ohba, Y., Wada, K., and Kobayashi, H. (1999). A 
recessive Arabidopsis mutant that grows photoautotrophically under salt stress shows 
enhanced active oxygen detoxification. Plant Cell 11, 1195-1206. 

Ullah, H., Chen, J.G., Young, J.C., Im, K.H., Sussman, M.R., and Jones, A.M. 
Modulation of cell proliferation by heterotrimeric G protein in Arabidopsis. 
Science 292, 2066-2069. 

Ulm, R., Revenkova, E., di Sansebastiano, G.-P., Bechtold, N., and Paszkowski, J. (2001) 
Mitogen-activated protein kinase phosphatase is required for genotoxic stress relief in 
Arabidopsis. Genes Dev. 15,699-709. 

Uno, Y., Furihata, T., Abe, H., Yoshida, R., Shinozaki, K., and Yamaguchi-Shinozaki, K. 
(2000). Arabidopsis basic leucine zipper transcription factors involved in an abscisic 



66 

acid-dependent signal transduction pathway under drought and bigh-saiinity conditions. 
Proc. Natl. Acad. Sci. USA. 97, 11632-11637. 

Uozumi, N., Kim, E.J., Rubio, F., Yamaguchi, T., Muto, S., Tsuboi, A., Bakker, E.P., 
Nakamura, T., and Schroeder, J.I. (2000). The Arabidopsis HKTl gene homolog 
mediates inward Na^ currents in Xenopus laevis oocytes and Na^ uptake in 
Saccharomyces cerevisiae. Plant Physiol. 122, 1249-1260. 

Urao, T., Katagiri, T., Mizoguchi, T., Yamaguchi-Shinozaki, K., Hayashida, N., and 
Shinozaki, K. (1994). Two genes that encode Ca*''-dependent protein kinases are induced 
by drought and high salt stresses in Arabidopsis thaliana. Mol Gen Genet 224,331-340 

Urao, T., Yakubov, B., Satoh, R., Yamaguchi-Shinozaki. K., Seki, B., Hirayama, T., and 
Shinozaki, K. (1999). A transmembrane hybrid-type histidine kinase in Arabidopsis 
functions as an osmosensor. Plant Cell 11, 1743-1754. 

Urao, T., Yamaguchi-Shinozaki, K., and Shinozaki, K. (2000). Two-component systems 
in plant signal transduction. Trends Plant Sci. 5, 67-74. 

Wang, Q.Y., and Nick, P. (2001). Cold acclimation can induce microtubular cold stability 
in a manner distinct from abscisic acid. Plant Cell Physiol. 42, 999-1005. 

Wang, X. (1999). The role of phospholipase D in signaling cascades. Plant Physiol. 120, 
645-651. 

Wang, X.Q., Ullah, H., Jones, A.M., and Assmann, S.M. (2001). G protein regulation of 
ion channels and abscisic acid signaling in Arabidopsis guard cells. Science 292, 2070-
2072. 

Wu, S.J., Lei, D., and Zhu, J.K. (1996). SOSl, a genetic locus essential for salt tolerance 
and potassium acquisition. Plant Cell 8, 617-627. 

Xin, Z. and Browse, J. (1998). eskimol mutants oiArabidopsis are constitutively 
freezing-tolerant. Proc. Natl. Acad. Sci. USA 95,7799-7804. 

Xiong, L., Ishitani, M., Lee, H., and Thxx, J.K. (1999a). HOS5-a negative regulator of 
osmotic stress-induced gene expression in Arabidopsis thaliana. Plant J. 19, 569-578. 

Xiong, L., Ishitani, M., and Zhu, J.K. (1999b). Interaction of osmotic stress, ABA and 
low temperature in the regulation of stress gene expression in Arabidopsis thaliana. Plant 
Physiol. 119,205-211. 



67 

Xiong, L., Gong, Z., Rock, C.D., Subramanian, S., Guo, Y., Xu, W., Galbraith, D., and 
Zhu, J.K. (2001a). Modulation of abscisic acid signal transduction and biosynthesis by an 
Sm-like protein in Arabidopsis. Dev. Cell 1, 771-781. 

Xiong, L., Ishitani M, Lee H, Zhu JK. (2001b). The Arabidopsis LOS5/ABA3 locus 
encodes a molybdenum cofactor sulfurase and modulates cold and osmotic stress 
responsive gene expression. Plant Cell 13, 2063-2083. 

Xiong, L., Lee, B.H., Ishitani, M., Lee, H., Zhang, C., and Zhu, J.K. (2001c). FIERYl 
encoding an inositol polyphosphate 1-phosphatase is a negative regulator of abscisic acid 
and stress signaling in Arabidopsis. Genes Dev. 15, 1971-1984. 

Xiong, L., and Zhu, J.K. (200Id). Abiotic stress signal transduction in plants; Molecular 
and genetic perspectives. Physiol Plant. 112, 152-166. 

Xiong, L., and Zhu, J.K. (2002). Molecular and genetic aspects of plant responses to 
osmotic stress. Plant Cell Environ. 25, 131-140. 

Xiong, L., Lee, H., Ishitani, M., and Zhu, J.K. (2002). Regulation of osmotic stress-
responsive gene expression by the LOS6/ABA1 locus in Arabidopsis. J Biol. Chem. 277, 
8588-8596. 

Yamaguchi-Shinozaki, K., and Shinozaki, K. (1994). A novel cis-acting element in an 
Arabidopsis gene is involved in responsiveness to drought, low-temperature, or high-salt 
stress. Plant Cell 6,251-264. 

Yang, K.Y., Liu, Y., and Zhang, S. (2001). Activation of a mitogen-activated protein 
kinase pathway is involved in disease resistance in tobacco. Proc. Natl. Acad. Sci. USA 
98, 741-746. 

Yuasa, T., Ichimura, K., Mizoguchi, T., and Shinozaki, K. (2001). Oxidative stress 
activates ATMPK6, an Arabidopsis homologue of MAP kinase. Plant Cell Physiol. 42, 
1012-1016. 

Zhao, Z., Chen, G., and Zhang, C. (2001). Interaction between reactive oxygen species 
and nitric oxide in drought-induced abscisic acid synthesis in root tips of wheat seedlings. 
Aust. J. Plant Physiol. 28, 1055-1061. 

Zhang, S., and Klessig, D.F. (1998). The tobacco wounding-activated mitogen-activated 
protein kinase is encoded by SIPK. Proc. Natl. Acad. Sci. USA 95, 7225-7230. 

Zhang, S., and Klessig, D.F. (2001). MAPK cascades in plant defense signaling. Trends 
Plant Sci. 6,520-527. 



68 

Zhang, X., Zhang, L., Dong, f., Gao, J., Galbraith, D.W., and Song, C.P. (2001). 
Hydrogen peroxide is involved in abscisic acid-induced stomatal closure in Vicia faba. 
Plant Physiol. 126, 1438-1448. 

Zhu, J.K. (2000). Genetic analysis of plant salt tolerance using Arabidopsis thaliana. 
Plant Physiol. 124, 941-948. 

Zhu, J.K. (2001). Plant salt tolerance. Trends Plant Sci. 6, 66-71. 

Zhu, J.K., Hasegawa, P.M., Bressan, R.A. (1997). Molecular aspects of osmotic stress in 
plants. CRC Crit. Rev. Plant Sci. 16, 253-77. 

Zhu, J.K., Liu, J., and Xiong, L. (1998). Genetic analysis of salt tolerance in Arabidopsis 
thaliana: evidence of a critical role for potassium nutrition. Plant Cell 10, 1181-1192. 



69 

Chapter II 

Transducers for Stress Signals and the Methodology to Identify Them 

In late 1980s and early 1990s, many studies were aimed to profile the array of genes 

whose expression is increased by stress. From these studies, it was evident that there are 

a group of stress-responsive genes, whose products are of unidentified functions, which 

are highly inducible in response to low temperature, drought, salt stress, as well as the 

phytohormone ABA. These genes are named COR (cold-regulated), LTI (low 

temperature-induced), KIN (cold-induced), and RD (responsive to dehydration). 

In addition to the documentation of these stress responsive genes, other studies 

were also conducted to explore the involvement of potential signal transduction 

components in the activation of these genes. Most of these studies were restricted to 

expression (i.e., stress inducibility), biochemical and limited functional studies (i.e., 

overexpression or antisense suppression) of these individual signaling components. 

Genetic analysis of stress signaling is a recent endeavor and has been limited in its scope. 

In the following paper published in Physiologia Plantarum (see Appendix A), some of 

these studies were reviewed in the first half. The long and short of current methodology 

are evaluated in the second half of the paper. One concept introduced in this review is 

that of signaling 'modules', which are relatively independent signaling units that can 

perform defined signaling functions. In fact, there have been suggestions that biosystems 

such as a single cell are composed of modules and that future Molecular Biology should 

be Modular Biology (e.g., Hartwell et al., 1999. NatureAQli C47-52) which, among other 
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things, aims at the understanding of functionality of individual modules and their 

relations in the systems. In one sense. Modular Biology can be considered equal to 

Functional Biology. 
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PRESENT STUDY 

Chapter I 

Early Convergence of Diverse Stress Signal Transduction Pathways 

The methods, results, and conclusions of this study are presented in the paper appended 

to this dissertation (Appendix B). The following is a summary of the most important 

findings in the paper. 

Low temperature, drought, and salinity are quite different environmental conditions. 

Nonetheless, as discussed in Part I, these diverse signals can activate a common set of 

stress-inducible genes. Many of these stress-responsive genes are also induced by ABA. 

It is unclear how these different signals are connected and where the connections lie in 

the signaling pathways. In our screen, we isolated a group of mutants that exhibited 

enhanced expression of the RD29A::LUC reporter gene under all the stress conditions 

tested (i.e., cold, drought, salt or ABA treatment). These mutants therefore underlie 

common components shared by the diverse signaling pathways. One of the loci defined 

in this screen is FIERYl(FRYl). In the paper published in Genes & Development (see 

Appendix B), we presented the characterization, cloning and functional analysis of the 

FIERY 1 locus, jryl mutants showed an increased stress-responsive gene induction and 

also exhibited increased sensitivity to freezing, salt stress, and ABA. Positional cloning 

revealed that FRY I encodes an inositol polyphosphate 1-phosphatase and may function in 
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the degradation of inositol phosphates, in particularly, inositol 1,4,5-trisphosphate (IP3). 

This suggests that low temperature, drought, high salinity and ABA may use 

phospholipids as signaling molecules at early steps of their signal transduction. 
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Chapter II 

Stress and Abscisic Acid Signaling: An RNA World? 

The methods, results, and conclusions of this study are presented in the paper appended 

to this dissertation (Appendix C). The following is a summary of the most important 

findings in the paper. 

Drought signaling and salt-stress signaling are interconnected with ABA signaling. In 

our mutant screen, we uncovered several genetic loci that underscore this linkage. 

Mutations in these loci specifically enhanced gene induction by salt/drought and ABA 

but not by cold. In the following paper published in Developmental Cell (see Appendix 

C), we described the isolation, characterization, and cloning of one mutant, supersensitive 

to /^A and drought i {sadl). sadl plants exhibit increased sensitivity to ABA and salt 

at seed germination and at the vegetative stage. Interestingly, the mutant plants are also 

deficient in drought-induced ABA biosynthesis. SADI encodes a small nuclear 

ribonucleoprotein (snRNP) that is predicted to participate in mRNA splicing, export and 

degradation. This is very surprising since previously no evidence suggested a specific 

involvement of mRNA metabolism in ABA signaling and stress responsiveness. While 

studying the SADI locus, we also found that there exists a positive feedback loop 

whereby ABA enhances the expression of genes for ABA aldehyde oxidase (AA03) and 

molybdate cofactor sulfurase {LOS5/ABA3) (see also Chapter III). However, in the sadl 

mutant, this feedback loop was impaired because ABA or drought failed to up-regulate 

the expression ofLOSS/ABAS orAA03 to the wild-type levels. Feeding with ABA-
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aldehyde demonstrated that this last step of ABA biosynthesis (i.e., the conversion of 

ABA-aldehyde to ABA) is impaired in sadl. cDNA microarray and RNA blot analysis 

found only a few genes whose expression was altered in sadl. Among them are several 

genes for protein phosphatases 2C including ABIl and ABI2, which code for negative 

regulators of ABA signaling. Two hypotheses are proposed to explain the modes of 

SADl function. One states that specific aspects of mRNA metabolism regulate ABA and 

stress signaling. Recently, reports from other groups also implicate such an involvement 

of mRNA turnover in ABA signal transduction. A second hypothesis postulates that 

there exists a novel intracellular ABA perception and signaling pathway. Both scenarios 

point to the fact that we really know too little about stress and ABA signal transduction 

mechanisms. 
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Chapter HI 

Weaving The Stress Signaling Web by Abscisic Acid 

The methods, results, and conclusions of this study are presented in the paper appended 

to this dissertation (Appendix D). The following is a summary of the most important 

findings in the paper. 

As described in the introduction, previous gene expression studies with ABA-deficient 

and ABA-insensitive mutants suggested that stress-responsive gene expression had both 

ABA-dependent and ABA-independent pathways. This notion was further fortified by 

the identification of independent c/j-elements (ABRE for ABA regulation and CRT/DRE 

for cold/drought regulation) and transcription factors that bind to these specific elements. 

This model predicts that expression of stress-responsive genes would not be affected by 

ABA deficiency. However, our genetic screen argues against the complete ABA 

independency of the 'ABA-independent' pathways. Lesions in the LOSS and L0S6 loci 

completely block or much diminish gene regulation by osmotic stress. Interestingly, 

mutations in both loci were found to affect ABA biosynthesis. In the following two 

Chapters, we present the characterization and cloning of these two loci. The study with 

LOSS, published in The Plant Cell (see Appendix D), strongly suggests that the 

previously defined 'ABA-independent' drought signaling also requires ABA (Chapter 

ni). Chapter IV concerns the study on LOS6, which is published in The Journal of 

Biological Chemistry (Appendix E). In that paper, we fiirther defined, among others, the 

self-regulation of ABA biosynthetic genes as described in Chapter II. The study shows 
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that this self-regulation is common to all known ABA biosynthetic genes cloned thus far, 

and that the regulation is partially mediated by the protein phosphatase ABIl but not by 

the homologous phosphatase ABI2. We also proposed a model to explain why ABA 

biosynthesis should be limited by the step catalyzed by 9-cts-epoxycarotenoid 

dioxygenase (NCED). 
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Chapter IV 

The 'Selflsh' Geaes: Abscisic Acid Biosynthetic Genes - Their Regulation by 

Abscisic Acid 

The methods, results, and conclusions of this study are presented in the paper appended 

to this dissertation (Appendix E). The following is a sunimary of the most important 

findings in the paper. 

While studying animal behavior, EUchard Dawkins contended in his book The Selfish 

Genes (Oxford University Press, 1989) that, human, and animals, are the survival 

machines of genes - which he considered as the universal ruthless selfish replicators. 

When talking about the biosynthesis of the plant hormone abscisic acid (ABA), plant 

biologists often described ABA as an inducer of ABA destruction. However, we found 

that ABA may actually stimulate ABA biosynthesis through increasing transcription of 

ABA biosynthetic genes. In one sense, ABA biosynthetic genes are 'selfish' genes. 
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CONCLUDING REMARKS 

The transduction mechanisms for stress signals are very complicated and are largely 

unknown. Although there have been extensive studies on the potential involvement of a 

large number of signaling components in stress signaling, their in vivo functionalities and 

their positions and relations in the pathways are not clear. Genetic analysis is an essential 

and efficient approach to understanding such complex processes. The present study 

illustrates that the molecular genetic approach we are taking can lead to the discovery of 

signaling processes either conceivable or entirely unexpected. These new discoveries 

significantly advance our knowledge on stress signal transduction in particular and 

should also provide new clues to understanding aspects of plant biology in general. With 

the availability of the genomic information in the model plant Arabidopsis thaliana, a 

wide adoption of various genetic approaches should accelerate the understanding of the 

life of plants that is vital to our own. 
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APPENDIX A 

ABIOTIC STRESS SIGNAL TRANSDUCTION IN PLANTS: MOLECULAR AND 

GENETIC PERSPECTIVES 
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Low lemperalure, drought and salinity are major adverx 
environmental factors Ihat limit plant productivity. Under-
standing the mechanisms by which plants perceive and trans
duce these stress signals to initiate adaptive responses is 
essential for engineering stress-tolerant crop plants. Molecu
lar and biochemical studies suggest that abiotic stress signal
ing in plants involves receptor-coupled phosphorelay, 
phosphoinositol-induced Ca* changes, mitogen-activated 
protein kinase cascades and transcriptional activation of 
stress-responsive genes. In addition, protein posttranslatfonal 

modifications and adapter or scaffoldMnediated protein-
protein interactioas are also important in abiotic stress signal 
transduction. Most of these signaling modules, however, have 
not been genetically established to function in plant abiotic 
stress signal transduction. To overcome the scarcity of abi
otic stress^specilic phenotypes for conventional genetic 
screens, molecular genetic analysb using stress-responsive 
promoter-driven reporter b suggested as an alternative ap
proach to genetically dissect abiotic stress signaling networks 
in plants. 

Introduction 

Environmental stresses such as low temperature, drought 
and salinity limit crop productivity worldwide. Understand
ing plant responses to these stresses is essential for rational 
engineering of hardier crop plants. The process by which 
plant cells sense the stress signals and transmit them to 
cellular machinery to activate adaptive responses is referred 
to as signal transduction. Many signal transduction net
works have been established in microbial and animal sys
tems. In plants, the signal transduction pathways for light, 
several phytohormones and pathogenesis are also being 
elucidated. Despite decades of physiological and molecular 
effort, knowledge of how plants sense and transduce low 
temperature, drought and salinity signals is still very limited. 
One major constraint hampering our understanding of these 
signal transduction processes in plants has been the lack or 
slow pace of application of molecular genetics due to the 
scarcity of reliable phenotypes specific to the various envi
ronmental stresses. These phenotypes are critical for devis
ing genetic screens for mutants, which are the key to 
dissecting signal transduction pathways in an organism. To 
circumvent this shortcoming, molecular genetic approaches 
involving the use of reporter gene expression have been 

explored and appear very promising for dissecting stress 
signal transduction pathways in plants. Here, we first survey 
signaling modules that are implicated in stress signal trans
duction in plants. References to non-plant systems are made 
when similar information is not yet available for plants. 
Even though some of the signaling modules have not been 
shown to operate in plants, they are important to illustrate 
the diversity and complexity of signaling networks, and their 
counterparts probably exist in higher plants due to the 
conservation of signaling modules across diverse organisms. 
As low temperature, drought and salinity stresses often lead 
to the accumulation of ABA and the induction of ABA-in-
duced genes in plants, ABA-related signal transduction is 
also addressed when applicable. After this survey of com
mon themes in signaling transduction, we discuss the appli
cation of Arabidopsis molecular geneuc approaches in 
analyzing stress signaling. Topics on general aspects of 
signal transduction and traditional genetic analysis of stress 
and ABA signal transduction in plants have been covered 
extensively in several recent reviews (e.g. Trewavas and 
Malho 1997, Zhu et al. 1997, Koomneef et al. 1998, Leung 
and Giraudat 1998, McCourt 1999, Thomashow 1999). 
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Signaling modules in abiotic stress responses 

The relatively independent functional units that make up the 
signal transduction network are referred to here as modules. 
Most of the signaling modules were initially described in 
non-plant systems and many of them have now been found 
in plants. There are several methodologies currently used to 
determine whether a signaling module functions in plant 
stress signal transduction or not. Earlier work on molecular 
aspects of stress responses is exemplified by expression 
surveys by differential/subtractive screening (for review see 
Bray 1993. Shinozaki and Yamaguchi-Shinozaki 1997. Zhu 
et al. 1997. Thomashow 1999). U is believed that stress-in-
ducible genes may function in the signaling network or may 
play roles in stress tolerance. A second method is the 
candidate gene approach. This involves the selection of a 
candidate gene from a particular known module and exam
ining the expression of that gene or the activity of the gene 
product under stresses or additionally, by fimctional com
plementation in heterologous systems, usually in yeast where 
stress signal transduction (particularly osmotic stress) is 
better understood. Additionally, various pharmacological 
agents have been used as antagonists or agonists to modu
late potential signaling pathways. Finally, forward and re
verse genetic studies involving the isolation of signal 
transduction mutants, or mutations in putative regulatory 
genes can provide compelling evidence for the function of a 
gene product in particular signaling processes. Currently, 
the involvement of most of the components outlined in the 
following modules in stress signaling has not been estab
lished by genetic analysis. 

Receptors 

Environmental signals are thought to be tirsi perceived by 
specific receptors that, upon activation, will initiate (or 
suppress) a cascade to transmit the signal intracellularly and 
in many cases, activate nuclear transcription factors to 
induce the expression of specific sets of genes. Receptor-cou
pled protein phosphorylation is a common form of signal 
initiation. Although none of the receptors for cold, drought, 
salinity or the stress hormone abscisic acid in plants is 
determined to certainty, current knowledge indicates that 
receptor-like protein kinases, two-component hisudine ki
nases, as well as G-protein-associated receptors may repre
sent the potential sensors of these signals. 

Receptor-like kinases (RLICs) are found in both animals 
and plants. Structurally, they consist of an extracellular 
domain that may function in ligand binding or protein-
protein interactions, a transmembrane domain and an intra
cellular kinase domain. Unlike animal RLKs that usually 
possess tyrosine signature sequences, plant RLKs have ser
ine/threonine signature sequences. There are a larger num
ber of RLKs in plant genomes, which can be further divided 
into several subgroups according to the structure characters 
(e.g. Hardie 1999). Plant RLKs are found to be mainly 
involved in pathogenesis responses and in plant develop
ment where in both cases there seems to e.xist extracellular 
ligands for receptor binding. The identification of BR.I as a 
RLK for a potential brassinosteroid receptor (Li and Chory 

1997) indicates that there are probably similar RLKs acting 
as ABA receptors. In Arabidopsis, a gene that encodes a 
receptor like kinase with extracellular leucine-rich repeats, 
RPKl, was found to be induced I h after ABA treatment, or 
dehydration, high-salt and low-temperature treatments 
(Hong et al. 1997), indicating that this protein kinase may 
be involved in multiple-stress signal transduction. Consider
ing rapid cellular responses (such as dynamics in inositol 
phosphates and Ca- ^ fluctuation) when exposed to stresses, 
it can be conceived that the activity of a stress receptor 
should be constitutive, at least at a lower level. Although the 
relative slow induction of RPKl by stress does not exclude 
the possibility of a constitutive basal level of receptor activ
ity, its role in signal initiation is likely not primary. 

The two-component sensor-response regulator systems in
volving histidine kinases that were initially found in 
prokaryotes for perception of various environmental signals 
also exist in eukaryotes, including plants. When the extracel
lular sensor domain perceives a signal, the cytoplasmic 
histidine residue is autophosphorylated and the phosphoryl 
moiety is then passed to an aspartate receiver in a response 
regulator, which may constitute part of the sensor protein or 
a separate protein. The 'two-component' sensors may couple 
with a downstream mitogen-activated protein (MAP) kinase 
cascade or directly phosphorylate specific targets to initiate 
cellular responses. Homologous histidine kinases character
istic of this two-component system have been found to 
function in ethylene (for review, see Chang and Shockey 
1999) and probably also in cytokinin signal transduction 
pathways (Kakimoto 1996. Brandstatter and Kieber 1998). 
Recently, they have also been implicated to function in the 
perception of environmental stress signals such as low tem
perature and osmotic stress in plants, as summarized below. 

In cyanobacterium. it was suggested that membrane fluid
ity might act as a primary sensor for low temperature 
(Murata and Los 1997). Yet. the change in the physico-
chemical status of membrane lipids must be further sensed 
by other molecules closely associated with the membrane. 
To investigate whether histidine kinases are involved in 
temperature perception in cyanobacterium Synechocystis sp. 
PCC 6803, all putative histidine kinases in the genome were 
systematically disrupted and the impact on temperature-in
duced desaturase gene expression was monitored with the 
bacterial luciferase reporter. This survey resulted in the 
identification of two histidine kinases and a response regula
tor that modulate the induction of some, but not all, low-
temperature-induced desaturase genes. Therefore, these 
histidine kinases probably play roles in part of the low-tem
perature signal transduction (Suzuki et al. 2000). The failure 
of complete blocking of all low-temperature-responsive 
genes also implies that there are multiple temperature sen
sors in the genome. 

The best-characterized two-component histidine kinase is 
the Saccharomyces cerevisiae osmosensor SLNI. Together 
with the YPDl-SSKl response regulator, this 'two-compo
nent' signal unit regulates the high-osmolarity glycerol 
(HOG) MAPK cascade, resulting in the production of glyc
erol to survive osmotic stress. In Arabidopsis, a histidine 
kinase gene, AtHKl, was isolated by PCR using degenerate 
primers. This kinase is structurally related to SLNI. Indeed, 
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AtHKl can rescue the salt sensitivity of yeast mutants with 
deletions of SLNl and SHOl (another transmembrane os-
mosensor). implying that AtHKl might have a similar func
tion in plants. Expression of AtHKl was up-regulated by 
alterations in osmolarity of external solutions (Urao et al. 
1999). Related with this work, it was also found that the 
expression of two genes that encode 'two-component' re
sponse regulator-like proteins in Arabidopsis was induced by 
low temperature, drought and salt stress (Urao et al. 1998). 
Whether these components play roles in stress signaling 
awaits functional genetic analysis. 

In animal systems, there are a large number of hormone 
and neurotransmitter receptors that are structurally related 
to rhodopsin, the 7-transmembrane (7TM) domain G-
protein-coupied light receptor. They are collectively grouped 
as G-protein-coupled receptors (GPCRs). Similar receptors 
probably function in light perception in flagellate green alga 
(Calenberg et al. 1998). Surprisingly, prototype GPCRs are 
underrepresented in higher plant genomes. To date, there 
are only a few sequences that show homology to animal 
GPCR (Josefsson and Rask 1997. Plakidou-Dymock et al. 
1998). On the other hand, over 30 putative 7TM genes c.xist 
in Arabidopsis genome and the encoded proteins are ho
mologous to the disease-resistant protein MIo (Devoto et al. 
1999). However, they do not show significant homology 
with animal GPCRs at the amino acid level. It is not yet 
known whether this group of proteins is the plant version of 
GPCRs. In any event, it seems that plants do not elect to 
use these receptors as extensively as do animals. As G-
proteins are implicated to play roles in environmental stress 
signaling, it can be envisaged that there are G-protein-asso-
dated receptors in plants that may participate in the percep
tion of environment stresses. 

Second messengcr/Ca'" -̂releasing modules 

Numerous studies have suggested that Ca-*^ is involved in 
various intracellular signaling processes, both in animals 
and in plants (for review, see Sanders et al. 1999). As such, 
the concentration of intracellular Ca*'' is carefully tuned. 
Ca- '' concentration in the cytosol is low, and upon stimula
tion. Ca- is released from intracellular storage or enters 
the cell via various Ca-channels. Studies with animal cells 
have shown that there are several paths that mediate Ca* 
transient increase in the cytosol. Ca^ can enter the cells 
from outside by voltage-gated, receptor operated or store-
operated Ca- ^ channels. Also, Ca- ^ in intracellular stores 
can be released through ligand messenger-sensitive channels. 
These second messengers include inositol polyphosphates, 
cyclic ADP-ribose (cADPR) and nicotinic acid adenine din-
ucleotide phosphate (NAADP). Receptors of inositol 1,4,5-
trisphosphate (IPj) have been isolated from animal as well 
as plant cells. Ryanodine receptors for cADPR were also 
identified in animals. Interestingly, the activities of these two 
types of receptors are also stimulated by Ca^"^. Further
more. it was found that the IP, receptor is required for 
coupling the activation of store-operated Ca^*^ channels in 
animal cells. These positive feedback regulations underline 
the phenomenon referred as Ca^^-stimulated Ca^'^ release. 
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In contrast, the molecular identities of NAAOP receptors 
are unknown and they do not seem to be regulated by 
Ca-*. 

In higher plants and algae, the phosphoinositide module 
has been implicated to function in the transduction of 
enviromnental stimuli such as light, gravity, fungal elicitors, 
acidity and osmotic stress (for review, see Munnik et al. 
1998, Stevenson et al. 2000). The IP] precursor, phos-
phatidylinositol 4,5-bisphosphate (PIP2) is synthesized via 
phosphatidylinositol 4-phosphate 5-kinase. An Arabidopsis 
gene encoding this enzyme, PIPSK, was induced by water 
stress and ABA (Mikami et al. 1998). IP} is generated by the 
hydrolysis of PIP^ by phospholipase C (PLQ. In animal 
cells, there are at least 3 subfamilies of PLC and the 
regulation of each subfamily uses different signaling path
ways, but all PLCs strictly require Ca-* as cofactor for 
activation. In Arabidopsis, there are approximately 10 genes 
encoding PLCs. An Arabidopsis PLC gene, AtPLCl. whose 
product is most similar to members in the animal PLCJ 
subfamily, was found to be strongly induced by salt and 
drought stress, and also induced to a lesser extent by low 
temperature (Hirayama et al. 1995). Exogenous IP, was 
demonstrated to be able to induce Ca-* release from 
tonoplast vesicles or isolated vacuoles (e.g. Schumaker and 
Sze 1987). In guard cells, caged IP, induced Ca-* increase 
in cytoplasm and triggered stomata closure (Blatt et al. 
1990. Gilroy et al. 1990). After treaimem with ABA, there is 
a transient increase in IP, in guard cell protoplasts of Vicia 
faba (Lee et al. 1996). These ABA effects require PLC, as 
inhibition of PLC blocked ABA-induced Ca* * oscillation 
and stomatal closure (Staxen et al. 1999). Plant PLCs are 
similar to members of the animal PLCJ subfamily; they 
seem to be activated by G-protein as evidenced by pathway 
activation with G-protein activator, mastoparan (e.g. 
Quarmby et al. 1992). However, it should be noted that the 
phosphoinositide module is subjected to multiple levels of 
regulation via PLC and many other enzymes in the phos
pholipid signaling pathway. For example, the expression of 
AtPLCl gene was negatively regulated by SOS2 (Zhu et al. 
1998). a protein kinase functioning in plant salt tolerance. 

Phospholipids are also hydrolyzed by phospholipase D 
(PLD) to produce phosphatidic acid (I^dOH), which is a 
second messenger in animal cells that may activate phos
phatidylinositol 5-kinase, PLC and protein kinase C (PKC). 
In guard cells, it was found that PLD activity increased 
shortly after ABA treatment and that application of PtdOH 
had the same effect as ABA to induce stomatal closure 
(Jacob et al. 1999). Similarly, PLD activity was activated 
within minutes after dehydration or salt stress treatment 
(Frank et al. 2000, Munnik et al. 2000). Additionally, PLD 
was activated by mastoparan, a G-protein agonist, suggest
ing the involvement of G-protein in early signal transduc
tion (Frank et al. 2000). Two cDNAs encoding PLDs were 
isolated from the resurrection plant Craterostigma plan-
tagineum. One gene, CpPLD-l, was constitutively expressed 
and the second. CpPLD-2, was induced transcriptionally by 
dehydration and ABA treatment (Frank et al. 2000). The de 
novo synthesis of inositol requires the inositol I-phosphate 
synthase (INPS) to convert glucose 6-phosphate into INP. 
The tratiscription of IMPS was enhanced by osmotic stress 
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in the shoot, but was repressed in the root in common ice 
plant (Nelson et al. 1998). whereas its expression in Ara-
bidopsis was not enhanced by salt stress (Ishitani et al. 
1996). The enhanced synthesis of inositol in ice plant is 
probably required for the synthesis of the osmoiyte, o-onon-
Itol. It is unclear if this altered inositol synthesis would 
alTect phosphoinositide signaling or not. 

As in animal cells. cADPR is probably also a second 
messenger in plants that can trigger the release of Ca-^ 
from internal stores and initiates stress-induced gene expres
sion. In animal cells. cADPR is produced by NAD " with 
Che ADP-ribosyl cyclase. In plants. cADPR was demon
strated to release Ca'^ from vacuoles (Allen et al. 1995). 
Using the stress-responsive promoter of RD29A and KIN I 
fused with CUS reporter. Wu et al. (1997) studied the 
transient expression of the reporter gene in tomato 
hypocotyl cells. They found that cADPR could induce the 
expression of the transgenes and this process involved Ca* ^ 
and protein phosphorylation/dephosphorylation (Wu et al. 
1997). In the guard cells of Commelina communis, it was 
found that ABA-induced stomatal closure is mediated by 
cADPR (Leckie et al. 1998). The IPj-induced Ca*'^ release 
and cADPR-induced Ca' each operated in the ABA regu
lated gene expression (Wu et al. 1997). These two pathways 
may not be simply redundant. A recent study with human T 
lymphocyte cells suggested that the two pathways are tem
porally separated, wivh tPj initiating the signaling while 
cADPR sustains the signaling (Guse et al. 1999). 

Iniracelluliir phosphoprotcin modules 

Upon receiving a signal from membrane receptors, cells 
often utilize multiple phosphoprotein cascades to transduce 
and amplify the information. Protein phosphorylation and 
dephosphorylation are perhaps the most common intracellu
lar signaling modes. They regulate a wide range of cellular 
processes such as enzyme activation, assembly of macro-
molecules, protein localization and degradation. In plants, 
many protein kinases (for review, see Hardie 1999) and 
phosphatases are thought to be involved in environmental 
stress responses on the basis of pharmacological studies. 

Most plant protein kinases are serine/threonine kinases 
chat play major roles in protein phosphorelay. A serine/ 
threonine protein kinase from wheat. PKABAl, was among 
the first plant protein kinase genes to be found that is 
up-regulated by drought, low temperature and NaCl, as well 
as by ABA (Holappa and Walker-Simmons 1995). The 
accumulation of PKABAl tratiscripts in embryos correlates 
with ABA level as the seeds mature, implying a role of 
PKABA in the control of dehydration tolerance or seed 
dormancy. Using a transient coexpression assay, Gomez-
Cadenas et al. (1999) found that PKABAl indeed inhibited 
ABA-suppressed and GA-stimulated 2-amylase gene expres
sion in barley aleurone layers, but did not direcUy regulate 
ABA-responsive late embryogenesis abundant (LEA) gene 
expression. The fact that PKABA I is induced by ABA and 
stress in seedlings implies possible functions of its product in 
vegetative tissues as well. Recently, an ABA-activated 
protein kinase (AAPK) gene from Vicia faba that is ho

mologous to PKABAl was found to be specifically ex
pressed in guard cells. Interestingly, introducing a mutated 
version of AAPK blocked ABA-induced stomatal closure by 
eliminating ABA activation of plasma membrane am'on 
channels (Li et ai. 2000). Since the mutated AAPK showed 
reduced activity, this inhibitory effect seems to result from a 
dominant interference of ABA signaling. It is not known 
whether AAPK is also regulated by drought stress. As roots 
are the first plant organ chat senses drought stress in the 
soil, not surprisingly, roots may have a specific signaling 
mechanism. Expression of a rooc-specific protein kinase 
gene (ARSKl) from Arabidopsis was strongly induced by 
drought and salt, as well as ABA treatments (Hwang and 
Goodman 1995). 

A family of protein kinases um'que to plants, the calcium-
dependent protein kinases (CDPKs), are also involved in 
stress responses. CDPKs consist of a serine/threonine kinase 
domain and a C-terminal calmodulin-like domain with up to 
4 EF hand motifs. Most CDPKs have a N-terminal motif 
for myristoylation that potentially facilitates membrane as
sociation. The expression of Arabidopsis ATCDPKl and 
ATCDPK2 was rapidly induced by drought and salt treat
ments; yet, their expression was not induced by cold, heat 
shock, or ABA, suggesting that they may parucipate in an 
ABA-independent pathway (Urao et al. 1994). By tran
siently expressing a chimeric gene consisting of GFP re
porter driven by a cold-, salt-, dark- and ABA-responsive 
promoter (HVAl) in maize leaf protoplasts. Sheen (1996) 
showed that coexpression of a constitutively active 
ATCDPKl activates the reporter gene, while a non-active 
CDPKI mutant cannot. These results suggest an involve
ment of CDPK in stress signal transduction in plant cells. 

