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ABSTRACT 

We have utilized a maize protoplast transient gene expression system to investigate the 

possible roles of several Arabidopsis protein phosphatase type 2C (PP2Cs), which are 

predicted to be involved in ABA responses by hierarchical clustering meta-analysis of 

transcriptome profiling datasets and sequence homologies to known PP2C effector ABA 

INSENSITIVE1. We recombined Cre-lox UPS host acceptor vectors (pCR701-705) 

containing the maize Ubiquitin promoter and N-terminal epitope tags with pUNI donor 

vectors containing various full length Arabidopsis PP2C cDNAs. On the basis of my 

maize protoplast transient expression data that suggested ABA antagonist effects of 

several overexpressed PP2Cs, I performed a reverse-genetic screen for AP2C9, AP2C12 

and AP2C15 T-DNA insertion mutants and found supportive evidence from 

physiological assays on seed germination and root growth that these PP2Cs may be 

involved in ABA signaling.  I conclude that the utilization of the maize protoplast 

transient expression system for moderate-throughput functional screening and systems-

approach classification of gene activities can contribute to elucidation of plant abscisic 

acid (ABA) signal transduction pathways when combined with complimentary genetic 

and physiological approaches.  
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CHAPTER I 

INTRODUCTION 

General Introduction 

The growth in the world’s population combined with a general increase in prosperity is 

creating an increasing demand for food, fiber and sustainable agriculture.  In the future a 

complete knowledge of genomes and gene function will reveal the nature of biological 

complexity and evolution.  Applying this knowledge to biotechnology has the potential to 

impact the interrelated complex issues of globalization, poverty, hunger, population 

growth, human health, climate change, energy, biodiversity, and environmental 

degradation in the 21st century.  Biotechnology enables gene-by-gene analysis and 

enhancement of crops and augments traditional breeding by enabling faster, targeted 

development of performance-enhancing traits.  Now it is a “golden age” of gene 

discovery, yet the task of matching data with gene function or with means of affecting the 

function is huge.  Towards this end biology is undergoing a sea change, transforming into 

an information-driven science in which pattern recognition, Bayesian statistics, and data 

mining of large datasets play just as important a role as traditional hypothesis testing. 

 

Drought stress is the most significant limiting factor for plant agriculture worldwide, 

affecting an estimated 25% of all crops resulting in >$10 billion in losses in the United 

States per year.  Drought completely decimates west Texas dryland cotton yields on a 

regular basis.  Estimates of the value-added worth of cotton with increased 

photosynthetic and water use efficiencies and improved seed and lint qualities exceed 

$200 million/yr in west Texas, $1 billion/yr in the USA, and $5 billion/yr globally

                                     1
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(Wilkins, 2000). Elucidation of drought response mechanisms will provide cogent 

strategies for engineering improved food and fiber.   

 

Upon drought stress, plants accumulate the phytohormone abscisic acid (ABA), which in 

turn controls many adaptive responses, such as drought- induced stomatal closure and 

induction of tolerance of drought. The pioneering studies in the 1960s on the 

phytohormone originally called “dormin” and “abscisin” established that ABA 

accumulates in overwintering buds and immature cotton bolls that succumbed to auxin- 

and ethylene-triggered abscission. ABA is a small, lipophilic sesquiterpenoid (C15) 

hormone that plays fundamental roles in plant growth and development and stress 

adaption, including pathogen virulence (de Torres-Zabala et al. 2007). 

 

Molecular analyses have demonstrated the existence of both ABA-dependent and ABA-

independent regulatory systems in the transcriptional regulatory network under drought 

stress (Yamaguchi-Shinozaki, 2006). Several key signaling molecules which are involved 

in drought stress signal transduction have been identified in Arabidopsis. These include 

transcription factors, such as ABA-RESPONSIVE ELEMENT BINDING PROTEIN 1 

(AREB1)/ABA-RESPONSIVE ELEMENT (ABRE)-BINDING FACTOR2 (ABF2) 

(Fujita et al. 2005; Furihata et al. 2006) and DEHYDRATION-RESPONSIVE 

ELEMENT (DRE)-BINDING PROTEIN 2A (DREB2A) (Sakuma et al. 2006), and 

protein kinases, such as RECEPTOR-LIKE KINASE1(RPK1) (Osakabe et al. 2005), 

SNF1-RELATED PROTEIN KINASE 2C (SRK2C) (Umezawa et al. 2004) and the 
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guard cell-expressed calcium dependent protein kinases (CDPKs) CPK3 and CPK6(Mori 

et al.  2006). 

 

Drought stress also induces various biochemical and physiological responses in plants. 

Physiological studies have shown that sugars, such as raffinose family oligosaccharides 

(RFO), sucrose, trehalose and sorbitol, sugar alcohols (mannitol), amino acids (proline) 

and amines (glycine betaine and polyamines) accumulate under drought stress conditions 

in different species(Taji et al. 2002; Bartels et al. 2005). These metabolites function as 

osmolytes, antioxidants or scavengers that help plants to avoid and/or tolerate stresses.  

The changes in these metabolites at the cellular level are associated with protecting 

cellular function or to maintain the structure of cellular components. However, many 

plants lack the ability to synthesize these metabolites that are naturally accumulated in 

stress-tolerant organisms. Genetic engineering using the genes that encode components of 

drought-stress-related metabolic pathways is a potential strategy for developing drought-

stress-tolerant transgenic plants. 

 

ABA biosynthesis and catabolism in drought stress responses 

ABA is required to limit water loss from transpiration by regulating stomatal aperture and 

modifying the activity of ion channels in guard cells (Hetherington et al. 2001; Assmann 

and Shinozaki et al. 1999). ABA promotes closure of stomata as well as inhibits their 

opening. ABA acts by different mechanisms; a traditional distinction among these 

responses has been that of speed: the stomatal responses are relatively fast, occurring 

within minutes and involving changes in the activity of various signaling molecules and 
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ionic concentration gradient changes, whereas the rest are slower and require changes in 

gene expression (Finkelstein et al. 2002). ABA pathways overlap with other signaling 

pathway such as hormone-, developmental-, sugar-, and stress-response pathways 

suggesting a complex network of interactions.  

 

Scientists have taken multidisciplinary approaches to understand different pathways into 

ABA signaling network, including genetic, biochemical, cell biological and 

computational techniques.  The pathways of biosynthesis of ABA have been extensively 

studied and crucial intermediary steps have been identified. The genes encoding most of 

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

information in understanding the complex mechanisms governing ABA biosynthesis in 

plant.  Zeaxanthin is produced as a trans-isomer after cyclization and hydroxylation of 

all-trans-lycopene via β-carotene. The subsequent steps of ABA biosynthesis consist of 

production of cis-isomers of violaxanthin and neoxanthin that are cleaved to form a C15 

precursor of ABA. 

 

Conversion of zeaxanthin to violaxanthin is catalyzed by zeaxanthin epoxidase (ZEP) via 

the intermediate antheraxanthin. The ZEP gene encodes a protein with sequence 

similarities to FAD-binding monooxygenases that requires ferredoxin (Bouvier et al. 

2000; Marin et al. 1996).  Mutants impaired in ZEP accumulate zeaxanthin and show a 

severe reduction in ABA content, and exhibit wilty phenotype and production of non-

dormant seeds.  Synthesis of neoxanthin from violaxanthin is not fully elucidated. By 

homology to lycopene -cyclase (LCYB) and capsanthin capsorubin synthase from 
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pepper, putative neoxanthin synthase (NSY) genes of tomato and potato have been 

isolated (Al-Babili et al. 2000; Bouvier et al. 2000). However, no NSY homologous gene 

was found in Arabidopsis which contains a unique LCYB gene.  

 

Nine(9)-cis-epoxycarotenoid dioxygenase (NCED) enzymes cleave the cis-isomers of 

violaxanthin and neoxanthin to a C15 product, xanthoxin, and a C25 metabolite (Schwartz 

et al. 2003). The first NCED gene (VP14) was cloned in maize by insertional mutagenesis 

(Schwartz et al. 1997). Maize VP14 recombinant protein is able to cleave 9 –cis-

violaxnanthin and 9’-cis-neoxanthin but not trans-xanthophyll isomers (Schwartz et al. 

1997). In all analyzed plant species, NCED genes belong to a multigene family.  nced 

mutants, vp14 of maize and notabilis of tomato, exhibit mild ABA-deficient phenotypes 

due to gene redundancy. In Arabidopsis, there are five functionally redundant members 

of the NCED family and one of these, AtNCED3, plays a crucial role in drought-stress-

inducible ABA biosynthesis (Luchi et al. 2001). AtNCED3 transcripts are rapidly induced 

by drought stress, and T-DNA insertional nced3 mutants have defects in ABA 

accumulation under drought stress and impaired drought tolerance.  

 

The biologically active ABA form is produced from cis-xanthoxin by two enzymatic 

steps via the intermediate abscisic aldehyde (Figure 1). To date, several genes encoding 

these enzymes have been identified from Arabidopsis. The conversion of xanthoxin to 

abscisic aldehyde is catalyzed by AtABA2, belonging to the short-chain dehydrogenase 

(SDR) family. ABA2 promoter activity is enhanced by multiple prolonged stresses such 

as drought, salinity, cold, and flooding, but not by short-term stress treatments, 
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suggesting a fine-tuning function of ABA2 in ABA biosynthesis (Lin et al. 2007). 

Mutations have been identified in putative functional domains of ABA2 (NAD-binding 

domain, catalytic center, subunit interacting helix, and substrate binding site) that affect 

ABA production, indicating the importance of these domains for enzyme activity 

(Gonzalez-Guzman et al. 2002). 

 

The oxidation of the abscisic aldehyde to the carboxylic acid is catalyzed by an abscisic 

aldehyde oxidase. Among four Arabidopsis aldehyde oxidases (AAOs), AAO3 encodes 

an enzyme active on abscisic aldehyde (Seo et al. 2000). The aao3-1 mutant which 

contains a mutation in an intron-splicing site, showed a wilty phenotype but only a minor 

reduction in seed dormancy compared to other Arabidopsis aba mutants, indicating other 

AAO genes might also be involved in ABA biosynthesis (Seo et at. 2000). However, the 

null aao3 allele exhibits significant ABA-deficient phenotypes in seeds which indicate 

that AAO3 is most likely the only AAO gene involved in ABA biosynthesis (Gonzalez-

Guzman et al. 2004). 

 

Aldehyde oxidase requires a molybdenum cofactor (MoCo) for its catalytic activity, 

which can explain why mutations in the genes for MoCo biosynthesis lead to ABA 

deficiency. AtABA3 encoding a MoCo sulfurase confers the expected ABA-deficient 

phenotype when mutated. With the recent cloning of ABA4, a single copy carotenoid 

isomerase gene that is required for ABA biosynthesis from carotenoids has been 

elucidated genetically (North et al. 2007) (Figure 1). The viviparous 15 and vp10 loci of 

maize encode molybdopterin synthase small subunit and CNX1, respectively, which act 
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at the final common step of MoCo synthesis required for ABA-aldehyde oxidation 

similar to ABA3 in Arabidopsis (Figure 1)(Porch et al. 2006; Suzuki et al. 2006). 

 

On the other hand, there are at least two pathways for ABA catabolism, an oxidative 

pathway and sugar conjugation (Nambara et al. 2005). The oxidative pathway is initiated 

by ABA C-8’ hydroxylation to form phaseic acid (PA), and this step is catalyzed by 

CYP707A, which belongs to a class of cytochrome P450 monooxygenases (Kushiro et al. 

2004; Saito et al. 2004). There are four CYP707A family members in Arabidopsis; 

biochemical analysis showed that the recombinant CYP707A proteins convert ABA to 

PA in vitro, but none of the other hydroxylated catabolites were produced. The activity of 

CYP707A was inhibited by a P450 inhibitor tetcyclasis, which was originally developed 

as an inhibitor of GA biosynthesis (Kushiro et al. 2004). CYP707A3 is a major enzyme 

for ABA catabolism in the drought stress response. CYP707A3 is strongly induced by 

rehydration after dehydration conditions, and T-DNA insertions in the gene result in a 

large amount of endogenous ABA accumulation during dehydration and rehydration 

(Umezawa et al. 2004).  

 

ABA is also inactivated in sugar-conjugated forms, such as ABA glucosylester (ABA-GE) 

which is stored in vacuoles or apoplast pools. In addition to the glucosylester, other 

conjugates with the hydroxyl groups of ABA and its hydroxylated catabolites have also 

been reported. ABA-GE was identified as an allelopathic substance of Citrus junis (Kato-

Noguchi et al. 2003), and soil in agricultural fields contains higher concentrations of 

ABA-GE (up to 30 nM) (Sauter et al. 2000). However, because ABA-GE cannot migrate 
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passively through the plasma membrane, the molecular mechanism underlying the 

transport of ABA or its conjugates remains unclear. 

 

The AOG gene encoding ABA glucosyltransferase was identified from adzuki bean as the 

first reported gene for ABA catabolism (Xu et al. 2002). The AOG recombinant protein 

can conjugate ABA with UDP-D-glucose. AOG catalyzes the conjugation of 2-trans-

ABA to glucose more efficiently than natural 2-cis-ABA. When plants are exposed to 

drought conditions, ABA is released from the glucosylester form by AtBG1, an 

Arabidopsis β-glucosidase (Dietz et al. 2000). AtBG1 also plays a significant regulatory 

role in the response to drought in plants. 

 

Accumulation of osmolytes in drought stress tolerance 

Sugars, such as RFO, sucrose, trehalose and sorbitol, sugar alcohols such as mannitol, 

amino acids such as praline (Pro), and amines such as glycine betaine and polyamines 

that accumulate under drought stress function as osmolytes to maintain cell turgor and to 

stabilize cell proteins and structures during drought stress (Bray et al. 1985). To increase 

the tolerance of abiotic stress in plant, several genes that are involved in the metabolism 

of these osmolytes have been found.  

 

RFO sugars, such as raffionse and stachyose, and galactinol play important roles in the 

drought tolerance of plants and seeds.  Overexpression of drought-inducible galactinol 

synthase gene (AtGolS2) in transgenic Arabidopsis enhanced drought tolerance because 

of the accumulation of galactinol amd raffinose (Boyer et al. 1982). Transgenic plants 
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that overexpress DREB1A/C-repeat binding factor 3 (CBF3) are tolerant of drought and 

cold stress (Finkelstein et al. 2002), and the galactinol and raffinose are accumulated 

more than wild-type plants (Fraser, 2004).  These results demonstrate galactinol and 

raffinose function as osmoprotectants during drought stress. The sugar alcohol mannitol 

is normally synthesized in several plants upon drought stress (Eisenreich et al. 2004). 

Mannitol might increase stress tolerance by scavenging hydroxyl radicals and/or by 

stabilization of macromolecular structure.  

 

Proline (Pro) plays a multifunctional role in the defense mechanisms. It acts as a mediator 

of osmotic adjustment, a stabilizer of subcellular structure, a scavenger of free radicals, 

an energy sink and a stress-related signal (Gonzalez-Guzman et al. 2004). A strong 

correlation between the accumulation of Pro and tolerance of drought stress has been 

proved via overexpression of the ∆1-pyrroline-5-carboxylate synthase gene P5CS or by 

antisense suppression of the proline dehydrogenase (ProDH) gene in various plant (Bray 

et al. 1985). Deficiency of Pro, resulting from antisense suppression of the P5GS gene, 

resulted in decreased drought tolerance and altered morphology in Arabidopsis.  

Conversely, an excess of Pro in the ProDH knockout mutant led to growth inhibition, 

indicating that excessive Pro is toxic to plants in spite of protective functions under stress 

(Gonzalez-Guzman et al. 2002). 

 

Polyamines (PAs), which are small polycations, are also involved in abiotic stress 

responses, and in developmental processes and plant growth. Putrescine (Put), spermidine 

(Spd) and spermine (Spm) are the most abundant PAs in various organisms. The 
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accumulation of Put in response to drought and salt stress is regulated by the stress-

inducible arginine decarboxylase gene (ADC2) in Arabidopsis (Gusta et al. 1992).  

Overexpression of the Datura ADC gene in transgenic rice enhanced the plants’ tolerance 

of drought stress because of their accumulation of Pas (Han et al. 2004). Transgenic 

Arabidopsis plants that expressed spermidine synthase of Cucurbita ficifolia had 

enhanced tolerance of drought, because of enhanced accumulation of spermidine (Hansen 

et al. 1999). Several genes that are inducible by drought stress, such as DREB2B and 

RESPONSIVE TO DEHYDRATION29A/COLDREGULATED78/LOW-

TEMPERATURE-INDUCED78 (RD29A/COR78/LTI78), were up-regulated in these 

transgenic plants, suggesting that spermidine acts as a regulator in drought stress 

signaling. All of these studies support the view that PAs play essential roles in drought 

stress tolerance. Nevertheless, the function of PAs in drought stress responses remains 

controversial. Which of the three PAs plays the central role in stress tolerance might 

depend on the plant species (Harrison et al. 1975). 

 

ABA receptors 

Recently, three groups independently reported the identification of ABA receptors, 

namely the RNA-binding proteins FCA (Razem et al. 2006) and CHLH (the H subunits 

of Mg-chelatase) (Shen et al. 2006), and a G-protein-coupled seven transmembrane 

receptor GCR2 (Liu et al. 2007b). But their apparent incongruence and ensuing 

controversies (e.g. see Gao et al. [2007]; Johnston et al. [2007]; Liu et al. [2007b]; Liu et 

al. [2007a]) have complicated the already bewildering network of ABA responses. 
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GCR2  

Several reports of ABA receptors have appeared recently reviewed in (Grill and 

Christmann 2007; Razem and Hill 2007; Verslues and Zhu 2007).  A G protein-coupled 

receptor-like protein (GCR2) genetically and physically interacts with the G protein a 

subunit GPA1 to mediate all known ABA responses in Arabidopsis (Liu et al. 2007bd). 

Overexpressed GCR2 resulted in an ABA-hypersensitive phenotype, and the purified 

protein bound ABA with high affinity at physiological concentration with expected 

kinetics and stereospecificity. The binding of ABA to the receptor led to the dissociation 

of the receptor-GPA1 complex in yeast, providing strong evidence for a hypothesized 

ABA receptor previously based on evidences for extracellular perception of ABA 

(reviewed in Rock [2000]).   However, another report subsequently showed that loss-of-

function mutations in three gcr2 mutant alleles and a GCR2-Like homolog gcl1 had no 

ABA phenotypes or altered ABA-inducible marker gene expression in seedlings, even in 

gcr2/gcl1 double mutants (Gao et al. 2007).  Contradictory results to Liu et al. (2007a) 

were subsequently reported (Gao et al. 2007) that GCR2 is not genetically coupled to the 

sole heterotrimeric Gα subunit GPA1 which along with REGULATOR OF G-PROTEIN 

RESPONSE (RGS) mediates ABA-inducible gene expression, germination responses, 

and glucose signaling (Chen et al. 2006; Johnston et al. 2007a; Pandey et al. 2006).  Until 

now it is still unclear whether GCR2 and its two homologues GCL1/2 are bona fide ABA 

receptors or novel G protein modulators.  Work is ongoing in our lab to address the 

functions of these genes in ABA-inducible gene expression and physiological responses. 