In a stress signaling cascade, inactivation of phospho-
proceins is usually accomplished by dephosphorylation. 
There are 4 major subgroups of protein phosphatases: PPl, 
PP2A, PP2B (calcineurin) and PP2C. Among them, PP2B 
and PP2C are Ca* *-dependent while PPl and PP2A by 
themselves do not need Ca*to function. As with kinases, 
studies using phosphatase inhibitors have Indicated a role 
for phosphatases in stress signaling. An often-observed phe
nomenon in many organisms is that the inhibition of protein 
phosphatases leads to similar outcomes as the stimulation of 
protein kinases. For example, in human T cells, inhibition of 
PP2A induced the phosphorylation of the signal transducers 
and activators of transcription (STAT)3 and resulted in the 
translocation of this transcriptional factor to the cytosol 
(Woetmann et al. 1999). In alfalfa plants, a phosphatase 2A 
inhibitor, okadaic acid, induced the expression of a cold-in-
duced gene, caslS, at 25''C. It was found that cold acclima-
uon strongly inhibited the activity of protein phosphatase 
2A and this process was mediated by Ca^*^, as treating cells 
with calcium ionophere A23I87 or with calcium channel 
agonist had similar effects (Monroy et al. 1998). Because 
PP2A does not need Ca^ for activation, it is possible that 
PP2A may form a complex with Ca^'*'/CaM-dependent 
protein kinase to regulate downstream gene transcription, as 
was demonstrated in human T lymphocyte cells (Westphal 
et al. 1998). The physical association of a protein phos
phatase with protein kinases may be a common phe
nomenon. A good example in plants is the association of 
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kinase-associated phosphatase (KAPP) with RLfCs (Stone et 
al. 1994). KAPP may be a common regulator of a subset of 
RLfCs (Braun et al. 1997) and has been shown to participate 
in the signaling of shoot apical meristem development 
(Williams et al. 1997, Stone et al. 1998). 

The suggestion that serine/threonine phosphatase PP2A 
regulates cold-responsive genes in plants is intriguing. The 
common heterotrimeric form of PP2A consists of a struc
tural A subunit. a regulatory B subunit and a catalytic C 
subunit. Each subunit has different interacting proteins. In 
yeast and animal celts, PP2A has been shown to affect cell 
cycling, vertebrate axis determination (Wnt signaling) and 
apoptosis. To identify PP2A targets or proteins assodated 
with PP2A in plants, Harris et al. (1999a) used an Arabidop-
sis PP2A cONA catalytic subunit as a bait to conduct a 
yeast two-hybrid screen and obtained one protein, TAP46, 
that was demonstrated to associate with PP2A in vivo. This 
protein shows similarity to yeast TAP42 and mammalian 34 
proteins, both of which function in the target of rapamycin 
(TOR) pathway in response to nutrient availability, and 
whose activities lead to the activation of ribosomal S6 
kinase and inactivation of a translation initiation inhibitor 
4E-BPI. This positively regulates the translation initiation 
factor eIF-4E and results in increased mRNA translation 
(Gingras et al. 1999). The precise functions of TAP42 and 
z4 protein are unknown but they seem to act as adapters in 
the PP2A signaling complex to regulate PP2A activity. 
Interestingly, the expression of TAP46 in Arabidopsis is 
induced by low-temperature treatment, but not by heat 
shock (Harris et al. 1999a). Together with a previous finding 
that a ribosomal S6 kinase homolog was induced by low 
temperature and drought stress (Mizoguchi et al. 1996), it 
seems likely that a signaling branch using part of the TOR 
module involving MAPK/CDPK.-PP2A/TAP42-S6IC may be 
activated by low temperature and other stresses and modu
late the transcription/translation of stress-responsive genes 
in plants. 

An additional connection between PP2A and stress signal
ing is that PP2A may regulate MAPK. cascade by dephos-
phorylation of the core kinases; however, other 
serine/threonine or dual specificity phosphatases also regu
late the MAPfC cascade. In Arabidopsis, a cDNA encoding 
a tyrosine-specific protein phosphatase (PTPI) was isolated 
by using degenerate primers against conserved tyrosine-spe
cific phosphatase sequence. It was found that the expression 
of PTPI was significantly enhanced by NaQ but was down-
regulated by short-term (6 h or shorter) cold treatment (Xu 
et al. 1998). The significance of this differenual regulation 
by two unrelated stresses is not clear. In a study of the 
interaction between low temperature and salt stress in the 
regulation of the stress-responsive gene RD29A, Xiong et al. 
(1999c) observed that when Arabidopsis seedlings were 
treated for 4.S h in the cold, the induction of RD29A by 
NaCl or ABA (in the cold) was completely blocked, while 
longer cold treatment (2 days) did not block ABA induc
tion. It is possible that this interaction between low temper
ature and salt stress occurs at the level of PTPI, as 
evidenced by similar regulation of PTPI expression by cold 
and salt stresses (Xu et al. 1998). By analogy with other 
systems and also implicated in plants (e.g. Knetsch et al. 

1996), the role of this PTPI in stress signaling may be the 
dephosphorylation of a MAP kinase on a tyrosine residue. 

The characterization of a yeast mutant defective in cal-
cineurin B (CNB) (PP2B) underscores the crucial role of this 
protein phosphatase in salt tolerance (Mendoza et al. 1994). 
By functional complementation, plant transformation or 
expression studies, several homologous plant proteins are 
implicated to function in salt tolerance in a similar way to 
the yeast CNB (Pardo et al. 1998, Kudla et al. 1999, Piao et 
al. 1999). Identificauon of the SALT OVERLY SENSITIVE 
(SOS)3 gene product as related to CTNB provided com
pelling evidence to support the role of calcineurin-like 
protein in plant salt-tolerance (Liu and Zhu 1998). How
ever, SOS3 does not seem to function through a protein 
phosphatase. Rather, SOS3 interacts with and activates a 
protein kinase encoded by SOS2 (Liu et al. 2000, Halfter et 
al. 2000). The SOS3-SOS2 protein kinase complex is becom
ing a well-studied module that functions in plant salt toler
ance (for review see Zhu 2000). 

ABA signaling is central to any discussion of stress re
sponses since osmotic stress leads to ABA accumulation. 
The Arabidopsis abil and abil are dominant mutants that 
showed insensitivity to exogenous ABA during germination. 
These mutants also e.\hibit deregulation of stomates result
ing in a wilty phenotype at reduced humidity conditions. 
The ABIl and ABI2 genes encode homologous serine/ 
threonine protein phosphatase 2C (Leung et al. 1994. Meyer 
et al. 1994, Leung et al. 1997) and may have overlapping 
functions. Previous studies based on these insensitive mu
tants and ABA deficient mutants led to the consensus that 
there exist both ABA dependent and ABA-independent 
stress signaling pathways. Besides their roles in controlling 
ABA-dependent signal transduction in guard cells, it was 
found that constitutive ABII/PP2C abolished ABA-induced 
HVA gene expression (Sheen 1996). However, these two 
processes may also be related as the abil and abi2 mutations 
reduced ABA-induced cytoplasmic Ca- * rise in guard cells 
(Allen et al. 1999). Thus, one can expect that active PP2C 
had less effect on constitutive CDPK-induced ffVA gene 
expression (Sheen 1996). As the abil mutation was domi
nant, its direct role in ABA signaling was not clear. Using 
reporter gene assay with mutated ABIl, Sheen (1998) con
cluded that the observed abil phenotypes may result from 
dominant-interfering (Sheen 19^8) and the in vivo role of 
these proteins may be negative regulation of ABA action. 
This is supported by the isolation of recessive abil alleles. 
Gosti et al. (1999) found that these recessive mutations in 
the ABIl locus actually confer sensitivity to ABA either for 
seed germination or for seedling growth, indicating the 
ABIl is indeed a negative regulator of ABA signaling (Gosti 
et al. 1999). 

Despite much interest in the ABIl and ABI2 proteins, the 
in vivo substrates of these enzymes are still not known. In 
yeast two-hybrid screens, it was found that S0S2 interacted 
with ABI2 (J. K. Zhu, unpublished observation), suggesting 
there probably exist connections between ABA signaling 
pathways and the SOS module. Also, an alfalfa PP2C with 
homology to Arabidopsis ABI2 was shown to act as wound-
induced MAPK-specific phosphatase that regulates MAPK 
activity (Meskiene et al. 1998, Baudouin et al. 1999). Thus, 
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it is also possible that ABI proteins may connect to MAP 
kinase modules. 

MAPK modules 

The MAP kinase pathways are intracellular signal modules 
that mediate signal transduction from the cell surface to the 
nucleus (for review see Robinson and Cobb 1997). MAPK. 
cascades are likely conserved in all eukaryotes. They seem to 
be widely used as osmolarity signaling modules. The core 
MAPK cascades consist of 3 kinases that are activated 
sequentially by an upstream kinase. The MAP kinase kinase 
kinase (MAPKKK), upon activation, phosphorylates a 
MAP kinase kinase (MAPKK) on serine and threonine 
residues. This dual-specificity MAPKK in turn phosphory
lates a MAP kinase (MAPK) on conserved tyrosine and 
threonine residues. The activated MAPK can then either 
migrate to the nucleus to activate transcription factor di
rectly. or activate additional signal components to regulate 
gene e.xpression. cytoskeleton-associated proteins or enzyme 
activities, or target certain signal proteins for degradation. 

The cooperative activation of the 3 kinases results in an 
ultrasensitivity that makes the cascade operate in an on-or-
off switch manner and prevents noise activation of the 
cascade (Huang and Ferrell 1996). It has been shown that 
different MAPK pathways may share common components; 
yet, activation of one pathway may not necessarily affect 
another pathway. The specificity is realized by scaffold 
proteins (such as SteS in yeast) that hold these kinases or by 
a specific component in the signaling cascade (O'Rourke 
and Herskowitz 1998). The yeast HOG I pathway is the 
best-studied MAP kinase pathway. It was also found in the 
fungal pathogen Magnaporthe grisea (Dixon et al. 1999). In 
plants. MAPK cascades have been shown to participate in 
auxin and cytokinin signal transduction and cell-cycle regu
lation and are implicated in wound and pathogenesis re
sponses as well as in environmental stress signal 
transduction (for review, see Jonak et al. 1999). 

In alfalfa plants, a MAPK was activated within 10 min of 
cold treatment. It was also activated by drought stress as 
well as mechanical stress, but not by heat, salt stress or 
exogenous ABA (Jonak et al. 1996). suggesting that this 
MAPK mediates drought and cold signaling via an ABA-in-
dependent pathway. A salicylic acid-induced protein kinase 
(SIPK) belonging to the MAP kinase family that is activated 
by salicylic acid, pathogen attack and wounding was also 
found to be activated within S-10 min after osmotic stress 
(Mikolajczyk et al. 2000). Similarly, in tobacco cells, the 
StPK (a MAPK) and another protein kinase. HOSAK, were 
activated by osmotic stress and this activation is indepen
dent of Ca~* or ABA (Hoyos and Zhang 2000). On the 
other hand, in barley aleurone protoplasts, it was found that 
a MAP kinase was activated by physiological concentrations 
of ABA within 1 min after the treatment, and this activation 
required protein tyrosine phosphatase (Knetsch et al. 1996). 
This MAP kinase cascade regulates the expression of the 
ABA-responsive gene, RAB16. In Arabidopsis, the transcrip
tion of a MAPK gene. ATMPK3, is induced by drought, 
low temperature, salinity and touch (Mizoguchi et al. 1996). 

ATMPK3 is also activated by H^Oj and its activity is 
further enhanced by ectopically expressed ANPl, a MAP
KKK (Kovtun et al. 2000). ATMEKKl (a MAPKKK). 
whose expression is induced within S min by NaCl treatment 
(Covic et al. 1999), can functionally complement the stel I (a 
MAPKKK) mutant of S. cerevisiae (Covic and Lew 1996, 
Mizoguchi et al. 1996). Yeast cells expressing ATMEKKl 
are more tolerant to osmotic stress and produce more 
glycerol under non-stressed conditions (Covic et al. 1999). 
Similarly, a pea PsMAP kinase is capable of rescuing mor
phological defects of yeast hogl mutants in hyperosmotic 
medium and partially restored the mutant growth (Popping 
et al. 1996). These results suggest functional similarity of 
these MAPK components with their yeast counterparts. 

To further explore the role of MAPK module in stress 
signaling in plants, Kovtun et al. (2000) overexpressed a 
tobacco ANP ortholog, NPKl, which activates the HjOj-
regulated gene expression in plants, and found that Ara-
bidopsis plants overexpressing NPKl showed an increased 
tolerance to freezing, heat shock and salt stress. Yet, in 
NPKl transgenic cells, the expression of the stress-regulated 
gene RD29A was not altered. It is not known whether this 
MAPKKK could activate other abiotic stress signal trans
duction pathways and thus contribute to the increased toler
ance to these stresses. In this context, it is worth noting that 
reactive oxygen species (ROS) relate to abiotic environmen
tal stresses besides their well-known involvement in biotic 
stresses (for review, see Bolwell 1999). ROS could indirectly 
potentiate stress signaling via some unidentified branches, 
e.g. the generation of cADPR. 

Transcriptioaal regulaton 

According to their conserved DNA-binding domains, com
mon transcription factors in eukaryotes can be classified 
into several groups such as the basic region leucine zipper 
(bZip) protein. MYB-like proteins (containing heltx-tum-he-
lix motifs). MADS-domain proteins, helix-loop-helix 
proteins. zinc-Rnger proteins and homeobox proteins. Plants 
also have some transcriptional factors with unique DNA-
binding domains such as the AP2/EREBP domain. In the 
activation of abiotic stress-responsive genes in plants, it 
seems that there is not a general rule regarding which class 
of transcriptional factors activate which class of stress-re
sponsive genes. Instead, there could be several kinds of 
transcriptional factors regulating one group of stress-re
sponsive genes, or even several transcriptional factors that 
can cooperatively activate the same gene. 

Many ABA-responsive genes have the ABA-responsive 
element (ABRE) with an ACCT core and additional cou
pling elements (Shen and Ho 199S) to impart ABA induc
tion. Proteins binding to this ABA-responsive complex 
contain bZIP motifs. These bZIP proteins include, for exam
ple, wheat EmBPl (Guiltinan et al. 1990), the tobacco 
TAF-l (Oeda et al. 1991), rice OSBZ8 and osZIP-la (Nantel 
and Quatrano 1996). Some of these transcriptional activa
tors are themselves induced at the transcriptional level by 
ABA or stress treatments. For example, OSBZ8, which 
codes a bZIP protein from rice that binds to the G-box in 
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the ABRE-responsive element, was rapidly induced by ABA 
treatment. OSBZ8 is probably involved in the transcription 
of ABA-responsive genes in rice (Nakagawa et al. 1996). 
Similarly, a maize bZip protein coding gene. mLIPlS, is 
induced by low temperature, salt and ABA, but not by 
drought (Kusano et al. 1995). However, whether mLlPlS 
can regulate ABA-responsive genes is not known. 

The direct involvement of bZip proteins in ABA-respon
sive gene regulation, at least during embryo development, is 
further supported by the identification of /15/5 gene product 
as a bZlP transcription factor (Finkelstein and Lynch 2000). 
ABIS regulates the expression of some LEA genes and it is 
mainly expressed in seeds. Its expression is regulated by 
ABA and seems also dependent on ABIl/2 (Finkelstein and 
Lynch 2000). The maize VPl protein {Arabidopsis ABI3 
homolog. Giraudat et al. 1992) is a well-studied transcrip
tion factor that regulates seed maturation and dormancy by 
activating genes responsive to ABA (McCarty et al. 1991). 
However. VPl does not directly interact with ABRE in the 
promoter of these genes. Instead, a bZip factor. TRABl, 
was found to interact with VPl and directly bind with 
ABRE to mediate ABA-induced transcription (Hobo et al. 
1999). Besides being expressed in embryos, TRABl tran
scripts were also detected in roots and leaves. TRABl 
expression is not affected by ABA. However, ABA may 
regulate the interaction between VPl and TRABl in the 
activation of ABRE-containing genes. If this is true, there 
should exist VPl-like factor(s) in vegetative tissues because 
VPl is only expressed in embryos (Hobo et al. 1999). ABIS. 
TRABl and another ABA-responsive Dc3-promoter bind
ing factor. DPBF-I. from sunflower (Kim et al. 1997) have 
over 50% homology at the amino acid level, implying a 
probable common mechanism for gene regulation. 

Besides bZlP proteins, other transcription factors can also 
activate ABA-responsive genes. For example, the Arabidop-
sis ABI4 is an APETALA2 (AP2) domain-containing tran
scription factor (Finkelstein et al. 1998). An Arabidopsis 
drought and ABA-responsive RD22 promoter-binding 
protein. RD22BP1. is a MyC-likc transcription factor (Abel 
et al. 1997). Moreover. ATMYB2. a MyB-like protein, can 
also activate RD22 expression. In fact, RD22BP1 and AT-
MYB2 act synergistically in inducing RD22 transcription 
(Abel et al. 1997). RD22BPI was found to be induct by 
drought and salt stress (Abel et al. 1997) and ATMYB2 was 
also induced by dehydration stress (Urao et al. 1993). Plants 
also possess a unique group of transcription factors, the 
homeodoraain-leucine zipper (HD-Zip) proteins. The HD-
Zip genes, ATHB7 and ATHB6 from Arabidopsis, are con-
stitutively expressed, but are significantly up-regulated by 
water stress, osmotic stress and ABA (Soderman et al. 1996, 
1999). Another homologous gene, ATHB-12, was found 
also to be induced by water stress and ABA treatment (Lee 
and Chun 1998). Moreover, the induction of ATHB6 was 
mediated by ABA and required ABIl and ABI2 (Soderman 
et al. 1999). It is not yet known whether these proteins play 
any role in the activation of ABA-responsive genes. 

In addition to ABRE. the promoters of many cold or 
drought-responsive genes contain another cu-regulatory ele
ment with the cote sequence CCGAC that specifically re
sponds to drought or cold signals. This element was termed 

C-repeat element (Baker et al. 1994) or drought-responsive 
element (DRE) (Yamaguchi-Shinozaki and Shinozaki 1994). 
A transcriptional activator containing AP2 domain that 
binds to this element. C-repeat binding element-1 CBFl 
(CBFl). was isolated (Stockinger et al. 1997). The expres
sion of CBFl is itself cold up-regulated and precedes the 
activation of other cold-regulated genes (Gilmour et al. 
1998). Homologous genes are found in the Arabidopsis 
genome and they are named CBF2IDREBIC and CBF3I 
DREBIA (Gilmour et al. 1998. Liu et al. 1998). respectively. 
Additionally, two similar genes encoding DRE-binding 
proteins, DREB2A and BREB2B, were identified (Liu et al. 
1998). The expression of DREB2 was rapidly induced by 
dehydration and salt stress (Liu et al. 1998). Overexpression 
of CBFIDREB has been shown to induce stress-responsive 
gene expression and increase plant tolerance to cold and 
drought stresses (e.g. Jaglo-Ottosen et al. 1998, Liu et al. 
1998). 

Signaling partners: protein-modifiers, scafToMs and adapters 

In addition to the modules that directly transduce abiotic 
stress signals, there are other molecules that regulate the 
activity of the signaling components in the above-mentioned 
modules: yet, they do not directly relay the signals. These 
signaling partners are protein modifiers (other than protein 
kinases/phosphatases) and scaffolds or adapters that 
provide various physical supports for many signaling events. 

Posttranslational modifications of proteins play very im
portant roles in the regulation of protein functions. Com
mon protein modifications include phosphorylation, 
acetylation, methylation. ADP-ribosylation. glycosylation. 
myristoylation and isoprenylation. As discussed in the 
above sections, protein phosphorylation/dephosphorylation 
through protein kinases and phosphatases are the major 
forms of signaling transduction modes in any organisms. In 
both prokaryotes and eukaryotes. protein methylation has 
been shown to regulate gene transcription (e.g. Chen et al. 
1999) and receptor activity (e.g. Falke et al. 1997). 

Protein lipidation is a common form of protein modifica
tion. Lipidation facilitates membrane association and this 
process can be very important for the transmission of extra
cellular signal into the cell (for review, see Yalovsky et al. 
1999). Common lipid modifications make use of fatty acids 
(myristate and palmitate) and isoprenoinds (famesol and 
geranylegeranoO- Isoprenylation of proteins is realized by 
the cysteinyl thioether bond formation between the cystein 
residue at the C-terminus of the protein (with the cognate 
CAAX sequence where A is an aliphatic residue) and the 
15-C famesyl or 20-C geranylgeranyl moiety by famesyl 
transferase (FTase) or geranylgeranyl transferase. In human 
cells, approxinutely 0.5% of cellular proteins are isopreny-
lated and the majority of these are geranylgeranylated. In 
plants, it has been demonstrated that a chaperone. ANJl, 
which is a homolog of bacterial DnaJ. is isoprenylated to be 
associated with microsomal membranes and this associauon 
is required for function at high temperature (Zhu et al. 
1993). The involvement of isoprenylation in stress signal 
transduction is supported by the identification of the ERA I 
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gene from Arabidopsis that encodes the catalytic subunit of 
FTase. The germination of era I mutant seeds is more sensi
tive to ABA inhibition (Cutler et al. 1996). Moreover, guard 
cell anion-channel and stomatal closure in eral mutants are 
hypersensitive to ABA treatment (Pei et al. 1998). Thus, at 
least one of the substrates of ERAl appears to be a negative 
regulator of ABA signal transduction. However, the in vivo 
substrate of ERAl is still not known. In mammalian cells, a 
major group of isoprenylated proteins are the small GT-
Pases belonging to the Ras superfamily. Ras aaivates sev
eral MAPK. cascades that regulate a wide range of cellular 
activities, such as cell-cycle progression, apoptosis and stress 
responses. In plant genomes, there are quite a number of 
sequences that can serve as FTase targets. If the target of 
ERAl is a Ras-like protein, then it should be upstream of 
ABIl in the signal flow, assuming that the target of ABIl is 
a MAPK component. However, eral mutation can suppress 
the phenotype of dominant abil allele, and thus it was 
thought that ERAl acts downstream of ABll (Pei et al. 
1998). However, as discussed above, recessive abil muta
tions actually confer sensitivity to ABA. Thus, this apparent 
epistasis between ERAl and ABIl should be treated with 
caution. Also, it has been shown that isoforms of phospho-
inositol 3-phosphatases in animal cells are targeted to cell 
membranes by isoprenyiation. These phosphatases can hy-
drolyze IP, to negatively regulate phosphoinositol signaling. 
However, plant inositol S-phosphatase with potential iso
prenyiation consensus has not been found in released Ara
bidopsis sequences (L. Xiong and J.-K. Zhu, unpublished 
data). 

Protein ubiquitination is an important modification that 
removes the tagged proteins for degradation in the protea-
some. For example. Src family tyrosine kinases in yeast are 
involved in modulating various signal transduction path
ways leading to the induction of DNA synthesis and cy-
toskeleton reorganization in response to cell-cell or 
cell-matrix adhesion. It was shown that Src itself is degraded 
in a ubiquitin-dependent manner and that the active form is 
specifically targeted for degradation (Harris et al. 1999b), 
presumably due to a change in the confirmation after phos
phorylation which serves as the degradation signal. Besides 
ubiquitin, there are several other ubiquitin-like small 
proteins such as SUM01/SMT3 and RUB that attach to 
specific proteins and function in nuclear localization and 
cell-cycle regulation, respectively. In mammalian cells. 
SUMO-1 modifies homeodomain-interacting protein kinase 
2 (HIPiC2). and this modification results in HIPiC2 localiza
tion to nuclear speckles (Kim et al. 1999). In plants, the 
homologs of SUMO-1 proteins are also found (Hanania et 
al. 1999. Vierstra and Callis 1999) and regulation of signal 
transduction by protein degradation has been implicated in 
au.\in signaling (del Pozo and Estells >998). light signaling 
(Clough and Vientra 1998) and pathogenesis signaling 
(Boyes et al. 1998, Hanam'a et al. 19^). Although ubiquitin 
is suggested to be involved in desiccation tolerance in some 
desiccation-tolerant plants and accumulation of its tran
scripts increases during dehydration and rehydration 
(O'Mahony and Oliver 1999). in mesophytes, enhanced de 
novo synthesis of ubiquitin may be unnecessary during 
temperature or drought stress. Additionally, most plant 

ubiquitin genes are also not regulated by cold, salt or ABA. 
Thus, in abiotic stress signal transduction, the potential role 
of ubiquitination would more likely be the regulation of the 
lifetime of signaling molecules. 

Spatial separation of signal components in a cascade by 
the formation of complexes with the aid of adapter proteins 
and scaffolds is a common way to control signaling specific
ity. Moreover, 'Piggybacking' of early signal components to 
membrane receptors by scaffolds and adapters also concen
trates the signaling proteins to achieve an increase in steady 
signaling levels (Kholodenko et al. 2000). Thus, scaffolds 
and adapters play multiple roles at all steps of signal trans
duction ranging from signal reception to the activation of 
transcription. They can be an 'anchor' that tethers recruited 
proteins to specific subcellular locations or they may have 
additional biochemical functions. Some scaffolds such as 
SteS in the yeast pheromone pathway have both functions 
(Mahanty et al. 1999). Besides these specific proteins, cy-
toskeleton elements may function as a general physical 
frame to facilitate the aggregation of signaling comple.xes 
and the movement of vesicles and thus may also affect 
specific signaling processes. The role of scaffolds in signal 
transduction has been established in many systems. For 
example, in Drosophila, the scaffold InaD protein that has S 
PDZ domains pulls together transient receptor potential 
(TRP) calcium channel. PLCfi. eye PKC, the light receptor 
rhodopsin and calmodulin. Rhodopsin. when activated by 
light, in turn activates G-protein-coupled PLCfi and leads 
eventually to the activation of the TRP ion channels. Null 
inaD mutants cannot bind all these components and are 
completely defective in the signaling (Tsunoda et al. 1997). 
The A-kinase anchoring proteins (AKAP) are another 
group of well-studied scaffolds. AKAPs can simultaneously 
anchor protein kinase A and its phosphatase in a close 
vicinity to ion channels to regulate ion flux (for review, sec 
Fraser and Scott 1999). In another example, AKAP was 
shown to anchor PKA, which phosphorylates BAD and 
binds with the 14-3-3 adapter protein to prevent apoptosis 
by blocking the association of BAD with pro-apoptotic 
factors. Disruption of this anchoring prevents BAD phos
phorylation and results in mitochondrial dysfunction and 
apoptosis (Harada et al. 1999). 

Regarding the 14-3-3 protein family, evidence suggests 
that one such protein, GF14, interacts with VPl and Emla 
to form a transcriptional complex (Schultz et al. 1998) and 
this complex, including TRABl, may regulate LEA gene 
expression in embryos. A database search indicates that 
there are a number of signaling genes containing 14-3-3 
binding motifs (Finnie et al. 1999). Interestingly, two Ara
bidopsis cold-inducible genes were found to encode 14-3-3 
proteins and their expression is specifically regulated by low 
temperature, but not by ABA or drought stress (Jarillo et al. 
1994), implying that they may function in low-temperature 
responses. The low-temperature-specific transcriptional fac
tor, CBFl, also requires yeast adapter proteins ADA2. 
ADA3 and GCNS for activation in yeast (Stockinger et al. 
1997). The ADA adapters and the histone acetylase GCNS 
may constitute part of a transcriptional complex (for review, 
see Strubl 1998) with CBFl to initiate the transcription of 
cold-responsive genes. This also brings up the issue of 

PhyiioL PUhl 112. 3nt 159 



88 

histone acetylation and chromatin modification in gene reg
ulation. Basically, all the DNA sequences in eukaryotic 
genomes are associated with histones. However, not all 
genes are affected in transcription by acetylation/deacetyla-
tion of histones. It is speculated that the outcome of histone 
modification on transcription may be gene-specific (Struhl 
1998). In plants, it seems that environmental stresses not 
only initiate specific signaling cascades, they may also affect 
the basic transcription processes. For example, the expres
sion of histone linker genes in Arabidopsis and in tomato 
was found to be induced by drought stress and ABA (Wei 
and O'Connell 1996, Ascenzi and Gantt 1997). However, 
the significance of this stress induction is not known. Al
tered expression of a histone linker gene by overexpressing 
the sense transcript or expressing the antisense transcript did 
not alter the expression of several drought-tesponsive genes 
(Ascenzi and Gantt 1999). 

The above examples illustrate a potentially general role of 
adapter proteins in mediating transcription in plants. Mean
while. these adapters may also contribute to signaling spe
cificity. As the ABRE and the G-box element found in many 
light-responsive genes share simitar core sequences, it would 
not be surprising if ABRE-binding factors and G-box-bind-
ing factors are functionally exchangeable in activating ABA-
responsive genes in vitro. Nevertheless, most of the ABA-
and stress-responsive genes were not reported to be regu
lated by light. It is anticipated that adapter proteins may 
help to realize signal specificity in plants. Yet. in certain 
circumstances, light and ABA are in fact related to each 
other as it has been shown that one barley ABA-responsive 
gene. HVA I. is regulated both by ABA and by light (Sheen 
1996) and that dark-treatment of light-grown plants trig
gered an obvious increase in the endogenous ABA level 
(Weatherwax et al. 1996). As such, light-regulated expres
sion of a phytochrome-responsive gene in Lemna gibba was 
found to be mediated through changes in ABA levels 
(Weatherwax et al. 1998). These direct connections, how
ever. may be exceptions rather than rules. Nevertheless, 
comparison of light signaling and ABA signaling may be 
helpful, as the former is a little better understood at the 
moment. The importance of adapter proteins in plant signal 
transduction is best illustrated by the identification of NON-
PHOTOTROPIC HYPOCOTYL 3 (NPH3; as an adapter 
protein that may facilitate the interaction between the blue-
light receptor kinase NPHl and immediate downstream 
signal components (Motchoulski and Liscum 1999). Muta
tion at the NPH3 locus simply blocks the signaling down
stream of NPHl. NPH3 belongs to a small gene family and 
it would be of interest to investigate whether its homologs 
participate in stress signal transduction. 

Analysts of stress signaling in plants 

From the above outline of conunon themes in signal trans
duction. it can be seen that most of the research in plant 
environmental stress signaling is conducted by a candidate 
gene approach, i.e. identify candidate genes based on knowl
edge in heterologous systems and then characterize their 
expression or biochemical functions in plants under stress 

conditions. These studies are sometimes strengthened by 
altering the expression of these genes to result in phenotypic 
alterations in plants under various stress conditions. Gene 
expression profiling has also identified many potential sig
naling molecules that change in expression in response to 
stresses. The rationale that a putative signaling component 
probably functions in stress signaling if it is induced by 
stress has little experimental or theoretical support. Pharma
cological studies using various agonists/antagonists against 
target proteins have also yielded considerable information 
regarding the involvement of the proteins in signal transduc
tion; however, much of the evidence must be considered 
circumstantial because the specificity of the pharmacological 
compounds in plants is virtually unknown. Heterologous 
complementation in yeast mutants is also not reliable and 
the potential problems are often ignored. As has been 
demonstrated in a few cases in yeast, when one gene is 
knocked out in a mutant, another gene that does not 
function in that pathway in the wild type may fill in the 
position and complement the defect (Sprague 1998). Con
versely. failure in heterologous complementation does not 
necessarily exclude the plant gene from functioning within a 
pathway. For example, the SOS3 gene did not complement 
the yeast CNB defective mutant (Pardo et al. 1998); yet, 
SOS3 does have analogous function as the yeast CNB (Zhu 
2(X)0). Thus, circumstantial evidence obtained from expres
sion and biochcmical studies in many cases requires the 
confirmation from genetic studies. However, until now, no 
mutations in abiotic stress receptors, phosphoinositol mod
ule. CDPKs and MAPK. module as related to abiotic signal
ing have been reported in plants. A limited number of 
genetically defined components in intracellular phospho-
proteins (i.e. ABIl/2 and SOS2) are not sufficient to con
struct the signal network to any certainty. The 
transcriptional factors identified from mutations in the ABA 
signal transduction pathway seem mainly functioning in 
seed development. Clearly, genetic studies still have many 
gaps to bridge in our understanding of abiouc stress signal
ing in plants. 

Conventional gcnedc analysis of plant environmenlal stress 
responses 

Genetic analysis of cellular signal transduction requires the 
isolation of mutations that alter the signal flux, which may 
result in observable phenotypes. With the model plant Ara
bidopsis, which is particularly amenable for genetic studies, 
mutational analysis has been applied to many signal trans
duction pathways. For example, plants exhibit unique pho-
tomorphogenesis in response to light regimes, and this 
morphogenesis provides a reliable marker for screening mu
tants defective in light signal transduction. Application of 
genetic analysis in plant stress tolerance, however, is rather 
limited. This is mainly because of the scarcity of suitable 
phenotypes for mutant screening. Under drought, low tem
perature or salt stress, plants show a reduced growth rate or 
are killed by prolonged or severe stress conditions. How
ever. retarded growth or stress damage by themselves are 
not reliable criteria for screening a mutagenized population 
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as many other factors also affect plant growth and responses 
to stresses. 

One phenotype that has been very successfully exploited 
for mutant-screening is inhibition of seed germination by 
e.\ogenous abscisic acid (or gibbereilin biosynthesis in
hibitors). Mutants defective in ABA biosynthesis or signal 
transduciioa have been isolated from Arabidopsis and other 
plants using this effect of ABA. Some of these mutants have 
provided us with valuable information regarding ABA-re-
lated stress signal transduction. However, other mutants 
isolated this way seem to only affect late embryogenesis and 
are seed-specific. Furthermore, the role of ABA in abiotic 
stress signaling is not so straightforward. Not all stress 
signaling pathways employ ABA and the intertwined rela
tion of ABA and stress signaling is obscure. 

Several groups have also used seed germination to screen 
salt-tolerant mutants in Arabidopsis [the rs mutants (Saleici 
et al. 1993) and rss mutants (Werner and Finkelstein I99S)]. 
However, the salt tolerance of the resistant mutants thus 
isolated was not e.xtended to vegetative stages, implying that 
the mechanism of germination tolerance to salt is different 
from that of vegetative salt tolerance. Recently. Quesada et 
al. (2000) conducted a more large-scale screen for salt-toler-
ant mutants, san, and 3 new loci were defined. Like the rs or 
rss mutants, the salt resistance in san at germination also 
was not observed at seedling stages, and these mutants are 
not defective in the expression of stress-induced genes exam
ined. It thus seems that the isolation of mutations in salt 
stress signal transduction pathways by salt germination tol
erance is difficult. 

To isolate genes that are imponant for vegetative toler
ance to NaCI. a root-bending screen for salt sensitivity was 
devised (Wu et al. 1996). Identification of the Salt-Overly' 
Sensitive genes revealed a fine-tuned SOS module that con
trols potassium and sodium homeostasis and. therefore, 
sodium tolerance (reviewed by Zhu 2000). Due to the con
straints imposed by the screening, it seems that the sos 
mutants are primarily affected in Ion homeostasis. A screen 
for salt-tolerant growth at seedling stage was conducted by 
Tsugane et al. (1999). Two Arabidopsis pst mutants were 
isolated and it was shown that salt-tolerance in the pst I 
mutant was attributable to enhanced scavenging of ROS. 
However, it is not known if this salt-tolerant trait extends to 
adult plants. 

Under drought stress, it was reported that plant roots 
undergo drought rhizogenesis. Water stress caused root 
hairs to become short and bulbous, and ABA treatment was 
shown to mimic the phenotypes of water stress on root hairs 
(Schnall and Quatrano 1992). It seems that this rhizogenesis 
may be drought/ABA-specific. However, there have been no 
reports using this phenotype to screen drought-related 
mutants. 

Plant chilling and freezing tolerances are different but 
related traits. Arabidopsis is chilling-tolerant, but its toler
ance to freezing is moderate, and this tolerance can be 
enhanced by cold acclimation. Under prolonged chilling 
stress, wild-type Arabidopsis plants do not show visible 
damage. Alterations in cold acclimation. low-temperature 
sensitivity and freezing tolerance can be used for screening 
mutations by scoring visible damages as well as freezing-in

duced electrolyte leakage. Several Arabidopsis mutants sensi
tive or tolerant to cold/freezing stress were isolated this way 
(Warren et al. 1996. Xin and Browse 1998). Due to the 
nature of these screens, the relevance of these mutations to 
stress signal transduction is uncertain as there are many 
factors (e.g. sugars, soluble carbohydrates, proline and 
ROS) contributing to freezing tolerance and any changes in 
the biochemical pathways leading to alterations in the syn
thesis and turnover of these compounds may result in 
altered chilling or freezing sensitivity (e.g. Xin and Browse 
1998, Araki et al. 2000). An additional fact that dictates the 
inefficiency of visible phenotypic screens for abiotic stress 
signaling is that there is extensive connectedness in the 
signal pathways (Ishitani et al. 1997). Therefore, the effect 
of mutations in a single component in the pathway may well 
be compromised by signaling redundancy or connectedness. 
To overcome these limitations of visible phenotypic screens, 
alternative approaches are required. Accordingly, molecular 
genetic approaches are increasingly being applied for dis
secting abiotic stress signaling networks in plants. 

Molecular genetic analysis of stress signal transduction 

The use of transgene as a reporter In genetic analysis of 
signal transduction has many advantages especially in cases 
where visible phenotypes fall short. A chimeric gene consist
ing of the promoter of a stress-responsive gene and a 
convenient reporter gene is introduced into plants and the 
transgenics are used as starting material for mutagenesis. In 
the generation, individual mutants with de-regulated 
reporter gene responses to stress treatments are isolated. 
These mutations likely define components in the signal 
transduction pathways under study. By using a series of 
marker genes (promoters) in different positions of the signal 
network, one may be able to dissect the whole network 
genetically. 

Reporters that are in common use are the bacterial ^-glu
curonidase (GUS), firefly luciferase (LUC) and green 
fluorescent protein (GPP). GFP mcy not be sensitive 
enough to find wide applications in reporting promoter 
activities in genetic analysis. The GUS reporter has the 
advantage that its detection does not need special equip
ment. GUS reporter has been used for screening signal 
transduction mutations [e.g. pathogenesis signaling (Bowling 
et al. 1994) and light signal transduction (Jackson et al. 
1995)]. Attempts to use GUS as a reporter driven by the Dc3 
promoter to screen Arabidopsis ABA-responsive mutants 
were also reported (Ng et al. 1998). However, the limitations 
of GUS as a reporter including a requirement for tissue-
staining, interference from stress-induced anthocyanin. the 
high stability of the GUS protein and. last but not the least, 
laborious work in large-scale screens prevent its wide appli
cation in high-throughput isolation of signal transduction 
mutants. 

Compared with the GUS reporter, LUC has many advan
tages. Imaging analysis of LUC can be done in vivo without 
damaging the plant sample and hundreds of seedlings can be 
analyzed simultaneously. The half-life of luciferase is long 
enough for accurate assay of its activity, while short enough 
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to allow repeated stress treatments of the same sample over 
a short period of time (Xiong et al. 1999a). The activity of 
luciferase can be convem'ently monitored by using a cooled 
charge-coupled device (CCD) camera. Technical advances 
and the wide application of luciferase in biology have now 
made a CCD imaging device affordable for most laborato
ries. LUC reporter has been used in the study of light-regu
lated gene expression in plants (Millar et al. 1992). 

To study environmental stress signal transduction, we 
have used LUC as a reporter in a genetic screen to recover 
mutations that affect the perception and transduction of low 
temperature, drought, salinity and abscisic acid signals. The 
promoter chosen to drive the LUC reporter is that of the 
RD29A gene (also known as Iti78 or COR78). The RD29A 
gene is strongly induced by cold, drought and salinity, as 
well as ABA. The promoter of this gene contains both the 
ABRE and drought-responsive element (DRE/C-repeat) 
(Baker et al. 1994, Yamaguchi-Shinozaki and Shinozaki 
1994). It is thus likely that the RD29A-LUC transgene can 
reflect both ABA-dependent and ABA-independent stress 
signaling events. Mutagenesis of the transgenic plant seeds 
containing the chimeric gene was initially conducted with 
EMS and mutants with altered RD29A-LUC responses to 
stress and ABA treatments were screened (Ishitani et al. 
1997, Xiong et al. 1999a). At a moderate scale of screening, 
hundreds of mutants were readily isolated. Compared with 
wild-type plants, these mutants exhibit either a constitutive 
(ca5), high Ihos) or low [los) level of expression of the 
RD29A-LUC gene in response to various stress and ABA 
treatments. The occurrence of mutations with differential 
effects on various combinations of stress and ABA re
sponses reveals an outline of the signal transduction net
work. The genetic evidence obtained with the recovery of 
these unique mutations suggests that there are extensive 
connections among cold, drought, salinity and ABA signal 
transduction pathways (Ishitani et al. 1997). Map-based 
cloning of these mutations is expected to uncover important 
components in stress signal networks. 

Perspectives on molecular genetic analysis of abiotic stress 
signaling 

With a given reporter, the usefulness of transgenes in dis
secting signal transduction is dependent to a large extent on 
the characteristics of the promoter used. To obtain muta
tions both with enhanced expression as well as reduced 
expression, a strong inducible promoter is required. More
over, there are several factors one should be aware of when 
using this approach. Firstly, a mutant with strong transgene 
phenotypes may not have strong physiological phenotypes. 
As noted above, the connectivity between branches of signal 
networks may well attenuate the expected outcome of a 
particular mutation. For example, whereas the mutant hosl 
has both enhanced cold-regulated gene expression and 
strong defects in freezing tolerance (Ishitaiti et al. 1998), the 
hosS mutation that resulted in a more than 10-fold enhanced 
expression of RD29A-LUC reporter gene in response to 
osmotic stress and ABA treatment, however, showed rather 
subtle alterations in plant sensitivity to osmotic stresses and 

ABA (Xiong et al. 1999b). A similar observation was also 
reported by Foster and Chua (1999). Furthermore, the 
expression level of the corresponding endogenous gene is 
often found to be lower than that of the reporter gene. This 
phenomenon may result from a tight regulation of the 
endogenous gene in vivo and the regulatory information 
may be not fully encoded in the promoter fragment used. 

Once the mutants are isolated, the next step is to clone the 
mutations and this is usually done by map-based cloning. 
Genetic mapping of the mutations with LUC imaging has 
proven to be fairly straightforward. Seedlings with mutant 
transgene phenotypes in the F; segregating population can 
be correctly identified even if the other ecotype used for 
crossing does not have the transgene. Although the Ara-
bidopsis genome is being fully sequenced, the identification 
of mutations in some chromosome regions may not be very 
easy, since many genes can be considered as candidate genes 
for signal transduction or, they may encode novel proteins 
that are not described in any organisms. To facilitate the 
mutation cloning, we have also mutagenized the RD29A-
LUC plants with T-DNA. 

The availability of the Arabidopsis genome sequence not 
only will greatly facilitate the Isolation of mutations iden
tified by the above molecular genetic screen, it will also offer 
many other opportunities for plant biology in large and 
abiotic stress signal transduction in particular. Genome-
wide expression profiling using cDNA microarray is an 
efficient way to survey genes whose expression is regulated 
by stresses. cDNA microarraying of plant mutants may also 
identify the role of particular regulatory components in the 
regulation of all or subsets of downstream genes. Moreover, 
a reverse-genetics approach can be used for dissecting stress 
signal transduction networks. This alternative candidate 
gene approach may provide immediate access to the func
tion of a particular gene with the isolation of knockout 
mutants from the Arabidopsis iCnockout Facility 
(www.biotech.wisc.edu/Arabidopsis/) or by using novel 
gene-silencing techniques. Heterozygous T-DNA knockout 
mutants also offer the opportunity to study genes whose 
mutations are lethal. Nevertheless, identification of T-DNA-
inserted mutations in small genes such as ubiquitin-like tags 
and adapters is more difficult. In this regard, genome-wide 
protein interaction studies will help to identify all the inter
actions among signaling components including these small 
molecules. The global protein interaction analysis eventually 
will be instrumental for 'constructing' the signal networks 
'dissected' with the above genetic analysis. Genome-wide 
interaction surveys have been carried out with the yeast 
genome (Ito et al. 2000, Uetz et al. 20(X)) and the data 
(http://portal.curagen.com) are available to the public. Simi
lar studies in Arabidopsis are expected to yield exciting new 
insights into abiotic stress signaling in the years to come. 
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FIERYl encoding an inositol 
polyphosphate 1-phosphatase is 
a negative regulator of abscisic acid 
and stress signaling in Arabidopsis 
Liming Xiong, Byeong-ha Lee, Manabu Ishitani, Hojoung Lee, Changqing Zhang, 
and Jian-Kang Zhu* 

Department of Plant Sciences, University of Arizona, Tucson, Arizona 85721, USA 

The plant hormone abscisic acid (ABA) plays a wide range of important roles in plant growth and 
development, including embryogenesis, seed dormancy, root and shoot growth, transpiration, and stress 
tolerance. ABA and various abiotic stresses also activate the expression of numerous plant genes through 
undefined signaling pathways. To gain insight into ABA and stress signal transduction, we conducted a 
genetic screen based on ABA- and stress-inducible gene transcription. Here we report the idenrification of an 
Arabidopsis mutation, fieryl (fryl), which results in super-induction of ABA- and stress-responsive genes. 
Seed germination and postembryonic development of fryl are more sensitive to ABA or stress inhibition. The 
mutant plants are also compromised in tolerance to freezing, drought, and salt stresses. Map-based cloning 
revealed that FRY! encodes an inositol polyphosphate 1-phosphatase, which functions in the catabolism of 
inositol 1, 4, 5-trisphosphate (IP3). Upon ABA treatment, fryl mutant plants accumulated more IP] than did 
the wild-type plants. These results provide the first genetic evidence indicating that phosphoinositols mediate 
ABA and stress signal uansduction in plants and their turnover is critical for attenuating ABA and stress 
signaling. 

[Key Words: Abscisic acid; cold stress,- salt stress; inositol polyphosphate I-phosphatase; IP,; gene regulationi 
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The growth and development of plants are profoundly 
affected by environmental conditions. Through evolu
tion plants have acquired adaptive strategies to cope 
with adverse environmental conditions, such as freezing 
temperatures, drought, and salt stress. One important 
regulator that coordinates plant developmental programs 
with environmental stress responses is the plant hor
mone abscisic acid (ABA). ABA plays essential roles in 
many physiological processes, such as embryogenesis, 
seed dormancy, leaf transpiration, and stress tolerance 
iKoomneef et al. 1998; Leung and Ciraudat 1998). Under 
normal physiological conditions, ABA content in plants 
is quite low. However, ABA level can dramatically in
crease during late stages of embryogenesis and when 
plants are subjected to drought or salt stress (Koorrmeef 
et al. 1998; Leung and Ciraudat 1998). 

Genetic analysis of ABA signal transduction has been 
conducted mainly by using the property of ABA inhibi
tion of seed germination. Seed germination-based ge-
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gad.891901. 

netic screens have identified mutants affected in ABA 
biosynthesis or sensitivity. The latter include ABA-in-
sensitive mutants [abi] and ABA-hypersensitive mu
tants. The ABIl and ABI2 genes encode homologous 
type 2C serine/threonine protein phosphatases (for re
view, see Leung and Ciraudat 1998). The two genes have 
overlapping functions during seed development, seed 
dormancy, and leaf transpiration. Consistent with obser
vations from mutational analysis of the ABIl protein 
(Sheen 1998), recent analysis of recessive abi I mutant 
alleles showed that ABIl is indeed a negative regulator of 
ABA signaling, as indicated by the enhanced sensitivity 
of the recessive mutants to ABA in seeds and in vegeta
tive tissues (Costi et al. 1999). The other three AB[ 
genes, AB13, ABM, and ABIS, all encode putative tran
scription factors (Ciraudat et al. 1992; Finkelstein and 
Lynch 2000) and their roles in regulating ABA responses 
are seed-specific. Interestingly, an independent genetic 
screen identified a glucose insensitive locus, GIN6, 
which was found to be identical to ABM (Arenas-Huert-
ero et aL 2000). Characterization of other abi mutants 
revealed that AB15 also participates in glucose signal 
transduction during postembryonic development (Are-
nas-Huertero et al. 2000). 

GENES & DEVELOPMENT 13:1971-1984 O 2001 by Cold Spring Haifaor Labantoiy Picu ISSN 0890-9369/01 $5.00; «nirw.gciicidcv.otg 1971 



97 

Xiong et t l .  

The Other group of ABA-signaling mutants is repre
sented by the enhanced response to ABA [era] muta
tions. ERAl encodes the ^ subunit of famesyl transfer
ase, implying that an as-yet-unknown protein(s) in ABA 
signaling needs to be famesylated (Cutler et al. 1996). 
Recently, an additional ERA locus, ERAS, was found to 
be identical to EIN2 (Ghassemian et al. 20001. ein2 mu
tations also suppressed the sensitivity of abil-l to ABA 
in germination (Beaudoin et al. 2000). Analysis of several 
ethylene response mutants showed that ethylene coun
teracts ABA signaling during seed germination,- whereas 
It positively regulates ABA action in root growth [Beau
doin et al. 2000; Ghassemian et al. 20001. 

In vegetative tissues, ABA and various abiotic stresses 
activate the e.xpression of a large number of plant genes, 
which may play important roles in stress adaptation 
(Zhu et al. 1997). Recent molecular and gcnctic analysis 
suggests that stress-activated gene transcription is medi
ated by both ABA-dependent and ABA-independent sig
naling pathways. Analysis of stress-gene expression in 
ABA-deficient and ABA-insensitive mutants indicated 
that some stress genes are activated independently of 
ABA. These gene promoters contain a cis-acting DNA 
regulatory element, termed the dehydration-responsive 
element (DREl/CRT, which responds to cold or osmotic 
stress but not to ABA (Yamaguchi-Shinozaki and Shi-
nozaki 1994). In contrast, the ABA responsive element/ 
complex IABRE) found in these promoters mediates gene 
e.xpression in response to ABA (Shen and Ho 1995). 

We developed a system to screen for mutants with 
altered responses to ABA, drought, salt and/or cold stress 
by utilizing Arabidopsis thaliana plants that were engi
neered to emit bioluminescence in response to the phy-
tohormone or to various abiotic stresses (Ishitani et al. 
1997). The bioluminescent plants contain the firefly lu-
ciferase reporter gene under control of the RD29A pro
moter {RD29A-LUC] that contains both the DRE/CRT 
and the ABRE elements and is responsive to ABA, hy
perosmotic stress, and cold. Here we present the identi
fication of one mutation, fieryl [fryl], which results in 
dramatically enhanced expression of ABA- and stress-
responsive genes when treated with ABA, low tempera
ture, drought, or salt stress. Map-based cloning revealed 
that FRYl encodes an inositol polyphosphate 1-phospha
tase, which functions in the catabolism of the second 
messenger inositol 1, 4, 5-trisphosphate. These results 
strongly suggest the inositol phosphate module as an 
early signaling module that functions in both ABA and 
environmental stress signaling pathways. Our work also 
reveals an important mechanism for the control of ABA 
and stress response amplitude and sensitivity by FRYl-
mediated turnover of phosphoinositols. 

Results 

Isolation of Arabidopsis mutants that exhibit 
super-induction of ABA- and stress-responsive 
bioluminescence 

Arabidopsis plants expressing the RD29A-LUC trans-
gene were mutagenized with ethyl methane sulfonate 

(EMS) and mutants were screened for their aberrant bio
luminescence in response to low temperature, osmotic 
stress, or ABA treatment (Ishitani et al. 1997). One group 
of mutants that exhibited enhanced luminescence ex
pression when treated with either cold, NaCl, or ABA 
were isolated. Two allelic mutants were chosen for de
tailed characterization. Figure 1 presents the lumines
cence images of the wild type and mutant seedlings 
before treatment (Fig. IB) and after being treated with 
cold (Fig. IC), ABA (Fig. ID), and NaCl (Fig. IF). Because 
of its strong luminescence phenotype, the mutant was 
named fieryl [fryI). Quantitation of the luminescence 
intensity of the images indicated that the lumines
cence intensities in the fry 1-1 mutant are about three to 
four times higher than in the wild-type plants when 
treated with either cold, NaCl, polyethylene glycol 
(PEG), or ABA (Fig. IG). Without stress treatment, fryl 
plants exhibited some basal RD29A-LUC expression,-
whereas the wild type did not (Fig. IB). The low level of 
luminescence in untreated fry I-1 mutant plants was 
likely induced by changes in humidity or other mild 
perturbations in the environment during experimental 
manipulation. 

The fryl mutants were backcrossed with the wild-type 
plants. Luminescence analysis of the resulting F, and 
selfed F2 progenies under cold or ABA treatments indi
cated that fryl is a recessive, single nuclear mutation 
(data not shown). Pairwise crosses among the mutants 
with similar enhanced luminescence phenotypes identi
fied another fryl allele, fryl -2 (data not shown). Both fryl 
mutants have leaves that are more serrated than wild-
type leaves but otherwise do not show obvious develop
mental defects (data not shown). 

Enhanced expression of ABA- and stress-responsive 
genes in fryl mutant plants 

To determine whether the expression of endogenous 
RD29A and other stress-responsive genes is affected by 
the fryl mutation, total RNA from fryl-l mutant, and 
wild-type plants treated with cold, NaCl, PEG, or ABA 
was analyzed by Northern hybridization. Consistent 
with the luciferase imaging results, the steady-state level 
of RD29A transcripts was higher in the mutant than in 
the wild type under any of the treatments (Fig. 2A). 

The fryl mutation also increased the expression of 
other stress-responsive genes examined under low tem
perature, osmotic stress or ABA treatment (Fig. 2A). These 
genes include KINl (GenBank accession no. X51474), 
CORISA (GenBank accession no. U01377), ADH (alcohol 
dehydrogenase; GenBank accession no. M12196), and 
HSP70 (GenBank accession no. AFZ17459). Without ABA 
or stress treatment, there was also some basal expression of 
the endogenous RD29A gene in fiyl-l mutant plants, con
sistent with the RD29A-LUC phenotype (Fig. IB). We also 
note that in the fryl mutant treated with either ABA, 
NaCl, or PEG, the abundance of HSP70 transcript is lower 
1 h after treatment than 0.5 h after treatment (Fig. 2A). 
This is also true for CORISA expression in response to 
ABA or PEG. 
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Rgnte 1. The fryl raiitarion enhances RD29A-LUC expression in response to cold, ABA, or hyperosmotic stress treatment. RD29A-
LUC expression was quantitatively measured as luminescence intensity. (i4! Wild-type (/e/f) and fryl-1 {right) seedlings grown in an 
agar plate. |St Luminescence without stress or ABA treatment. (C| Luminescence after low-temperature treatment at O'C for 24 h. iD' 
Luminescence after treatment with ICX) |iM ABA for h. i£) Wild-type \Ieft) and fryl-l inght] seedlings on filter paper saturated with 
300 mM NaCl. \P Luminescence of l£) after 3-h treatment. The color scale at right shows the luminescence intensity from dark blue 
ilowesti to white (highest). iC) Quantitation of the luminescence intensities of wild-type and fryl-1 plants in IB) (control), (C) (cold), 
(D) (ABA), and (P (NaCl). Also shown is 30% polyethylene glycol (PEG) treatment (for 5 h). E}ata represent means and standard errors 
in -  201. Open bars, wild type; black bars, fryl-l. 

Another ABA- and stress-rcgulatcd gene, COR47 (Gen-
Bank accession no. X59814), exhibited strong constitu
tive expression in fryl-l mutant plants; whereas it was 
expressed only under induced conditions in the wild-
type plants (Fig. 2AI. Interestingly, COR47 expression 
under ABA or the stress treatments was not substan
tially different between fryl-I and wild-type plants (Fig. 
2A). As a control, the expression of an actin gene in the 
mutant and wild-type plants was also examined. The 
state-steady transcript levels of actin were not signifi
cantly regulated by ABA or the stress treatments and not 
substantially different between fryl-l and wild-type 
plants (Fig. 2A1. 

Because CBF/DBEBl transcription factors are able to 
activate some of these stress-responsive genes and the 
expression levels of the transcription factors themselves 
are regulated by stress, we examined the expression of 
one of the CBF genes, CBF2 (CenBank accession no. 
AF074601I, which has the highest induction under low-
temperature treatments. The results indicate that CBF2 
expression was induced by cold treatments and the ex
pression levels are not substantially different between 
wild type and fryl-1 for either 1.5 or 3 h of cold treat
ment (Fig. 2B). Whereas CBF2 expression in wild type is 
transient and its transcript level decreased drastically af
ter 6 h of cold treatment as teponed (Medina et al. 1^9; 
Lee et aL 2001), the expression in fryl-I is more sus

tained. Quantitation indicates that CBF2 transcript level 
in fryl (or 3 6-h cold treatment was 1.8 times higher than 
that in the wild-type plants (Fig. 2B). 

fryl mutation reduces the thresholds of gene induction 
by ABA and stress 

The luminescence images (Fig. I) and RNA blot analysis 
(Fig. 2) indicated that fryl mutations significantly in
crease the amplitude of stress-regulated gene expression. 
To determine whether the sensitivity of fryl plants to 
low temperature, osmotic stress or ABA is also altered, 
we assayed the luminescence of the plants under differ
ent treatment dosages (Fig. 3A-C). At room temperature 
(23° •I'C) or IS'C, neither fryl-1 nor wild-type seedlings 
showed any high-level RD29A-LUC expression. At 
15°C. However, fryl-l plants exhibited a clear induction 
of RD29A-LUC; whereas the wild type still did not show 
any measurable expression. With further decreases in the 
treatment temperature, the wild-type plants began to 
show an induction of RD29A-LUC while the expression 
in fryl-1 plants increased substantially (Fig. 3A). At CC, 
the luminescence intensity in fryl-1 was -5 times as 
high as that in the wild-type plants. With a further de
crease in temperature (-5°C for 2 h), the luminescence 
intensity in fryl-1 plants was -20 times that of the wild-
type level (data not shown). 
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Figure 2. Transcript levels ot stress-responsive genes m f ty l - l  
and wild-type plants. Plants were treated for the indicated times 
with low temperature (0°C), 100 pM ABA, 300 mM NaCI, or 
30% PEC. Actin and tubulin genes were used as loading con
trols. WT, wild type. 

In the wild-type plants, treatment with 0.1 pM ABA 
did not induce obvious expression of RD29A-LUC (Fig. 
3B|. On the contrai7, a significant expression of the re
porter gene was induced by 0.1 pM ABA in fry 1-1 plants. 
In both wild-type and fry 1-1 plants, the level of RD29A-
LUC expression increased with increases in ABA con
centration. At 100 pM, the luminescence intensity in 
fry I-1 plants is about four times higher than in the wild 
type. Similarly, the induction of RD29A-LUC was evi
dent in fryl-l plants when treated with as low as 10 mM 
NaCI; whereas in the wild-type plants, an obvious in
duction only occurred at NaCI concentrations of 100 
mM or higher (Fig. 3C). The highest expression was 
found at 300 mM NaCI with both wild-type and fryl-l 
plants. With further increases in NaCl concentration, 
the expression level decreased rapidly, probably due to 
stress damage to basic cellular functions (Fig. 3C|. 

The slopes of the dosage response curves for fryl-l 
mutant plants are substantially steeper than the corre
sponding ones for wild-type plants (Fig. 3A-C). This is 
true for all three treatments (i.e., low temperature, ABA, 
and NaCll. These results show that the enhanced stress 
and ABA responses seen in fry I mutants are results of 
increased sensitivity to the stimulations rather than 
simply proportional amplification with increasing 
stimulation strength. 

Despite the increased sensitivity and higher response 
amplitude, the induction kinetics in fryl-l mutant 
plants is similar to that in the wild type (Fig. 3I>-F). 
Time courses of low temperature, ABA, and NaCI re
sponses are presented in Fig. 3D, 3E, and 3F, respectively. 
It can be seen that the levels of RD29A-LUC expression 

in fryl'l plants are consistently higher throughout the 
time courses (Fig. 3D-F). 

Germiaatioa of fryl mutant seeds is more sensitive 
to ABA and osmotic stress 

In the absence of exogenous ABA, the germination of 
fryl-l mutant seeds was delayed in comparison with the 
wild type, reflecting an enhanced sensitivity of the mu
tant seeds to endogenous ABA (Fig. 4A,C). In the pres
ence of I pM ABA, fryl -1 seed germination was further 
delayed and the germination rate was reduced to <80% 
(Fig. 4B|. In contrast, wild-type seeds reached near 100% 
germination rate in the presence of IpM ABA (Fig. 4B|. 
ABA dose-response curves show that lower concentra
tions of ABA also had more inhibition on germination of 
fryl seeds (Fig. 4C!. Similarly, 50 mM NaCI reduced ger
mination rate by 50% for fryl-l seeds but did not sub
stantially affect the germination of wild-type seeds (Fig. 
4E). In addition to a reduced rate of seed germination, 
ABA also inhibited the growth and the greening of coty
ledons of fryl-l mutant seedlings. In the presence of 1 
HM ABA in agar medium, although the radicles of most 
fryl-1 seeds emerged, the seedlings failed to grow (Fig. 
4D|. These results indicate that fryl-l mutant plants are 
more sensitive to osmotic stress and ABA during seed 
germination and early seedling development. 

fryl mutant plants are defective in cold acclimation 

The high sensitivity of RD29A-LUC expression to low 
temperature and the enhanced expression of cold-regu-
lated genes in fryl-l plants may have an impact on cold 
acclimation (i.e., the development of freezing tolerance). 
We determined freezing-induced electrolyte leakage in 
detached leaves as an indicator of freezing-induced in
jury. Without cold acclimation, fryl leaves showed 
slightly more electrolyte leakage than the wild type. The 
temperatures at which 50% electrolyte leakage occurred 
(LT50I were —l.S'C and -3.8''C for fryl-l and wild-type 
plants, respectively (Fig. 5A1. 

After a 7-d incubation at 4°C (i.e., cold acclimation}, 
the freezing tolerance of wild-type plants increased sig
nificantly, as can be seen in the reduced electrolyte leak
age (Fig. 5A). The LT^o for the cold acclimated wild-type 
plants dropped to —9.4°C (Fig. 5A). In contrast, fryl-l 
mutant plants showed only a slight increase in freezing 
tolerance after cold acclimation. The LT,o value for cold-
acclimated fryl-l plants is —5.0"'C, which is >4.4°C 
higher than that of the wild type. 

fryl mutant seedlings are more sensitive to osmotic 
stress inbibitioa 

The sensitivity of fryl plants to osmotic stress was 
tested by growing seedlings on agar plates containing 
Murashige-Skoog (MS) nutrients supplemented with 
mannitol or NaCI. fryl-l Mutant seedlings were clearly 
more sensitive to NaCI (Fig. SB) or mannitol stress (Fig. 
5C). On medium containing MS nutrients only or MS 
plus 50 mM NaCI or 100 mM mannitol, both fryl-l and 
wild-type plants had healthy green cotyledons. On 100 
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Figure 3. Dose-rcsponse (A-C) and time course (D-f) of RD29A-HJC induction by temperature [A,D], ABA [B,E) or salt stress |C,f) 
in wild-type and fryt-1 plants. For the dosage response assay, the treatment durations were 24 h for the temperature treatment |A), 3 
h for the ABA treatment |B|, and 4 h for the NaCI treatment (C). For time-course analyses, the dosages were 0°C for the cold treatment 
IDI, 100 uM ABA (£1, and 300 mM NaCI (F). Data represent means and standard errors (n - 20|. Closed circles, wild type; open squares, 
(ryl-l. 

mM NaCI medium, none of the wild-type plants had 
yellow cotyledons; whereas nearly 80% of fry 1-1 mutant 
plants had cotyledons that became yellowish (Fig. 5BI. 
When the NaCI concentration was increased to 150 mM, 
the cotyledons ot most fry I-1 plants but not wild-type 
plants died (Fig. 5B|. At 200 mM NaCI, almost all fryl-l 
seedlings were killed. However, -90% of wild-type seed
lings survived the 200 mM NaCI treatment [Fig. 5B). 
Similarly, high concentrations of mannitol caused sub
stantial damage to fryl-l seedlings, as evidenced by the 
yellowing of cotyledons (Fig. 5C). The same concentra
tions of mannitol caused little or no visual damage to 
wild-type seedlings. 

We treated fryl-l and the wild-type seedling with PEG 
to mimic drought stress. Electrolyte leakage was mea
sured to quantify the extent of damage caused by the 
treatment. Under control (water only) or 10% PEG treat
ment, there was no difference in the percentage of elec
trolyte leakage between wild-type and fryl-l plants (Fig. 
5D|. However, with higher concentrations of PEG, sig
nificantly more electrolytes were lost from fryl-l plants 
than from the wild type. The results suggest that fryl-l 
plants suffer more damage to the cell membrane under 
drought stress. 

Transpiration rates in detached shoots of wild type and 
fryl-l mutant plants were compared. No significant dif
ference in transpirational water loss was found between 
fryl-l and wild-type plants (data not shown), suggesting 
that FRYl is not essential for stomatal regulation. 

Genetic mapping of the fryl mutation 

To genetically map the FRY I gene, fryl-l mutant plants 
in the C24 ecotype were crossed with wild-type plants of 
the ecotype Columbia. From the segregating F, popula
tion, fryl mutant seedlings were identified by enhanced 
lummescence under cold and ABA treatments. A map
ping survey of markers distributed throughout the five 
Arabidopsis chromosomes revealed that FRYl is linked 
with ngat29 near the bottom of chromosome V (Fig, 6A|. 
We then localized FRYl to a region between the SSLP 
markers iC19Bl and MSN2 (Fig. 6A|. Fine mapping de
limited FRYl to an -l60-kb region flanked by SSLP 
marker MBK5-64k and single nucleotide polymorphism 
marker MJH24-48k (Fig. 6A). Further mapping became 
very difficult due to a lack of recombination events. 

To facilitate gene isolation, a large-scale T-DNA mu
tagenesis of the wild-type RD29A-LUC plants was car
ried out to Isolate a tagged allele of fryl. We generated 
close to 50,000 transformants with an estimated average 
of 1.5 insertions/line. Among the T-DNA lines, one mu
tant was found to have phenotypes similar to those ex
hibited by fryl plants (i.e., enhanced RD29A-LUC ex
pression under either cold, salt, or ABA treatment). This 
T-DNA mutant was crossed with fryl-l plants. The F, 
progenies were tested for bioluminescence in response to 
cold or ABA treatments and were found to be similar to 
the parental plants (data not shown). Therefore, this T-
DNA mutant is allelic to fryl-l and is named fry 1-3. 
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Figace 4. Seed germination and seedling development of wild type and fry 1-1 in response to ABA or NaCl. (A-C^E) Seeds on filter 
paper were incubated at O^C for 48 h before being placed at 23"'C for germination. [A] Germination in the absence of ABA (HjO only); 

Germination in the presence of 1.0 (iM ABA; iC) Cermiiution at day 2 (solid lines| and day 3 (broken lines) in the presence of 
different concentrations of ABA,- (U| Inhibition of seedling development by ABA. Wild-type or fiyl-l mutant seeds on MS agar plates 
supplemented with (plate on the right) or without (plate on the left) 1.0 pM ABA were incubated at 0°C for 4S h before being placed 
at 23°C for germination. The picture was taken 10 d after incubation at 23°C. (£) Germination in the presence of 50 mM NaCl. Results 
are means and standard errors (a -3). Closed circles, wild type; open squares, fry I-I. 

Ccnetic analysis showed that the luminescence pheno-
types oi fry I-3 cosegiegated with Basta resistance, sug
gesting that the FRYl gene was tagged in this T-DNA 
mutant. 

Aiabidopsis DNA flanking the T-DNA insertion in 
fiyl-3 plants was obtained by TAIL {themiai asymmetric 
interlaced) PCR [for left-border flanking DNA) and by 
plasmid rescue (for right-border flanking DNA; Weigel et 
al. 2000). The sequences of these flanking DNA frag
ments were found to match that of the predicted gene 
MBMI7.8 on the PI clone MBMI7, consistent with the 
mapping location of FRYl (Fig. 6A). 

The MBM17.8 gene was amplified by PCR from fryl-1 
and fry I-2 mutant plants and sequenced. Single nucleo
tide mutations in the DNA sequence were found from 
both mutants that would result in changes in the predi
cated amino acid sequence (Fig. 6B). The wild-type 
MBMI7.8 genomic DNA along %nth upstream sequence 
was cloned into a binary vector and transferred into 
fry 1-1 mutant plants via Agzobactenum-mediztcd in 
planta transformation. One hundred fifty independent 
T, Qtansformants were tested for their A£A-iesponsive 
luminescence and 40 independent Tj lines were tested 
for cold, NaCl, as well as ABA-iesponsive luminescence. 

All transformants tested showed wild-type RD29A-LUC 
expression patterns (data not shown). These results show 
that MBMI7.8 is FRYl. 

FRYl encodes a bifxmctional enzyme 
with 3'(2').5'-bispbospbate nucleotidase 
and inositol polyphospbate 1-phosphatase activities 

FRYl cDNA was obtained by reverse transcriptase PCR 
and sequenced. BLAST searches indicated that the open 
reading frame of FRYl is identical to the SALl gene that 
encodes a bifunctional enzyme with 3'(2'),5'-bispho8-
phate nucleotidase and inositol polyphosphate I-phos
phatase activities [Quinteio et al. 1996). The SALl gene 
was initially isolated because it was capable of increas
ing the salt tolerance of yeast cells when expressed in 
yeast (Quintero et al. 1996). SALl is similar to several Li*^ 
and Na'-sensitive 3'(2'),5'-bisphosphate nucleotidases/ 
inositol polyphosphate I-phosphatases (INPP), such as 
the yeast MET22/HAL2, Escbericbia coli CysQ, and 
INPft from mouse, Dtosopbila, and human (Fig. 6C,D). 
Among this group of proteins, FRYl shows the highest 
similarity with four other open reading frames in 
Aiabidopsis, as well as DNPPl from rice. Interestingly, 
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Fij;ure 5. Compromised stress tolcrance in fry I mutant plants. l/l| Freuzing-induccd electrolyte leakage m fry I-1 and wild-type plant 
leaves. Data arc averages and standard deviations in - J). Wild type (solid squarel; fry I-1 (solid circlc); wild type, cold-acclimated (solid 
up arrow); iiyl-l, cold-acclimated (solid down arrowl. (B-C) fryl-l mutant seedlings suffer more damage as a result ot hyperosmotic 
stress by NaCI or mannttol treatment. Shown are the percentages of seedlings with yellowish or bleached (dead) cotyledons on agar 
media supplemented with 50, 100, or 150 mM NaCI and the percentage of seedlings that survived 200 mM NaCI (Bl and percentage 
of leaf damage on media supplemented with different concentrations of mannitoi (C). Data arc the means of three separate experiments 
each with SO seedlings from wild type or fryl-l. (D| Ion leakage from seedlings treated with PEC. Data are means of four independent 
assays and standard errors. In B, C, and D, black symbols refer to wild type and open symbols refer to fryl-l. 

FRYl and two isologs, MBM17.9 (CenBank accession no. 
BAA96902) and MBM17.10 (CenBank accession no. 
Z83312), are arranged in tandem on chromosome V, pre
sumably a result of duplications of a common ancestor. 
Phyiogenctic analysis indicates that these plant isologs 
are more closely related to INPPl from human and INPP 
from fruit fly than to others from lower organisms, such 
as CysQ from £. coli and MET22/HAL2 from yeast (data 
not shown). 

In the fryl-l mutant, a C to A substitution in the sixth 
exon (Fig. 6B) creates a stop codon and thus tnmcates the 
protein at the begiiming of the conserved ei5 helix (Fig. 
6D; York et al. 1995). The fryl-2 mutation is also a C to 
A substitution (Fig. 6B) that results in the replacement of 
the invariant negatively charged residue E72 (glutamic 
acid) to a positively charged amino acid K (lysine), in the 
conserved a I region (Fig. 6C,- York et al. 1995). The EE 
consensus in the pi sheet and the WD-X,,-GG motif in 

the aS helix are both required for the coordination of 
metal ions and phosphate and for nucleophilic water ac
tivation (York et al. 1995). Therefore, the fryl-l muta
tion is most likely a null allele because the mutated 
protein is devoid of the a5 helix. In the fry 1-3 allele, a 
T-DNA is insened between the fifth and sixth exons and 
thus led to the disruption of the gene. RNA analysis 
showed that the FRYl transcript is absent in the fryl-3 
allele (Fig. 7A). Thus, fryl-3 mutation is also a null al
lele. 

RNA blot analysis showed that FRYl is expressed in 
every organ examined although the transcript abundance 
is not the same in all plant tissues (Fig. 7A|. The expres
sion level of FRYl was not significantly affected by ei
ther stress or ABA treatment (Fig. 7B). FRYl expression 
was also examined in plants expressing the FRYl::GUS 
transgene. Among 21 independent transformants tested, 
17 lines showed CUS activity. Consistent with RNA 
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Figuie 6. Posuional cloning ot the FRYI. (Al Physical mapping of FRYl On the basis of analysis of 818 recombinant chromosomes, 
the FRYl locus was initially mapped to an ll-cM region on the low arm of chromosome V between the simple sequence length 
polymorphism (SSLP) markers K19BI and MSN2. Further genetic mapping of 1968 chromosomes nanowed FRYl to a 160-kb region 
between the SSLP marker MBK5-64K and the single nucleotide polymorphism marker MfH24—t8K. (B) Structure of the FRYl gene 
and positions of fry I mutations. Positions are relative to the translation initiation codon (position 36125, GenBank accession 
no. ABO 19227). Filled boxes indicate the open reading frame obtained by RT-PCR (GenBank accession no. AY034894I and lines 
between boxes indicate introns. (C-DI FRYl encodes a bifunctional enzyme with inositol polyphosphate 1-phosphatases and 3'(2'1,5'-
bisphosphate nucleotidases activities. Shown ate amino acid alignments of FRYI with other inositol polyphosphate I -phosphatases 
(INPP) or 3'(2'),5'-bisphosphate nucleotidases (DPNP) at two highly conserved regions. (C) The EE motif in the pi sheet. The fryl-2 
mutation changes the second glutamic acid residue (E) to a lysine |K). (D)The WD-X,,-CC motif in theaS helix. The fry 1-1 mutation 
changes the tryptophan residue (W) to a stop codon. GenBank accession nos. are as follows: FRYI/SALl, AY034894/Q42546; 
DPNP.rice, Q40639j M£T22/HAL2_yeast, P3ai79; CYSQ_Escbencbia cali, P22255; INPP.fly, AAC24856i INPP.mouse, P49442i and 
INPPl.human, NP_00218S. 

bloc analysis, CUS reporter gene under control of the 
FRYl promoter was ubiquitously expressed in Aiabidop-
sis seedlings (Fig. 7C-E1. In leaves, FRY1::GUS expres
sion was particularly evident in veins (Fig. 7C). It is also 
expressed in the primary root, root hairs (Fig. 7D), and 
stems (Fig. 7E,- data not shown). In floral organs, 
FRY1::GUS expressiort was detected in sepals, petals, 
stamens, and carpels (Fig. 7E), with stamens showing the 
strongest expression (Fig. 7E1. 