 

 



                                                                     Texas Tech University, Tiantian Zhang, May 2008 
 

   
 

12

CHLH  

In GENOMES UNCOUPLED5/Mg CHELATASE H (GUN5/CHLH) and GUN1 genes, 

GUN1 is a chloroplast-localized pentatricopeptide-repeat protein that acts downstream of 

APETELA2-like ABI4 which binds the promoter of a retrograde signaling-repressed 

gene through a conserved motif found in close proximity to a light-regulatory element 

(Koussevitzky et al. 2007). GUN5/CHLH has been reported as an intracellular ABA 

receptor (Shen et al. 2006). Other genes (Mg protoporphyrin IX 

methyltransferase,CHLM; early light-induced protein2, ELIP2) that effect CHLH 

expression have been characterized as mediating plastid and chlorophyll biogenesis, but 

no other pleiotropic effects of knockouts of these genes on ABA responses have been 

described (Pontier et al. 2007; Tzvetkova-Chevolleau et al. 2007).  The lack of other 

ABA phenotypes associated with CHLH expression raise questions about its role in ABA 

and stress responses.  ABI1 and ABI2 are involved in regulation of fibrillin, a lipid-

binding protein of plastids that enhance the tolerance of photosystem II toward light 

stress-triggered photoinhibition (Yang et al. 2006). 

 

FCA  

A variety of ABA synthesis or response loci have been implicated in controlling 

meristem function or flowering time. An ABA binding protein from barley aleurone 

ABAP1 (Razem et al. 2004) has significant homology to FLOWERING CONTROL 

LOCUS A (FCA) and homologues in Arabidopsis. Saturable, stereospecific ABA binding 

by FLOWERING CONTROL LOCUS A (FCA) exerts direct control on self-splicing of 

FCA pre-mRNA and downstream effects on the autonomous floral pathway mediated by 
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the MADS box repressor protein FLOWERING LOCUS C (FLC) (Razem et al. 2006).  

FCA downregulation of FLC expression requires FY, a homolog of the yeast RNA 3' 

processing factor Pfs2p, where FCA/FY physically interact in an ABA-dependent manner 

and alter polyadenylation/3' processing to autoregulate FCA (Razem et al. 2006). The 

ABA hypersensitive mutants hyponastic leaves1 (hyl1) and ABA hypersensitive1 (abh1) 

are involved in miRNA metabolism and mRNA 5’cap processing, respectively, and 

exhibit altered flowering times (Bezerra et al. 2004; Kuhn et al. 2007; Lu and Fedoroff 

2000), consistent with a role of ABA in the floral transition. Lateral root effects in the 

fca-1 mutant (Macknight et al. 2002) are also consistent with a link between ABI3-, 

ABI1- and ABI2-related interactions with FCA (De Smet et al. 2006; Zhang et al. 2007).  

However, negative results with abi2 reported by Razem et al. (2006) contradict the 

phenomenon of early flowering observed in abi1, abi2 and other ABA mutants 

(Martinez-Zapater 1994). 

 

PP2Cs as negative regulators of ABA signaling 

MAPK is responsible for cell response to growth factors. Extracellular stimuli lead to 

activation of a MAP kinase via a signaling cascade (“MAPK cascade”) composed of 

MAP kinase, MAP kinase kinase (MAPKK), and MAP kinase kinase kinase (MAPKKK). 

A MAPKKK that is activated by extracellular stimuli phosphorylates a MAPKK on its 

serine and threonine residues, and then this MAPKK activates a MAPK through 

phosphorylation on its serine and tyrosine residues. This MAP kinase signaling cascade 

has been evolutionarily well-conserved from yeast to mammals. 
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Members of Ser/Thr phosphatases of the PP2C family are suggested to regulate MAPK(K) 

(Tamura et al., 2006). PP2Cs are ubiquitous protein phosphatases found in all eukaryotes. 

Arabidopsis thaliana genomic data shows the PP2C family has 76 members; their 

individual functions appear to have expanded when compared to the existence of only 7 

to 15 members found in species from other kingdoms. A significant amount of research 

on PP2C action is related to ABA signaling. Genetic analysis of abi1 and abi2 mutants, 

their revertants, and transient expression assays demonstrated that PP2Cs act as negative 

regulators of ABA signaling (Bogre et al. 1997; Rodriguez et al. 1998; Sheen et al. 1998; 

Merlot et al. 2001; Gosti et al. 1999).  

 

The abi1-1 and abi2-1 mutations were isolated in a genetic screen of mutagenized 

Arabidopsis seeds. These mutations are dominant and exhibit largely overlapping sets of 

phenotypic alterations including ABA-resistant seed germination and seedling growth, 

reduced seed dormancy, abnormal stomatal regulation, and defects in various responses 

to drought stress. ABI1 and ABI2 encode homologous proteins and are transcriptionally 

up-regulated by ABA. The same Gly to Asp amino acid substitution at an equivalent 

position in the catalytic part of the ABI1 and ABI2 proteins that is located to the Mg2t 

coordination center causes a significant reduction of the ABI1 and ABI2 phosphatase 

activity (Bogre et al. 1997).  Due to the dominant nature of abi1-1 and abi2-1, it was not 

clear whether ABI1 and ABI2 are involved in ABA signaling or if the dominant 

mutations create unspecific phenotypes (gain-of-function, neomorph) that are not related 

to the original function of the wild-type protein. Isolation and analysis of abi1-1 and 

abi2-1 genetic revertants (Gosti et al. 1999) provided crucial evidence that loss of 
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abi1/abi2 phosphatase activity leads to an enhanced responsiveness to ABA. Thus, the 

wild-type ABI1 and ABI2 phosphatases are negative regulators of ABA responses. 

Characterization of loss-of-function alleles identified ABI1 and ABI2 as inhibitors of 

ABA signaling with overlapping functions. Mutations in the catalytic part of ABI1 or 

ABI2 result in loss-of-function proteins with no or low phosphatase activity and confer 

recessive inheritance causing ABA supersensitive phenotype. ABI1 and ABI2 contribute 

nearly 50% of the ABA-induced PP2C activity, indicating that other PP2C members are 

also involved in ABA signaling (Merlot et al. 2001). 

 

Additional studies have shown that guard cells of abi1-1 and abi2-1 plants are disrupted 

in ABA activation of hyperpolarization-activated Ca2+ (Ica) channels (Allen et al. 1998; 

Murate et al. 2001). The abi1-1 mutant treated with ABA did produce reactive oxygen 

species (ROS) but H2O2 activation of Ica channels and H2O2-induced stomatal closing was 

not disrupted. It was suggested that abi1-1 impairs ABA signaling between ABA 

perception and ROS production. On the other hand, abi2-1 impaired H2O2 activation of 

Ica, H2O2-induced stomatal closing and ABA-elicited ROS production. According to the 

suggested model, both abi1-1 and abi2-1 are acting at different levels of the same 

pathway, abi1-1 acts upstream and abi2-1 downstream of ABA-induced ROS production 

in guard cells (Murata et al. 2001). 

 

AtP2C-HAB1 is one of the closest relatives of ABI1 and ABI2. It is expressed in root, 

stem, leaf, flower and silique, and is also up-regulated by ABA (Rodriguez et al. 1998). 

Constitutive overexpression of AtP2C-HAB1 leads to ABA insensitivity of seeds and 
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vegetative tissues, which suggests that HAB1 is negative regulator of ABA signaling. 

Another phosphatase AtPP2CA blocks ABA signal transduction when transiently 

expressed in protoplasts (Sheen et al. 1998). AtPP2CA transcription is induced by cold, 

drought, salt and ABA. Cold and drought expression are ABA dependent because 

AtPP2CA mRNA levels are reduced in the aba1-1 mutant. AtPP2CA is predominantly 

expressed in leaves and is ABI1 dependent under drought conditions. Downregulation of 

this PP2C by antisense approaches accelerated plant development and led to freezing 

tolerance, suggesting a negative role in ABA response during cold acclimation 

(Tahtiharju et al. 2001). Although recent years have been tremendous progress in 

understanding ABA signaling, several puzzles remain unsolved. The functional 

interactions of ABA signaling effectors are not completely known and necessitate a 

thorough investigation. 

 

Hypothesis: Bioinformatics-driven functional genomics of ABI1-Like genes 

Many Arabidopsis PP2Cs contain the conserved Gly residues (aa175 and aa180 of ABI 

protein) that are required for phosphatase and ABA signaling activities (Leung et al. 1997; 

Robert et al. 2006; Sheen et al. 1998), indicating that they may also function in ABA 

signaling. We applied Bayesian statistical approaches using amino acid homologies and 

expression profiling datasets to identify about 20 uncharacterized ABI1-Like PP2C genes 

as candidates for high-throughput functional test. 
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Figure 1.  ABA biosynthetic and catabolic pathways in plants. In the final process of the 
ABA biosynthetic pathway, xanthoxin is cleaved from 9-cis-epoxycarotenoids by NCED 
and then released from chloroplasts to the cytoplasm. ABA is then produced through 
abscisic aldehyde (ABAld) formation. In ABA catabolism, the major pathway seems to 
be an oxidative route, which is triggered by ABA 80-hydroxylation and catalyzed by the 
CYP707A family. There are other pathways for ABA inactivation, such as glucosylation. 
Red letters indicate drought-stress-responsive regulation. CYP707As are indicated in 
orange, which also indicates dehydration- and rehydration-responsive regulation. AAO, 
abscisic aldehyde oxygenase; ABA2, short-chain dehydrogenase/reductase; ABA3, 
molybdenum cofactor sulfurase;AtBG1;b-glucosidase; CYP707A, ABA 8’-hydroxylase; 
NCED, 9-cis-epoxycarotenoid dioxygenase(from Seki et al. Current Opinion in Plant 
Biology; 2007) 



                                                                     Texas Tech University, Tiantian Zhang, May 2008 
 

   
 

18

CHAPTER II 

MATERIALS AND METHODS 

 
Bioinformatics of PP2Cs 

The 40 most closely-related paralogues of full length ABI1 from TAIR Release 7 

(http://www.arabidopsis.org/) (Garcia-Hernandez et al. 2002) were obtained by Basic 

Local Alignment Search Tool (Altschul et al. 1997) using NCBI BLAST2.2.8 with 

default settings for gaps and Blocks Substitution Matrix BLOSUM62 for conservative 

changes. Progressive global multiple sequence alignment was by ClustalW (Chenna et al. 