To determine the impact of fryl mutation on FRYl 
enzyme activity, recombinant FRY I-GST fusion protein 
was tested against 3'-phosphoadenosine 5'-phosphate 
(PAP). Whereas wild-type FRYl showed a strong activity 

toward PAP (11.7s: 0.74 ^mole P/h per mg protein, 
n "3), fry 1-1 mutant protein was entirely inactive, con
sistent with the prediction that fryl-l is a null mutation. 
FRYl/SAL 1 protein has been shown to be able to hydro-
lyze inositol 1, 4-bisphosphate [Instl,4)P2] and inositol I, 
3, 4-trisphosphate [Ins(l,3,4)P3l with activities about 
one-third of that against PAP (Quintero et al. 1996), yet 
its activity against inositol 1,4,5-trisphosphate (IP.,) was 
not reported. We measured the activities of wild-type 
FRYl on IP3 and found that FRYl had a low activity 
against IP3 (0.47 ±0.11 vimole P/h per mg protein), which 
is -4% that of the activity against PAP. Interestingly, mu
tant fryl-l protein completely lost this activity against IP.^. 
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Figaie 7. Expression of the PRYl gene. |i4| FRY! transcript was detected in each plant organ examined and was absent in fryl-S 
mutant plants due to T-DNA disruption. Total RNA (20 Mg| &om indicated plant parts or from 7-day-old wild-type |WT seedlings) and 
ftyl-3 (T-DNA allele) seedlings were resolved on agarose-forroaldehyde gel and blotted onto a nylon membrane. The membrane 
was probed with ^P-labeled FRYl cDNA. (B) The expression of FRYl transcript in wild-type seedlings was not substantially regulated 
by stress treatment. rRNA or ACl'lN was used as loading controls. (C-£) Expression of FRY1::GUS in seedling (C), root and root hairs 
(D), and in floral organs (£). 

Increased IPj accumulation in fry I mutant plants 

The inositol polyphosphate 1-phosphatase activity of 
FRY I/SAL I suggests that it panicipates in phosphoi-
nositide signaling. Although roYl and its homologs in 
other organisms were shown to have both nucleotidase 
activity and inositol phosphatase activities, in multicel
lular organisms, FRYl homologs mainly function as an 
inositol phosphatase. In animal cells, FRYl/SALl ho
mologs arc specific to the phosphoinositide signaling 
system and are primary targets of therapeutic action of 
Li* treatment in patients for manic-depressive disease 
(Majerus 1992). The inositol phosphatase activity was 
proposed to mediate IP3 breakdown by dephosphorylat-
ing the IF3 catabolic intermediates, Ins(l,4)P2 and 
[ns( 1,3,4)P3 (Maierus 1992). As fryl mutant plants grow 
normally with inorganic sulfate as the sole sulfiir source 
and there is no sign of sulfur deficiency (data not shown), 
the nucleotidase activity of FRYl in sulfate assimilation 
seems to be dispensable. Thus, we hypothesized that 
FRYl mainly functions as an inositol polyphosphate 
I-phosphatase that mediates the caubolism of (P3. 

To gain insight into the role of FRYl in IP3 metabo
lism in vivo, [P3 content was determined in wild-type 
and fry 1-1 seedlings treated with 100 )iM ABA. In wild-
type seedlings, ABA induced a transient increase in the 
level of IP3, with the level of IP3 after I min nearly 10 
times that of untreated control plants (Fig. 8). Ten min 
after ABA treatmem, IP3 level returned to pretreatment 
levels. At 30 min after ABA treatment, the IP3 level was 
not significantly different from untreated control, fryl-1 
mutant seedlings had a high level of IP3 even in the ab

sence of exogenous ABA treatment (Fig. 8). This consti
tutive level of IP3 is likely responsible for the low con
stitutive expression of RD29A-LUC (Fig. IB) and the en
dogenous RD29A and COR47 transcripts (Fig. 2) in fryl 
mutant plants. In response to ABA treatment, the IPj 
level in the mutant did not increase substantially until 
about 30 min. Except at 1 min after ABA treatment, 
fryl-1 mutant plants had significantly higher levels of 
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Figutc 8. Changes in the level of inositol I, 4, 5-trisphosphate 
(IP3) in wild-type and fryl-I plants in response to ABA treat
ment. Rosette plants grown in soil were sprayed with 100 pM 
ABA, leaves were then sampled at the indicated times, and IP3 
measured using a receptor-binding assay as described in Mate
rials and Methods. Error bars represent standard errors (o - 3). 
Closed bars, wild type; open bats, fiyl-l. 
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IP, than wild-type plants at all the other time points (Fig. 
8|. These results are consistent with fry I mutant plants 
having altered inositol polyphosphate I-phosphatase ac
tivity and support our hypothesis that fryl mutations 
impair the mechanism for attenuating ABA and abiotic 
stress responses by blacking IP, turnover. 

Discussion 

Previous genetic screens based on the inhibitory effect of 
ABA on seed germination have successfully identified 
several genetic loci important in ABA signaling, which 
in turn affect plant stress responses (for review, see 
Koornneef et al. 19981. In the present study, wc used a 
reporter-gene approach to identify mutations that di
rectly affect vegetative plant responses to stress and 
ABA. The fryl mutants thus isolated show enhanced 
RD29A-LUC reporter gene expression in response to 
ABA or stress treatments. RNA blot analysis showed 
that the expression of the endogenous RD29A and other 
stress-responsive genes such as KlNl, C0R15A, HSP70, 
and ADH was also significantly increased by the muta
tion under low temperature, osmotic stress, or ABA 
treatment (Fig. 2A). For reasons that are still not clear, 
the mutation altered the expression kinetics of some of 
the genes such as HSP70 and COR15A. fryl Mutations 
also significantly lowered the excitatory threshold of 
gene induction by stress or ABA (Fig. 3A-C). Previous 
studies on the regulation of the diverse stress-responsive 
genes and our data of different expression profiles of 
these genes (Fig. 2| indicate that these genes are activated 
by different signaling pathways. The fact that FRYl af
fects the expression of all these genes in one way or 
another suggests that it plays an important regulatory 
role in an early step connecting these different signal 
transduction pathways. Consistent with the early signal
ing role of FRYl, CBF2 induction by cold in fryl mutant 
plants is more sustained (Fig. 2B), although this altered 
CBF2 expression kinetics by itself may not be sufficient 
to explain the elevated downstream gene expression. 

Mutations in FRYl not only increased the expression 
of stress-responsive genes, but also render the mutant 
plants more sensitive to ABA and to damage by low tem
perature, drought, or salt stress. Germination of fryl 
seeds is more sensitive to ABA (Fig. 4A-C). ABA also 
inhibits early seedling development of fryl; whereas at 
the same concentrations it does not significantly inhibit 
the development of the wild-type seedlings (Fig. 4D). 
Freezing stress causes more damage to fryl than it does 
to the wild-type plants. Upon freezing treatment, fryl 
plants lost more electrolytes (Fig. 5A). Likewise, fryl 
plants also showed a higher sensitivity to osmotic 
stresses. On NaCl media, fryl plants were more damaged 
than were wild-type plants, as indicated by increased leaf 
injuries and reduced survival rate in the mutant (Fig. 5B). 
The increased sensitivity to mannitol (Fig. 5C) indicated 
that fryl plants are sensitive to general osmotic saess. 
Accordingly, fryl mutant plants are less tolerant to 
drought stress as indicated by increased electrolyte leak
ages upon treatment with PEG (Fig. 5D). 

These phenotypes of fryl mutant plants clearly reflect 
important functions of wild-type FRYl in ABA and stress 
responses. To our surprise, FRYl encodes a bifunctional 
phosphatase with both 3'(2'), 5'-bisphosphate nucleotid
ase and inositol polyphosphate I-phosphatase activities. 
Although mutants with lesions in FR VI-like genes in £. 
coU, yeast, and more recently in Drosophilia have been 
isolated, gene expression studies in these mutants have 
not been reported. The £. coli cysQ (Neuwald et al. 1992) 
and yeast met22/hal2 mutants (Claser et al. 19931 were 
unable to reduce sulfate and need reduced or organic 
form of sulfur (e.g., methionine or cysteine) to grow. Ad
ditionally, the yeast met22/hal2 was also more sensitive 
to salt stress presumably as a result of the accumulation 
of PAP, which inhibits sulfate reduction and RNA pro
cessing (Claser et al. 1993; Dichtl et al. 1997|. FRYl/ 
SAL I was able to complement yeast met22/hdI2 mu
tants for their methionine auxotrophy and Li'/Na' sen
sitivity (Quintero et al, 1996). The facts that fryl mutant 
plants are able to use inorganic sulfate as the sole sulfur 
source and do not show any sulfur-deficiency symptoms 
suggest that FRYl is not required for sulfate reduction in 
Arabidopsis, perhaps because there are five FRYl-like 
genes in the Arabidopsis genome (data not shownl. 
Among Arabidopsis ITlYl-like proteins, the product 
encoded by AT4g05090 (CenBank accession no. 
CABS 1051) on chromosome IV, is most closely related to 
MET22/HAL2 (data not shown), suggesting that the 
AT4g05090 product likely functions in sulfate reduction 
in Arabidopsis. Despite their sequence similarities, 
FRYl-like proteins in the unicellular organisms, £. coli 
and yeast do not have inositol polyphosphate I-phospha
tase activities (Neuwald et aL 1992; Murguia et al. 1995), 
contrasting with those in multicellular organisms in 
which I-phosphatase activity has been shown both in 
plants and in animal systems (e.g., Quintero et al. 1996; 
York et al. 1995). Phylogenetic analysis also reveals that 
FRYl is more closely related to its animal homologs 
than to either the bacterial or yeast counterparts (data 
not shown). Therefore, the defect in phosphoinositol 
1-phosphatase function is most likely responsible for the 
fryl mutant phenotypes. 

It has been established that phosphoinositides are in
volved in many signal transduction processes in animal 
systems. A generic scheme depicts that the activation of 
receptors activates specific phosphoUpases that function 
in the breakdown of phosphotidylinositol 4,5-bisphos-
phate (PIP2), generating the second messengers inositol 
1,4,5-trisphosphate and diacylgerceroL Inositol 1,4,5-
trisphosphate (IP3) was shown to trigger Ca^* release 
from internal stores in many cell types. In plants, exog
enous EF.) was shown to release Ca'^* from vacuolar 
vesicles or isolated vacuoles (e.g., Schumaker and Sze 
1987) and to mediate transient increases in cytosolic 
Ca-' (e.g., Allen et al. 1995). Both IP., and Ca^' have been 
implicated in ABA and environmental stress responses 
(for reviews, see Munnik et al. 1998; Sanders et al. 1999). 
In response to ABA treatment, there is a transient in
crease in IP3 in guard cell protoplasts of Vicia faba [Lee 
et al. 1996). IP3 transients have also been observed in 
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cells in response to hyperosmotic stress (Heilmann et al. 
1999). These results and our finding that FRYl encodes 
an enzyme with inositol polyphosphate I-phosphatase 
activity led us to hypothesize that the role of FRYl is in 
the attenuation of ABA and stress responses by control
ling the turnover of the second messenger IP.,. That is, 
the initial perception of ABA or abiotic stress by plants 
results in a transient increase in IP.,. The amplitude of 
this signal is attenuated by inositol polyphosphate 
1 -phosphatase mediated breakdown of IP.,. This does not 
occur in fryl mutants, which results in sustained IP., and 
perhaps other inositol polyphosphate levels and en
hanced expression of stress-responsive genes. To test 
this hypothesis, we determined IP, levels in wild-type 
and fryl mutant seedlings. Our results show that fryl 
mutants accumulated higher levels of IP, when treated 
with ABA (Fig. 8), indicating that FRYl does play a role 
in the catabolism of IP, in plants. Interestingly, the basal 
IP, content in fryl mutant plants before ABA treatment 
was also significantly higher than that in the wild type 
(Fig. S|, which may have resulted from mild stress on the 
growth medium. This basal level of IP, may be respon
sible for the constitutive RD29A-LUC expression shown 
m Figure IB and the constitutive expression of several 
stress-responsive genes in the absence of stress or ABA 
treatment (Fig. 21. 

Given the important role of IP, in cell signaling, the 
level of this molecule, not surprisingly, is tightly regu
lated. The biochemical pathways of IP,, catabolism have 
been intensively studied in vitro in animal systems. It 
is known that there are two major routes that mediate 
IP, breakdown. These are the 5-phosphatase pathway 
and the 3-kinase pathway, resulting in the accumula
tion of Ins|l,4|P2 and inositol 1,3,4,5-tetraphosphate 
[Ins( 1,3,4,5IP4I intermediates, respectively (Majerus et al. 
1992). Instl,3,4,5)P4 can be further dephosphorylated by 
5-phosphatases to generate inositol 1,3,4-trisphosphate 
lIns(l,3,4)P,|. In animal cells, inositol polyphosphate 
1-phosphatase (IPP) was shown to hydrolyre the inter
mediate products of the IP, degradation pathways, 
Insll,4)P, and Insil,3,4)P,, at the I-position (Majerus et 
al. 1992). ETlYl/SALl was also able to hydrolyze both of 
these two inositol polyphosphates (Quintero et al. 1996). 
Although IPP isoforms can hydrolyze IP, directly in cer
tain cell types, in many other cells, the I-phosphatase 
does not have this activity to directly hydrolyze IP, 
(Majerus et al. 1992). Our assay of E^Yl activity against 
iP, indicated that the recombinant protein had about 47o 
activity on IP, relative to its activity on PAP, and im
pressively, fryl-l mutation also abolished this activity. 
It is not known whether FRYl needs some cofactors for 
full activity against IP., or whether this low activity of 
ETIYI against IP^ as measured in vitro has any biological 
significance. Further clarification of these uncertainties 
in the future would shed light on the biochemical speci
ficity of FRYl function. Nonetheless, the 1-phosphatase 
activity of FRYl toward Ins( l,4)P2 and Ins| 1,3,4)P., would 
inevitably affect the catabolism of IP., as the accumula
tion of these intermediates would prevent the IP^ degra
dation pathway from going forward and result in the 

ABA and stress signaling 

slowdown of IP., degradation. It should be pointed out, 
however, that an enhanced accumulation of IP, alone 
might not account for all the enhanced expression of 
stress-responsive genes and the altered stress sensitivity 
in the mutant. The reasons are twofold. First, from the 
IP., degradation pathways, one can predict that a defect 
in FRYl might also result in the accumulation of 
Ins(l,3,4,5)P4. Ins(I,3,4,5)P4 is also a signal in animal 
cells that gates Ca~* influx into the cell and may also 
potentiate the effect of IP., in releasing Ca"' from inter
nal stores (Shears 1998). Studies also suggested that 
Ins(l,3,4)Pj is a strong inhibitor of Ins (3,4,5,6)-1 kinase,-
whereas Ins(3,4,5,6)P4 is an inhibitor of Ca^'-regulated 
CI" secretion (Shears 1998). Thus, Ins(I,3,4)P, may indi
rectly regulate cellular ion homeostasis in vivo (Shears 
1998). In yeast, FRYl/SALl increases salt tolerancc of 
the yeast transformants probably by increasing the efflux 
of Li'/Na' (Quintero et al. 1996). This process may in
volve phosphoinositide signaling because inhibition of 
phospholipasc C reduces Li* efflux (Quintero et al. 1996). 
Therefore, fryl mutations may cause the disruption of 
ion homeostasis that is required for cell adaptation to 
various stresses. Second, a disruption of FRY 1 activity is 
likely to alter the dynamics of more highly phosphory-
lated inositols such as IP., and IP^,, signals that have been 
shown to affcct mRNA export and gene expression (e.g., 
Odom et al. 2000). In plants, it was recently reported that 
ABA elicits a rapid increase in IP^ level, and IP,^ was 
shown to inhibit Ca^'-dependent inward K' currents in 
guard cells of Solarium tuberosum and Vicia faba 
(Lemtiri-Chlieh et al. 2000). 

Although phosphoinositols have been implicated by 
biochemical and molecular studies to play roles in stress 
and ABA signal transduction, our results provide the first 
genetic evidence that phosphoinositols mediate gene 
regulation by cold, drought, and salt stress, as well as by 
ABA. Mutations in FRYl result in significantly higher 
induction of ABA and stress-regulated gene expression 
(Figs. 1,2), indicating that the wild-type FRYl protein 
attenuates these signaling pathways. This early attenu
ation mechanism is an important aspect of signal trans
duction to prevent overactivation of downstream path
ways. Moreover, this attenuation mechanism is also 
critical to maintain resistance to the abiotic stresses 
since fryl mutant plants are compromised in stress tol
erance (Fig. 5). This indicates that a deregulated IP , me
tabolism can have a dramatic negative effect on plant 
tolerance to environmental stresses, despite an enhanced 
expression of stress-responsive genes (Fig. 2). These find
ings differ from some transgenic studies where enhanced 
expression of stress-responsive genes in plants overex-
pressing CBF/DREBl transcription factors increased 
plant tolerance to various abiotic stresses (e.g., faglo-Ot-
tosen et al. 1998; Kasuga et al. 1999). These apparent 
discrepancies may result from some as-yet-unknown de
terminants. It is notable that FRYl manifests its effect in 
early steps of signal transduction. Hence, in addition to 
the signaling roles of other phosphoinositols and their 
regulation of ion-channel activities as discussed above, 
the defect in early steps of signaling may impair some 
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yet-unknown signaling branches that might be required 
for stress tolerance. 

Materials and methods 

[solution of fryl mutants 

Transgenic Arabidopsis thaliana of the C24 ccotypc expressing 
the RD29A-LUC transgene treferred to as the wild type) were 
obtained by Agrobdcrcfium-mediated transformation (Ishitani 
et al. 1'997). The wild-type RD29A-LUC plants were muta-
genized by ethyl methanesulfonate (Ishitani et al. 1997) or by 
transformation with Agnobactehum cumefaciens strain 
CV3101 carrying the pSKIOlS activation tagging vector (Weigel 
et al. 2000!. M. or T, seeds were planted on 0.6% agar plates 
containing full strength MS salt base (fRH Biosciencesl and 
I-week-oUl seedlings were screened for abnormal LUC expres
sion in response to low temperature, ABA, or osmotic stress 
with a thermoelectrically cooled CCD camera. For ABA treat
ment, frum-abscisic acid in HjO was sprayed uniformly 
on the leaves of seedlings and the plants were incubatcd at room 
temperature under cool-white light before luminescence imag
ing. For NaCI or PEC treatment, seedlings on MS plates were 
transferred to filter paper saturated with MS solution supple
mented with 300 mM NaCI or 30% of polyethylene glycol (mo
lecular mass 6000). For luminescence imaging, plants were 
sprayed uniformly with 1 mM luciferin in 0.01% Triton X-ICO 
and then kept in the dark for 3 min before imaging. All images 
were acquired with 5-min exposure time. The luminescence 
intensity of each seedling was quantified with the WinView 
software. 

RNA analysis 

Ten-day-old seedlings grown on MS agar plates were treated 
with either low temperature, ABA, NaCI, or PEG. Respective 
treatment conditions were as stated in the text. Total RNA 
trom control or treated plants was extracted and analyzed as 
described (Ishitani et al. 1998). Gene-specific probes were as 
described (Ishitani et al. 1998; Lee et al. 2001). 

CermindCian assay 

One hundred seeds from wild-type and fryl-l plants in tripli
cates were placed on filter paper saturated with distilled water 
or different concentrations of ABA or NaCI and incubated at 
0°C for 48 h before being placed at room temperature under 
cool-white light for germination. Seeds were considered as ger
minated when radicles completely penetrated the seed coat. 
Germination was scored daily up to 10 d after being placed at 
room temperature. 

Suess tolerance 

For salt or drought tolerance assay, wild-type and fzyl-l seeds 
were planted on MS agar plates for germination. Two days after 
germination, 80 seedlings from each line were carefully trans
ferred to a new MS agar plate supplemented with different con
centrations of NaCI or marmitol. There were three replicates for 
each treatment. After growing for ten days in the treatment 
media, plants with yellowish (i.e., damaged) or dead cotyledons 
were scored. The fresh weight and dry weight of the seedlings 
were measured. For freezing tolerance assay, ftyl-l and wild-
type seeds were sown in soil. For cold acclimation treatment, 
plants at the rosette stage were placed at 4°C imder white fluo

rescent light for one week before sampling the leaves for freez
ing tolerance assay. Fully developed rosette leaves were used to 
determine freezing-caused electrolyte leakage as previously de
scribed (Ishitani et al. 1998). 

To measure ion leakage in seedlings induced by PEC treat
ment, 1-week-old wild-type and fryl-l seedlings growing in MS 
agar plates were carefully removed from the plate and placed in 
solutions containing different concentrations of polyethylene 
glycol (PEC) (molecular mass 6000) for 5 h. After the treatment, 
seedlings were rinsed briefly in distilled water and immediately 
placed in a tube with 3 mL H^O. The tube was then agitated for 
3 h before electrolyte content was measured. Four replicates of 
each treatment were conducted. 

IP , assay 

Soil-grown wild-type and f ty l - l  plants at the rosette stage were 
sprayed with 100 uM ABA and leaves were excised at I, 10, and 
30 mm after ABA treatment and immediately frozen in liquid 
nitrogen. After being ground in liquid nitrogen, the samples 
were extracted with 10% perchloric acid and supematants col
lected after centrifugacion at 2000 s for 15 min at 4°C. The 
supematants were neutralized to pH 7.5 with KOH, and then 
the IP, content was measured by the bovine adrenal binding 
protein assay using a l''H|IP, assay kit following manufacturer's 
instructions (Amersham Pharmacia Biotech). 

Cloning of FRY I 

For genetic mapping of the fryl mutation, fryl-l was crossed 
with wild-type plants of the Columbia ecotype. The resulting F, 
plants were allowed to self and homozygous fryl mutants in the 
segregating Fj population were selected based on their cold- and 
ABA-hypersensitive luminescence. Mapping of the mutation 
was carried out as described previously (Lee et al. 2001). For the 
T-DNA tagged allele, ftyl-3, plant flanking DNA was cloned as 
described (Weigel et al. 2000). FRYl cDNA was obtained by 
using reverse transcriptase-PCR (RT-PCRI and cloned into 
pCR2.1-TOPO cloning vector (Invitrogen) and sequenced. For 
phylogenetic analysis of FRYl-like proteins, the neighbor-ioin-
ing method was used to construct the tree using the GENETYX 
8.0 program (Software Development Co., Tokyo, [apanl. 

For complementation assay, a genomic fragment containing 
the PRYl open reading frame along with 1070 bp of sequence 
upstream the translation initiation codon (corresponding to po
sition 36123, GenBank accession no. AB019227) was amplified 
from wild-type genomic DNA and inserted into the Pstl-Kpnl 
sites of the binary vector pCAMBIA1200. The plasmid was 
transferred to fryl-l mutant via /4^rofa<ictt:nuni-mediated trans
formation. One hundred fifty T| transformacts were selected 
based on hygromycin resistance and then transferred to soil to 
grew to maturity. Seedlings of the Tj generation were treated 
with cold or ABA and the luminescence images were taken as 
described above. 

A FRYl promoter fragment from l287-bp to 42-bp upstream 
the translation initiation codon was amplified from genomic 
DNA prepared hrom the wild-type seedlings and inserted into 
BamHl-Hindm sites of the binary vector pCAMBIA138I. The 
resulting construct was transferred into wild-type plants via 
Agrobucteritun-mediated in planta transformation. The T, 
seedlings were stained with X-Cluc for 12 h, followed by incu
bating in 70% ethanol to remove chlorophyll. 

FRYl recombinant protein and enzyme activity assay 

Wild-type and ftyl-l mutant cDNAs were obtained by reverse 
transcriptase-PCR using mRNA isolated from wild-type and 
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fry 1-1 plants, respectively. The resulting PCR products were 
cloned into pCR2.1-TOPO cloning vector (Invttrogenl and con-
tirmed by sequencing. The plasmids were partially digested 
with £coRl and Smut and the desired inserts were cloned in-
frame into the bacterial expression vector pCEX-2TK. The re
sultant expression constructs were transferred into £. coli BL21 
cells. After induction with 0.1 mM isopropyl 3-D-thiogalacto-
pyranoside, the cells were harvested and proteins extracted by 
ultrusonication. Crude extracts were purified with the Clutha-
thione Sepharose 4B system (Pharmacia Biotech). Enryme ac
tivity against 3'-phosphoadenosine 5'-phosphate (PAP) was as
sayed at 30°C as described (Murguia et al. 1995). For the assay of 
activity against IP^ inositol I, 4, 5-trisphosphate (Sigma) was 
first treated with anion exchanger resin (Whatman Interna
tional, Maidstone, England) to remove free phosphate and the 
enzyme activity was measured as descnbed (Murguia et al. 
1995). 
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APPENDIX C 

MODULATION OF ABSCISIC ACID SIGNAL TRANSDUCTION AND 

BIOSYNTHESIS BY AN SM-LIKE PROTEIN IN ARABIDOPSIS. 
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Summary 

The phytohormone abscisic acid (ABA) ragulatas plant 
growth and development as well as stress tolerance. 
The Ara(Ndbps£s sadY (supefsansitiva to ABA and 
drought) mutation increases plant sensitivity to drought 
stress and ABA in seed germination, root growth, and 
the expression of some stress-responsive genes, sadf 
plants are also defective in the positive feedback regu
lation of ABA biosynthesis genes by ABA and are im
paired in drought stress induction of ABAbiosyntlMsis. 
SAD1 encodes a polypeptide similar to multifunctional 
Sm-like snRNP proteins that are required for mRNA 
splicing, export, and degradation. These results sug
gest a critical role for mRNA metabolism in the control 
of ABA signaling as well as in the regulation of ABA 
homeostasis. 

Introduction 

The plant hormone abscisic acid (ABA) has a wide range 
of important roles in plant growth and development, 
including embryogenesis, seed maturation and domiancy, 
root and shoot growth, transpiration, and stress toler
ance. Biochemical, molecular, and genetic approaches 
have been applied to understand the mechanisms by 
which ABA regulates the above celular processes (Koom-
neef et al., 1998; Leung and Giraudat, 1998; McCourt, 
1999). Based on the inhibitory effect of ABA on seed 
germination, a number of plant mutants defective in ABA 
biosynthesis or responsiveness have been isolated. 
Among mutants with altered ABA responsiveness, Ara
bidopsis ABA-insensitive (abi) mutants can be identified 
by virtue of their germination tolerance to exogenous 
ABA (Koomneef et al., 1984). The dominant abi1-1 and 
abi2-1 mutations reduce ABA responsiveness of root 
growth, stomatal closing, and gene induction by osmotic 
stress (Koomneef et al., 1998; Leung and Giraudat, 
1998). The ABU and ABI2 genes encode homologous 
serine/threonine protein phosphatase 2Cs (Leung et al., 
1994; Meyer et al., 1994; Leung et al., 1997). Loss-of-
function alleles of ABI1 showed supersensitivity to ABA, 
providing evidence for ABI1 as a negative regulator of 

'Correspondence: ikzhueag.erizona.edu 

ABA responses (Gosti et al., 1999). Another group of 
mutants, termed era (enhanced response to ABA), are 
hypersensitive to ABA inhibition of seed germination 
(Cutler et al., 1996). era 7 plants also exhibit enhanced 
ABA sensitivity within certain vegetative tissues. For 
example, guard cells of oral plants are more sensitive 
to A^, leading to reduced transpirational water loss 
and increased drought tolerance (Pel et al., 1998). The 
BRA1 gene encodes a protein (amesyl transferase (Cut
ler et al.. 1996), suggesting that a key protein in ABA 
signal transduction requires famesylation. 

We report here a novel ̂ ab/dops/s mutant that shows 
enhanced sensitivity to ABA and osmotic stress but is 
deficient in ABA. The mutant, designated sadi (super
sensitive to ABA and drought), was identified because 
the stress-responsive RD29A gene in the mutant is su
perinduced by ABA and osmotic stress but not by cold 
stress. The SADI gene was isolated by positional clon
ing. It encodes a polypeptide similar to multifunctional 
Sm-like U6 small nuclear ribonucieoproteins (snRNP) in 
animals and yeast that are required for mRNA metabo
lism and implicated in regulating nuclear receptor activi
ties. These results imply a critical role for mRNA metabo
lism in the control of plant sensitivity to ABA and 
drought. They also suggest the possibility that a con
served mechanism might exist in plants similar to animal 
intracellular hormone receptors, whereby ABA directly 
modulates gene transcription and ABA homeostasis 
through a SADI-containing nuclear signaling complex. 

Results 

Identification of the SADI Locus and Enhanced 
ABA- and Osmotic Stress-Responsive Gene 
Expression in sadi Mutant Plants 
To screen for mutants with altered ABA and/or stress 
responses, transgenic Arabrdops/s plants with ABA and 
stress-inducible bioluminescence were constructed by 
introducing a chimeric gene {RD29A-LUC) consisting of 
the RD29A promoter fused to the firefly luciferase re
porter (Ishitani et al., 1997). The RD29A promoter contains 
the ORE/CRT and ABRE elements that confer respon
siveness to cokVosmotic stress and ABA, respectively 
(Vamaguchi-Shinozaki and Shinozaki, 1994). Mutants that 
respond abnormally to ABA, cold, and/or osmotic stress 
were selected from the progeny of ethyl methanesulfo-
nate-mutagenized RD29A-LUC seeds (Ishitani et at., 
1997). One of the mutants, designated sadi (for super
sensitive to ABA and drought), was chosen for detailed 
characterization. 

In response to ABA or hyperosmotic stress but not 
cold, sadi plants emitted dramatically enhanced biolu
minescence as compared to wild-type (Rgures 1A-1E). 
In addition to the increased amplitude of the ABA and 
hyperosmotic stress response, the sad1 mutation also 
r̂ uced the activation threshold of RD29A-LUC tran
scription by these treatments (Figures 1F-1G). The 
higher levels of luciferase [LUC) mRNA in sadi mutant 
plants under ABA or osmotic stress treatments were 
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(H  ̂Tranacfipi la«ala of atNaa-fatpaniiM gma In aatfT Md «iid-lypa plania. 
(H) Planta ««ara unlraMad (oontroO or tiaalad 100 mM ABA for 3 hr. 300 nM NaO tor 3 hr, or 30% PEG for S hr. 
(I) fKSBA anpraaalon in aadT and wad-typa planta liaalad at OX for 24 hr. 
tl)QpraaalonofOWBB8A InaadTandMitd-typaplantatiaaladwIthWagaHtolndteatadciuinaiitialluiiatorl hr. Tiaanty niluugiaiiw of total t_ • • «- « ^ Wm W OVIBD W1 SBEn raOOBW WIA ̂ OTraOHVfl UIUIIHJB HMlWlQP !••• MSB •• • IOHDNIO UUmfUL 

conflnnad wing RNA blot analysis (Rgura 1H). Tlw 
staady-stata Isvsl of ttw sndoganous fKI28M transcript 
waa aiao Wghar in sadT mutant plants undar ABA or 
oamotic stiasattaaliiiants but not undsr cold sttass 
uras 1H snd II). Transcripts of snottiar strsss-rsspon-
siva gsna VXy}47) wara also fiound St tiighar lavais fol-
lowing ABA traatmant of saî T plants as comparsd to ttw 
ABA-traatad wM-typa (Figura 1H). bitaraatingly. COfMZ 
iranacript lavaia undar osmotic straas (NaCI or PEG) 
warn not highar in sadf planta (Rgura Î Q. Tranacripts 

of thastrass-faaponsivaganaraMTwara found at similar 
lawala In ttw wMd-typa and sadT plants (Hgura 1H). 

0REB2A Is an oamotic atiaas-indueibla tianacription 
factor Hiat binds to the ORE alamant In tha fl029A pro-
motar and Nialy contiols osmotic stress inductian of 
ff029M tranacription (Uu at al., 198 .̂ hi wM-typa planta. 
OWEB2AlTanacf%>tlai<eiswsragrs încraMedby200 
mMNaCltraa»maiit.buttiotbytiealmantwithS0or100 
mlA NaCI (Rgura 1 J), hi contiMl. sutiatanliai bwreaaaa 
In Ofl£B2A tranacript lavaia wara obaetved ftjWuwiinj 



ABASigMNng 
773 113 

100 LOOF 

00 
00 

20 'i 

100 

40 40 

Omum 
100 OHM 

0.5 
WT ABA concMtraOen OiM) 

Hgura 2. GimfcaMon of sadT Saads l« Hy-
paramliva to ABA aid Salt SMn 
(A), (8). (D). and (Q itwiw pareamaga or ganni-
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(A) volar eontral, (B) OS |JM ABA, (D) 26 mM 
Naaand(E)SOmMNaa 
(O QannMion of ««d-lypa (cloaad cMaa) 
and aadf (opan aquawa) in ttw pwaanca of 
JBHwaiiiwjiicaiiiiaaonaofAflAaldaySaHar 
liitimUun. naauWa ara tha aiiwaaii el ttiraa 
raptcaMa SO. 
(F) Gfowrth of wM-typa and aadT planta gar-
n*i1ad and graarn hi agar madte auppla 
riMnlad wWi 0 |iM ABA (pMa on tha 1  ̂or 
0.1 |JM ABA (pMa on the right). Tha pietura 
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tiaaHiiatH of sadi mutant plants with 50,100, or 200 
mM Naa (FIgura 1J). This indtaatas tint DR^2A ax-
praaakm is mora sanaitiva to oamotic siraas in the sadT 
mutant and impliaa that tha aadi mutation acts up-
•traain of DREB2A. Tha affact of sadt on DR£B2A ax-
praasion appaars apacMc, ainca tha transcript lawals of 
another transciiptlon tactor gene, ft022BP1 (Abe at al., 
1997), ara not more sanaMve to ABA or osmotic stress 
in sadi mutant plants (Rgure 1 ii). 

Tha sadi Muftlon Enhanoas ABA and Osmotic Stress 
SenattMty in Saada and Vegetative Tlwuaa 
To determine whether the sadi mutation affects seed 
germination in reaponae to ABA or oamotic atreas treet-
menta, wM-type and sadi seeds were plated on filter 
papers saturated with water, ABA, or NaCI aolutlona. in 
the abaance of exogenous ABA or Nad, sadi seeds 
germirtatad later than the wM-type (Figure 2A). TMa 
delayed germination lepraaants incrsasad dortniicy in 
sadi seeds, praeumably due to their intreaiad laniHIv-
ity to endogenoua ABA. In tha preeetKe of 0.1 or 0.5 
iiM ABA, the germination of sadi seeds was further 
delayed (Figuraa 2B and 20). At day 3. virtuirily all wid-
type aasds germinated, in contraat, only 37% and 18% 
of sadi saada germinated in the preaance of 0.1 or 
0.5 |iM ABA, reapactively (Figurea 2B and 2C). in the 
preaance of 0.5 |iM ABA, more than 20% olsadi seeda 
IMad to germinate, even after prolonged incubation 
(Figure 2 .̂ The eenaWvity of sadf sssds in germination 
to ABA waa alao seen at other ABA ccncantiationa 
teatad (Figure 2C). 

0nagarmadhan,supplstnentalionof0.1 ̂ ABAhad 
aatiiidngaftactonsadY seed germlnalion and aaedkig 
growth. The germination of sadi sssds was again de
layed by trsaOnant with ABA (data not shown). However, 

even after sadT seeds had gsnninatad (i.e., the radtoala 
had emerged), the growth of the seedlings waa arreeted 
by ABA (Figure 2F). in contrast. ABA at a concentration 
of 0.1 (iM did not significantly delay the garminaMon of 
wM-type aaada and dkJ not arraat wild-type seedling 
growth. 

The germination of sadf seeda waa alao subetantlaly 
mora sensitive than the wild-type to NaCI stress (Figures 
20 and 2E). The preaance of 25 mM NaCI had no effect 
on wild-type seed germination but delayed germination 
ofsadT seed (Figure 20). In the preaance of 50 miM NaCI. 
the germination of wUd-type seeds waa alao delayed, 
î owever. for sadf seeda the effect of 50 mM NaCI waa 
much more protKiunced: approximately 40% of sadi 
sssds failed to germinate even after prolonged Incuba-
tion (Figure 2E). 

To teat the effect of sadi on root senaMvHy to ABA. 
wid-type and sadi seedUngs grown in vertical agar 
plataa laddng ABA ware tranaterred to vertical agar 
plates supplemented with varioua concantratlana of 
ABA. New root growth waa measured 6 daya after trana-
far. Aa compared to the wM-type. sadf root alongalion 
was substantlaMy more eanaltlve to ABA (Figure 3A). The 
tncreaaed aenaWvlty to ABA InMbMon was partlcularty 
dramaUc at low concantraHona of ABA. At 1.0 (iM ABA, 
sadi root alongalion was inMbitad by approximataly 
40% whereas wM-type root growth was sUmulated (Fig
ure 3A). At higher A  ̂ooncentrationa, wUd-type root 
elongation waa alao inhMtad, but the degree of inhM-
tion was conslstantlylowerthan that of sad! roots. Com
pered to that of the wM-type, root elongation of sadi 
mutant pianta waa siso inNblted to a graatar extent iiy 
NaCI atraea (Figure 3B). 

Hyperoemotlc atreaa cauaea damage and even death 
to pliyiti. sadi mutant plants were more ssnsWve to 
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damage by high concantralionB of NaCI or mannitol (Fig-
uraa 3C and 31 .̂ Expoaura to 100 mM NaCI dM not 
kM Itw cotyladons of wM-typo laadfciga but kMad tha 
cotyiadonsinnaariySO%ofsadf laadMngi (Flgufa 3C). 

Mora thai 85% of sadf cotyladons wars kMad by 150 
mMNaCl.compafadtolaaa1han10%ofMild-typacoty-
Mofia (Rgurs 3C). Expoaimto 200 mM NaCllbrT days 
kMad moat sadf ••adMiga wharaaa virtuily ai wNd-
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type seedlings survived (Rgures 3C and 3F). Similarly, 
high concentrations of nuuinitol also caused signifi
cantly more damage to sadi seedlings as indicated by 
the greater proportion of sadi plants than wild-type 
having yellow O.e., damaged) cotyledons (Figure 3D). 

To test sensitivity to desiccation, sadi and wild-type 
seedlings were treated with 30% (w/v) polyethylene gly
col (PEG) to mimic drought stress, and leakage of elec
trolytes was determined as a measure of tissue damage. 
Seedlings of sadi showed sutjstantiaily greater ion leak
age, indicating that the nuitant is nwre sensitive to drought 
stress (Figure 3E). Compared to wiM-type plants, adult 
sadi mutant plants are approximately 60% smaller in 
size, with dark green, round leaves (Rgures 3G and 3H). 

The sensitivity of sadi mutant plants to other hor
mones was also investigated. With respect to root 
growth or hypocotyl elongation, no differences were 
observed between sacTT and the wild-type in response to 
treatments with «p/-brassinosteroid, 2,4-0, gibberellic 
acid (GAG) arxJ the ethylene precursor aminocyclopropane-
1-cartioxylic acid (ACC) (Rgure 4 and data not shown). 
Application of GAi to soil-grown sadi seedlings until 
bolting (which involved spraying with 10 m.M GAj, twice 
weekly) did not significantly rescue the short stature of 
sadi (data not shown). Unlike for the wild-type, root 
elongation in sadi plants was not stimulated by 1% 
glucose, yet the response to higher concentrations of 
glucose was similar to that of the wild-type (Rgure 5A). 

sadi Plants Are Defective in Drought-induced 
ABA Biosynthesis 
In the ABA-hypersensitive mutants, eral and abhl, in
creased ABA sensitivity is accompanied by a reduced 
transpirational water loss (Pei et al., 1998; Hugouvieux 
et al., 2001). In contrast, the sadi mutant plants showed 
increased transpirational water loss (Rgure 4E). sug
gesting that the mutant plants may be defective in sto-
matal regulation. To determine whether the defect was 
due to an ABA deficiency or to ABA insensitivity, both 
of which wouki lead to enhanced transpiration, ABA was 
applied and transpirational water loss was determined. 
Treatment with exogenous ABA reduced water toss 
rates in sadi plants at magnitudes similar to those ob
served for the wild-type, suggesting that, although sadi 
mutant plants do not appear to be hypersensithre to ABA 
in stomatal regulatkm under this particular treatment 
condition, they are not insensitive to ABA. 

The abilities of sadi and wild-type plants to synthesize 
ABA were quantified by gas chromatography mass 
spectrometry (GO-MS) analysis of total and heavy oxy-
gen-labeled ABA and ABA catabolites using plants sut>-
jected to drought stress within an "Oi atmosphere (Rock 
and Ng, 1999). As compared to the wikf-type, sadi plants 
synthesized significantly less ABA (Table 1). A 4-foki 
increase in ABA content was observed in wikl-type 
plants in response to drought stress. In contrast, there 
was only a slight increase in ABA content in sadi plants 
in response to drought stress. This increase was sî ifi-
cantly lower than that seen for the wild-type, whether 
measured as total ABA or as "Oj-anriched {i-B>. de novo 
synthesized] ABA (Table 1). In addition, the immediate 
catabolite of ABA, phaseic acid (PA), was observed to 
accumulate to a tower level in sadi plants than in ttie 
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Figura 4. Reaponsas al sadi Mutants to Ottwr Growtti Regulators 
and Glucose and ttw Rate of Transpiraiion Water Loss in sadi 
(A-O) Shown are relative new root growth (A, C, and D) or hypocotyl 
length (B) of wild-type and sadt seedlings tneasured at the ninth day 
after being transferred from MS medium to MS media supplemented 
with the indicated cotKentiations of (A) gkicose, (B and C) gibberellic 
acid (QA|), or (O) 2 |iM ACC. Closed symbols, wild-type; open sym
bols, sadT. Data are means £ SEM (n « 20). 
(E) Rate of tranapirational water loss from sadt and wild-type plants. 
Rosette plants were detached from soil surface, placed under 30% 
relative humidity and weighed at tlfe designated time points. Tran
spirational water loss was alao measured 4 hr after 100 )tM ABA 
treatment. Percent lots of fresh weight was calculated based on 
ttie initial weight of the plants. Error bars represem SEM (n - 3). 

wild-type (Table 1). The levels of ABA-glucose esters 
(cis-A -̂GE and (rons-ABA-GE) dM not differ signifi-
cantiy between sadi and wild-type plants (Table 1). 

PositkMial Cloning of the SADI Locus 
The mutant phenotypes described above imply a crucial 
role for SADI in regulating ABA and osmotic stress sen
sitivity and ABA homeostasis. Genetic analysis sug
gested that sadi is a recessive mutatton in a single 
nuclear gene (data not shown).  In order to ctone SADI, 
the sadi mutation was first mapped to a 130 kb region 
on chromosome 5 (Rgure SA). Then, two overlapping 
transfbnnatiGn-compatible bacterfal-artificial-chromo-
some (TAC; Liu et al., 1999) ctones (K24G6 and K19E20) 
covering this region, as well as a neighboring done 
(K20J1). were separately introduced into ttw sadi mu
tant plants by >lgrabacf«rftim-medtated transfbrmattoru 
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Figure 5. Positional Cloning and the Expression al SAD1 Gene 
(A) On the basis of the analysis of 2774 recombinant chromosomes, the SAD1 locus was mapped to the lower arm of chromosome V covered 
by TAG clones K24G6 and K19E20. Genetic camplementaHon delimiled SA01 to a 12 kb overlapping region between K24G6 and K19E20. 
Sequence analysis revealed a mutation in tlie predictad open reading frama of K24G6.1X 
(B) Amino acid alignments of the Afabidopala SA01 (accession AY034898) wiUi homologs from human (LSMS-human. accession CAB4S868), 
Orosophlla (CG6eiO, accession AAF5070 ,̂ C. •topans (F28f8J, accession CA803013), and & c»rmri$a» (LSMS-yaasl. acceuion NP-011073). 
The conserved glutamic acid (E) at position 12 is ciiangad to lysine (K) in the sadf mutant. Amino acids aia itiaded in blacit to indicate identity 
and In gray to indicate simila .̂ Dotted lines indicate gaps that ara introduced to maximiza alignmont. The a helix, Sm-I, and Sm-ll motifs 
are indicated. 
(C and 0) RNA Mot analysis of SAD1 expression in different plant parts (R. root; St, stem; F, flower; U leaves; S, siliquas) (C) and in seedlings 
treated with drought stress (0). Drought treatment was conducted by removing whole seedlings from tt>e soil and dehydrating them in ttw 
air for tiM indicated time period (hr). rfVIA (ethidium bromide staining) and 0-tubulin ware used as controls (or equal loading of the samples. 

Analysis of the progeny of transfonned sat/1 showed 
that transgenic expression of either K24G6 or K19E20 
compleinented ttw mutant phenotype (data not shown). 
In contrast, transgenic expression of clone K20J1 was 
unable to compleinent sadT. Tlwse results Implied timt 
the SAD1 gene resides in the 12 kb region of overlap 
between K24G6 and K19E20. 

Genomic DNA conresponding to this overlapping re
gion was amplified and sequenced firom wild-type and 
sadt plants. A single G to A nucleotide chaiige was 
found in sadT nHitant plants within the prsdlctad K24G6.13 
open reading frame. This gene was ckxied from wild-type 
genomic DNA and introduced into sadi mutant plants 
by Agrobacfanum-mediated traraformation. Thirty trans
genic plants were analyzed for plant size and the fl029A-
LUC expression phenotype. All were found to exhibit 
wild-tyfw phenotypes (data not shown), confinning ttiat 
the K24G6.13 gene indeed is SADI. 

SADI Encodes an Sm-like Protein 
The SMOt open reading frame was obtained liy compar
ing SADI getramac sequence with cONAs obtained by 

reverse transcriptian-PCR. SADI is predicted to encode 
a 9.7 kOa polypeptide of 88 amino acids (accession 
AY034886). Database searches revealed that the SADI 
gene product is most similar to LsmS proteins (Achsel 
et al., 1999; Thanin et al., 2000) from diverse organisms 
ranging from yeast to human ̂ gure SB). SADI shows 
70% identity and 89% similarity in amino acid sequence 
to human LsmS. and 31 % identity and 62% similarity in 
amino acid sequence to yeast LsmS. 

Hie sadi mutation results in a conversion of a higtily 
conserved negatively charged glutamic acid residue to 
a positively diarged lysine in the al helix outside of 
the Sm domain (Figure SB). Whereas the Sm domain is 
known to mediate Sm protein-protein interactkm (Her
man et al.. 1995; Kambach et al.. 1999) and Sm protein-
RNA interactions (Urlaub et al.. 2001). the functkm of ttie 
al helix, which lies on the surface of ad{acent 0-sheets 
(Kambach et al.. 1999), is unclear. Tlie fact ttiat tlie sadT 
mutation lies within the al helix suggests that al helix 
is required for full function of Lam proteins and likely 
for Sm proteins as well. 

The SADI gene transcript was found at k>w levels 
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Figure 6. Expression of ABA Signaling and ABA Biosynltiasis Gsnos in sadf undar Draught, ABA, and Salt Traatmants 
(A) Gane expression umJar ABA treabnatiL Seedlings gniwing in agar plates were treated until indicated concentrations of ABA for 1 hr. A 
3-tiJbulin gene was used as a loading control. 
(B) Gene expression under drouglit treatment Rosstta plants detacfiad frem Itie soil nvere dsltydialad to lose 20% fresh weight, and allowrad 
to incutwte at 100% relative humidity for 3 or 6 hr before RNA extraction. Time 0 repreaents a control without dehydration. A PP2A gene 
(accession U08047) was used as a loading control. 
(C) Gene expression under salt treatment. One-week-old leedllngt grxMring in soar plates ware transferred on to filter paper saturated with 
the indicated concentrations of NaQ and treated for 1 hr. A tubulin gene was used as a loading control. 

within all plant tissues (Rgura 5C). Transcript levels were 
not altered by drought stress (Figure 50) or t)y treatment 
with exogenous ABA (data not shown). 

Specific Regulation of ABA Signaling 
Genes by SA01 
As the only LsmS ortholog present within the Arabi-
dopsis genonie, SA01 may regulate several aspects of 
mRNA metabolism. Therefore, one might expect that 
tlie sadT mutation might have a general impact on me
tabolism of all mRNAs. To assess the global impact of 
thesadT mutation on gene expression, a cONAmicroar-
ray assay was conducted using sadi and wild-type 
seedlings that eitherwere untreated or treated with 100 
(iM ABA for 1 hr. It was found that the expression of 
only a very few genes was changed in ttie mutant relative 
to wild-type plants (data not shown). Among these, a 
protein phosphatase 2C (PP2C)-llke gene (accession 
41S9705) was found to have a lower level of expression 
In the mutant. RNA gel blot analysis confirmed that tran
scripts of tiys PP2C-like gene were at lower levels in 
sadi plants than In the wild-type following ABA treat
ments (Rgure 6A). whereas transcripts for a PP2Agen« 
(accession U08047) were found at similar levels within 
sadi and wild-type plants. Since this PP2C shows 50% 
similarity to ABI1 (also a PP2C but not included in the 
microarray), we prisbed the same blot with ABI1. Inter
estingly, the transcript levels in wild-type and sadf 
plants were similar, suggesting ttiat ABA induction of 
ABI1 is not impaired in sadi. 

Transcript accumulation of the PP2C-like gene was 
not induced by salt treatment and the low basal level in 
sadi did not differmuch from that of ttM wild-type plants 
(Figure 6C). Interestingly, the induction of ABI1 by salt 
in sadf was substantially reduced relative to that in wild-
type (Figure 6C). For example, ABI1 transcript abun
dance under ISO mM NaCI treatment in the wfld-type 
was 1.8 times higher than that in sadi (Figure 6C). 

SADI Regulates the Expression of ABA 
Blosynttiesis Genes through 
a Fe^back Loop 
Because sadi appeared affected in ABA homeostasis, 
we examined transcript levels for genes that encode 
enzymes involved in ABA blosynttiesis. These included 
ABA1 (encoding zeaxanthin epoxidase) (accession 
4757396), L0SS/ABA3 (encoding the molytxienum co-
factor sulfurase) (Xiong et al., 2001b), AA03 (encoding 
ABA aldehyde oxidase) (Seo et al., 2000), afid NCED 
(encoding 9-c/s-epoxycarotenoid dioxygenase) (acces
sion 5041970). For tMth the wild-type and sadi plants, 
transcript levels of AA03 and ABA3 were deariy en
hanced by treatment with exogenous ABA (Rgure 6A). 
In contrast, transcript levels for NCED was not induced 
by ABA treatment, and the transcript levels of ABA1 
were only slightly enharKed and then only by higher ABA 
concentrations. However, in sadi plants, the degree of 
ABA induction of the AA03 and ABAS genes was sub
stantially lower ttian that observed forthe wild-type (Rg
ure 6A). Additionally, the induced elevation of ABAS tran
scripts under drought stress was lower in sadi than in 
tlie wild-type (Rgure 6B). Alterations in ttw transcript 
levels from the AA03 gene was too low to be seen 
deariy writh our stress treatment (data not shown), «vhich 
was less severe ttian that employed in another study 
@eo et ai.. 2000). These data suggest that ABA positively 
fsecftMck regulates ttie expression of some ABA biosyn
thesis genes and that aadi mutation impairs this regu
lation. 

Since the sadi mutation reduces drought- and ABA-
regulated L0S5/ABA3 and AA03 gene expression and 
the products of ttiese genes function in the last step 
of ABA biosynthesis, namely the conversion of ABA-
aldehyde to ABA, we examined whettier this step might 
be impaired in sadi mutant plants. Rosette leaves of 
sadi plants converted exogenous ABA aMehyde to ABA 
at only one-third ttie levels seen for leaves of ttie corre
sponding wiM-type CTable 1). Levels of ABA catabolites 
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Table 1. The sattl Mutant Has Lower ABA Blosynttiesis Than Wild-Typa in Response to Drought Sims and Is Impairad in the Conversion 
of ABA-aldahyde to ABA 

Genotypa/Treatmant ABA e<t-ABAGE frans-ABA-GE PA "O-ABA Enrichment 
(percent of total) 

(pg/mg fresh wei ight of tissue) 

Experiment 1 
WT unstressed 90 = 20 1 r 1 1 = 1 6 : 3  — 

WT drought-stressed 430* : 130 2 r 1 10 = 6 29 : 13 33 : 6 
sadt unstressed 130 : 40 1 = 0.1 1 i: 0.5 4 : 2  — 

sadi drought-stressed 170' : 60 1 r 0.4 1 r 0.2 4 : 2  19" = 5 

Experiment II 
WT unstressed 220 = 90 9 : 2  5 = 1 NA -

WT drought-stressed 810* : ISO 13 = 3 19 r 7 NA 34 : 5 
aadi unstressed ISO : 70 7 = 1 14 r 9 NA — 

sadi drought-stressed 320* : 40 12 = 4 6 4 NA 22" : 6 

ABA-aldehyde Conversion 
WT 1044 = 178 12 = 0J 11 : 7 67 : 12 — 

sadi 338 : 55 4 r 1 5 i 1 6 : 4  — 

Drought stressed plants \were incubated under "OacN, atnMisphere for 8 (Experiment II) or 24 (Experiment I) hr, and unlabeled and "0-labeled 
ABA and catabolites [ABA-ghicose aster (CE) Isomers, phas  ̂acid (PA)] iwere quantified by GC-MS (Roch and Ng, 1999). For Experiment I, 
data are from two or three independent experiments. Results arc ttie mean = SEM of 3-8 samplM. 
'Significantly higher than unstressed wild-type plants (WT), p < 0.02. 
' Significantly lower than wild-type drought-treated plants, p < 0.03. 
'Significantly lower than wild-type "O enrichment, p < 0.0M (one-sided Student's t test, equal vaitanca assumed). 
NA, not analyzed. For ABA-aldehyde feeding, wild-type and sadT mutant rosettes were inflltialed with a ZS iî mL solution of ABA-aldehyda, 
incubated for 24 hr, and ABA and catabolites quantified by QC-MS. Data m* mean ± SEM (n • 3). 

(i.e., c/̂ -ABA-GE. trans-ABA-GE, and PA) in sadi plants 
were also much lower than those found in the wild-type 
(Table 1). This suggests that the lower ABA content in 
sadi is due to a decreased rate of conversion of ABA-
aldehyde to ABA, rather than an increased rate of ABA 
turnover. These data clearly decnonstrate that sadi is 
impaired in the conversion of ABA aldehyde to ABA. 

Discussion 

Compared to other mutants that are impaired in either 
ABA biosynthesis or sensitivity, sadi is unique in that 
the mutation affects both ABA sensitivity and drought-
induced ABA biosynthesis. Since SADI does not encode 
an enzyme involved in ABA biosynthesis, the impaired 
ABA biosynthesis under drought stress in sadi plants 
may t>e through a regulatory component(s) that modu
lates ABA biosynthesis. 

In the present study, we found that the transcript lev
els of several ABA biosynthesis geties are enhanced by 
ABA treatment This is partfcularly evident for AA03 and 
LOSS/ABA3. Previous studies showed that transcript 
levels for these genes are upregulatad by drought stress 
(Seo et al.. 2000; Xiong et al., 2001b). Our finding ttiat 
A403 and 1.0S5Mfi43 genes are adcWonaliy regulated 
by ABA suggests a feedback regulatory mechanism 
whereby an initial increase in ABA level under diought 
stress may result in an immediate speedup of the last 
step of ABA biosynthesis. This may contribute to quick 
and sustained physiological responses for plants under 
drought stress. It is likely that this ABA regulation is fins 
tuned t>y ABA sensitivity, i.e.. a higher sensitivity may 
downregulate this positive feedback, whereas a re
duced sensitivity may increase the positive feedback 
and result in increased ABA accumulation. This is sug
gested by ttie observation that sadi mutant shows a 

lower degree of transcript accumulation for ABA biosyn-
thetic genes under drou  ̂or ABA treatment It is intrî -
ing that not all ABA-responsive mutants have altered 
ABA biosynthesis. The eral (Cutler et al., 1996), fryl 
(Xionfl St al., 2001a), and abhl (Hugouvieux at al., 2001) 
are not impaired in ABA biosynthesis. The specific de
fect of sadi in ABA biosynthesis indicates that only 
SA01 plays a critical role in regulating this feedback 
loop. The physiological significance of the sadi defect in 
the feedback regulation by ABA of the ABA biosynthesis 
genes AA03 and LOSS/ABA3 is further underscored by 
the results of the ABA-aldehyde feeding experiment 
which indicate that the sadi mutant is defective in the 
final step of ABA biosynthesis—the conversion of ABA-
aldehyde to ABA. Bet̂ se both ABA3 and AA03 func
tion in the last step of ABA biosynthesis, reduced ex
pression of both genes would be expected to cause a 
nnore drastic reductkin in ABA btosynthesis than either 
one alone. Consistent with this idea, Seo et al. (2000) 
found tint aba3aao3 double mutant had the strongest 
ABA deficiency phenotypes. 

The wkle range of ABA and osmotic stress-related 
mutant phenotypes in sadt suggests that the SADI lo
cus encodes an important negative regulator in an early 
step of ABA signaling. To our surprise, the SADI se
quence implies that it encodes an Sm-like (Lsm, for Like-
)̂ snRNP protein. Lsm proteins were identified as a 

conserved family of proteins that are structurally related 
to ttie Sm proteins. Sm proteins are a family of small 
protm'ns that assemble the core component of spliceo-
scmmi aiiRNPs and have been found in all eukaiyotes 
and in prokaryotes ̂ algado-Ganrido et al., 1999). Lsm 
proteins are multifunctional molaculas that modulate 
RNA metabolism such as splicing, export and degrada
tion (He and Partcer, 2000). Recent studies show that 
the yeast ring-shaped Lsml-Lsm7 and Lsm2-Lsm8 hep-
tameric complexes function In mRNA decapping and 
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decay and in U6 snRNP biogenesis forpre-mRNA splic
ing, respectively (Achsei et a!., 1999; Bouveret et al., 
2000). Therefore, SA01 may be involved in mRNA me
tabolism in plants. 

One possibility is that tlw sadl mutation affects the 
decay rate of mRNA for an early component(s) in ABA 
signaling. The that both the LUC Ouciferase gene) 
and endogenous RD29A transcript levels are higher in 
sadT than those in the wild-type suggests ttiat sadT 
mutation does not specifically affect the RD29A or LUC 
transcript turnover since LUC and RD29A are unrelated 
in nucleotide sequence. Thus, SA01 must directly or 
indirectly regulate the upstream signaling events ttiat 
control gene transcription. Because low temperature 
gene regulation and responses to other hormones such 
as ethylene, cytokinin, and brassinolides are not signifi
cantly critered in the mutant, sadi appears either specifi
cally to affect ABA and osmotic stress responses or to 
have a relatively more significant impact on ABA and 
osmotic stress signaling. 

Consistent with the ABA- and osmotic stress-specific 
phenotypesof sadT mutant plants, gene expression pro
filing using a cONA microarray suggests that sae/1 muta
tion does not affect general gene expression. Out of 
the 600 genes examined, only a few showed altered 
expression in sac/7 relative to the wild-type. Among 
these few are the protein phosphatase 2C-lil(e gene 
(accession 4159705) at\AABI1 (Leung etal., 1994; Meyer 
et al. 1994). Since PP2Cs encode negative regulators of 
ABA signaling (e.g., Sheen, 1998; Gosti et al., 1999), the 
reduced ABA induction of nP2C may contrilNJte to the en
hanced ABA responsiveness in sadi. Similarly, the re
duced salt stress induction of ABI1 could contritiute to 
ttw enhanced osmotic stress responses in the nHitant. 
Interestingly, a lower basai transcript level for another 
PP2C gene has been reported in the ABA hypersensitive 
mutant abhl (Hugouvieux et al., 2001). Th  ̂observa
tions imply that the transcript of an early regulator's) 
of these PP2Cs may be the target of the SA01/ABH1 
machinery. 

It is noteworthy thatab/if also potentially affects RNA 
metatMlism since ABH1 encodes a nuclear mRNA cap 
binding protein (Hugouvieux et al., 2001). Among the 
insertion mutants we generated by T-DNA mutagenesis 
in the wild-type RD29A'LUC t>ackground (http /̂stress-
genomics.org/stress.fls/tools/mutants/arabid/T_DNA_ 
mutants/tablel .html), we also identified a T-ONA inser
tion in the putative nuclear cap Ijinding protein CBP80 
(accession At2g13540). This ebp80 mutant showed a 
diminished RD29A-LUC regulation in response to ABA 
and also exhibited altered responses to ABA at the ger
mination and seedling sta  ̂ (J.-K.Z., unpublished 
data). In yeast, the nuclear Lsm2 to LsmS heptameric 
ring complex, which contains the SA01 homdog LsmS, 
functions togirther with the cap bindittg complex (CBC) 
to mediate pre-mRNA splicing and export (for review, 
see Will and Luhimann, 2001). It is not yet known 
whether CBC and tlw Lsm ring complex interact with 
each other. In yeast two-hybrid assays, neither ABH1/ 
CBP80 nor CBP20 interacted with SA01 (LX, Y.G., V.H., 
J. Schroeder, and J.-KX, unpublished data). A second 
LsmS-containing complex in yeast is the Lsm1-Lsm7 
heptameric complex in ttM cytoplasm. This ring complex 
binds to the decapping protein Ocpl and functions in 
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Figuie?. A HypothaOc Model lor SA01 Modulation of ABA Signaling 
and Plant SansHivlty to Ovnciic Streaa 
SA01 i« part of the LSM ring-«hapad complex aMacting mRNA splic
ing, export, and dagradalion. Ttia tranacript(t) (or an unidentified 
eacty signaling compon«m(t) (ahown with a quaation morfcec) may 
have a high turnover rate. The sadf mutation impairs the full (unction 
of tlM LSM complex in mediating the degradation of transcript for 
this component This component may negatively regulate genes 
coding for negative ragulatcis of ABA signaling such as 2C-type 
protein phosphatases (PP2Cs). Reduced PP2C expression may con
tribute to the enhanced ABA sensitivity of seed germination, gene 
expression, and vegetative growth in sadf mutant plants. In addi
tion, drought and salt stress Induce ABA biosynthesis. ABA further 
stimulales the expression of tome of the tiiosynthesis genes through 
positive feedback regulaUork The unknown component may also 
regulate this feedback kmp, thereby leadbig to ABA-deficiency in 
sadT mutant piam*. In the text, an altamativa model is presented, 
vnhich hypothesizes that SA01 may dkactly participate in nuclear 
ABA perception and gene activation. 

the degradation of mRNA in the cytoplasm (Bouveret et 
al., 2000; Tliarun et al., 2000). With these important roles, 
Lsm proteins are indispensable and null mutants of 
yeast LsmS and other Lsm proteins are lethal (Tharun 
et al., 2000). In the present study, the tailure to isolate 
more sadf alleles despite the strong luminescence phe-
notype may be related to a severe consequence of null 
mutations, in addition to the small size of ttw SADI 
gene. The tact that sadT mutation is not lethal may be 
a consequence of the nature of the mutation, i.e., a 
single residue change in the al helix, which may not 
affect the general cellular function of the Lsnr complex 
tMit may impair tlw degradation/nwtabolism of certain 
specific or labile transcripts, for example, those that 
encode early ABA signaling components if these tran
scripts have a very high turnover rate (Rgure 7). It is 
well documented that protein tumoverthrough ubiquiti-
nation plays a pivotal role in controlling auxin serwitivity 
(del Pozo and Eitelle et al., 1999). Our findings on SA01 
together with those on /VBHI (Hugouvieux et al., 2001) 
point to a critical role of RNA nwtabolism in controlling 
ABA sigtwiing. 

It is also possible ttiat SAOl may have alternative 
functions, such as a role in nuclear ABA perceptkm and 
geiw transcription. Recent studtos in yeast and animals 
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have suggested that nuclear (i.e., CBC) or cytoptaamic 
O-e., elF4E) RNA cap tiindlng complex and other RNA 
processing machinery can mediate growth factor-regu
lated and stress-regulated gene expression (for review, 
see Wilson and Cerione. 2000). Lsm proteins interact 
with Dcp2/Psu1 (Fromont-Racine et al., 2000), a protein 
required for not only mRNA turnover but also regulation 
of nuclear receptors. Dcp2/Psu1 interacts in a ligand-
dependent manner with the ligand binding domain of 
several nuclear receptors including thyroid hormone, 
estrogen, retinoic acid, retinoid X, and vitamin D3 recep
tors, and is required for transactivation of gene expres
sion by the AF-1 activation domain of nuclear receptors 
(Gaudon et al., 1999). Therefore, Lsm proteins may regu
late the activity of nuclear receptors through Ocp2/ 
Psul -like proteins. As observed for retinoic acid biosyn
thesis in animals, abscisic acid is synthesized in plants 
by oxidative cleavage of carotenoids (Koomneef et al., 
1998). The overall similarity in the structures of ABA and 
retinoic acid suggests conserved mechanisms might 
exist for plant and animal homnone signaling in the nu
cleus. Although there is no protein encoded in the>Vab/-
dopsis genome that shows significant homology to 
animal nuclear receptors, the possibility that plant intra
cellular hormone receptors might have diverged from 
animal ones at the level of primary sequence cannot tie 
ruled out. Future studies may reveal whether there exists 
an intracellular receptor for ABA that is modulated by 
SA01 through Dcp2/Psu1 homologs. 

Exparimantal Procaduraa 

Plant Matarfala, Mutant Scraani, and Straaa Traalmanta 
Transgenic>(fatiMopste ehatfana of tiia C24 acolypa axpiaMing ttM 
fl03aA-LUC transgana (rafarrad to aa Itia wlld-ty )̂ war* mutagan-
izad with ethyl mathanasulfonata. Mutant isolation and straaa traat-
ments waia aa described (Ishitani at al., 1997). For luwinaacanca 
imaging, seedlings growing in MS agar plataa (IsMtani et aL, 1997) 
were sprayed unifonnly with 1 mM lucifefin In 0.01% Triton X-100 
and itept in ttie dark for S min before taking imagaa. AH images wata 
acquired with a 5 min exposure tima, using a thermcelectrically 
cooled CCD camera (Princeton instruments, Tranton, NJ) as de
scribed (Ishitani at al., 1997). The luminawanca intensity of individ
ual seedlings waa quantifiod with the Win View software provided 
by the camera manufacturer. 

Oarminatlon and Straaa Tolecanca Assays 
For germination assays, approximalaiy 100 seeds each from sac/T 
and tile wild-type were planted in triplicate on filter papers soaked 
with distilled water or with dHfeient concentrations of ABA or NaCI. 
Germination (emergence of radicals) waa scored daily for 10 days. 
Three separate experiments were conducted and similar reaults 
were obtainad. For the assay of salt and drougtn sensitivities, wikl-
type and sadi seeds were germinated on MS agar piata and trans
ferred to MS agar plates supplementad virith diftarant concentrationa 
of NaCI or mannitol. Seedling damage (numtMr of ssadlings with 
yellow or dead cotyledons) waa scared daily up to 2 waaka. On ttie 
medium containing 200 mM NaCI, only seedlings ttutt davetopad 
true leaves tturt were green were consldetad to tiave survived Um 
stress. For ttia PEQ-inducad ion leakage aaaay, lOsiay-old seed
lings were placed on filler paper saturatad with 30% polyethylene 
glycerol (molecular weight. 6,000). After 5 hr incubaUon under OgM. 
the seedlings wera briefly rinsed in defonizad water and immadMeiy 
placed in glass test tubes containing 2 ml daionized water. Tha 
samplea ware shaken overnight and conductMly was measured 
poong et aL. 2001a). Tha tubes containing tha samples were than 
autoclavad id shaken ovai night and the conductivity measuranient 
repeated. Tha ratio of the conductMtias maesurad bafor* «d Mar 

autodaving coiraspondad to the ion leakage and was expressed 
as a percentage. 

fWAAnalyaia 
Tervdaysaki saedKnga grown on MS agar plates were treated with 
low tsmperatura, ABA, or PEG. The respective treatment conditkma 
were as stated in the text. Total RNA from control or treated plants 
was extracted and analyzed aa pravfeNJsly described (Lae et aL. 
2001). 

ABA Measurements and ABA-aldahyda reeding Assays 
For ABA measuramams. tlwea to five shoots of 4>week-«kl wikl-
type and mutant plants ware frozen immediataly for unatrassed 
controls or for drought-streaa treatments Mown with a cool air 
stream until 1S% of the fresh weight was lost, toliowed by 8 or 24 
hr under a 20%M% "Oi:N] atmosphere. ABA and catabolitea were 
purified and quantified tiy QC-MS as prevkMJSly descriljed (Rock 
and Ng, 1999). 

For ABA-aldahyde feeding experiments, irMact rosettes were infil
trated with a 2.S |ig mL. ' aquaoua solution of cIs-ABA-aldehyde 
containing 0.05% (v/v) Twaen-20 and inculiated (or 24 hr. As a 
nagalivecantrol.autoclavad wild-type rosettes ware also incutMrtad 
with ABA-ahJehyde. The rosettes were immediataly frozen in liquid 
nitrogen (or quantification of ABA and cataboUtes. No conversion 
of AM^aidehyde was observed in ihe autoclaved control. ABA-
aMehyde was the kind gift of Or J.A.O. Zaevaart, MSU-OOE Plant 
Research Laboratory, Michigan Stale University, East Lansing, Ml. 

Oenetic Mapping and Oene Cloning 
For genetic mapping of «adl mutation, sacff was crossed with wikl-
type plants of Ihe Cokanbia ecotype. The resulting F, plants were 
aHowad to self and the Fi seeds ware collected. Homozygous sadT 
mutants in tlw sagrsgatkig F, population were selected based on 
their ABA-hypersansitive kanhiescence. Mapping of ttie mutation 
was carried out aa deacribad previously (Lee et al., 2001). The trans-
formation-campatible artificial chromosome (TAC; Liu et aL. 1999) 
clonae K24Qe. K19E20, and K20J1 were transferred into sadT mu
tant plants by AorobacfarAim-madiatedinfiltratiotuTi andTiplants 
ware analyzed (or kaninescetKeexpreaaion and acorad for morpho
logical phanotypes.Ger»omlc DMA in ttie region overlapped by tioth 
clonea waa amplified from sadT and the wikl-type plaM by PCR 
and sequenced. ComplenientatyDNA of SAOl waa otitalned by RT-
PCn and cloned into pBluescript and sequenced. Genomic ONA 
including ttie SADI coding region and 13 kb of S'-upstream se
quence was PCR amplMad and cloned into the binary vector 
pCAMBlAl200 and transferred into sadf plants by tha Agrobacfar-
k«n.mediated (lower dipping method. Plants ol the T| generation 
ware analyzed (or kaninescance and visible phenotypes. 
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THE ARABIDOPSIS LOS5/ABA3 LOCUS ENCODES A MOLYBDENUM 

COFACTOR SULFURASE AND MODULATES COLD AND OSMOTIC STRESS-

RESPONSIVE GENE EXPRESSION 
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The Arabidopsis LOS5/ABA3 Locus Encodes a Molybdenum 
Cofactor Sulfurase and Modulates Cold Stress- and Osmotic 
Stress-Responsive Gene Expression 

Liming Xiong, Manabu Ishitani, Hojoung Lee, and Jian-Kang Zhu  ̂
Department of Plant Sciences. University of Arizona, Tucson, Arizona 85721 

To understand low temperature and osmotic stress signalhg in plants, we isolated and charactarized two allelic Aratji* 
dopsis mutants. losS-1 and 1035-2, wtiich are impaired in gene induction by cold and osmotic stresses. Expression of 
RD23A-LUC (the firefly luclferase reporter gene under the control of the stress>responsive RD29A promoter) in re
sponse to cold and salt/drought is reduced in the tes5 mutants, but the response to abscisic acid (ABA) remains unal-
tered. RNA gel blot analysis indicates that the tos5 mutation reduces the induction of several stress-responsive genes 
by cold and severely diminishes or even completely blocks the induction of RD29A, COR1S, COR4Z, R022, and PSCS by 
osmotic stresses. losS mutant plants are compromised in their tolerance to freezing, salt, or drought stress. losS plants 
are ABA deficient, as indicated by increased transplrational water loss and reduced accumulation of ABA under 
drought stress in the mutant A comparison with another ABA-deficient mutant, abal, reveals that the impaired low-
temperature gene regulation is specific to the tosS mutation. Qenetic tests suggest that tosS is allelic to aba3. Map-
based cloning reveals that L0S5/ABA3 encodes a molybdenum cofactor (MoCo) sulfurase. MoCo sulfurase catalyzes 
the generation of the suifurytated form of MoCo, a cotactor required by aldehyde oxidase that functions in the last step 
of ABA biosynthesis in plants. The LOS5/ABA3 gene is expressed utilquitously In different plant parts, and the expres
sion level increases in response to drought, salt, or ABA treatment Our results show that LOSS/AS A3 is a key regulator 
of ABA biosynthesis, stress-responsive gene expression, and stress toleranca 

INTRODUCHON 

Plants respond to environmental challenges in part by alter
ing their gene expression profiles, which ultimately leads to 
various adaptive responses at the cell and whole-plant lev
els (Bray. 1993: Ingram and Bartel. 1996; Zhu et al., 1997: 
Thomashow, 1999: Hasegawa et ai., 2000). One important 
regulator of plant responses to abiotic stress environments 
is the phytohomione abscisic acid (ABA). ABA is involved in 
plant responses to abiob'c stresses such as low tempera
ture, drought, and salinity as well as the regulation of plant 
growth and development, including embryogenesis, seed 
domiancy, shoot and root growth, and leaf transpiration 
(Koomneef et al.. 1998; Leung arxj Giraudat, 1998; McCourt, 
1999; Rock, 20CO). Evidence for a roie of ABA in stress-
responsive gene regulation in plants has been twofold. Rrst. 
under cold, drought, or salt stress conditions, plants accu
mulate increased amounts of ABA, with drought stress 
having the most prominent effect on ABA accumulation. 