2003). A cladogram, assumed to be an estimate of the phylogeny where the branches are 

of equal length and therefore do not indicate the amount of evolutionary "time" 

separating taxa, was generated from the ClustalW output with the Pileup program of 

GCG using the neighbor-joining method (Devereux et al. 1984). A preliminary analysis 

of these sequences was reported in Finkelstein and Rock (2002). Global hierarchical 

pairwise clustering of similar gene expression patterns was with the Genevestigator v. 3 

Meta-Analysis online tool (https://www.genevestigator.ethz.ch/at/)(Zimmerman et al. 

2005), using the default settings of high quality arrays, Euclidean distance, no leaf 

ordering, and average pairwise distance between elements. Secondary structure analysis 

was with Mfold (Zuker, 2003).  In the Affymetrix® ATH1 gene probe set, At2g30020 

(AP2C1) ambiguously cross-references with At4g08260 (AP2C5). 

 

 

 

 



                                                                     Texas Tech University, Tiantian Zhang, May 2008 
 

   
 

19

Plant Materials and Maize Protoplast Transient Expression Assay  

Maize seeds genotype FR37cms X FR49 or B73 X MO17 (Illinois Foundation Seed Inc., 

Champaign, IL) were imbibed in deionized water overnight and sown in at a density of 

about 50 seeds per 4 inch square pot containing a 1:1:1 mix of perlite, vermiculite and 

peat moss. They were germinated in constant incandescent light (~100 µE m-2 s-1) for 4 

days at 23oC and were moved to a dark cabinet when the coleoptiles emerged about 1 cm 

above the medium. Mesophyll protoplast isolation from etiolated maize leaves was done 

according to Sheen (1998, 2001) with few modifications. The middle part of the second 

leaves (about 6 cm in length) was cut into 0.5 mm strips with a fresh razor blade and 

digested with gentle shaking in an enzyme solution containing 1% (w/v) cellulose RS, 

0.1% (w/v) macerozyme R10 (Karlan Biochemicals, Cottonwood AZ), 0.6 M mannitol, 

10mM MES (pH 5.7), 1 mM CaCl2, 1 mM MgCl2, 10 mM β-mercaptoethanol, and 

0.1%BSA (w/v) for 3 h at room temperature. After 90 min, speed of the shaker was 

increased to 80 rpm for 1 min to enhance the yield of the protoplasts. The enzyme 

solution was sieved through 70 µm nylon mesh (Carolina Biologicals, Burlington, NC) 

and was spun at 700 rpm for 5 min. The pellet was washed twice and re-suspended in 

wash/incubation solution (0.6 M mannitol, 4mM MES, pH 5.7) at a density of 2 x 106/mL. 

Protoplasts were kept on ice until transformations were done. Cell viability was measured 

by staining the protoplasts with 0.01% (w/v) fluorescein diacetate dissolved in acetone, 

and batches of protoplasts with viability higher than 90% were used for transformations. 

For electroporation, approximately 50,000 protoplasts in 300 µL volume were mixed 

with DNA and transferred to pre-chilled 0.4 mm cuvettes or microplates (Bio-Rad, 

Hercules, CA). They were kept on ice for 10 min and were electroporated (400 V, 200 µF 
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and two pulses) with BioRad’s Gene Pulser. Typically 60 µg of DNA for reporter 

constructs (40 µg of ProEm:GUS and 20 µg ProUbi:LUC) and 40 µg of DNA for effector 

constructs were used for transformations. After electroporation, the cuvettes were 

incubated on ice for 10 min and protoplasts were transferred to microfuge tubes and were 

incubated with either wash solution alone or 100 µM ABA in WI solution. After 16 h 

incubation in dark at room temperature, transformed protoplasts were processed for 

quantifying β-glucuronidase (GUS) and luciferase (LUC) reporter enzyme activities as 

previously described (Finkelstein et al. 2005). The measured baseline ProEm:GUS 

activities in the absence of exogenous ABA treatment were greater than fivefold above 

background GUS activities with mock-transformed samples (data not shown). 

 

Plasmid Constructs 

Plasmid pBM207 contains the wheat (Triticum aestivum) Early Methionine-labeled Em 

promoter driving the expression of GUS, encoded by uidA from Escherichia coli and was 

the kind gift of William Marcotte, Clemson University. Plasmid pAHC18 (Christensen 

and Quail, 1996) contains the maize Ubiquitin (Ubi) promoter driving firefly (Photinus 

pyralis) luciferase (LUC) cDNA and was included in transformations to provide an 

internal reference for non-ABA-inducible transient transcription in reporter enzyme 

assays. Plasmid pDH349 contains VIVIPAROUS1 (VP1)-cMYC cDNA (kindly provided 

by Don McCarty, University of Florida) driven by the Ubi promoter with a 3’ 35S 

transcription termination/polyadenylation signal from pDH51 (Gampala et al 2002). 

Plasmids pG1 and pG2 encode thePpdk-35S promoter chimera driving the coding region 

of Arabidopsis ABI1null (G174D) or abi1-1 dominant-negative G180D mutant alleles, 
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respectively, and were the kind gift of Jen Sheen, Massachusetts General Hospital 

Department of Molecular Biology. Plasmid pG1 is identical to pG2 except that it is wild 

type at amino acid 180 (Gly) and the phosphatase active site has been mutated (G174D) 

to express a null mutant (Sheen, 1998). Plasmid pDirect2.6 contains the Ubi promoter in 

a reverse orientation and was used as a control construct to balance the total amount of 

input plasmid DNAs between various treatments and as a potential target for binding of 

transcription factors. Plasmids were propagated in E. coli DH5α, TOP-10 or GC10 

(Invitrogen, Carlsbad, CA) host cells prepared from maxipreps by CsCl density gradient 

ultracentrifugation (Ausubel et al. 1995). 

 

Reverse Genetic Analysis of ABI1-Like PP2Cs Function 

Plant material 

Seed materials (Arabidopsis thaliana ecotype Columbia and Landsberg, and T-DNA 

insertion mutants) were obtained from Arabidopsis Biological Resource Center (ABRC, 

Ohio State University, Columbus OH).  Seeds were sterilized in 70% ethanol for 1 min 

and 50% bleach containing 0.05% SDS for 5 min and extensively washed with sterile 

water. They were stratified at 4 OC for three days to break any residual dormancy and 

were germinated on Petri plates containing half strength MS salts, 1% sucrose and 1% 

agar with different concentrations of ABA.  

 

ABA-inhibition of seed germination assay 

For determining the effective concentration of ABA that is inhibitory to wild-type 

germination, seeds were germinated on plates containing increasing concentrations of 
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ABA.  The germination rate of controls was calculated from the 2nd day to 6th day with by 

scoring the presence of green cotyledons or fully emerged radicle.  abi1-1 and abi2-1 

serve as positive controls for insensitivity to ABA-inhibition of seed germination. 

 

ABA-inhibition of root growth assay 

Seeds were sterilized, stratified and germinated on Petri plates containing minimal 

medium. Five-7-day old seedlings grown vertically were transferred to plates with or 

without various concentrations of ABA and were grown vertically to facilitate root  

 

List of Genotyping Oligonucleotide Primers and PCR Analysis 

Genotyping product was synthesized using GoTaq@DNA polymerase and Reaction 

Buffer with custom oligonulceotides as primers (Table I). Each PCR consisted of a 1-min 

cycle at 94°C for denaturation, approximately 55°C for annealing (depending on 

calculated meting temperature for each primer), and 72°C for extension cycles. PCR was 

performed for 30 cycles, after that the products of the reaction were detected by agarose 

gel electrophoresis and EtBr staining (Ausubel et al. 1995). Primer design for sequence-

index T-DNA tagged lines was from http://signal.salk.edu/tdnaprimers.2.html  (Alonso et 

al. 2003).  Primers used in this study are listed in Table I. 
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Table 1. Oligonucleotide Primers used in this study 

 
Line  LP  RP 
SALK_094476 TGGGAGATTCATGGTTGATTC AAAGAACACTGGCCTCCTCTC  
SALK_108282 TTGAAACAACGTCCCAAAGAC TTTCACTATTGCGGCGTTTAC 
SALK_142672 TTCTTAATCGTCGTCCAGGTG AAGAAGGAGAATGGAGATCCG
SALK_039723 AGAAGTATTCACGCACCAAGG  AATCTCAGCCATGTGATCGTC 
SALK_045919 TGTTTCAAACGAAACTGCATG CTCTCTGACCTTGAAAGCGAG 
SALK_045282 TGACGAAAACACTCTTGTCCC  GTGAACCATACCCGTTTGATG 
SALK_059827 TGAATCAAACCCCAGTACTGC CCAGTTTTACCCATAATTGCTT

AAC 
SALK_010368 GAATGCCAAATCTTATGCGAG GCTGAACGAATCAGCTTTTTG 
SALK_080563 TGTGATGGGTTCTTTAGAAAAT

TG 
CCATAGCTGGCTCATTCATTC 

SALK_134258 TGTGATCCTTACCATTTTCATTC GAGAGAGAGGACACCGAACA
G 

SALK_146020 TCCTGCATCCTCAATTCTTTG  CAGTCAGAACGGGAAGTTCAG
  

SAIL_1264_H12
  

TCAAACGCGTATTCGGTATTC  TGGACCACCGTAGTTCAGATC  

SAIL_391_H08  
             

TTTTGGGACCAATTGACAAAG GCTGAACGAATCAGCTTTTTG 
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CHAPTER III 

RESULTS 

Bioinformatic Analysis of ABI1/2-Like PP2Cs 

Multiple alignments of protein and/or DNA sequence are an important bioinformatics 

tool to analyze conserved sequence regions, to predict the structures of uncharacterized 

genes, and to facilitate rational approaches to functional studies on paralogous genes. 

Basic Local Alignment Search Tool (BLAST) analysis of the Arabidopsis thaliana 

genome shows that the PP2C family contains 76 members (Kerk et al. 2002; 

Schweighofer et al. 2004), many of which contain conserved residues shown to be 

required for ABA signaling (Sheen, 1998; Rock, 2000). Schweighofer et al. (2004) 

organized the 76 PP2C genes of Arabidopsis into ten clades (A- J; nomenclature adopted 

here), with clade A being assigned to the ABI1-Like genes.  Their analysis was based on 

overall bootstrapped similarities after mining the genes for the PP2C invariant catalytic 

residues D-G-H flanked by the consensus LIVMFYA on the N-terminal and GAV on the 

C-terminal sides.  We independently performed a clustering analysis of PP2Cs, choosing 

to focus our functional genomics of ABA signaling on those ~40 PP2C genes most 

homologous overall to ABI1/2.  We used a nearest neighbor joining method with 

ClustalW software (Chenna et al. 2004) and found, in addition to the 9-member ABI1-

Like clade (Finkelstein and Rock, 2002; clade A of Schweighofer et al. 2004), two other 

5-member (Fig. 2, in clade F) and 4 –member clades (Fig. 2, clade B) with strong overall 

homology (E < 1e-27) to ABI1 full length protein sequence.   The letter designations of 

the clades are those of Schweighofer et al. (2004).  In keeping with the nomenclature for 

novel PP2Cs in Arabidopsis (Schweighofer et al. 2004), we designated the ABI1 clade 
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genes At1g07430, At2g29380, At5g59220, At5g51760 that are the most homologous to 

PP2CA/ABA HYPERSENSITIVE (T Yoshida et al. 2006) as AP2C7, AP2C8, AP2C9 

and AHG1/AP2C10 (Nishimura et al. 2007), respectively, and the next nearest clade 

members (At5g24940, At5g53140, At4g31750, At1g43900, At5g10740) as AP2C11 

through AP2C15, respectively (Fig. 2 lower subclade F). The next-further-distant ABI-

Like clade (clade B: At2g3002, At1g07160, At2g40180, At1g67820) has already been 

named AP2C1, AP2C2, AthPP2C5, and AP2C4, respectively based on homologies to 

MP2C, an alfalfa PP2C involved in mitogen-activated kinase and wound wound signaling 

pathways (Meskiene et al. 2003; Schweighofer et al. 2004).  Although AP2C1 has been 

shown to be wound- and nitrate-inducible (Cheong et al. 2002; Gutiérrez et al. 2002; 

Malek et al. 2000; Navarro et al. 2004; Wang et al. 2003) and to target MPK4 and MPK6 

(Schweighofer et al. 2007), no physiological roles for the AP2C2- AP2C5 genes in 

Arabidopsis have been established.  

 

Based on next-nearest homology to ABI1, At2g25620 and At3g17250 were named 

AP2C16 and AP2C17, respectively. At4g31860 was previously shown to be up-regulated 

by ABA and by ectopic expression of maize VIVIPAROUS1, the orthologue of the B3-

domain transcription factor ABI3, suggesting it may be part of an ABA signaling regulon 

(Suzuki et al. 2003). Therefore it was given the name AP2C18, and its close homologue 

the name AP2C19. Those remaining PP2C genes with greater homology to ABI1 than 

AP2C18 were given the names AP2C20 through AP2C26. These genes variously fall into 

the AP2C16 and AP2C11 clades (Fig. 2) whereas AP2C25 is a relative outlier (Table II). 

Because the cladogram constructed on ABI1-Like amino acid homologies fitted well with 
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known functions or associations of many of these genes with ABA signaling, including 

relatively distantly homologous PP2Cs like AP2C18, we focused on these genes (those in 

Table II) in subsequent analyses.  

 

Recent availability of tools for analysis of comprehensive microarray transcriptome 

studies in Arabidopsis (Manfield et al. 2006; Zimmermann et al. 2005) provide a means 

to place genes in a physiological, developmental, and genetic context. Nearest neighbor 

meta-analysis of gene expression profile datasets for the 20 PP2C paralogues most 

closely related to ABI1 was performed independently for tissue specificity, 

developmental stage, stress response, and mutant profiles in order to compare the 

structure/function relationships of paralogues. The dataset comprised ~200 different 

experiments and > 2000 Affymetrix® 22k ATH1 gene chips (Zimmermann et al. 2005). 

The results are shown in Fig. 2. Each gene was expressed above the statistical 

significance cutoff, however for several genes in each clade (AP2C7, AP2C8, and 

AHG1/AP2C10 in the ABI1-clade; AP2C1, AP2C2, and AthPP2C5 in the B clade of Fig. 

2; and AP2C11 in the F clade) the expression levels were low which might result in 

exaggerated clustering. Nonetheless the hierarchical cluster results based on absolute 

expression levels showed the ABI1 gene clustered nearer to previously described 

functionally redundant genes ABI2, HAB1, HAB2, and PP2CA/AHG3. The AP2C11-

AP2C15 clade and AP2C1-Like clade (Schweighofer et al. [2004] subclade F and B, 

respectively, Fig. 2) also showed some clustering in smaller blocks.  The relative ratio 

method of clustering gene expression patterns in response to exogenous stress treatments 

and mutant genotypes resulted in the association of known ABA effectors and showed 
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clustering of all four of the ABI1-Like phylogenetic clades (Fig. 3C).  These 

computational results suggest that meta-analysis is a useful method for hypothesis 

building in functional genomics of complex gene families such as the PP2C genes of 

plants. 

 

Because more distantly-related PP2C paralogues also showed similar expression profiles 

to the ABI1 clade genes, notably in endodermis, sepals, seeds, siliques and senescent 

leaves (Fig. 3A and B), these results are consistent with the hypothesis that these 

paralogues may have redundant and/or overlapping functions in stress responses. 

Published data in support of this hypothesis is that the evolutionarily distant AP2C18 is 

up-regulated by ABA and in VP1-overexpressing transgenic Arabidopsis, along with 

ABI1, ABI2, HAB1, and PP2CA/AHG3 (Suzuki et al. 2003). Similarly, ABI2, HAB1, 

HAB2, PP2CA/AHG3, AP2C1, and AP2C7,-8 and -9 are up-regulated by ABA and in the 

abi1-1 mutant (Hoth et al. 2002; Xin et al. 2005); ABI1, ABI2, PP2CA/AHG3, HAB1, 

P2C1, AP2C7 and AP2C9 are up-regulated in response to wounding or pathogen 

elicitors(Cheong et al. 2002; de Torres-Zabala et al. 2007); ABI1, ABI2, HAB1, 

PP2CA/AHG3, AP2C7, and AP2C9 are up-regulated in the esk1 cold stress-resistant 

mutant (Xin et al. 2007); AHG3, AP2C1 and AP2C16 are induced significantly (P < 

0.002) in roots and shoots by 20 minutes of 250 µM nitrate treatment (Wang et al. 2003); 

and the SUPERSENSITIVE TO ABA AND DROUGHT mutant sad1 (Xiong et al. 2001) 

suppresses accumulation of AP2C17 and ABI1 transcripts. Nitrate has been implicated as 

a precursor to the secondary messenger nitrous oxide in stomata (Desikan et al. 2002; 

Garcia-Mata et al. 2003) and in ABA regulation of lateral root development (De Smet et 
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al. 2003). Some paralogues (e.g. AP2C2, -12, 14) were expressed at a low level in seeds 

and relatively higher in vegetative tissues or expressed primarily in stamens/pollen 

(AthPP2C5, AP2C11, -15) or root hairs (AP2C13, -16). Consistent with the working 

model, most of the paralogues were induced by ABA, stress-promoting chemicals, high 

light intensity, and biotic and abiotic stresses (Fig. 3C). Analysis of expression profiles in 

various mutant backgrounds identified the bacterial and fungal elicitors flagellin and 

chitin, respectively, to be key triggers for AP2C1,-2, and AthPP2C5 expression. 

Interestingly, the recently discovered MAX4 gene, which controls auxin homeostasis 

through a novel ABA-like hormone signaling pathway (Bennett et al. 2006) resulted in up 

regulation of ABI1, ABI2, PP2C, AP2C1, and AP2C7 when overexpressed (Zimmermann 

et al. 2005; data not shown). Taken together these data support the hypothesis that ABI1-

Like PP2Cs are likely involved in stress responses, possibly by overlapping and/or 

redundant functions. 