' To whom coaespondence should be addressed. E-mail jkzhuOag. 
an20na.edu; fax 520-621-7186. 

Second, the expression of many stress-responsive genes is 
induced by exogenous ABA. and their stress inducibllity is 
decreased in mutant plants defective in ABA biosynthesis or 
responsiveness. 

Genetic analysis based on the inhibitory effect of ABA on 
seed germination has yielded mutants with reduced ABA 
biosynthesis or altered ABA responsiveness (Koomneef et 
aL, 1998; Leung and Giraudat, 1998; McCout. 1999; Rock. 
2000). The fomier group of mutants in Arabidopsis includes 
abal, aba2, and aba3. The ABA1 gene encodes a zeaxan-
thin epoxidase that functions in an early step of ABA biosyn
thesis by converting zeaxanthin to violaxanthin. Molecular 
cloning of ABA2 or ABA3 has not been reported thus far. 
Common phenotypes of these aba mutants include loss of 
seed dormancy, germination resistance to NaCI stress, and 
withering when transferred from high humidity to low humid
ity conditions. The use of ABA-defident mutants along with 
ABA-resporetve mutants in stress gene regulation studies 
led to the notion that stress-resporsive gene expression in 
plants is mediated by both ABA-dependent and ABA-inde-
pendent pathways (Shinozaki and YamagucH-Shinozaki. 
1997; Leung and Giraudat, 1998; Thomashow, 1999; Rock. 
2000). Although the molecular mechanisms underlying the 
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differences between ABA-dependent and ABA-independent 
gene regulation are unclear, analysis of the promoters of 
stress-tesponsive genes and the isolation of transcription 
factors that activate these genes support the notion that 
there are distinct regulatory mechanisms for the different 
pathways. The ABRE (ABA-responsive element) complex in 
these promoters medî es gene induction by ABA(Guiltinan 
et al.. 1990; Yamaguchi-Shinozaki and Shinozaki, 1994; 
Shen and Ho, 1995; Vasil et al.. 1995), whereas the ORE/ 
CRT (dehydration-responsive element) mediates cold and 
osmotic stress responsiveness independently of ABA 
(Yamaguchi-Shinozaki and Shinozaki, 1994; Stockinger et al., 
1997). Despite these differences in transcriptional activa
tion. genetic analysis has indicated that the ABA-dependent 
and ABA-independent pathways have extensive interactions 
in controlling gene expressicn under abiotic stress (Ishitani 
et al.. 1997; Xiong et al., 1999a). 

We have been using a reporter gene approach to geneti
cally determine ABA and stress signal transduction in Arabi-
dopsis. ABA- and stress-resporsive bioluminescent plants 
were constructed by introducing RD29A-LUC, the firefly lu-
ciferase reporter gene under the control of the RD29A pro
moter (containing both ABRE and ORE/CRT elements; 
Yamaguchi-Shinozaki and Shinozaki, 1994) into Arabkjop-
sis. The RD29A-LUC plants were mutagenized, and mutants 
with abnormal bioluminescence in response to cold, drought, 
salt, or ABA were isolated (Ishitani et al., 1997). One group 
of mutants exhibited reduced luminescence responses to 
NaCi stress. Here we present the characterization arvj clon
ing of two allelic mutants from this group. 

These two mutants, designated losS-1 and losS-2 (/ovi ex
pressicn of osmotically responsive genes), show reduced 
expression of stress-responsive genes under both cold and 
osmotic stress corxiltions. Although the role of LOSS in the 
osmotic stress regulation of gene expression is mediated by 
ABA. the regulation of cold responsiveness by LOSS is not 
dependent on ABA. The function of LOSS in cold stress-
and osmotic stress-tesponsive gene expression is irvjepen-
dent of CBF/DREB1 or 0REB2A transcription factors. losS 
mutant plants are more susceptible to damage by flreezing, 
salt, and drought stresses, suggesting that LOSS is critical 
(or plant stress tolerance. The mutant plants also show en
hanced transpirational water loss and accumulate less ABA 
in response to drought stress. Allelic tests show that lOsS is 
allelic to the aba3 mutation. Map-based cloning of LOSS/ 
ABA3 reveals that it encodes a putative molybdenum cofac-
tor (MoCo) sulfurase that catalyzes the sulfuration of the 
desulfo form of MoCo, which is consistent with previous 
findings that the aba3 is impaired in the introduction of sul
fur into MoCo (Schwartz et al., 1997a). Sulfuiylated MoCo is 
a cofaaor of ABA-aldehyde oxidase that functions in the 
last step of ABA biosynthesis. Expression of the LOSS/ABA3 
gene is upregulated by ABA. salt, and drought stresses. 
These data provide important insights into ABA biosynthesis 
and significantly further our understanding of stress gene 
regulation and stress tolerance. 

RESULTS 

Isolatian of Arabidopsis Mutants wUi Reduced 
M>29A-LUC Induction by Salt Stross 

Seed from ArabkJopsis plants expressing the RD29A-LUC 
trans gene (referred to as wild type) were mutagenized with 
ethyl methanesulfonate, and seedlings of the generation 
were screened for mutants with altered regulation of the 
transgene (Ishitani et al., 1997). One group of mutants was 
isolated that exhibit a clear reduction in NaCI-induced tumi-
nescenca Two allelic mutants, designated/os5 {josi to /os4 
are mutants with specific defects in low temperature signal
ing; J.-K. Zhu, unpublished data), that show reduced lumi
nescence induction in response to both NaCI and cold, were 
chosen for detailed characterization. 

As shown in Figure 1, the luminescence inter̂ sities in los5-1 
mutant seedlings were considerably lower than those in the 
wiW type when treated vwth coW (0°Q for 48 hr (Fgure 1B) or 
with 300 mM NaCl fbr S hr (Rgure 1F). In contrast, the lumines
cence expression in response to ABA (100 (jlM for 5 hr) was not 
lower ttian that In the wiM type (Figure ID). Without stress treat
ment there was virtually no luminescence expression in either 
the wild type or the losS mutant Quantification of the lumines
cence intensities in Figure 1 indcates that tfie levels of RD29A-
LUC expression in losS-1 seedlings were only 8 and 2% of the 
wild-type levels fbr cokJ and NaCI treatments, respectively, 
wtiereas the expression levels under ABA treatment were virtu
ally the same fbr the mutarit and witel type (Figure 1G). 

To determine whether the losS mutant has an altered 
threshold response to either cold or salt stress, different low 
temperatures or NaCI dosages were applied and the lumi
nescence expression in losS and wild-type plants was quan
tified. The results show that losS mutant plants exhibited a 
consistently lower luminescence expression under the tem
peratures tested (Rgure 1H), and increased NaCI concentra
tions also did not result in the recovery of expression to 
wiM-type levels (Figure IQ. These findings indicate that the re
duced responsiveness to coM or osmotic stress in tosS is not 
attritxjtabie to altered nxluction tfveshokJs of these stresses. 

losS-1 mutant plants were backcrossed to the wild-type 
plants. Analysis of luminescence expression of the F, seed
lings and the selfed Fj population indicated that/osS is a re
cessive mutation in a nuclear gene (Table 1). Pairwise 
crosses with other mutants that also show reduced lumines
cence responses to NaCI treatment identified a second 
allele, losS-2 (Table 1). The tosS-2 mutant has identical phe-
notypes aslosS-1 (data not shown). 

Radueod Q«n« Regulation by Salt, Drought, and Cold in 
tos5 Mutants 

To assess whether the losS mutation has a similar effect on 
expression of the endogenous RD29A as it has on the 
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Control CoU ma •C 0 
Twnpombwo «) NaCt eoncanMion (irM) 

ngml. LumineacanoePtMnatypes of tos5 Mutant Plants. 

(A) Morphology of wHd-type(lafl) and A»5-r (right) saadHngs on an agar plate. 
(B) Uvnineacance of (A) after hiw-tamperatufe treatmant at ITC for 48 hr. 
(C) Morphology of wfld-type (lafi) and losS-1 (right) aaadlngs on an agar plate. 
(D) Luminascenca of (O aflar treatmant wHh 100 |iM ABA for 4 hr. 
(E) Morphology of wild-type (laft) andtos5-r (hght) aaadfeiga on Mer paper saturated virith 300 mM NaCL 
(F) Lunnlneacance of (E) after S hr of 300 mM NaQ treatment 
(Q) Quantitalion of the lumineacence intensitiea of wld-type and Aos5-1 plants in raapcnae to cold (0*C for 48 hr), ABA (1 OO |iM for 4 hr). or NaCI 
(300 mM for 5 hr) treatment as shown in n, (D), and (F)- Abo shown are data for untreated plants (control). 
(H) Low temperature dosage-faaponae curves. Treatments at -S or -10  ̂lasted for 3 hr, foOowed by incubation at room tamperalura for 2 hr. 
Treatment at other tempeututna lasted for 48 hrtjefora Imaging. 
(I) NaCI dosage raaponse cuve. Traatment time was 3 hr. 
The color scale at right siwwa the luminaBoiceinlgnalty from dartt blue dowaat) to wh>e(Ngheal). Ota In (0)10 J) tepreaantmaana and rsei(n = 
20). Open symbols, wid type (WT); dosed symtxils. loaS-1. 
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Table 1. Genetic Analysis of the losS Mutation* 

Crosses (female x male) 

P, F2 

Crosses (female x male) 
Wild 
Type Mutant Wild Type Mutant 

Wild type X /os5-7 58 0 1023 336 
Wild type X /os5-2 21 0 440 135 
/0S5-I •< los5-2 0 14 
losS-l < abal'1 6 0 
aoa2-1 x tos5-t 20 0 
losS-i X abaS'l 0 29 

'Values shown indicate number of plants ttiat showed wild-type or 
mutant luminescence phenotypes in response to NaCI treatnrwnt. 

RD29A-LUC transgene, RNA gel blot analysis was per
formed with total RNA isolated from losS-1 and wild-type 
seedlings that were not stress treated (contrcO or that were 
treated with cold (0°C) for 24 hr, 100 m.M ABA for 2 hr, 300 
mM NaCI for 3 hr, or 30% polyethylene glycol (PEG) for 5 hr. 
The results show that whereas ABA Induction of the endog
enous RD29A was not affected substantially, NaCI induction 
was blocked almost completely by the losS mutation (Rgure 
2). The mutation also clearly reduced RD29A expression In 
response to cold treatment. To determine whether the effect 
of NaCI was caused by ionic or osmotic stress, PEG (aver
age molecular weight, 6000) was used. The steady state 
transcript level of RD29A was greatly reduced in losS In re
sponse to PEG treatment (Figure 2). This indicates that the 
losS mutation reduces gene expression under osmotic stress. 

The losS mutation also has dramatic effects on the ex
pression of other stress-iesponsive genes under osmotic or 
cold stress treatment. Several stress-responsive genes, in
cluding C0R15A (Lin and Thomashow, 1992), KIN1 (Kurkela 
and Franck. 1990). COR47 (Gilmour et al., 1992), RD22 
(Yamaguchi-Shinozaki et al.. 1992), and P5CS, were ana
lyzed. The losS mutation almost completely blocked the os
motic stress induction of C0R15A, KIN1, and P5CS (Rgure 
2). It also substantially reduced the induction of R022 and 
COR47 by NaCI and PEG. Interestingly, whereas ABA in
duction of C0R47 was enhanced by the losS mutation, the 
Induction of COR15A and P5CS by ABA was reduced by the 
mutation (Rgure 2). As a control, the transcript level of an 
actin gene was determined, and the results show that its ex
pression was not changed by stress treatnients and was not 
substantially different between the mutant and the wild type 
under their respective treatments (Rgure 2). 

losS Mutant Plants fin More Scnsltitf* to 
Freezing Stress 

The reduced expression of RD29A and other stress-respon
sive genes in tosS might have an impact on the stress toler

ance of ttie mutant plants. To test the sensitivity of /os5 
mutant plants to low temperature, losS-1 and wild-type 
plants were incubated at 4°C for up to 4 weeks. No signifi
cant difference in growth was found between the mutant 
and the wikj type, indicating that LOSS is not critical for 
chilling resistance. To determine whether losS mutant plants 
are defective in cold acclimation, wild-type and /os5-7 ro
sette plants growing in soil (Rgure 3A) were cold acclimated 
(4°C under light) for 48 hr. The plants were then treated at 
-7°C for 5 hr. After incubatton in the growth chamber for i 
day, a clear difference was observed: whereas 97% of the 
wild-type plants survived -7°C freezing, all /os5-7 mutant 
plants were killed (Rgure 3B and data not shown). These re
sults show that tosS mutant plants have reduced freezing 
tolerance. 

/os5 Mutant Plants Are More Sensitive to Drought and 
Salt Stass Damage 

Steady state RNA levels, as shown in Rgure 2, revealed a re
markable reduction in /os5-7 mutant plants in the expres
sion of stress-resporBive genes in response to salt or 
drought (i.e., PEG) treatments. Except for the P5CS (A'-pyr-
roline-S-cartJoxylate syrrthase) gene, the function of most of 
the genes examined is not clear. PSCS catalyzes the rate-
limiting step in the biosyrthesis of proline, a major osmolyte 
important for plant tolerance to freezing, drought, and salt 
stresses Qdn and Browse, 1998; Roosens etal., 1999; Hong 
et al., 2000). Proline contents in wild-type and tos5-7 plants 
treated with ABA or salt stress were measured. In the ab
sence of stress treatment (i.e., control), tos5- 7 mutant plants 
had a slightly higher proline content than wild-type plants. 
The proline content in both /os5-7 and the wild-type plants in
creased in response to 150 mM NaCI treatment. However, 
the increase in tosS-l plants was less than that in wild-type 
plants. The/os5-7 mutant and the wild-type plants had similar 
proline contents wfien treated with 50 (iM ABA (Rgure 4A). 

To detemiine the drought sensitivity of tosS mutant plants. 
tosS'l and wild-type seedlings were treated with 30% PEG. 
and electrolyte leakage was measured as an indicator of 
drought-induced celular damage. Although /os5-7 seedlings 
had higher electrolyte leakage than the wild type even with
out stress treatment. PEG treatment resulted in an electro
lyte leakage in the mutant that was twice as great as that in 
wiki-type plants (Figure 4B), indk:ating that tosS mutant plants 
are more sensitive to dought stress. 

Although /os5-7 mutant seeds were more tolerant of NaCI 
stress at germinatksn, mutant root growth did not differ from 
that of the wild type in terms of NaCI sensitivity (data not 
shown). Despite similar levels of inhibition of root growth by 
NaCI stress, losS-1 mutant plants showed increased sensi
tivity to NaCI in the shoot. At NaCI concentrations of 75 mM 
or greater, losS-1 mutant seedlings became yellowish and 
were killed by prolonged exposure to the stress, whereas 
wild-type plants suvived (Rgure 4C and data not shown). 
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WT losS-l 

Actin 

C COM ABA NaCI PEG ' C Cold ABA NaCI PEG' 

RD29A 

COR15A 

COR47 

Rgure 2. Transcript Levels of Stress-Responsive Genes in tos5-f and Wild-Type Plants. 

Seedlings were either not treated (C: control) or treated with low temperature (Cold: (FC for 24 hr), 100 |î  ABA for 2 hr. 300 mM NaCI for 3 hr. 
or 30% PEG for 5 hr. Actin was used as a loading control. WT. wild type. 

losS Mutant Plants Pn Deficient In Stre8»lnduced 
ABA Accumulation 

In addition to changes in stress sensitivity, tos5 mutant 
plants also were altered in development. Under our long day 
growth conditions, /os5-7 plants flowered ~5 days earlier 
than wild-type plants. Besides having a more dark green 
color. /os5-7 mutant leaves were narrower and slightly ser
rated at the edge compared with the more round leaves of 
wild-type plants (Rgures SA and SB). In fact, tosS mutant 
plants can be distinguished from the wild type based on 
these leaf characteristics. These visible phenotypes are 
shared by the los5-2 mutant plants, cosegregate with the /osS 
luminescence phenotypes, and are present in losS-1 plants 
that had been backcrossed with the wild type four times. 

When the abovegroifid parts were detached from the 
roots at the rosette stage (Figure 5Q, the younger leaves of 
tosS-1 plants withered within 10 min under our room condi
tions (22 i 2°C. ~30% RH). In contrast, wild-type leaves re
mained turgid under the same conditions (Figure 50). The 
inflorescence of adult losS plants also readily became wilty 
when the plants were removed from growth chambers (22 ̂  
2°C. 90% RH) to our room conditions, whereas the wild-
type inflorescence remained turgid (Rgure SE). These obser
vations suggest that tos5 mutant plants may have a higher 
transpiration rate. Measurement of transpirational water loss 
showed that losS mutant plants lost water much fester than 

wild-type plants (Rgure 5F), indicating potential defects in 
stomatd regulation, which is a typical phenotype of ABA-
deficient and ABA-insensitive mutants. 

To determine whether losS mutant plants are deficient In 
ABA or insensitive to ABA. wild-type and /os5- / plants at 
the rosette stage were sprayed with 100 |j.M ABA 3 hr be
fore detaching the aerial parts for water loss measurements. 
Rgure 5F shows that whereas the ABA treatment did not 
significantly affect transpirational water loss from wild-type 
plants, the treatment reduced substantially the rate of water 
loss from losS-1 plants. This observation is consistent with 
ABA deficiency in losS-1 mutant plants and suggests that 
/os5-7 is not ABA insensitive. 

ABA contents in losS-1 and wild-type plants were mea
sured using an immunoassay. In the absence of stress treat
ment, ABA contents in the wild-type and /osS-1 leaves were 
essentiaiy the same (Table 2). When detached leaves were 
allowed to tose 30% of their fresh weight, ABA contents in 
both the wild type and the tosS-1 mutant increased. How
ever, the magnitudes of the increases were quite different. 
Whereas ABA content in the wild type increased by more 
than 300% in response to the water stress, the increase in 
losS leaves was only 80%, with the wild type having nearly 
250% as much ABA as in the mutant (Table 2). 

These data clearly show that losS-1 is an ABA-deficient 
mutant To determine whether tosS is allelic to known ABA-
defident mutants. losS-1 was initially crossed with aba 1 and 
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aba2. Analysis of the F, plants indicated that losS-1 is not al
lelic to either one (Table 1 and data not shown). When the 
aba3-1 mutant became available later, we crossed it to losS-1 
and analyzed the phenotypes of F, and Fj seedlings by lu-
ciferase inr«aging and water loss measurements. Lumines
cence images showed that the resulting F  ̂ seedlings had a 
low expression of luminescence when treated with 300 mM 
NaCI, indicating that losS is likely allelic to aba3. However, 
measurement of transpirational water loss in the F, seed
lings was less conclusive in part because, when crossed to 
the wild-type RD29A-LUC plants (C24 background), tlie 
aba3 ABAS heterozygous plants showed an incomplete re
cessive phenotype 0.e., the F, plants kwt water stower than 
abaS but faster than the RD29A-LUC wild type). Although 
the Ft plants {/osSlabaS) from a cross between tos5-7 and 
aba3-l lost water faster than the F, plants from a cross be

tween RD29A-LUC wlkl type and aba3-1, the water kies rate 
of losS-1/aba3-1 heterozygous plants was still tower than 
that in either tos5-7 or ata3-T (data not shown). The inter
mediate phenotypes probably are the result of the genetic dif
ferences between tiie two ecotypes (C24 versus Columbia). 

LOSS RefluiatM Cold Slras*-and Osmotic 
Stress • Responslw Oene Expression through 
Distinct Mechniinw 

Gene expression analysis in losS-1 mutant plants suggests 
a critical role for LOSS in the regulation of stress-responsive 
genes by salt and drought and, to a lesser extent, by cokj 
(Figures 1 arxJ 2). In our mutant screen, a second genetic lo
cus, L0S6. was defined by los6-1 mutant plants that show 

A Bef  ore  f reez ing 
- "ft. 5*-

T 

WT / O S  5 - 7 

B Af ter  f ree / i f i c i  

t -- -i;'J/ 
1 ^  LP i  

- » ^  r  
WT / o s 5 - 1  

0 V 

F=raa2ing Sansflivity of ta85-r Plants. 
(A) Plants before fraezing traetnmiL 
(Bt Plants af»arfraezinfltreatm«nt(-7Xlinr5hr). The photograph was tafcan 7 days aflarfreezinq U—liiHiII. 
WT.wfldtype. 
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Figure 4> Praline AccimulaUon and Osmotic Stress SensMvity of toaS-1 Mutant Plants. 

(A) Proine accumulation in tos5-? and wild-type plants that vMre untreated (Control) or treated witM 50 mM NaCI or 50 mM ABA. Data rapreeent 
means and ±SB ̂  = 3). 
(B| Oought sensitivity as measured by electrolytaleeliage in wNd-type and tosS-/ plants traeled with 30% PEG. Data repreeent means and £SES 
(n = 4). 
(C) losS-1 plants am more senaltivB to Nad stress. One-week-old losS-t, tos6/atef. and wild-type aeedBnga were transfetred from MutaaNge 
and Skoog (1962) nutrient agar medium to Muraahlge and Skoog agar plates without NaCI (0 mM NaCi) or wMh 100 mM NaCI. Note that tos5-r 
mutant ieavee were bleached as a reeuH a1 NaCI streea. The photograph was taken 3 weela alter tt>e aoedfciga were transfarred to the treatment 
plates. 
WT.w«dtype. 

reduced gene induction by salt/drought treatments (J.-K. 
Zhu, unpublished observation). Interestingly, genetic analy
sis showed that los6 is alleilc to abel. This provides an ex
cellent opportunity to study the role of ABA in the cold and 
osmotic stress regulation of gene expression by using the 
very sensitive and reliable RD29A-LUC reporter and com
paring two dlffarerrt ABA-deficierrt mutants, tos5 and los6. 
RD29A-LUC Induction by salt strees was reduced signifi
cantly in losS and los6 (Figure 6A). Interestingly, when ABA 

was administered simultaneously with salt stress, RD29A' 
LUC expression in tjoth losS and los6/aba1 was restored to 
ttw wild-type level or higher, indicating that exogenous ABA 
complements the reduced salt induction phenotype. This 
finding suggests that reduced gene induction by salt and 
drought in both tosS-l and los6/aba1 mutants can be ac
counted for solely by ABA deficiency. 

Gene induction tiy cold also was analyzed using these 
two mutants. Without stress treatment, fosS, like tos5 and 
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the wild type, showed no luminescence expression (data 
not shown). To our surprise, whereas the cold induction of 
RD29A-LUC in lasS-1 was reduced signfficantiy, the expres
sion in los6/aba1 was increased significantly (Figure 6B). 
This increased luminescence expression in los6 was ob
served consistently in numerous independent experiments. 
To test the roie of ABA in cold gene regulation, ABA was ad
ministered together with cold treatmerrt. Measurement of 
K323A-LUC expression showed that ABA treatment restored 

the luminescence expression in loa6 atal close to the wild-
type level (F^ure 6B). indicating that the increased cold in
duction in los6/aba1 may be an indirect consequence of ABA 
deficiency, in contrast, application of ABA to kjsS mutant 
seedlings tailed to restore RD29A-LUC expression to the 
wild-type level. In fact, tos5 plants did not appear to respond 
to this ABA treatment compared with cold treatment alone 
(Figure 6B). suggesting that the reduced gene induction tjy 
cold in tosS mutants is not a result of ABA deficiency. 
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Map-Based Cloning of the LOSS Gene 

To clone the LOSS gene, homozygous losS-1 mutant plants 
in the C24 ecotype were crossed with wild-type plants in the 
Columbia ecotype. The resulting Ft plants were allowed to 
self. Initially, the F; seeds were plated on Murashige and 
Skoog (1962) agar plates, and seedlings were analyzed for 
luminescence expression. Putative mutants were selected 
by their reduced luminescence expression under cold treat
ment as well as salt treatment. Selected seedlings then were 
transferred to soil, and adult plants were tested for the wilty 
phenotype under reduced humidity conditions. Simple se
quence length polymorphism markers distributed through
out the five Arabidopsis chromosomes that exhibit a size 
polymorphism between C24 and Columbia ecotypes were 
used for genetic mapping. The genetic mapping placed the 
LOSS locus on the upper arm of chromosome I, between 
the simple sequence lerigth polymorphism markers AtEATI 
and nga248 (Figure 7A). This region corresponds roughly to 
where the ABA3 locus was mapped (L6on-Kloosterziel et 
a!., 1996). Because most of the mutant seedlings selected 
after the NaCI treatment failed to survive, we later used the 
salt tolerance phenotype of tosS mutant seed during ger
mination to select mutants for mapping. Specifically, the 
segregating F, seeds were plated on agar medium supple
mented with 200 mM NaCI. a salt concentration that inhibits 
the germination of wild-type but not losS mutant seed. Puta
tive losS seedlings then were transferred to soil and later 
were confinmed by examination of their wilty phenotype. 

While the fine mapping of LOSS was in progress, genomic 
DNA sequence corresponding to the LOSS region was re
leased. Given the ABA-deficiency phenotype, the availability 
of genomic sequence makes it possible to select candidate 
genes to find the losS mutation. A detailed examination of 
the genes on bacterial artificial chromosome clones in this 
region (http://www.arabidopsis.org/cgi-bin/maps/5chrom) 
identified several candidates that could function in ABA bio
synthesis. Among them, the F19K19.13 gene on bacterial 
artificial chromosome clone F19K19 appears to be a good 
candidate (Rgure 7A). BLAST searches suggest that the 
predicated gene product has high similarity to MoCo sul-
furase from other organisms. Previous studies have indi
cated that the genetic lesion in aba3 affects the introduction 
of sulfur into the MoCo (Schwartz et al., 1997a) and that sul-
furylated MoCo is required by aldehyde oxidase (Schwartz et 
al., 1997a; Akat>a et al., 1998; Sagi et al., 1999), which func
tions in the last step of ABA biosynthesis (Schwartz et al., 
1997a). 

Genomic DNA corresponding to F19K19.13 was amplified 
by polymerase chain reaction (PCR) from wild-type and 
losS-1 mutant plants and sequenced. Comparison of the se
quences revealed a G-to-A change 1083 bp downstream of 
the predicted translation initiation codon in /os5-7. The 
F19K19.13 gene then was amplifiM from tos5-2 and se
quenced. Sequence analysis identified a G-to-A change in 
losS-2 1040 bp downstream of the predicted translation 

Table 2. ABA Content in losS and Wild-Type Plants Treated with 
Drought Stress (tig/g Fresh Weight)* 

Treatments Wild Type tos5-I 

Unstressed 0.74 = 0.04 0.70 r 0.08 
Stressed 3.06 0.24 1.27 r 0.10 

• Oata are means rSE (n = 3). 
"For drought stress treatment, detached rosette leaves were al
lowed to lose 30% of their fresh weight and then incutiated at 100% 
RH for 5 hr. See Methods for details. 

initiation codon. These results strongly suggest that the 
F19K19.13 gene is LOSS. 

The F19K19.13 gene product is predicted to function in 
ABA biosynthesis at a step corresponding to ABA3. Our ge
netic analysis also suggested that losS-1 likely is allelic to 
aba3-1 (Table 2). Together, these results strongly suggested 
that F19K19.13 is the L0SS/ABA3 gene. To test this hypoth
esis, we sequenced the F19K19.13 gene from aba3-1 and 
ata3-2 alleles, and the DNA sequences were compared 
with those from Columbia {aba3-1 background) and Lands-
berg (aba3'2 background) wild-type plants, respectively. 
Results showed that in aba3-1, a G-to-A change occurred at 
position 3707, whereas in the aba3-2 allele, there are three 
mutations in a row with a single nonmutated nucleotide 
spacing them; a G-to-A change at position 3176, a T-to-A 
change at position 3178, and a deletion of T at position 
3180. The nature of the mutations is consistent with the type 
of mutagens used: aba3-1 was caused by ethyl methane-
sulfonate, whereas aba3-2 was caused by -y-ray irradiation 
(L6on-Kloosterziel et al., 1996). 

/Ml of the changes in F19K19.13 DNA sequence in the four 
lo5S/aba3 mutant alleles are predicted to cause changes in 
the predicted open reading frame. Together, these data un
equivocally demonstrate that the LOSS locus is identical to 
ABA3 and that the LOSS/ABA3 gene is F19K19.13. After we 
identified the losS mutation, a third mutant allele of ABA3, 
frs1/aba3'3, was reported (Uorente et al., 2000). The freez
ing-sensitive phenotype and the degree of ABA deficiency in 
fr5l/aba3-3 (Uorente et al., 2000) are very similar to those in 
losS. For consistency, we propose to rename losS-l as 
aba3-4 and losS'2 as aba3-S. 

L0S5/ABA3 Encodes a Molybdopterin 
Cofactor Sulfurase 

To obtain the cONA sequence of LOSS, reverse transcrip
tase PCR was performed with mRNA extracted from 
wiM-type Columbia plants. The reverse transcriptase PCR 
product was cloned and sequenced (accession number 
AY03489S). After the LOSS cONA was cloned, an identical 
sequence (accession number AF325457; submitted by F. 
Bittner and R.R. MendeQ was released in GenBank. Com-

http://www.arabidopsis.org/cgi-bin/maps/5chrom
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Rgura 6. Cold Stress or Salt Stress Regulation of RD29A'LUC Expression in Wild-Type, losS-1, and los6/aba1 Seedlings as Affected by Exog
enous ABA. 

(A) Salt stress responsiveness In /osS-T and losS-l mutants is rescued by application of ABA. 
(B) Cold responsiveness in /osS-T mutant is not rescued by application of ABA. 
Data are means and -SES (p = 20). Cold, 0°C for 48 hr; A  ̂100 (iM ABA for 4 hr Na, 300 mM NaCI for 4 hr; WT, wild type. 

parison with genomic DNA sequence revealed that the 
LOSS gene consists of 21 exons and 20 introns (Figure 7B). 
The open reading frame consists of 2457 nucleotides and is 
predicted to encode a protein of 819 amino acids with an es
timated molecular mass of 91.8 kD. 

The tosS-l mutation occurs at the 4th exon and changes 
a tryptophan residue at amino acid position 120 to a stop 
codon and thereby truncates the protein. The losS-2 muta
tion also occurs at the 4th exon and changes a small glycine 
residue at position 106 to a larger, negatively charged 
glutamic acid residue. The aba3-1 mutation occurs at the 
13th exon and changes a glycine at position 469 to a 
glutamic acid residue. The aba3-2 mutation occurs at the 
junction tietween 10th and 11th exons. The aba3-2 mutation 
changes the leucine residue at position 387 to a stop codon 
and thereby truncates the protein from the 11th exon (Rg-
ures 7B and 8). 

Database searches showed that LOS5/ABA3 has high se
quence homology with the molybdopterin cotector sulfurase 
(MCSU) recently identified from cattle (Watanabe et al., 
2000), which belongs to a highly conserved protein family 
found from bacteria to humans (Rgure 8). Overall, the LOSS 
protein has 35% amino acid sequence identity and 53% 
similarity to the human homolog, 34% identity and 49% sim
ilarity to the Mai protein of Drosophila melanogaster, 35% 
identity and 51 % similarity to MCSU of cattle (Watanabe et 
al., 2000), and 31% identity and 48% similarity to the HxB 
protein of Aspergillus nidulans (Amrani et al.. 1999). The en
tire sequence of LOS5/ABA3 appears to consist of three 
domains. The N-terminal domain shows high sequence ho
mology with the class V pyridoxal 5' phosphate-dependent 

aminotransferases of type I fold, represented by the isopen-
icillin N epimerase, phosphoserine aminotransferase, aspar
tate decartioxylase. the small subunit of cyanobacterial 
soluble hydrogenase, and the NifS proteins from Azoto-
bacter vinelandii. Recently, the structures of several NifS-
like proteins were solved (Fujii et al., 2000; Kaiser et al., 
2000), thus making it possible to identify conserved motifs 
in the NifS-like domain of L0SS/ABA3 (Figure 7C). This in
cludes a putative pyridoxal phosphate (PLP) binding motif 
and a conserved cysteine motif (Rgure 70). The key resi
dues in these motifs are marked in Rgure 8. It is noteworthy 
that several putative proteins in the Arabidopsis genome 
show significant sequence similarity to this NifS-like domain 
(data not shown). The second domain, the junction that con
nects the NifS-like domain to the C-terminal domain, shows 
little sequence homotogy with other proteins except among 
members of this MCSU tamily. The C-terminal domain 
shows significant sequence similarity wtth a group of un
known proteins found in both Arabidopsis and other organ
isms. However, the ArabMopsis genome does not contain 
any other protein with significant overall sequence homol
ogy with the full-length L0S5/ABA3 protein, implying that 
LOSS/ABA3 is a single-copy gene in the genome. 

LOS5/ABA3 Is ExprMsed Ubiquitously, and Its 
Exprasaion Is Enhanced by ABA and Drought Strass 

To analyze the expressksn pattern of the LOS5/ABA3 gene, 
full-length LOSS cONA was used as a probe in RNA gel btot 
analysis, using total RNA extracted from different parts of 
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unstressed wild-type plants. The results indicate that LOSS 
is constitutively expressed at a relatively low level in ail plant 
parts examined, including roots, stems, leaves, flowers, and 
siliques (Rgure 9A). Interestingly, the transcript level of 
LOSS increased significantty in response to drought (Figure 
9B), ABA, NaCI, and PEG treatments (Rgure 9C). Cold treat
ment had no significant effect on LOSS expression (Rgures 
9C and 9D). The steady state LOSS transcript levels in losS-1 
seedlings were considerably lower than those in the wild 
type under the treatment conditions (Rgure 9D), suggesting 
that the mutant transcript with a premature stop codon may 
trigger RNA surveillance mechanisms that remove abnormal 
transcripts (Hilleren and Parker, 1999). 

The expression of LOSS also was analyzed in another 
ABA-deficient mutant atsaUl (Koomneef et al., 1982), and in 
an ABA-insensitive mutant, abi1-1 (Koomneef et al., 1984). 
The results Indicate that the induction of LOSS by osmotic 
stress In abal is not substantially different from that in the 
wild type. In the abi1-1 mutant, the induction of LOSS ap
peared slightly lower compared with that in the wild type 
(Rgure 9D). 

Compartoon between the Effects of tos5/a6«3, abal, and 
abll Mutations on Stress Qena Regulation 

In contrast to losS-1. the abaUl mutation did not decrease 
the induction of the RD29A transcript by cold or ABA (Figure 
9D). In fact, cold induction of RD29A appeared higher in 
abal-1 compared with that in the wild type. The aba1-1 mu
tation did decrease the induction of RD29A by NaCI or PEG 
stress, although the effect was not as dramatic as that of 
losS'1. The different effects on RD29A transcript induction 
caused by losS-1 and abal-1 were in general agreement 
with the findings on the effects of losS-l and losB-l (a differ
ent abal allele) on RD29A-LUC expression (Rgure 6). abal-1 
enhanced ADH {ALCOHOL DEHYDROGENASE) Induc
tion by cold and ABA but decreased the induction by NaCI 
or PEG stress (Rgure 9D). Again, this Is in sharp contrast to 
the findings with the losS-1 mutation, which decreased the 
ADH induction by cold, ABA, NaCI, or PEG (Rgure 90). Both 
abal-1 and losS-l nearly completely blocked RAB18 induc
tion by osmotic stresses (Rgure 90). However, losS-1 but 
not abal-1 also btocked RAB18 induction by ABA (Rgure 
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Rflure 7. Positional Cloning of LOSS and the Organizatkwi of the LOSS Gene and G«ne Product 

(A) LOSS was mapped to the upper arm of chromosome I and located on bacterial artificial chromosome ckxie F19K19. cM, contimorgan. 
(8) Structure of the LOSS gene and positkxis of/osS/abaS mutations. Positions are relative to the transiation initiation codon. Closed boxes indi
cate the open reading frame, and lines between txjxes indicate introns. 
(C) Overall structure of the LOSS protein. 
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Ftgur* 8. Sequence Alignment of LOSS and Its Homologs from Other Organisms. 

Residues shaded in black indicate identity, and those shaded in gray indicate similarity. Dotted lines indicate gaps that were introduced to max
imize the alignment. The putative PUP t>irKJing motif is solid underlinad, and the conserved cysteine motif is dash underfined. The conserved crit
ical lysine residue in the PLP domain is indicated with an asterisk, and ttie conserved cysteine residue is indicated with a square. Also shown are 
the positions of losS/at)a3 mutations (dosed circies indicate introduced stop codons). Sequence acceasfan numbers (or LOS5/ABA3 and its ho
mologs are as folkiws: L0S5/ABA3, AY03489S; human. BAA91354; fhjitlly (Mai protein of D. /nelinogasfw), AAF50901; catUe (MCSU of Bos 
taunis), BAA98133; and Aspergillus (HxB of A. nidulana), AAF22S64. 
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9D). Compared with aba1-1 or losS-1, the abiUI mutation 
had little effect on RD29A or ADH induction t)y osmotic 
stresses (Rgure 90). Nevertheless, the induction of RAB18 
by ABA, NaCI, or PEG was reduced in the abiUI mutant 
(Rgure 90). 