 

My work focuses on ABI1-Like clade A and AP2C11-Like clade F, those nearest in 

homology to ABI1.  Based on our computational results described here, published data, 

and functional data from a previous student (Gampala, 2004), our working hypothesis is 

ABI1-Like and AP2C11-like clades are involved in ABA responses and are likely to be 

negative regulators of ABA and/or stress responses. By contrast, the more distantly 

related AP2C1-Like clade B is hypothesized to be a positive regulator of ABA (Gampala, 

2004). Recent evidence supports this hypothesis: an ABA-induced PP2C from beech 

(Fagus sylvatica) seeds (FsPP2C2) has been described that functions when over-

expressed in Arabidopsis as a positive effector of ABA (Reyes et al. 2006). Constitutive 
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expression of FsPP2C2 in Arabidopsis under the cauliflower mosaic virus 35S promoter 

produced enhanced sensitivity to ABA and abiotic stresses in seeds and vegetative tissues 

(Reyes et al. 2006). In order to provide an independent assessment of the notion that 

PP2Cs are also positive effectors of ABA, I performed a BLASTP alignment 

(www.arabidopsis.org; TAIR release 7.0) (Garcia-Hernandez et al. 2002) of the full 

length FsPP2C2 protein sequence against the Arabidopsis proteome.  FsPP2C2 is most 

like (E = 10-172) the three-member clade D of Fig. 2, for which no functions have been 

described.  A homozygous knock-out mutant is available for one of these genes 

(AT5G66080; SALK_064394C).  The partial results of the BLAST alignment relating to 

ABI1-Like proteins under study are shown in Fig. 4. FsPP2C2 is more closely related to 

the AP2C1-Like clade B (E ~ 10-24) than ABI1-Like clade A (E ~ 10-15)(Figure 3). This 

observation is consistent with our hypothesis that the AP2C1-Like clade B may be 

positive regulators of ABA  or stress because members are more homologous to a 

functional positive effector of ABA (FsPP2C2) than are ABI1-Like effectors for which 

all available evidence is negative. 
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Table II. Genes studied in this work. Bold Genes are reported here for their effect on 
ABA-inducible ProEm:GUS reporter gene expression 

 

List of AGI 
genes under 
study 

Common names; 
PP2C nomenclature 
based on 
Schweighofer et al, 
(2004) or genetic 
studies 

Full length cDNA 
clones available from 
ABRC# or RIKEN$ 
(pdx clones) 

  E value 

At4g26080 ABI1(Leung et al. 
1994) 

c104649 0 

At5g57050 ABI2(Leung et al. 
1997; 
Rodriguez et al. 1998) 

u24491 e-155 

At5g59220 AP2C9 u13940 3e-58 
At5g10740 AP2C15 u50442 7e-31 
At5g53140 AP2C12   
At2g40180 Athpp2c5 u20838 2e-28 
At5g10740 AP2C2 c102899@ 3e-28 
At2g30820 AP2C1 s65038 1e-27 
At4g31860 AP2C18 u14631 2e-21 
At2g25620 AP2C16 u09071; u12815 2e-25 
#http://www.arabidopsis.org 
$http://www.brc.riken.jp/lab/epd/catalog/cdnaclone.html 
*not currently available 
@not full length according to TAIR7.0; clone missing N-terminal 200 AAs 
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Figure 2.  Homology to ABI1 among Arabidopsis PP2Cs. The 40 most closely-related 
proteins to ABI1 (BLASTP; TAIR release 7.0) were analyzed by the Pileup program of 
GCG using progressive pairwise alignments. Capital letters on right correspond to clades 
classified by Schweighofer et al.  (2004). 
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Figure 3.  Hierarchical clustering meta-analysis (Zimmerman et al. 2005) of 
Affymetrix® 22k ATH1 gene expression profiles of the 20 Arabidopsis PP2C gene 
family members most homologous to ABI1. Most genes are from the A,B, and F clades 
of Fig. 1. Results are given as heat maps in grey scale coding (absolute signal values, 
black = high expression). (A) Growth stages.  
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Figure 3. Continued. (B)  Plant organs. Growth stage annotations are based on the 
Boyes key (2001). The choice of organ terminology is based on vocabulary defined by 
the Plant Ontology Consortium (http://www.plantontology.org).  
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C 

 

Figure 3. Continued. (C) Bidirectional hierarchical clustering meta-analysis of 28 ABI1-
Like genes for biotic/chemical/abiotic stresses, shown as relative ratios to controls.  
Capital letters spanning genes in the cladogram correspond to clades classified by 
Schweighofer et al. (2004) shown in Fig. 2. Red shading is for up regulation; green for 
down-regulation of the gene by given treatment.  In cases where extreme singular effects 
(e.g. one gene and one treatment) are observed, it is often found to due to absent calls 
unless noted 
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Figure 4.  BLASTP result of FsPP2C2 against Arabidopsis proteome with AtAP2C1-
Like clade and AtABI1-Like clade. (result is from www.arabidopsis.org) 
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Functional Analyses of ABI1-Like PP2Cs in Transiently Transformed Maize 

Protoplasts 

Hierarchical clustering by sequence homology or on the basis of organ- and stress- 

responses of growth-stage-specific gene expression facilitates the study of gene families. 

Our convergent computational results supported the hypothesis that more widely 

divergent PP2Cs may also function in ABA signaling. However, these predictions must 

be tested directly. We previously demonstrated the conserved nature of ABA signaling 

effectors among species in transient gene expression assays (Gampala et al. 2001, 2002) 

and the efficacy of maize mesophyll protoplasts for high throughput functional genomics 

of ABI5-Like basic leucine zipper transcription factor family members from Arabidopsis 

(Finkelstein et al. 2002, 2005). The maize protoplast transient gene expression assay was 

therefore employed to screen ABI1-Like PP2Cs for effects on ABA-inducible 

ProEm:GUS (β-glucuronidaseuidA) reporter gene expression. Initially, ABI1-like family 

members amplified by PCR from an Arabidopsis cDNA library (Minet et al. 1992) were 

cloned (Gampala, 2004) into plasmids driving cDNA expression under the control of 

strong Ubi (Christensen and Quail, 1996) or Ppdk-35S chimaeric promoters (Sheen, 

1998).  The preliminary results were encouraging and a high-throughput approach was 

deemed important for further studies. 

 

Because of the facile nature of transient gene expression studies in protoplasts (Sheen, 

2001) and the availability of over 14,000 full-length Arabidopsis donor cDNAs in the 

UPS vector pUNI51 (Yamada et al. 2003), a previous student (Gampala, 2004) developed 

a Cre-lox recombination method based on the Univector UPS system (Liu et al. 1998) to 
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produce a series of plant transient expression constructs for epitope-tagged cDNAs 

(pCR701- pCR705)(Fig. 5). I and others in the lab have applied these constructs to 

generate effector plasmids for functional genomics in transient assays. The pCR701- 705 

constructs are a series of UPS acceptor plasmids containing in-frame N-terminal epitope 

tags recognized by commercially available antibodies (6xHis, 2xHA, 2xFLAG, 2xcMyc) 

and driven by the maize Ubi promoter for expression of tagged cDNA effectors in 

protoplasts (Fig 5). They also have utility in the production of stable biolistic 

transformants of maize (Shou et al. 2004).  We addressed computationally some technical 

aspects of known regulatory elements for efficient transcription and translation in 

eukaryotes in the design of the pCR70x acceptor vectors. Translation in eukaryotes 

proceeds by binding of the ribosome small subunit to the 5’- methyl-capped mRNA and 

scanning linearly for the initiation AUG codon. Important determinants of the initiation 

codon are the bases in positions -3 and +1, which can influence the efficiency of 

translation by 10-fold (Kozak, 1983). The adapter fragments for cloning the pCR70x 

acceptor vectors were designed to contain a Kozak consensus sequence (CCAAAAUGG; 

initiation codon underlined) in-frame with the epitope tag sequences. Because hairpins in 

the 5’ UTR may impede migration of ribosomes and/or transcriptional machinery that 

could reduce expression levels, our lab disrupted the inverted repeat in the loxP site (∆G 

= -14.5 kcal/mole) by synthesizing the adaptor fragments with a variant loxH site. LoxH 

differs from loxP by three nucleotides which disrupts potential secondary structure of the 

palindrome (∆G = -1.2 kcal/mole) yet it undergoes efficient recombination with loxP in 

vitro (Abremski et al. 1983). 
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Computational analyses of plant UTRs have led to the discovery of additional sequence 

determinants and secondary structures for polyadenylation beyond the eukaryotic 

canonical Near Upstream Element (NUE) located at -13 to -30 n.t. from the polyA tract 

(Loke et al. 2005). Because the pUNI51 vector used in constructing full length 

Arabidopsis cDNAs had no documented eukaryotic polyadenylation signal sequence, we 

searched downstream of loxP in pUNI51 for candidate polyadenylation signals and were 

surprised to find the un-annotated sequence of the bovine growth hormone (BGH) 

genomic polyadenylation signal (Goodwin and Rottman, 1992) at n.t. position 376- 605. 

Because pUNI51 is derived from pUNI50 (Liu et al. 1998), which has a documented 

mammalian polyA sequence, it appears this fact has been overlooked in the annotation 

(GenBank accession AY260846). This situation may have deterred greater utilization of 

the UPS Arabidopsis cDNAs to date by the plant research community. 

 

We determined the potential utility of the existing mammalian polyadenylation sequence 

in pUNI51 for function in plants by analyzing the spacing, nucleotide composition, and 

secondary structures associated with the NUE (AAUAAA) 19 bp upstream from its 

known cleavage site (CS) in animals (TCGCA//TTG where // denotes CS). We suggest 

that the BGH polyadenylation sequence in pUNI51 (Fig. 5) can serve as a robust 

transcription termination signal in plants based on the following observations: 1) The 

NUE (AAUAAA) is the top-ranked hexamer found in annotated Arabidopsis genes.  2) 

The sequence of the CS (UCGCA//UUG) is a very good match with the top-rank 

Arabidopsis CS consensus (UUUPyA//UUU), with requisite nucleotides (PyA) at 

positions -2 and -1 and U-rich flanking nucleotides.  3) The spacing between the NUE 
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and the predicted cleavage site (19 n.t.) is optimal for Arabidopsis (Loke et al. 2005). 4) 

The secondary structure of the BGH 3’ termination sequence in pUNI51 shows a 

prominent bulge at the NUE and a cluster of secondary structure at the predicted CS, both 

of which have been functionally validated as necessary and sufficient for activity in 

plants (data not shown)(Loke et al. 2005 and references therein). 

 

Functional data from transient assays using Cre-lox-generated effector plasmids is 

presented along with conventional construct results in Fig. 6A. Consistent with our 

working hypothesis, HA:ABI1-1, HA:AP2C9, HA:AP2C15, HA:AP2C18 significantly 

antagonized the ABA-inducible ProEm:GUS reporter expression. I repeated these 

experiments on overexpression of HA:AP2C16, HA:AP2C9, HA:AP2C15, 

HA:AthPP2c5, AP2C13, HA:AP2C18 to demonstrate the reproducibility of the observed 

effects.   The results shown in Fig. 6B reveal the same trend as the previous data; 

HA:AP2C9, HA:AP2C15, HA:AP2C18 antagonized the ABA-inducible ProEm:GUS 

expression compared with AP2C16, AtPP2C5, and AP2C13, which had no obvious effect 

compared with control.  I used ABA positive regulator ABF3, an ABI5-like basic leucine 

zipper transcription factor (Finkelstein et al. 2005), as a positive control for effector 

trans-activation. Previous results show transient expression of ProUbi:AP2C1 

transactivated ProEm:GUS expression instead of antagonizing it (Fig. 6C)(from Gampala, 

2004). The conserved Gly residue at amino acid position 180 of ABI1 is critical for ABA 

signaling and the G180_D mutation results in dominant-negative alleles for ABI1 and 

ABI2 (G168D) (Sheen, 1998). The orthologous site-directed mutant derivative of AP2C1 

(ProUbi:AP2C1mut; 178G_D) did not transactivate ProEm:GUS expression, suggesting 
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that the transactivation effect of AP2C1 was specific. I tested the overexpression of HA: 

AP2C12 on ABA-inducible gene expression, yet no significant effect on ProEm:GUS 

reporter expression was observed (Fig. 6D).  However, it should be noted that the 

positive control for antagonist effects of ABI1-1 allele did not yield significant 

differences, suggesting this particular experimental result should be discounted and the 

function of AP2C12 re-tested.  Taken together, my and others’ functional data suggest 

that genes highly homologous to ABI1 are functionally conserved as negative regulators 

of ABA-inducible gene expression, as previously shown genetically (Leung et al. 1994, 

1997; Meyer et al. 1994; Nishimura et al. 2007; Rodriguez et al. 1998a; T. Yoshida et al. 

2006). 
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Figure 5.  Cre-lox recombination-ready acceptor vector for transient plant expression 
assays. pCR701: loxH alone. pCR702- 705 plasmids contain 2xHIS6, 2x-HA, 2x-FLAG, 
and 2x-cMYC epitope tags, respectively, upstream (5’) and in frame with loxH 
recombination site to give N-terminal fusion peptides with acceptor pUNI cDNAs. 
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Figure 6. A.  ABI1-Like PP2C transient expression results using cre-lox recombination 
epitope-tagged acceptor vector constructs. Asterisk (*) indicates significant difference 
from control, (P < 0.04, Student’s two-sided t-test, equal variance assumed.) Data are the 
means of two or three replicates, ± SE.  B.  Repeat experiment of overexpression of 
ABI1-Like PP2C transient expression assay. C.  Overexpressed AP2C1 has agonist 
(inductive) effects (From Gampala, 2004).  D.  Overexpression of AP2C12 in a transient 
expression assay. 
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Reverse Genetic Analysis of ABI1-Like PP2Cs Function 

The term “reverse genetics” includes any sequence-based study to test a specific gene’s 

function. In Arabidopsis this approach has been extensively used by screening for T-

DNA insertions and characterizing the effects of gene “knockouts,” “knock-ons,” or 

“knockdowns” on the phenotype of the plant. Nowadays, over 225,000 independent 

Agrobacterium transferred DNA (T-DNA) insertion events in the genome of the reference 

plant Arabidopsis thaliana have been created that represent near saturation of the gene 

space (Alonso et al. 2003). The precise locations have been determined for more than 

88,000 T-DNA insertions, which resulted in the identification of mutations in more than 

21,700 of the 29,454 predicted Arabidopsis genes (Alonso et al. 2003). Due to the 

available Salk T-DNA Express Gene Mapping Tool, several SALK and SAIL lines of 

Heterozygous T-DNA insertions and even Homozygous T-DNA insertions lines serve as 

our starting source to perform reverse genetic analysis of ABI1-Like PP2Cs function.  

When combined with computational analyses and medium-throughput functional 

analyses of overexpressed homologous effectors in protoplasts, what is achieved is a 

systems approach to functional genomics based on complementary forward- and reverse-

genetic and computational methods. 

 

The functional analyses of ABI1-Like PP2Cs in transiently transformed maize protoplasts 

provide leads for focusing on interesting ABI1-Like PP2C genes with likely roles in 

responses to ABA or stress. My protoplast data shows overexpressed AP2C9 and 

AP2C15 significantly antagonized with the ABA-inducible ProEm:GUS reporter 

expression. At the protoplast level, overexpression of these two effector cDNAs 
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negatively regulated the reporter gene response to ABA. My hypothesis is that T-DNA 

knockout mutants of AP2C9 and AP2C15 should show ABA-hypersensitivity phenotypes. 

AP2C12 and AP2C13 also are interesting candidates for further study because AP2C12 

and AP2C13 are the closest neighbors of AP2C15 in the AP2C11-Like clade. The other 

reason AP2C12 is interesting is there is a small RNA that maps to AP2C12 (Rajagopalan 

et al. 2006; Gustafson et al. 2005). Small RNAs are riboregulators that have critical roles 

in post-transcriptional regulation of gene expression. They repress gene expression by 

acting either on DNA to guide sequence methylation and chromatin remodeling, or on 

RNA to guide cleavage and translational repression (Vaucheret et al. 2006). Colleagues 

in my lab also work on small RNAs projects as they relate to hormone signaling and post-

transcriptional regulation.  A PP2C has been computationally identified as a target of 

miR856 in Arabidopsis (Rajagopalan et al. 2006; Fahlgren et al. 2007).  It is hoped that 

the data from AP2C12 may also provide some interesting aspect for my colleagues to do 

further study.  

 

Several lines of these T-DNA insertion mutants were obtained from the ABRC stock 

center or Syngenta Corporation through a Materials Transfer Agreement. The insertion 

lines are corresponding to ABI1-Like/AHG3/AHG1-Like Clade, AP2C9 line: 

Salk_142672C (T-DNA insertion in exon; data not shown). In the AP2C11-Like Clade, 

AP2C12 lines: Salk_059827 (T-DNA insertion in 3’ UTR), Salk_010368 (T-DNA 

insertion in promoter),  Salk_134258 (T-DNA insertion in promoter), Salk_086108 (T-

DNA insertion in 5’ UTR), SAIL_391_H08 (T-DNA insertion in promoter); AP2C13 line: 

Salk_146020C (T-DNA insertion in intron); and AP2C15 line: Salk_094476C (T-DNA 
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insertion in promoter). The capital C indicates the line has been validated by the Salk 

program as Homozygous for the annotated insertion and presence of the insertion by PCR 

(http://signal.salk.edu). 

 

To confirm the community-wide available seeds received from the ABRC stock center 

(Scholl et al. 2000) were in fact homozygous for T-DNA insertions, and to isolate 

homozygous T-DNA insertion lines from heterozygous seed stocks received several years 

ago, former lab members grew them up and harvested individual self-fertilized clonal 

lines.  I performed PCR with gene-specific primers on template DNA extracted from 

individual seedlings or pooled samples to genotype the lines with a view to identify the 

homozygous mutant lines.  The primers were designed by a web-based program 

dedicated to analysis of these community-wide resources  

(http://signal.salk.edu/tdnaprimers.2.html)(see Fig. 7). “LP” and “RP” are symbols for 

gene-specific left and right genomic primers, respectively. “LB” is the left border primer 

of the T-DNA insertion. Two paired reactions were set up, LP+ RP and LB+RP. In the 

LP+RP reaction, template DNA from wild-type and Heterozygous lines should produce a 

PCR amplicon of about 900~1100 bps (from LP to RP), while Homozygous insertion 

lines should not yield an amplicon because the T-DNA insertion in template DNA 

between the LP and RP primers renders the target too large to amplify efficiently. In the 

LB+RP reaction, Homozygous insertion lines and Heterozygous lines should produce a 

band of ~410 +N bps (from RP to insertion site @ 300+N bases internal to the T-DNA 

Left border, plus 110 bases from LB to the left border of the vector)(Fig. 7), whereas 

wild-type template should not yield an amplicon because of the absence of a LB.  In this 
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algorithm “N” equals a sample-specific number of nucleotides that corresponds to the 

difference of the actual insertion site and the unambiguous flanking sequence data 

obtained experimentally, usually 0 - 300 bases.  Fig. 8 shows results of a PCR assay that 

provides proof of homozygous T-DNA insertion in AP2C15 094476C, because only in 

LB and RP reactions were the predicted products of ~ 500 bp observed (Fig. 8, lanes 1 

and 3, corresponding to template DNA from two independent individuals), while in LP 

and RP reactions, no product was observed (Fig. 8, lanes 2 and 4). In the control reaction 

with Columbia wildtype, one amplicon of ~ 900 bp was observed as expected (Fig. 8, 

lane 7), but no 900 bp amplicon was obtained in the LB+RP reaction (Fig. 8, lane 8).  