Because the CBF (Stockinger et al., 1997) and DREB2 (Uu 
et al., 1998) family of transcription factors is known to bind 
to the ORE element present in the promoters of RD29A and 
several other stress-responsive genes, we were interested 
in determining whether the stress induction of these tran-
scription factors is affected by the ABA-deficient or ABA-
insensitive mutations. The results show that the expresskm of 
the cold-specific CBF2/DREB1C is not affected significantty 
by losS-1/at3a3-4 or aba3-1 but is enhanced in the aba2-1 
mutant (Rgure 9E). It was reported that DREB2A is induced 
specifically by osmotic stress (Uu et al., 1998). Under our 
treatment conditions, DREB2A expression also was upregu-
lated by cold stress. Interestingly, whereas none of the ABA-
deficient mutations significantly affected the osmotic stress 
induction of DREB2A, losS showed increased cold induction 
of DREB2A compared with the wild type (Rgure 9E). 

DISCUSSION 

The phytohormone ABA plays many significant roles in plant 
growth and development and in plant responses to environ
mental stresses. Thus, understanding ABA biosynthesis 
pathways in plants is of critical importance. ABA biosynthe
sis mutants serve as excellent tools for understanding ABA 
biosynthesis and for studying gene regulation in response to 
stressful environments. In Arabidopsis and other plants such 
as maize, tobacco, and tomato, genetic analysis based on 
ABA promotion of seed dormancy has yielded a series of 
mutants that are defective in ABA biosynthesis (for recent 
reviews, see Koomneef et al., 1998; Cutler and Krochko, 
1999; Liotenberg et al., 1999). Characterization of these mu
tants along with biochemical studies have revealed that in 
plants, ABA is synthesized from an "indirect' pathway via the 
cleavage of a carotenoid precursor. The Arabidopsis abal 
mutant (and totiacco aba2) is defective in the epoxkJation of 
zeaxanthin and antheraxanthin to violaxanthin (Rock and 
Zeevaart, 1991), and the affected gene encodes a zeaxan
thin epoxidase (Marin et al., 1996). OxMative cleavage of the 
9-c/s-neoxanthin by the \/P14 protein yiekls xanthoxin. The 
\/P14 gene was isolated using the maize vp14 mutant (fan 
et al., 1997) and encodes a 9-c/s-epoxycarotenoid dioxyge-
nase (Schwartz et al., 1997b). It is thought that xanthoxin is 
converted to ABA by a two-step reactton via ABA-aldehyde. 
The Arabidopsis aba2 mutant is impaired in the first step of 
this reaction and thus unable to convert xanthoxin into ABA-
aldehyde. The Arabidopsis aba3 mutant is defective in the 
last step of ABA biosynthesis, the conversion of ABA-alde
hyde to ABA (Schwartz et al., 1997a), whnh is catalyzed by 
ABA-aldehyde oxidase. Mutattons in either the akiehyde ox

idase apoprotein (Seo et al., 2000b) or MoCo synthase im
pair ABA biosynthesis and lead to ABA deficiency in plants. 

MoCo consists of a single molyt>denum atom coordinated 
to the sulfur atoms of an organic moiety, molyt>dopterin. 
MoCo is highly conserved in cellular organisms and is used 
for the transfer of an oxygen atom in redox reactions in
volved in the metabolism of nitrogen, sulfur, and cartxin (for 
review, see Kisher et al., 1997). Oefects in MoCo biosynthe
sis have been reported to be associated with many diseases 
in humans and other animals (for review, see Reiss, 2000). In 
plants, three groups of MoCo-containing enzymes have 
been described (for review, see Mendel and Schwarz, 1999); 
nitrate reductase (NR), xanthine dehydrogenase (XDH), and 
akjehyde oxklase (AO). A fourth group, sulfite oxidase, also 
exists in the completely sequenced Arabidopsis genome. 
Different from NR and sulfite oxidase, which use the dioxyo 
form of MoCo, both XDR and AO require that the MoCo be 
modified in the last step of biosynthesis with the insertion of 
a sulfur atom to replace one of the two terminal oxygen at
oms (Rgure 10). This sulfuration reaction is catalyzed by 
MCSU. Mutants defective in this step have been identified 
from D. melanogaster (ma/) (Wahl et al., 1982), A. nidulans 
(fixB) (Scazzocchto, 1973; Amrani et al., 1999), and cattle 
(Watanabe et al., 2000). Plant mutants defective in this 
sulfuration step also have been identified: totiacco abal 
(Leydecker et al., 1995), tomato flacca (Marin and Marion-
Poll, 1997), and Arabidopsis aba3 (Schwartz et al., 1997a). 
Biochemical characterizations suggest that these plant mu
tants all are defective In the last step of ABA biosynthesis. 
As expected, the defects are specific to AO and XDH but 
not to NR (Leydecker et al., 1995; Marin and Marion-Poll, 
1997; Schwartz et al., 1997a). As in the 0. melanogaster mat 
mutant, resulfuration of the plant mutant extracts with NajS 
restores XDH and AO activities in ArabMopsis aba3 
(Schwartz et al., 1997a), tobacco abal (Akat>a et al., 1998), 
and tomato ffacca (Sagi et al., 1999). These studies suggest 
that the wild-type genes corresponding to the respective 
mutations likely encode MoCo sulfurases that function in 
the last step of MoCo modification, which is required specif
ically by AOs and XDHs for their catalytic activities. 

The identification of losS mutants as impaired in ABA bra-
synthesis and the cloning of the L0SS/ABA3 gene demon
strate that L0SS/ABA3 encodes a putative MCSU. Because 
fm MoCo is extremely unstable, to date there has been no 
report on the sulfuration enzyme activity of MCSU using ei
ther MoCo or other sutistrates. Nonetheless, abundant evi
dence firom tx)th plant and animal studies ttiat resulfuratton 
of mutant extracts restores AO and XDH or other enzyme 
activities strongly suggests that MCSU have in vivo sulfura
tion activity against the desulfo form of MoCo. Additionally, 
sequence comparisons with other proteins also support the 
potential catalytic property of MCSU. 

Like other MCSU proteins, the LOSS/ABA3 gene product 
has extensive sequence similarity to the NifS-IIke protein in 
its N-temiinal region (Rgure 7C). The NifS protein of A. vine-
landil is required for the activity of nitrogenase, the only 
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ngure 9. L0S5/ABA3 Gene Expression and Stress Gene Regulation In ABA-Oeflo'«nt or ABA-inaensitive Mutants. 

(A) LOSS expression in different parts of plants. 
(B) Upregulation of LOSS expression by drought in wild-type seedlings. 
(C) LOSS expression under different stress treatments in wild-type and tosS-f plants. 
(P) Expression of LOSS and other stress-responsive genes In tosS-f, abal-l, and abll-1 plants. 
(E) CBF2 and DREB2A expression in ABA-defident nnutants. 
Control, untreated; cold, 4°C for12 hr; ABA. 100 |iM ABA for 4 hr; NaCI, 300 mM NaCI for 5 hr PEG. 30% PEG for 5 hr. Tubulin and actin are 
shown as loading controls. 
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molybdenum-containing enzyme ttiat does not use molyti-
dopterin cofactor but instead requires an iron-molybdenum-
sulfur cluster for electron transfer. Although the exact func
tion of the NifS protein in nitrogen fixation is not known, NifS 
was shown in vitro to tie able to use L-cysteine as a sut>-
strate to form alanine and sulfide. Thus, NifS appears to act 
as a cysteine desulfurase in the biogenesis of the metallo-
cluster by mobilizing an inorganic sulfide originating from 
the substrate L-cysteine (Zheng et al., 1993). This reaction is 
quite similar to the chemical reactions expected to be cata
lyzed by LOS5/ABA3 in the sulfuration of the desuHo-MoCo. 
In fact, both the PLP binding motif and the conserved cys
teine motif required for NifS are well conserved in LOSS/ 
ABAS and its homologs in other organisms (Figures 7C and 
8). Both by analogy with members of the class V ami-
notransferase-like proteins and by experimental analysis 
(Zheng et al.. 1993), PLP was found to be a cofoctor for the 
NifS protein. Given the high similarity with NifS and other 
PLP-dependent proteins in this class, It is likely that PLP 
also is a cofactor for LOS5/ABA3. By comparing LOSS/ 
ABA3 with other NifS proteins whose structures were solved 
recently (Fujii et al., 2000; Kaiser et al., 2000), the con
served lysine at position 271 (Rgure 8) probably is the 
residue at which PLP is covalently attached to make a Schiff 
base (Fujii et al., 2000). Likewise, the conserved cysteine 
residue at position 430 (Rgure 8) is a likely sulfur donor for 
the frans-sulfuration reaction (Figure 10). Both conserved 
motifs are found in ail L0SS//VB/\3 homokags (Rgure 8). It is 
expected that both the PLP and the cysteine motifs are re
quired for the catalytic activity of L0S /̂kBA3. Interestingly, 
the aba3-1 mutation occurs just outside of the NifS-like do
main, but it is still in a highly conserved region, suggesting 
that this region also is required for the enzyme functton. 

The overall structure of L0S5/ABA3 is similar to that of a 
chimeric protein tfiat has evolved by fusing two separate 
proteins. The C-temtiinal domain does not have a known 
function yet. but it is likely also important, considering the 
high similarity in this domain among the MCSU proteins 
from diverse organisms and its high similarity to several un
known proteins in the Arabidopsis genome. 

One interesting note related to the apparently multiple 
functkinal domain structure is ttiat t>oth the losS'1 and losS-2 
mutants have a unique leaf morphology (Rgure SB), 
whereas in aba3-1 and aba3-2, there is no such clear alter
ation in leaf fonrt (data not shown), it is worth noting that 
both the losS-1 and l055-2 mutations occurred at the N-ter-
minal part, whereas the aba3-1 and aba3'2 mutations oc
curred in the middle of the protein. It is tempting, therefore, 
to speculate that the N-terminal domain in the aba3-1 and 
aba3-2 mutant proteins may retain some activity that is re
quired for maintenance of the wikJ-type leaf morphology. On 
the other hand, the fosS-1 and /o -̂2 mutant forms may 
have lost this activity, resulting in an altered leaf form. 

Because L0SS/ABA3 is a single-copy gene in the Arabi
dopsis genome, it is not surprising ttiat it is expressed ubk)-
uitously (Rgure 9A). This is in contrast to the Arabkfopsis 

aldehyde oxidase (AAO) gene family, in which each memtier 
has a different expresskm pattern (Seo et al., 2000b). How
ever, it is interesting that the tomato ffacca mutant was re
ported to tose AO and XDH activities in the shoot but to 
retain measurable activities in the roots, where a notable 
amount of ABA accumulates (Sagi et al., 1999). This raises 
the possibility that there may exist more than one LOSS/ 
ABA3-iike MCSU gene in tomato and that a root-specific 
isoform(s) may remain active in the ffacca mutant. In addi
tion to impaired ABA btosynthesis in ffacca mutant shoots, it 
was shown that the mutation might reduce the transport of 
ABA from the root to ttie shoot as well (Sagi et al.. 1999). 

In the present study, we showed that the expression of 
the L0SS/ABA3 gene is upregulated when plants are 
treated with drought, salt, or ABA (Figure 9). We note ttiat 
ttie promoter region of L0S5/ABA3 contains putative ABREs 
(e.g., ACGTGG at -253 upstream from the translation initia
tion codon) and DRE/CRT-Wke elements, suggesting that the 
L0SS/ABA3 gene may be regulated by ABA and drought/ 
salt stress in a manner similar to other stress-responsive 
genes. In the ABA biosynthesis pathway, it is generally 
thought ttiat the rate-limiting step is in the oxidative cleav
age of the 9-c/s-neoxanthin catalyzed by the VP14 protein 
(Schwartz et al., 1997b; Tan et al., 1997; Liotenberg et al., 
1999; luchi et al., 2000; Taylor et al., 2000; Thompson et al., 
2000). Given the relative tow abundance of LOS5/ABA3 
transcript and the fact that it is the only gene encoding 
MCSU in Arabidopsis, it is likely that L0SS/ABA3 also may 
regulate ABA biosynthesis. Low temperature appears to 
have little effect on the expression of L0SS/ABA3 (Rgures 
9C and 90), consistent with its limited effect on endogenous 
/\BA biosynttiesis (Thomashow, 1999). Oin and Zeevaart 
(1999) also found that tow temperature dkl not induce the 
expresston of PvNECDI (a VP14 homolog in bean). Drought 
treatments (20% fresh weight loss and incubated for 3 or 6 
hr) significantly increased the expresston of LOSS/ABA3 
(Rgure 9B), yet the same treatments failed to upregulate 
AA03 gene expression (data not shown). This lack of AA03 
induction differs from the observation by Seo et al. (2000a) 
that dehydration Q.e., in an air flow hood for 3 hr) signifi
cantly induced AA03 expresston in Arabidopsis shoot. The 
reason for this discrepancy is probably that our stress con
dition (dehydration in still air for ~40 min to lose 20% fresh 
weight, followed by incubatton at 100% tiumklity for 3 or 6 
hr) was not as severe. Our result implies that L0SS/A8A3 
may be the key regulator in this last step of ABA biosynthe
sis. Consistent with this speculatton. Sagi et al. (1999) found 
that sulfuratton with NajS "superinduced' the activity of AO 
and XDH in wild-type tomato crude extracts, suggesting 
that MoCo sulfuration limits ABA-AO activity. /VBA upregula-
tion of L0SS/ABA3 expression (Figures 9C and 90) is very 
intriguing and may suggest a positive fieedback regulatton of 
/\BA btosynttiesis by/\BA. 

The availability of plant mutants defective in ABA btosyn
thesis has provided an excellent opportunity to study gene 
regulation by ABA under various abtotic stress conditions. In 
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ngure 10. Reaction Catalyzed by L0SS/ABA3. 

The desulfo/dioxyo fomi of MoCo Qeft) needs to be sulfurylated at one of the two terminal oxyo groups by L0SS/ABA3 MoCo sulfurase to gen
erate the sulfide form of MoCo (right). The sulfide form of MoCo is a cofactor of AO and XOH. whereas the dioxyo form of MoCo is the cofactor 
for NR and sulfite oxidase. AO catalyzes the last step of ABA biosynthesis. The immediate sulfur donor could be a cysteine residue originating 
from LOS5/ABA3 or other sources. The structure of pterin and its numbering scheme are according to Rafagoplant (1991). 

doing so, most researchers have used abal orabil and abi2 
along with their respective wild types. The Arabidopsis ABA-
deficient mutant abal was the first mutant defective in ABA 
biosynthesis isolated in Arabidopsis (Koomneef et al.. 1982). 
Recently, additional ABA-deficient Arabidopsis mutants 
{aba2 and aba3) became available (Lion-Kloosterziel et al., 
1996). However, stress gene regulation in these recently iso
lated mutants has not been reported. 

Extensive studies with abal or abi1/2 mutants have 
yielded considerable, yet sometimes conflicting, informa
tion. For example, Savoure et al. (1997) reported that the ex
pression of PSCS genes is independent of ABA, because 
they observed that the expression level is similar in the wild 
type and in abal under cold or drought treatments. They 
suggested that ABA might affect proline biosynthesis post-
transcriptionally (Savoure et al., 1997). On the other hand, 
Yoshiba et al. (1999) reported that AtPSCSI induction by 
drought and salt stress is regulated by both ABA-dependent 
and ABA-independent pathways. Furthermore, Strizhov et 
al. (1997) found that stress-induced PSCS1 gene expression 
absolutely requires ABA, which is consistent with our find
ings here (Rgure 2). To help resolve the confusion, several 
reviews have been published and some consensus has 
been reached (Shinozaki and Yamaguchi-Shinozaki, 1997; 
Leung and Giraudat, 1998; Thomashow, 1999; Rock. 2000). 
Although low temperature treatment can trigger a transient 
increase in ABA and application of ABA can induce the ex
pression of cokj-responsive genes at warm temperatures and 
increase plant freezing tolerance, a general consensus is that 
ABA does not have an important role in regulating the expres-
ston of the ORE/CRT class of genes (Thomashow, 1999). 

In the present study, we found that losS-1 seedlings show 
a dramatic reduction in the expresskin of the RD29A-LUC 
transgene under low temperature treatment (Rgures 18 and 
1G). RNA gel blot analysis showed that the induction of 
C0R15, KINI. C0R47, RD29A, RAB18. and AOH by low 
temperature also is reduced significantly in fos5-t mutant 
plants (Rgures 2 and 90). The reduction in cold-regulated 
gene expression, as seen in losS-1, was not observed in 

abal-1 (Rgure 90). In fact, cold induction of txsth ADH and 
RD29A was enhanced in aba1-1 (Rgure 90). Similarly, cold 
induction of RD29A-LUC expression was enhanced in los6/ 
abal mutant seedlings (Rgure 6B). Our results with /os6/ 
abal are consistent with previous studies on cold-regulated 
gene expression performed with aba1-1 (reviewed by 
Thomashow, 1999). The different effects of losS and abal 
mutations raise the question of whether the significant role 
played in cold-regulated gene expresskin by LOS5/ABA3 is 
a result of ABA deficiency. This question was addressed 
partially by our experiment shown in Rgure 6B; whereas 
treatment with ABA complemented the los6/aba1 defect in 
cold-regulated RD29A-LUC expression, the same treatment 
failed to rescue losS/abaS (Rgure 6B). This suggests that, in 
addition to its role in ABA biosynthesis. L0SS/ABA3 may 
have additional roles in coU regulation. Consistent with this 
notton is the finding that although exogenous ABA achieves 
similar or slightly higher expression of C0R47, RD22, 
RD29A, and ADH (Rgures 2, 6, and 90) in losS relative to 
that in the wikj type, ABA fails to induce the expression of 
C0R1S and P5CS and has a reduced induction of KINI (Rg
ure 2). These results strongly suggest that cold signaling re
quires a functton of L0SS/ABA3 that is not related directly to 
ABA biosynthesis. At present it is unclear how LOS5/ABA3 
is involved in the coM or ABA regulation of some genes. 

In contrast to tow temperature, drought stress can dra-
matteaily stimulate de novo ABA btosynthesis; thus, ABA is 
more closely involved In drought/salt stress responses (Bray, 
1993; Ingram and Bartel, 1996). Gene regulation by drought 
has been thought to involve twth ABA-dependent and ABA-
independent pathways (Shinozaki and Yamaguchi-ShirwzakI, 
1997). Because gerws such as RD29A, KINI, and C0R47 
have both the ABRE complex and the DREJCRT elements, 
presumably they can be activated by abiotic stress alone in 
ttie at>sence of ABA. Analysis using abal or ab/ mutants 
showed that this is likely the case (Shinozaki and Yamaguchi-
Shinozaki, 1997; Thomashow, 1999). However, our results 
with /os5 mutants clearly present a quite different situation. 
Under osmotk; stress, the expression of RD29A'LUC is al
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most abolished in losS (Rgures 1F and 1G). RNA gel blot 
analyses also found that the losS mutation virtually blocks 
the induction of COATS, KIN1, RD22, PSCS, and PIABIS by 
salt and drought (PEG) stress (Rgures 2 and 9D) and that it 
severely impairs the induction of RD29A, C0R47, and ADH 
by these stresses (Figures 2 and 90). To ascertain whether 
the effect of losS on osmotic stress-regulated gene expres
sion Is accounted for by ABA deficiency, we applied ABA 
together with salt stress and analyzed RD29A'LUC expres
sion. The results indicate that ABA restores RD29A-LUC ex
pression to wild-type levels in both los5-1 and los6/aba1 
(Figure 6A). Our previous RNA gel blot analysis with the 
wild-type plants showed that under this treatment condition, 
the RD29A-LUC luminescence expression faithfully mirrors 
the pattern of endogenous RD29A expression (Xiong et al., 
1999b). These results suggest that the observed defects 
in salt/drought-regulated gene expression in tosS mutant 
plants most likely are a consequence of ABA deficiency. 
Currently, the alternative possibility that LOSS may have yet 
unknown roles that are not related to ABA biosynthesis in 
regulating "ABA-independent" osmotic stress signaling can
not be ruled out completely. This is because the reduced 
magnitude of gene induction by drought or salt in los6/aba1 
was not as dramatic as in losS (Rgure 6A), although these 
mutants show a similar extent of ABA deficiency by bulk 
quantitative measurement. 

The los5 mutation seems to have little effect on salt stress-
regulated DREB2A expresston (Rgure 9E). This raises the 
possibility that 0REB2A function may require ABA-depen-
dent factorts) to activate downstream gene expression. Pre
viously, our genetic analysis using RD29A-LUC as a 
molecular marker has shown that ABA-dependent and ABA-
independent signaling pathways may not functkin indepen
dently of each other. Rather, there exist extensive connec
tions between them (ishitani et al., 1997; Xiong et a!., 
1999a). The present molecular characterization of losS mu
tants casts further doubt on the ABA independence of 
"ABA-independent" stress signal transduction pathways, at 
least as far as the DREJCRT genes are concerned. Further
more, It has been shown that ectopic expression of 
DREB2A alone does not activate downstream gene expres
sion (Liu et al., 1998). As has been suggested by Liu et al. 
(1998), 0REB2A activity in activating stress-responsive 
genes may require post-transcriptional modifications. Thus, 
it is possible that phosphorylation/dephosphorylatton of 
DREB2A or the functions of its cofactors may be dependent 
on ABA-regulated molecules such as ABI1, ABI2, Ca *̂-
dependent protein kinases, or numerous other ABA-respon-
sive regulatory factors (Leung et al., 1997; Leung and GIraudat 
1998; Rnkelstein and Lynch, 2000; Rock, 2000; Mertot et 
al., 2001). This interdependence of ABA and stress signaling 
may underlie the mechanisms for the synergistic eff̂  of 
ABA and drought/salt stress on the regulation of stress-
responsive genes, as observed in the present study (Rgure 
6A) and elsewhere (Bostock and Quatrano, 1992; Xiong et 
al., 1999b). 

METHODS 

Isolatkm of toaS Mutants 

Arabldopsia thallana (C24 acotype) expressing the RD29A-LUC trans-
gene (refened to as the wIM type) were otitained tjy Agmtacterium 
(u/neAKtons-mediated transformatkjn (Ishitani et al., 1997). Seed of 
wild-type RD29A-LUC were mutagenized by ethyl methanesulfonate 
Oshltanl et al.. 1997). M2 seed were planted on 0.6% agar plates con
taining fuil-stfength Murashige and Skoog (1962) salt base (MS salt 
base; JRH Biosciences, Lenex, KS) and germinated and grown at 
22 X 2°C under continuous white light. One-week-okl seedlings were 
screened for mutants with altered RD29A-LUC (I.e.. luminescence) 
expression in response to low temperature, atisdsic add (ABA), or 
osmotic stress using a thermoelectricaliy cooled charge^upled de
vice camera. For luminescence imaging, plants were sprayed with 1 
mM luciferin in 0.01 % Triton X-100 and then kept in the dark for 5 min 
before Imaging. All images were acquired with a 5-min exposure time. 
The luminescence intensity of each seedling was quantified with Win-
View software (Princeton Instruments, Trenton, NJ). 

Stress and ABA Treatment 

For ABA treatment, 100 |iM (=)-c&,(rans-ABA in water was sprayed 
uniformly on leaves of seedlings, and the plants were incubated at 
room temperature under cool-white light for 4 hr (for luminescence 
imaging) or 2 or 4 hr (for RNA analysis). For NaCI or polyethylene gly
col (PEG) treatment, seedlings on MS plates were transferred to filter 
paper saturated with MS solutkm supplemented with 300 mM NaCI 
or 3096 PEG (molecular weight 6000) and Incubated for 5 hr. Unless 
stated otherwise, cold treatment for image analysis and RNA analy
sis was done by Incubating seedlings growing on plates at (FC in the 
dark for 48 hr (for imaging) or 12 hr (for RNA analysis). Because 
longer treatment at -5 or -10  ̂will result In freezing of the agar me
dium, these freezing temperature treatments lasted only 3 hr. After 
the treatment, the plates were placed at room tennperature for 2 hr to 
thaw before luminescence image acquisition. For ABA plus NaCI 
treatment, seedlings were trat»ferred onto a filter paper saturated 
with 300 mM NaCI in MS solution and sprayed immediately with 100 
(iM ABA. The plants then were Irwubated under cool-white light for 4 
hr before luciferase imaging. For low temperature plus ABA treat
ment. seedlings on agar plates were incubated t>riefly at 0 r 1°C for 
10 min and then sprayed with 100 |iM ABAand incut>ated in the dark 
at 0 ± 1°C for 48 hr before image analysis. 

Qenetic Analysie of tos5 Mutants and Map-Based Ckming 
of LOSS 

For genetic analysis, the losS mutants were crossed to the wild type 
and to other mutants we isolated with similar luminescence pheno-
types. The F, and Fj seedlings were subjected to luminescence anal
ysis ai\d scored for tosS luminescence phenotypes. tosS-T also was 
crossed with abal. aba2. and aAa3 mutants (obtained from the Ara-
bidopsls Btological Resource Center, Columbus, OH). Some of the 
resulting F, and Fj seedlings were treated with 300 mM NaCI for lu-
minescance image analyais, and soma ware planted cfirectly in soil 
for scoring of witty phenotypes under reduced humkfity. For genetic 
mapping of the <osS mutation, the (osS-T mutant In the C24 ecotype 
was crossed with wild-type plants of the Columbia acotype. The 
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resulting F1 plants were allowed to self, and homozygous/os5-7 mu
tants in the segregating F2 population were selected t>asad on their 
reduced luminescence when cold treated. A control treatment with 
ABA was used to rule out plants that did not have the RD29A-LUC 
transgene. Some of the seedlings also were tested for their reduced 
luminescence under NaCI treatment. Mapping of LOSS was per
formed as described previously (Lee et al., 2001). Simple sequence 
length polymorphism markers were developed by surveyirfg released 
genomic DMA sequences for simple repeats using the RepeatMasker 
program (http://ftp.genome.washington.edu/cgi-b<n/RepeatMasker). 
Primer pairs flanking these simple repeats that generate polymerase 
chain reaction products with size polymorphisms on 4% agarose 
gels between the C24 and Columbia ecotypes were used as molec
ular markers for mapping. 

RNA Analysis 

Ten-day-old seedlings on MS agar plates were treated with cokJ, 
ABA. NaCI, or PEG as described above. For drought treatment, 
seedlings at the rosette stage in potted soil were detached from the 
soil surface and allowed to lose 20% of their fresh weight. The dehy
drated materials then were incutiated in a container with 100% RH 
for 3 or 6 hr tiefore being frozen in liquid N} for RNA extraction. Total 
RNA from control or treated plants was extracted and analyzed as 
described (Ishitani et al., 1998). Gene-specific probes were as de
scribed (Ishitani et al., 1998; Lee et al., 2001). 

Stress Tolerance Assays 

For the freezing sensitivity assay, wild-type and losS seedlings grow
ing In potted soil in a growth chamtjer (22 ̂  2°C, 16 hr of light and 8 
hr of dark) for 3 weeks were first incut>ated at 4°C in the light for 48 hr 
to cold acclimate. After this cold acclimation, the plants were sub
jected to freezing at -7°C for 5 hr. Upon finishing the treatment, 
plants were transferred immediately to 4°C under white light and in
cubated ovemlght The next morning, the plants were placed into a 
growth chamber. Seedling damage was scored at the times indi
cated In Results. 

For NaCI tolerance tests, 7-day-old seedlings of losS-1 and wild 
type growing on MS plates (solidified with 1.2% agar) were trans
ferred to MS agar plates supplemented with different concentrations 
of NaCI. The plates then were placed vertically at 22 = 2°C under 
white light, and root etongathm was measured daily for up to 10 
days. To measure ion leakage in seedlings induced by PEG treat
ment. 1-week-old wild-type and losS-1 seedlings growing on MS 
agar plates were carefully removed from the plate, rinsed briefly in 
distilled water, and placed in soiutiorts containing 30% PEG forS hr. 
After the treatment, seedlings were rinsed briefly in distilled water 
and placed immediately In a tube with 5 mL of water. The tube was 
agitated gently for 3 hr before the electrolyte content was measured. 
Four repetitions of each treatment were conducted. 

Water Loss Measuramenls 

For water loss measurements, plants at the rosette stage were de
tached from the soil surface and weighed immediately in a plastic 
weighing boat The boat with the plants then was placed on a labo
ratory bench (RH ~30%) and weighed at designated time intervals. 

There were four replicates for each line. The percentage loss of fresh 
weight was calculated t)ased on the initial weight of the plants. 

Proline Asaays 

One-week-okl seedlings of (os5-l and wild type grown on MS agar 
plates were sprayed with SO (iM ABA or transferred to filter paper in 
a Petri dish saturated with 150 mM NaCI and incubated at 22  ̂2°C 
under white light for 24 hr. After the treatment, the samples were fro
zen in liquid nitrogen and kept at -80  ̂for proline assay. Proline 
concentratkm was determined as described by Bates (1973). 

ABA Measurement 

Rosette leaves were excised from 3-week-old mutant and wild-type 
plants grown In soil and placed on a laboratory bench. After the 
leaves lost 30% of their initial fresh weight (during a period of ~2 hr), 
they were placed In a sealed plastic bag with wet paper towels for an 
additional 5 hr. Unstressed control leaves were placed directly in a 
high-humidity sealed plastic bag without losing fresh weight. The tis
sues then were frozen In liquki nitrogen and ground into powder. One 
gram of the tissue was suspended in IS mL of extraction solution 
containing 80% methanol, 100 mg/L butylated hydroxytoluene, and 
O.S g/L citric acid monohydrate. The suspension was stirred over
night at 4°C arxj centrifuged at lOOOg for 20 min. The supernatant 
was transferred to a new tube and dried under vacuum. The dry res
idue was dissolved with 100 |jlL of methanol plus 900 ̂ L of Tris-buff-
ered saline (50 mM Tris. 0.1 mM MgCI]'6H20, and 0.15 M NaCI, pH 
7.8). ABA concentration in the solution then was determined using 
the Phytodetek ABA immunoassay kit (Idetek. Inc.. Sunnyvale, CA). 
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Drought and high salinity induce the expremsion of 
many plant genes. To understand the signal transduc. 
tion mechanisms underlying the activation of these 
genes, we carried out a genetic screen to isolate Arubi-
dopait mutants defective in osmotic stress-regulated 
gene induction. Here we report the isolation, character-
Ization, and cloning of a mutation, lo»6, which dimin
ished osmotic stress activation of a reporter gene. RNA 
blot analysis indicates that under osmotic stress the 
transcript levels for stress-responsive genes such as 
RD29A, COR15A, ONI, COR47, RDI9, and ADH are 
lower in loa6 plants than in wild type plants. toaS plants 
were found to have reduced phytohormone abscisic acid 
(ABA) accumulation and to be allelic to the ABA-defi-
cient mutant, abal. LOS6/ABAI encodes a zeaxanthin 
epoxidase that functions in ABA biosynthesis. Its ex
pression is enhanced by osmotic stress. Furthermore, 
we found that there exists a positive feedback regula
tion by ABA on the expression of LOS6/ABAJ, which may 
underscore a quick adaptation strategy for plants under 
osmotic stress. Similar positive regulation by ABA also 
exists for other ABA biosynthesis genes AA03 and LOSS/ 
ABAS and in certain genetic backgrounds, NCED3. This 
feedback regulation by ABA is impaired in the ABA-
insensitive mutant abil but not in abiS. Moreover, the 
up-regulation of LOS6/ABAJ, LOSS/ABA3, AA03, and 
NCED3 by osmotic stress is reduced substantially in 
ABA-deficient mutants. Transgenic plants overexpress-
ing LOS6/ABA1 showed an increased RD29A-LUC ex
pression under osmotic stress. These results suggest 
that the level of gene induction by osmotic stress is 
dependent on the dosage of the zeaxanthin epoxidase 
enzyme. 

Osmotic stress resulting firom either high salinity or water 
deficit induces the expression of numerous stress-responsive 
genes in plants (1-5). Understanding the mechanisms that 
regulate the expression of these genes is a fundamental issue in 
basic plant biology and is instrumental for future genetic im
provement of plant productivity under abiotic stresses. Consid
erable information has been accumulated as a result of molec
ular studies of gene regulation under osmotic stress (1-5). In 
contrast, genetic analysis of osmotic signal transduction has 
been very limited. Because the phytohormone absdsic acid 
(ABA)' is known to be involved in plant responses to various 

* The coats of publication of this article were defrayed in part by the 
payment of page charges. This article must therefore be hereby marked 
'advertiaementT in accordance with 18 U.S.C. Section 1734 solely to 
indicate this fiurt. 
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environmental stresses, the availability of ABA-deficient mu
tants (aba) or ABA-insensitive mutants (abi) in Arabidopsis 
has provided invaluable opportunities to investigate the role of 
ABA in plant stress responses. Using these mutants, changes 
in transcript levels of a few stress-responsive genes were ana
lyzed under cold, drought, or salt stress (for reviews, see Refs. 
3,4, and 6). A general consensus resulting from these studies is 
that low temperature signaling is less influenced by ABA, 
whereas drought and salt stress signal transduction has both 
ABA-dependent and ABA-independent pathways (4, 6). 

We have been using a reporter gene approach to dissect 
osmotic stress signal transduction networks. In this approach, 
Arabidopsis plants expressing the firefly luciferase gene under 
the control of the stress- and ABA-responsive RD29A promoter 
were used to screen for mutants with altered gene regulation 
by osmotic stress, cold, and/or ABA In this report, we describe 
the isolation, cloning, and characterization of a mutation iso
lated in this screen. This mutation was designated as losG (for 
[ow expression of gsmotic stress-responsive genes g). Compared 
with wild type plants, los6 mutant plants exhibit reduced lu
minescence induction by osmotic stress. los6 plants were found 
to be ABA-deficient. (jenetic analysis and cloning indicated 
that LOSS is allelic to ABAl and encodes a zeaxanthin epoxi
dase (ZEP). Analysis of L0S6/ABA1 gene expression reveals a 
very intriguing phenomenon U.e. the expression of L0S6/ARA1 
is significantly enhanced by exogenous ABA). Importantly, in 
Io86 mutant plants, osmotic stress up-regulation of L0S6/ 
ABAl is reduced severalfold, whereas the expression level un
der ABA treatment is similar to that of the wild type. We found 
similar regulation of two other ABA biosynthesis genes LOSS/ 
ABAS and AA03 by ABA. These observations uncover a posi
tive feedback loop in the regulation of expression of ABA bio
synthesis genes. In addition, we found that ABA regulation of 
ABA biosynthesis genes is partially impaired in the ABA-in
sensitive mutant abil but not in abi2. In addition, we show 
that overexpression of LOSS leads to increased gene induction 
by osmotic stress. 

EXPERIMENTAL PROCEDURES 
Plant Materials and Stress Treatments—Arabidopsis plants (ecotype 

C24) expressing the RD29A-LUC transgenc were obtained as previ
ously described (7). This transgenic line, referred to as wild type, was 
mutagenized and mutants with altered luminescence in response to 
cold, salt, and ABA were screened as described (7). Soil-grown plants 
were kept in a growth chamber at 22 r 2 *C with 16 h of light and 8 h 
of dark and a relative humidity of 90%. Alt image assays were done with 
seedlings growing in MS agar plates. For cold stress treatment, wild 
type and mutant seedlings growing in agar plates were incubated at 
0 *C for 48 h. For NaCI treatment, wild type and mutant seedlings were 
transferred onto a filter paper saturated with 300 mM NaCl. and the 
plants were incubated under light for the indicated time. For ABA 
treatments, 100 ftM ABA was sprayed directly on the seedlings growing 

epoxidase; PEG. polyethylene glycol; NCEO, 9-cis-epojqrcarotenoid di-
axygenase(s); PEG, polyethylera glycol; WT, wild type. 
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TABLE I 
Genetic analysis of the loa6 mutation 

Values shown are number of seedlings that showed wild type or 
mutant luminescence phenotypes when treated with 300 mM NaCL 

Crosaes (Temale x male) 
Pi Pj 

Crosaes (Temale x male) 
WT Mutant WT Mutant 

Wild type x los6 22 0 295 86 
losS—l X los6 5 0 
aba2-l x las6 11 0 
losS X abal—I 0 18 

in MS agar plates and incubated in the light for 3 h before being imaged 
for luminescence expression. For imaging, the treated seedlings were 
sprayed with 10 luciferin and incubated in the dark for 5 min, and 
the luminescence images were then taken with a CCD camera (Prince
ton Instruments, Trenton, NJ). The exposure time is 5 min. Lumines
cence intensity was quantified with the Win View software provided by 
the manufacturer 

RNA Analysis—^Total RNA was isolated from 10-day-old los6 and 
wild type plants growing in the same MS agar plates either untreated 
(unstressed controls) or treated with cold (0 *C for the indicated time), 
ABA (sprayed with 100 fiM ABA and incubated under light for 5 h), or 
NaCl/polyethylene glycol (PEG) (tranaferred onto filter paper saturated 
with 300 mM NaCl or 30% polyethylene glycol with a molecular weight 
of 6000 and treated for 5 h). For drought stress treatment, seedlings 
growing in the soil were harvested and dehydrated to lose 20% of the 
fresh weight and incubated at 100% relative humidity for either 3 or 6 h 
before harvesting the samples. RNA blot analysis was conducted as 
described (8). 

Transpirational Water Loss and ABA Measurement—^Transptra-
tional water toss was measured as described (9). For ABA measure
ment, rosette leaves were allowed to dehydrate on a laboratory bench to 
lose 30% of the initial fresh weight (over a period of 2 h). Afterward, the 
samples were placed in a sealed plastic bag with wet paper towels for an 
additional 5 h. Unstressed control leaves were placed directly in a high 
humidity sealed plastic bag without losing fresh weight. ABA was 
measured with an immunoassay method as described (9). 

Genetic Analysis, Cloning, and Ovenxpressiaa Assay—^The los6 mu
tants were back-crossed to the wild type RD29A-LUC plants and the F, 
seedlings were tested for luminescence expression in response to stress 
or ABA treatment as described above. The F, progeny of the self-
pollinated F, were also scored for their luminescence expression after 
being treated with 300 mM NaCl. Genomic DMA was amplified from 
loa6 and wild type plants by polymerase chain reaction and sequenced. 
The L0S6 cONA was obtained by using reverse transcriptase-PCR and 
cloned into pCR2.1-TOPO cloning vector (Invitrogen, Carlsbad, CA) and 
sequenced. The cONA was digested with £coRI and was inserted into 
the pCAMBlA1200 under the control of cauliflower mosaic virus 3SS 
promoter. The resulting plasmid was transferred into wild type RD29A' 
LUC plants via AgrabacCerium-mcdiated flower dipping. T^ generation 
of transgenic lines were used to test the luminescence responsiveness. 

RESULTS 

Isolation oflosS Mutant and Reduced Osmotic Strtss-respon-
sive RD29A-LUC Expression in loaS Mutant Plants—In our 
previous study, we constructed Arabidopsis plants expressing 
the firefly luciferase gene under control of the stress-responsive 
promoter RD29A (7). Mutants with altered expression of the 
RD29A-LUC transgene (.Le. bioluminescence expression) were 
isolated. One group of mutants that showed reduced lumines
cence expression relative to the wild type under salt stress were 
identified. Allelic tests suggested that these mutants defined 
two complementation groups. One locus defined by two alleles 
is LOSS (9). A second locus defined by one mutant is LOS6 that 
is the subject of this study. Genetic analysis showed that loa6 
mutation is recessive, and the mutation is in a single nuclear 
gene (Table I>. 

Fig. 1 presents the luminescence phenotypes of the los6 
mutant. Whereas under unstressed condition, neither the wild 
type RD29A-LUC plants nor los6 mutant plants exhibited any 
luminescence expression (data not shown), clear luminescence 
was seen in wild type plants under cold, salt, or ABA treat
ments (Fig. 1). Under cold treatment (0°C for 48 h), los6 
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FIG. 1. RD29A-LUC lumineacence phenotypea of loi6 plants. 
A-C, appearance of 1-week-old seedlings growing in agar plates fbr cold, 
ABA. and NaCl treatments, respectively. D, luminescence image of 
seedlings in A after incubation at 0 °C for 48 h. E, luminescence image 
of seedlings in B after treatment with 100 fiM ABA for 3 h. F, lumines
cence image of seedlings in C after treatment with 300 mM NaCl for 3 h. 
The color scale on the right shows the luminescence intensity from dark 
blue {lowest) to white (highest). 

exhibited a higher level of luminescence than the wild type 
(Fig. ID). When treated with ABA (100 hm ABA, 3 h), los6 also 
showed an increased luminescence expression relative to the 
wild type plants (Fig. 1£). In contrast, upon salt stress treat
ment (300 mM NaCl, 3 h), loa6 mutant plants showed reduced 
luminescence expression compared with the wild type (Fig. IF). 
Quantitation of the luminescence intensities indicated that the 
luminescence level in losS plants is only 17% of the wild type 
level under salt stress (Fig. 2). 

Regulation of Stress-responsive Gene Expression by LOS6— 
RNA blot analysis was conducted to determine whether the 
expression of the endogenous RD29A gene was affected in los6 
plants. It was found that the expression levels o(RD29A in los6 
under cold, ABA, salt, and PEG treatment were all altered 
relative to those in wild type plants (Fig. 3). Consistent with 
the luminescence phenotype, the expression level of RD29A 
under ABA treatment was higher in losS plants. On the con
trary, the RD29A transcript level under cold treatment was 
lower in los6 than in the wild type (Fig. 3). Similar to what was 
observed with luminescence expression (Fig. 1), RD29A tran
script level in los6 plants was also significantly lower than that 
in the wild type when treated with NaCI (Fig. 3). To determine 
whether the reduced gene expression is specific to ionic stress 
or to general osmotic stress, the plants were treated with PEG 
and RNA blot analysis was conducted. Fig. 3 showed that the 
RD29A transcript level in losS was also considerably lower 
than that in the wild type under PEG treatment (Fig. 3), 
suggesting that loaS impairs the activation of RD29A expres
sion by general osmotic stress. Similar expression pattern was 
seen in several independent experiments (data not shown). 

To determine whether the expression of other stress-respon
sive genes is affected by the los6 mutation, the same RNA blot 
was probed with other stress-responsive genes. Cold regulation 
of all the low temperature-responsive genes was reduced inlosS 
relative to that in the wild type> whereas ABA regulation of all 
of the genes except RD22 was enhanced in loa6. Impressively, 
the expression of nearly all the stress-responsive genes exam
ined UU329B. CORISA, ONI, COR47, RDI9. RD22, ADH, and 
PSCS) was reduced in los6 mutant plants compared with the 
wild type under NaCl and PEG treatments (Fig. 2). The only 
exception was RDM, which did not show a reduced induction 
by NaCl in tos6. The results demonstrate that LOS6 has a very 
general role in regulating gene expression under osmotic 
stress, cold, and ABA treatment. 

losB Mutant Is Deficient in ABA and is Allelic to abal—los6 
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FIG. 2. Quantitatioa of luminesrance intenaitiea in Iom6 and 

wild tjrpe plants under atreaa or ABA treatment as shown In 
Fig. 1. Data are means : S.E. (n = 20). 
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Fic. 4. Morphology of loaS plants and ABA deficiency pheno-
types. A, wild type and los6 plants just detached Trom soil. B, los6 
plants flowered earlier. C, seedlings in A 15 min after the detachment. 
Mote that toa6 seedlings became wilty. O, transpirational water loss in 
loa6 and wild type plants at the indicated time after detachment with or 
without pretreatment with ABA (100 nM ABA, 4 h). Data are means * 
S.E. (n = 3). 

TABLE II 
ABA contents in wild type and ltu6 plants under unatrtssed or 

drought stressed treatments (fig/g fresh weight) 
Data are the average of two independent assays. Stress treatment 

was conducted by dehydrating the leaves to lose 30% of the fresh weight 
following by a 5-h incubation at 100% relative humidity conditions. 

FIG. 3. Expression of stress-responsive genes in UmS. Total RNA 
was extracted from loa6 and wild type plants without stress treatment 
(control) or subjected to cold (0 *C. 24 h), ABA (lOO fiM ABA, 3 h), NaCl 
(300 nut NaCI. S h), or PEG (30% PEG, 5 h) treatment. The actin gene 
was used as a leading control. 

plants were slightly smaller in stature and flowered about 1 
week earlier than wild type plants under our growth conditions 
(Fig. 4B). The leaf morphology also appeared to be different 
from that of the wild type. Leaves of los6 plants tended to be 
narrower (Fig. AA), and the color was dark green when the 
plants were grown in soil but appeared slightly yellowish in 
agar plates (Fig. 1). The morphology was observed in los6 
mutants that had been back-crossed to the wild type plants 
three times. An interesting phenotype of los6 plants is that 
they withered readily when removed from growth chamber 
(relative humidity ~-90%) to room conditions (relative humidity 
30-60%) (Fig. 4C). Measurements of transpirational water loss 
indicated that lo$6 plants lost water feister than did the wild 
type plants (Fig. AD). This suggests that los6 plants could be 
ABA-deficient or ABA-insensitive, since both types of mutants 
could show a wilty phenotype. To see whether los6 plants 
respond to ABA, ABA was sprayed onto the leaves of both wild 
type and los6 plants, and transpirational water loss was meas
ured 4 h after the treatment. The data showed that the rate of 
water loss decreased significantly in los6 plants after ABA 
treatment, and the magnitude of decrease was higher than that 
in the wild type plants (Fig. 4D), further demonstrating that 
the los6 plants may he ABA-defident. 

ABA contents in loa6 and wild type leaves were measured 
using an immunoassay kit. Without stress treatment, the basal 
ABA contents in the wild type and in los6 were similarly at low 
levels (Table ID. When the plants were drought-stressed (de
hydration to lose 30% of fresh weight), ABA content in the wild 
type increased, whereas that in the loaS plants did not change 

Trsatmenu Wild typs Iom6 
Unstressed 0.007 0.008 
Stressed 0.10 0.01 

much (Table II), which resulted in the ABA content in the wild 
type being 10 times that in los6. These data show that los6 
plants are indeed ABA-defident. 

To test whether/osff is allelic to known ABA-defident mutants, 
los6 was crossed to abal (10), aha2, and aba3 mutants (11), and 
luminescence expression as well as transpirational water loss 
rate were determined in the F^ progenies. The result indicated 
that los6 is allelic to abal (Table I and data not shown). 

Cloning and Expression Study of LOS6/ABA1—Previously, 
it was demonstrated that the tobacco ABA2 locus encodes a 
ZEP (12). Biochemical studies showed that the Arabidopsis 
abal mutant is defective in the reaction catalyzed by a ZEP (13, 
14). In fact, tobacco ABA2 gene could complement the Arabi
dopsis abal mutant (12). When the Arabidopsis genome was 
partiaUy sequenced, we searched the data base using tobacco 
ABA2 and identified a gene (K8A10.10; CJenBank™ accession 
nimiber At5 g67030) on chromosome V (Fig. SA) that has the 
highest similari^ to tobacco ABA2 and was annotated as a 
ZEP gene. In fact, this gene represents the only ZEP gene in 
the Arabidopsis genome. The genomic DNA corresponding to 
this gene was amplified firom los6 and wfld type plants and 
sequenced. Sequencing results revealed that in los6 mutant, a 
G at position 1588 downstream of the translation initiation 
codon was mutated to A, which would result in a missense 
mutation in the predicted protein. To determine whether the 
abal mutant also has a mutation in this gene, we sequenced 
the genomic DNA f>[abal-l. In abal-1, a G at position 2129 was 
mutated to A, and this would introduce a premature stop codon 
in the transcript. Together, these results demonstrate that the 
K8A10.10 gene is LOS6/ABA1. 



148 

Stress Gene Regulation by LOS6/ABA1 8591 

ngatSQ ngalSS 

•M 
G1SMA Q2129A 

c 
1 

. Monooxygonaso 

FIG. 5. Structure of the LOSS/ABAl gene. A, L0S6 is localized on 
chromoaome V, on the BAC clone K8A10. B, structure of LOS&ABAI 
gene and position of los6 and abal-l mutations. C, structure of the 
predicted L0S6/ABA1 protein. The N-terminal chloroptast transit pep
tide, the monooxygenase domain, and the FHA motif are shown. 

The cDMA corresponding to K8A10.10 was isolated by re-
verse transcriptase-PCR. Comparison of the cDNA with the 
genomic sequence indicated that the LOS6tABAl gene consists 
of 16 exons and 15 introns (Fig. 5B). The gene was predicted to 
encode a polypeptide of 667 amino acids. Analysis of the pre
dicted protein indicated that it has an N-terminal chloroplast 
transit peptide, a monooxygenase domain, and a FHA motif 
with unknown functions (Pig. 5C). The los6 mutation that 
occurred in the monooxygenase domain (Fig. SO changed a 
small glycine residue at amino acid position 386 to a large and 
negatively charged glutamate. The abal-l mutation changed 
the tryptophan residue at position 489 to a stop codon and thus 
truncated the protein. These mutations suggest that both the 
monooxygenase domain and the C-terroinal part are important 
for full function of the protein. 

LOS6/ABA1 shows very high sequence homologies to ZEP 
proteins from other plant species (Fig. 6). At the amino add 
level, L0S6/ABA1 is 62-71% identical to 2!EP from rice, to
bacco, tomato, cowpea, pepper, and apricot. L0S6/ABA1 has 
less than 30% amino add identities to monooxygenases in other 
organisms, indicating that ZEP may have evolved specifically 
in plants. 

The LOSStABAl gene was expressed in every plant part 
examined, yet the expression levels varied among them (Fig. 
7A). In the vegetative parts, LOSStABAl was expressed more 
in leaves and stems than in roots (Figs. 7, A and B). In repro
ductive organs, flowers had a much higher expression than 
siliques (Fig. 7A). Additionally, although LOSS/ABAl was con-
stitutively expressed, the expression levels in whole seedlings 
and in leaves were enhanced by drought, salt, or PEG treat
ment (Fig. 7. B-D). Both in the shoot and root, LOSS/ABAl 
was up-regulated by NaCl treatment (Fig. IB), although the 
induction in the shoot was more obvious. This expression pat
tern is different from that of the tobacco ABA2 gene, which was 
reported to be enhanced by drought stress only in the root (15). 
In the abal-l mutant, the LOSS/ABAl transcript level was 
very low (Fig. ID). This is probably because transcripts with a 
premature stop codon are known to induce an mRNA surveil
lance mechanism that degrades the abnormal transchpts (16). 

Regulation of LOSS/ABAl Expression by ABA—Since the 
expression of many stress-responsive genes is regulated by 
ABA, it was of interest to see whether the stress-responsive 
ABA biosynthesis genes are also regulated by ABA. Tte ABA 
biosynthesis genes encoding 9H:u-epoxycarotenoid dioxygen-
ases (NCED) in cowrpea and in tobacco were shown not to be 

regulated by ABA (17, 18). We recently found that the expres
sion of the LOS5/ABA3 gene encoding a molybdenum cofactor 
sulfiirase in ABA biosynthesis was enhanced by ABA (9). In the 
present work, the expression of LOSS/ABAl in the wild type, 
losS, and abal-l mutant under ABA treatment was examined. 
The expression of LOSS/ABAl was dearly enhanced by exog
enous ABA (Figs. ID and 8A). In the abal-l mutant, although 
the transcript level was very low, LOSS/ABAl gene induction 
could be seen under the ABA treatment (Fig. 7D). 

Remarkably, in the losS mutant, unlike in the wild type, the 
expression of LOSS/ABAl was not enhanced by either NaCl or 
PEG. However, the expression of LOSS/ABAl in losS was 
clearly enhanced by ABA (Fig. 8A). Under ABA treatment, the 
level of LOSS/ABAl expression in losS was similar to that in 
the wild type. 

To investigate whether other ABA biosynthesis genes are sim
ilarly regulated by ABA, we analyzed the expression of NCED3, 
AA03 (encoding an ABA-aldehyde oxidase (19)), and LOSS/ 
ABAS in wild type and losS plants in response to stress or ABA 
treatment. In wild type plants, as expected, these genes were 
induced by NaCl and PEG (Fig. 8). Interestingly, ABA also in
duced the expression of AA03 and LOS5IABA3 but failed to 
induce the expression of NCED3 (Fig. 8A). In los6 mutant back
ground, NaCl and PEG inductions of all of these three genes were 
greatly impaired as compared with those in wild type plants (Fig. 
8A). In losS plants, ABA induced AA03 expression to a higher 
level than in wild type plants. Intriguingly, although ABA failed 
to induce NCED3 expression in wild type plants, it induced the 
expression of NCED3 in losS (Fig. 8A). 

To ascertain whether the defects in the induction of ABA 
biosynthesis genes by stress and ABA as observed in losS is 
spedfic to losS mutation or are general defects of all ABA-
defident mutants, the expression of these genes under the same 
stress or ABA treatments was analyzed in other ABA'<iefident 
mutants. Fig. 8B showed that the expression of LOSS and 
NCED3 in los5/aba3 under NaCl or PEG treatment was also 
diminished compared with that in the wild type. Moreover, 
NCED3 was also induced by ABA treatment in los5 mutant 
plants, demonstrating that the observed defects in ABA bio
synthesis gene regulation in these mutants are due to ABA 
defidency. Similar results were observed in other ABA^lefident 
mutants such as abal-l, abaZ-l, and aba3-l (data not shown). 

ABA Regulation of ABA Biosynthesis Genes in abil, abi2, 
and eral Mutants—^To gain insights into the mechanisms by 
which ABA biosynthesis genes are regulated, we studied the 
expression of these genes in the ABA-insensitive mutants abil 
and abi2. Since both of these mutants are in the ecotype 
Landsberg, Landsberg wild type {Le. Landsberg erecta) was 
used for control treatments. Whereas the induction patterns of 
LOSS and AA03 by stress and ABA treatments in these mu
tants are similar to those observed in wild type 024 plants (Fig. 
80, the expression pattern for NCED3 in response to cold and 
ABA is different from that in the wild type C24 plants. The 
SCED3 gene was not induced by cold or ABA in C24 wild type 
(Fig. 8, A and B) but was dearly induced in Landsberg wild 
type plants, albeit at relatively low levels (Fig. 80. 

The induction of these ABA biosynthesis genes by NaCl or 
PEG in abil was lower compared with that in the wild type 
under the same treatment conditions (Fig. 80. Moreover, the 
induction of LOSS and AA03 by ABA in abil is significantly 
lower than that in the wUd type plants (Fig. 80. ABA induction 
of NCED3 is also abolished in abil (Fig. 80. In contrast, the 
induction of these genes in the abi2 mutant is virtually un
changed compared with that in the wild type (Fig. 80. 

Previous studies suggested that part of ABA signal trans
duction is affected in the enhanced response to ABA mutant 
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FIG. 6. Homology of LOSe/ABAI with ZEP proteiiu from other plant species. Amino adds thadtd in black indicate identity, and those 
shaded in gray indicate aimiiarity. Dotted lines indicate gaps that are introduced to maximize alignment. The patative monooxygenaae domain is 
solid-underlined and FHA motif is double dash-underlimd. Also shown are the positions of los6 and abal-i mutations. S^uence accession 
numbers ore as foUows: LOS&ABAl, AtS g67030; ABA2_NICPL. Q40412; CpABAl, BAB11934: ABA2_L.YCES. P93236; ABA2_CAPAN. Q96375; 
OsABA2. BAB39765; ABA2_PRUAR, 081360. 

eral (20, 21). We thus determined whether the regulatioa of 
ABA biosynthesis genes by ABA is affected in eral mutant. The 
transcript levels for los6 and NCED3 in Columbia wild type 
and eral mutant seedlings treated with either 10 /iM or 100 iM 
ABA or 300 mx NaCl were examined. It was found that the 
transcript levels were similar in the wild type and eral mutant 
(Fig. 8D). Therefore, eral does not appear to affect stress or 
ABA regulation of these ABA biosynthesis genes. 

Enhanced Osmotic Stress Induction ofRD29A-LUC in Plants 

Overexpressing LOSS—The above studies show that a loss-of-
fiinction mutation in the LOS61ABA1 gene results in a signif
icant reduction of osmotic stress activation of gene expression 
(Fig. 3), indicating an essential role of LOS6/ABA1 in the full 
activation of osmotic stress-responsive genes. We hypothesized 
that overexpression of LOS6/ABAJ might strengthen gene in
duction by osmotic stress. To test this, a construct consisting of 
the LOS&ABAl cONA under control of cauliflower mosaic vi
rus 35S promoter and a translational enhancer was introduced 
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Ftc. 7. Expreuion and regulation of the LOS6 gene. A, expres
sion in difTercnt plant parts. S, induction of LOSS by drought treatment 
I loss of 20% fresh weight and incubated for either 3 or 6 h; 0 h indicates 
without drought stress). C, expression of LOS6 in the shoot and root 
with or without 200 mM NaCl treatment. D, expression of LOSS in wild 
type and abal-l mutant. Stress treatments were as follows; control (no 
stress), cold (0 *C. 24 h), ABA (100 )jM ABA. 3 h), NaCl (300 mM, 5 h), 
and PEG (30%, 5 h). Actin. tublin gene, or ethidium bromide-stained 
ribosomal RNA is used as loading control. 
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FIG. 8. Regulation of LOSS and other ABA biosyntheais genea 
in ABA-deficient and ABA reaponae mutanta. A, expression of 
LOSS and other ABA biosynthesis genes in wild type and ItaS mutant. 
B, expression at LOSS and NCED3 in loaS and UaS mutitnts. C, expres
sion of ABA biosynthesis genes in abil and abiZ mutanta. D, expression 
of LOSS and NCED3 in the eml mutant. Stress treatments were aa 
follows: control (no stress), cold (0 *C, 24 h), ABA (100 mM ABA or at the 
indicated conccntratiGiis, 3 h), NaCl (300 mM, S h), and PEG (30%, a h). 
V/T in A and B refers to RD29ArJ.UC (ecotype C24) wild type. Ler-WT 
in C refers to Landsberg wild type, and GU-WT in D refers to Columbia 
wild type. Ethidium bromide-stained ribosomal RNA is used as a load
ing control. 

into the wild type RD29A-LUC plants by ^^roAoctenum-medi-
ated flower dipping transformation. The T3 generation of these 
transgenic plants was examined with respect to RD29A-LUC 
expression in response to low temperature, salt, and ABA treat
ments. Among 31 independent lines examined, 28 lines exhib
ited similar RD29A-LUC expression patterns that were differ
ent &om those in the wild type. An example firom one such line 
is presented in Fig. 9. 

Like the wfld type, the LOS6/ABAJ overexpression line did 
not exhibit obvious luminescence without stress treatment 
(data not shown). When treated with cold or ABA, the overex
pression plants showed slightly lower luminescence compared 
with the wild type (Fig. 9, A and B). Quantitation indicates that 
upon treatment with cold, there was about 20% reduction in 

FIG. 9. RD39A-LVC expression in seedlinga overexpreaaing 
LOSS. A, luminescence image after cold (0 *C, 48 h) treatment. B, 
luminescence image after ABA (100 /m ABA, 3 h) treatment. C, lumi
nescence image a^r NaCl (300 mM, 3 h) treatment. D, quantitation of 
the luminescence intensities in A-C. Data are means r S.E. (n 
19-20). 

the luminescence in the overexpression plants compared with 
wild type plants, a statistically significant difference (Fig. 9D). 
When treated with ABA, the luminescence was about 10% 
lower in the overexpressing line than in the wild type (Fig. 9, B 
and D). In contrast, under NaCl treatment, there was a nearly 
2-fold increase in the expression level of the RD29A-LUC trans-
gene in LOSS-overexpressing plants compared with that in the 
wild type. 

DISCUSSION 

LOSS Encodes an Enzyme Functioning in ABA Biosynthe
sis—In the present study, we characterized and cloned an 
Arabidopsis mutation, los6, which was identified by virtue of 
its reduced osmoti'c stress induction of the RD29A-LUC re
porter gene. Besides a reduced luminescence expression, the 
expression of the endogenous RD29A gene and other stress-
responsive genes RD29B, CORISA, KINl, COR47, RD19, 
RD22,ADH, and PSCS under osmotic stress was all reduced to 
various extents in los6 mutant plants relative to the wild type. 
Phenotypic studies suggest that los6 is ABA-deficient. Genetic 
analysis and gene cloning indicate that LOSS encodes a zea-
xanthin epoxidase and is allelic to ABAl that has not been 
cloned previously. These restilts demonstrate that ABA is crit
ical in gene regulation under osmotic stress. 

In addition to the regulati'on of gene expression under os
motic stress, the losS mutation also alters ABA and cold re
sponsiveness. Both the luminescence intensity (Figs. ID and 2) 
and the expression level of stress-responsive genes examined 
are clearly higher in losS than in the wild type in response to 
ABA treatment. A similar observation was made with los5 
mutants (9), although the effect is less dramatic in los5. This 
suggests that when ABA is deficient, plant cells may became 
more sensitive to ABA so as to mitigate the deleterious effects 
of ABA deficiency. 

The expression of the endogenous RD29A and CORISA, 
KINl, COR47, and RDI9 was lower in losS mutant plants than 
in the wfld type when exposed to cold stress (Fig. 3). This is 
similar to what was observed with losS mutants (9). In contrast 
to what was seen in losS, the luminescence level in losS plants 
is higher than in the wild type under cold treatment (Figs. 1 
and 2). The discrepancy between the luminescence level and 
endogenous gene expression in this particular case suggests 
that something other than gene expression is responsible for 
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the higher luminescence in los6. Since the steady state level of 
luciferase transcript under cold treatment was very low (data 
not shown), it was hard to distinguish whether there was a 
difference between los6 and wild type in the LUC transcript 
level. However, it is unlikely that the RD29A-LUC transcript 
level would be higher in los6 than in the wild type, since the 
endogenous RD29A expression is low in losS (Fig. 3). The 
higher luminescence expression in los6 thus probably resulted 
from an enhanced activity of the luciferase enzyme. It is known 
that light emission from the oxidation of luciferin catalyzed by 
luciferase is an oxidative process. Defects in LOS&ABAl were 
shown to lead to the accumulation of zeaxanthin (13, 14). 
Zeaxanthin as an antioxidant may affect the redox status 
within organelles (22, 23), which in turn may affect the lucife-
rin oxidation reaction. 

With regard to osmotic stress-regulated gene expression, the 
phenotjrpes of the los6 mutant are similar to those oflos5-I and 
los5-2, which are alleles of aba3 (9). However, there are some 
differences between las5 and los6 mutants. First, the magni
tude of reduction in gene expression is higher in loaS than in 
loaS. In loso mutant plants, the RD29A-LUC reporter gene was 
virtually not expressed under salt treatment, whereas in los6 
the luminescence could be seen, albeit the intensity is signifi
cantly lower than that in wild type plants (Figs. 1 and 2). 
Similarly, the expression of other stress-responsive genes un
der osmotic stress conditions was almost completely blocked in 
tosS (9), whereas in losB the transcript levels of these genes are 
reduced but not completely. The reason for these differences is 
not entirely clear, but the differences may be due to the greater 
severity of ABA deficiency in losS. 

Role of ABA in Osmotic Stress Signaling—The fact that both 
loaS (this study) and los5 (9) are impaired in osmotic stress-
regulated gene expression and that both mutants are defective 
in ABA biosynthesis indicates that ABA deficiency is a common 
reason for the defects in gene regulation by osmotic stress. An 
intimate connection between ABA and osmotic stress gene 
regulation is further suggested by the observation that overex-
pressing LOSS led to enhanced expression of RD29A-LUC un
der osmotic stress (Fig. 9). Notwithstanding the existence of 
ABA-independent signaling pathways, these lines of genetic 
evidence together underscore the determinative role of ABA in 
gene regulation under osmotic stress. 

Regulation of ABA Biosynthesis Genes—Although ZEP genes 
were cloned from several other plant species (initially from 
tobacco (12), recently firom rice (24), and several sequences 
from other plants were deposited in the data base (Fig. 6)), the 
role of the ZEP gene in modulating stress-responsive gene 
expression and the regulation of ZEP gene expression are not 
well understood. Audran et al. (15) observed that the expres
sion of the tobacco ZEP gene ASA2 was regulated diumally and 
that its transcript level increased in the root but not in the 
shoot in response to drought stress. Our study indicates that 
drought, salt, and PEG all increase the expression level of 
LOS6/ABA1 in the shoot (Figs. 7 and 8). More importantly, we 
found that LOS6/ABA1 expression was clearly enhanced by 
ABA (Figs. 7D and SA). Likewise, another ABA biosynthesis 
gene, AA03, that encodes ABA-aldehyde oxidase (19) was also 
induced by ABA (Fig. 8). These observations suggest that there 
may exist a positive feedback regulatory mechanism whereby 
initial increases in ABA level may stimulate fiirther biosynthe
sis of ABA through up-regulation of some of the biosynthesis 
genes. Such a regulation has also been found for the LOSS/ 
ABAS gene (9). The expression of NCED3 was not induced by 
exogenous ABA in wild tjrpe RD29A-LUC plants (Fig. SA), 
which is similar to what was recently reported (17, 18), al
though limited induction of NCED3 by ABA was observed in 
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the ecQtypes Landsberg (Fig. 8C) and Columbia (Fig. 8D). The 
interesting observation that NCED3 was induced by ABA in 
the ABA-defident mutants losS and los6 (Figs. 8, A and B) may 
reflect an enhanced sensitivity to ABA in these mutants as 
discussed above. Together, these data suggest that the regula
tion o{NCED3 by ABA may be finely tuned by plant sensitivity 
to ABA and that the thresholds of its ABA induction may vary 
among ecotypes. 

To gain insight into the signal transduction mechanisms by 
which ABA regulates ABA biosynthesis genes, we studied the 
induction of these genes in the ABA response mutants abil, 
abi2, and eral. As shown in Fig. 8C, ABA induction of LOSS/ 
ABAl, AA03, and NCED3 was diminished or reduced in the 
abil mutant but was not changed in abi2, indicating that abil 
mutation impairs this feedback regulation. Despite their ho
mology and overlapping functions, as suggested by their simi
lar mutant phenotypes, ABIl and ABI2 are often found to have 
different roles in ABA signaling. For example, it was shown 
that ABA-induced reactive oxygen species production was im
paired in abil but not in a6i2. In contrast, activates 
plasma membrane Ca^* channels and induces stomatal closure 
in abil but not in abi2 (25). Recently, it was suggested that 
reactive oxygen species might also be involved in the regulation 
of ABA biosynthesis (26). It is likely that the observed ABA 
regulation of ABA biosynthesis genes may be mediated by 
reactive oxygen species. This possibility can be tested in future 
studies. 

The ABA hypersensitive mutant eral was known to have 
opposite phenotypes to those of abil and abi2 in seed germina
tion and stomatal regulation in response to ABA (20, 21), but 
its sensitivity to ABA at the level of gene expression is not 
known. We examined the expression of LOSS and NCED3 in 
eral and found that eral mutation does not affect significantly 
the expression of ABA biosynthesis genes under either ABA or 
salt treatment (Fig. SD), suggesting that the signal transduc
tion pathway for the ABA regulation of ABA biosynthesis genes 
may not be mediated by ERAl. This observation is consistent 
with the finding that the eral mutant does not affect ABA 
biosynthesis/acciunulation (20). 

In the loaS mutant, stuiJrisingly, enhanced expression of 
LOSS/ABAl gene by osmotic stress treatment was not ob
served (Fig. 8A). Likewise, osmotic regulation o[AA03, LOSS/ 
ABA3, NCED3, and AB/7 was also significantly diminished in 
losS (Fig. SA). This further suggests that not only exogenous 
ABA, but also endogenous ABA elicited by osmotic stress, en
hances the expression of LOSS/ABAl and other ABA biosyn
thesis genes. Because osmotic stress-induced increase in ABA 
level does not happen in losS as a result of its defect in ABA 
biosynthesis, this ABA deficiency should be the primary reason 
for the defect in the induction of LOSS/ABAl and other ABA 
biosynthesis genes (Fig. 8A) and in the expression of other 
stress-responsive genes including ABll in response to osmotic 
stress in losS (Figs. 3 and 8). Consistent with this notion, 
application of exogenous ABA induced a wild type level of 
LOSS/ABAl expression (Fig. 8A). It is also worth noting that 
the defects in LOSS/ABAl expression as seen in losS would be 
nearly impassible to study in the abal-l allele, since the ZEP 
transcript level was very low in that mutant (Fig. ID). 

A Model for Stress Induction of ABA Biosynthesis—The bio
synthesis of ABA may be largely regulated at the transcrip
tional level, since blocking transcriptian by using inhibitors 
prevents drought-induced ABA biosynthesis (e.g. Refs. 27 and 
28). Additionally, as shown in the present study and elsewhere 
(9, 15, 17-19), the expression of all cloned ABA biosynthesis 
genes is induced by drought stress. However, the mechanisms 
by which these genes are induced are unknown. In addition to 
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FIG. 10. A modei for streM induction of ABA bioaynthesia. Os
motic stress first induces the expression of NCED iNCED3 in Ambi-
dopsia, codes for 9-c(s-epoxycarotenoid dioxygenase), which represents 
an early limiting step in controlling drought stress-induced ABA bio
synthesis. The initial accumulation of ABA potentiates the expression 
of other ABA biosynthesis genes AAO (AA03 in Ambidopsia, codes for 
ABA aldehyde oxidase), MCSU {L0SS/ABA3 in Arabidopsu, codes for 
molybdate cofactor sulfurase), and ZEP tL0S6/ABAl in Ambidopsia, 
codes for zeaxanthin epoxidasc) (by order of decrease in indudbility). 
Increased expression of these genes leads to more ABA biosynthesis. 
This ABA then further stimulates the expression of these biosynthesis 
genes, leading to a sustained increase in ABA biosynthesis (indicated 
with a solid feedback arrow). ABA has a relatively limited ability in 
inducing the expression of NCED (indicated with a dashed feedback 
arrow), and thus the XCED step may limit further increases in ABA 
biosynthesis. 

their regulation by drought and salt stress, we showed in this 
study that the transcript levels for ABA biosynthesis genes 
LOS6/ABA1, AA03, antl LOS5/ABA3 are enhanced by exoge
nous ABA and greatly diminished in ABA-defident mutants 
under osmotic stress. The magnitudes of the induction by ei
ther stress or ABA are different among these genes. The LOSS/ 
ABAl gene, which codes for a ZEP that functions in the first 
committed step of ABA biosynthesis, has a relatively high basal 
transcript level. The other genes have a relatively low tran
script abundance under unstressed conditions. Osmotic stress 
elicited by either droughtPEG or salt stress treatments dra
matically up-regulates all of these genes. In contrast, low tem
perature has a limited role in inducing these genes, which is 
consistent with the notion that low temperature has little effect 
on ABA accumulation (9, 29). 

Among the ABA biosynthesis genes, NCED3 appears to be 
the one most drastically induced by osmotic stress (Fig. 8). In 
the Landsberg ecotype, PEG treatment induced SCED3 ex
pression to similar levels as salt treatment. In contrast, the 
induction of AA03, LOS8, and LOSS by PEG treatment was 
lower than that of salt stress (Fig. SO. There has been a 
prevailing notion that the rate-limiting step in osmotic stress-
induced ABA biosynthesis is the cleavage of 9-czs-epoxycarote-
noid catalyzed by NCED (29, 30). However, evidence that sup
ports this notion has been circumstantial. First, it is thought 
that the precursor 9-c(s-epoxycarotenoid is abundant in photo-
synthetic tissues (31), and thus the steps responsible for the 
generation of the precursor would not be rate-limiting. Second, 
examination of the conversion of xanthoxin to ABA in cell-fm 
extracts found that the conversion rates between stressed and 
unstressed plants were similar, which suggests that the steps 
downstream of the xanthoxin conversion would not be rate-
limiting either (32). However, the fact that NCED3 is rapidly 
and strongly induced by osmotic stress implies that under 
stress NCEID level would become rather high and thus should 
not limit ABA biosynthesis. An interesting observatioa is that 
NCED is either not induced by ABA or not as strongly induced 
by ABA as other ABA biosynthesis genes (Fig. 10). The lack or 

weak NCEID feedback induction by ABA would in fact suggest 
that XCED might be rate-limiting in regulating ABA biosyn
thesis, as shown in Fig. 10. 

Based on experimental evidence obtained in the present 
study and in other related studies, we propose that drought^ 
osmotic stress first induces a relatively low level of NCED 
expression. Since other ABA biosynthesis genes have certain 
levels of basal transcripts under unstressed conditions, the 
induced NCED and basal levels of the other enzymes would 
allow an initial round of ABA biosynthesis. The limited amount 
of newly synthesized ABA would then stimulate the expression 
of AAO and MCSU as well as ZEP and, to a lesser extent, 
NCED. This coordinated increase in the transcription of all 
ABA biosynthesis genes would result in a more rapidly and 
sustained increase in ABA biosynthesis (Fig. 10). This model 
could also explain why overexpressing any individual ABA 
biosynthesis genes can result in increased ABA biosynthesis 
(22, 33-35) and affect ABA-regulated gene expression (Fig. 9) 
or physiological processes (33-35); an initial increase in ABA 
from overexpressing one ABA biosynthesis gene could result in 
an increased expression of other ABA biosynthesis genes, 
which then would lead to a coordinated increase in de novo 
ABA biosynthesis. Since NCED expression is less regulated by 
ABA, it may therefore limit the feedback regulation of ABA 
biosynthesis by ABA (Le. late round of ABA biosynthesis) (Fig. 
10). It should be pointed out that NCED does require endoge
nous ABA for full stress activation, because osmotic stress 
induction o(NCED3 was significantly compromised in losS and 
losS mutants (Fig. 8A). 
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