 

Physiological response assays for ABA-inhibition of seed germination and ABA-

inhibition of root growth were performed on the validated homozygous T-DNA lines and 

on some candidate heterozygous segregating lines to test the hypothesis that the ABI1-

Like genes identified by functional gene expression assays are negative regulators of 

ABA responses. AP2C9 Salk_094476C, AP2C13 Salk_146020C, AP2C15 

Salk_094476C are homozygous lines made available to the research community (Alonso 

et al. 2003). In contrast, the AP2C12 insertion lines were harvested as numerous 

individual clonal lines from presumed heterozygous seed stocks. Due to the limitation of 

time, I randomly selected individual lines from various available AP2C12 T-DNA 

insertion alleles in anticipation of observing segregation in the next generation. It is 

unknown at present whether the stocks I chose are heterozygous or homozygous and 

conclusions are contingent upon further testing. In the ABA-inhibition of seed 

germination assay, abi1-1 and abi2-1 served as positive controls: abi1-1 and abi2-1 are 
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pleiotropic semi-dominant mutant alleles that markedly reduce ABA responsiveness in 

both seeds and vegetative tissues (Koornneef et al. 1984). abi1-1 and abi2-1 are 

originally from Landsberg erecta (Ler) wildtype background and all the T-DNA insertion 

mutant lines are originally from Columbia (Col) wild-type background, which serve as 

negative controls.  

 

I measured the germination rate day by day until the 6th day. A time-course of ABA-

inhibition effects on seed germination is shown in Fig. 9A. Under the 3.162 µM ABA 

treatment, 50% germination rate in abi1-1 appeared in the 2nd day, in abi2-1 it appeared 

between 3rd and 4th day, whereas both Col and Ler controls showed a similar degree of 

~50% germination between the 5th and 6th days (Fig. 9A). The results establish the assay 

by showing the negative controls and positive controls both worked as expected. Based 

on the results, day four was chosen as the best day to observe ABA inhibition of 

germination effects.  On the 4th day (Fig. 9B), the germination rates of homozygous 

mutant AP2C9 Salk_142672C and AP2C15 Salk_094476C were higher than the Col 

wildtype at the concentration of 3.162 µM ABA, while almost no difference was found 

between AP2C13 Salk_146020C and Col wildtype. These germination results correlate 

with the transient transformed maize protoplast results (Fig. 5A,B) that showed 

antagonist effects of overexpressed AP2C9 and AP2C15.  Thus an ABA effect was 

observed, but of the wrong sign or direction (ABA insensitivity instead of ABA 

hypersensitivity, as hypothesized for a negative regulator of ABA).  Overexpression of 

AP2C9, AP2C15 negatively regulated ABA inducible ProEm:GUS, whereas T-DNA 

knockout mutants of AP2C9 and AP2C15 showed reduction in ABA response compared 
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with Col wildtype.  Although the data from seed germination assays are suggestive as to 

an ABA effect of AP2C9 and AP2C15, the analyses must be interpreted conservatively, 

given the unexpected decreases in ABA sensitivity for these knockout mutants since they 

are postulated negative regulators of ABA responses and are predicted to show an ABA 

hypersensitive phenotype in null alleles.  The dataset is also not robust in that only one 

experiment was performed with a minimum of replicates that precluded statistical 

significance testing of the results. 

 

Interestingly, in the candidate AP2C12 knockout lines all the lines showed higher 

germination rates than the Col wildtype at the effective concentration of 3.612µM ABA 

(Fig. 9C).  An interesting preliminary result was found with the 10µM ABA treatments: 

Salk_059827 and Salk_134258 individual seedlings from candidate heterozygous lines 

started to germinate on the fourth day (Fig. 9D).  At the same time and conditions, no 

germination was found in AP2C9, AP2C13, AP2C15, Col, or Ler lines.  The germination 

rates of the positive controls on 10µM ABA abi1-1 were 100% for abi1-1 and 60% for 

abi2-1. The observed germination rate for AP2C12 Salk_059827 was 6.7%, and AP2C12 

Salk_134258 was 3.3%. These preliminary data are consistent with the hypothesis that 

these lines are heterozygous and segregating homozygous AP2C12 mutants that may be 

weak regulators of ABA germination or seedling responses. This hypothesis could be 

independently tested in another physiological process:  inhibition of root growth assay. 

In the inhibition of root growth assay, AP2C12 Sail_0391_H08 showed remarkable 

growth under the highest 31.62µM ABA treatment compared with Col wildtype (Fig. 

10C). Similarly, the other candidate heterozygous lines of independent AP2C12 alleles 
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also exhibited longer root growth than the Col wildtype.  The inhibition of root growth in 

AP2C9 Salk_142672C was slightly more hypersensitive at 10 and 32 µM ABA 

concentrations compared with Col wild-type controls, whereas AP2C15 Salk_094476C 

showed almost complete inhibition at 32 µM ABA and some inhibition at 10 µM ABA 

(Fig. 10B).  However, these results need to be confirmed by a clear ABA dose-response 

relationship, since these concentrations of ABA are relatively high in a physiological 

sense, and the assay was performed late in seedling development when many lateral roots 

had already formed and could obscure the results because of decreased metabolism in the 

primary root meristem (Fig. 10C).  Interestingly, in Fig. 3A and 2B the clustering meta-

analysis of growth stages and plant organs showed that expression of AP2C15 is not 

found in the seedling stage and AP2C15 expression level is moderate in roots.  These 

observations could be interpreted as consistent with an ABA-hypersensitive phenomenon 

in AP2C15 homozygous knockouts, as predicted, but should be interpreted with caution 

in the absence of dose-response data.  By contrast, AP2C12 expression levels are high in 

the seedling stage and root elongation zone (Fig. 3), consistent with the observation that 

candidate heterozygous segregating AP2C12 lines are relatively insensitive to the ABA-

inhibition of root growth. 
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Figure 7.   Protocol for SALK T-DNA primer design.  

(from http://signal.salk.edu/tdnaprimers.2.html)(Alonso et al. 2003) 
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Figure 8.   Proof of homozygous T-DNA insertion in AP2C15 094476C 
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Figure 9.  ABA-inhibition of seed germination assay:  A. The germination rate of 
controls was calculated from the 2nd day to 6th day by scoring presence of green 
cotyledons or fully emerged radicle.  abi1-1 and abi2-1 are insensitive to the ABA-
inhibition of germination, while Columbia and Landsberg erecta wildtype germination 
was inhibited by ABA in a dose-dependent fashion. 

Figure 9.B.  Dose-response curves of 4-day–old seedling germination rates of controls, 
AP2C9 Salk_142672C, AP2C13 Salk_146020C, and AP2C15 Salk_094476C. 
Germination Rate was calculated by the average of 3 replicates of 10 seeds, and the error 
bars shows the stand deviation among the 3 replicates. 
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Figure 9. Continued. C.  Dose-response curves of 4-day–old seedling germination rates 
of candidate heterozygous stocks for AP2C12 Salk_10368, AP2C12 Salk_134258, 
AP2C12 Salk_86108, AP2C12 Salk_59827, AP2C12 Sail_391_H08. Germination Rate 
was calculated by the average of 3 replicates of 10 seeds, and the error bar shows the 
stand deviation among the 3 replicates. 

 
 

 abi1-1 

 AP2C12 Sail_0391_H08 

 Col 

Figure 9.D.  Visualized germination phenotypes of abi1-1, AP2C12 Sail_0391_H08 and 
Columbia under the 10µM ABA treatment for 4 days. The frequency and degree of 
radicle emergenence suggests AP2C12 parental line may be heterozygous and 
segregating for an ABA-insensitive phenotype. 
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Figure 10.  ABA inhibition of root elongation:  Seeds were germinated on ABA-free 
plates for 7 days and the germinated seedlings (n=5) were transferred to ABA-containing 
plates where all their root tips were aligned. The increase in root length was measured 
after 7days in the presence or absence of 31. 62µM ABA in the medium. Error bar shows 
the standard deviation of growth length among the 5 seedlings. A.  ABA inhibition of 
root elongation in controls (abi1-1, abi2-1, Ler and Col) 
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Figure 10. Continued. B.  ABA inhibition of root elongation in AP2C9, AP2C13 and 
AP2C15. Asterisk (*) indicates significant difference from control, (P < 0.007). 

 

Figure 10.C. ABA inhibition of root elongation in AP2C12 candidate heterozygous lines. 
AP2C12 Sail_0391_H08 shows longer root length under the 31.62µM ABA treatment 
compared to the wild-type Columbia. The AP2C12 Sail_0391_H08’s genotype is not 
clear at that time. 
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CHAPTER IV 

DISCUSSION 

The rapid development in genomics and microarray technologies enables researchers to 

simultaneously monitor most mRNA transcripts in a cell or tissue sample and identify 

distinct patterns of expression (e.g. metabolic or hierarchical "clusters", cis-acting 

elements) characteristic of physiological or pathological states, and to screen for subtle 

changes in response to effector treatments.  My and my lab’s computational meta-

analysis (Zimmerman et al. 2005) of ABI1-Like PP2C transcription profiles gave 

congruent results with sequence homology predictions of PP2C functional conservation, 

suggesting such Bayesian approaches to gene characterization are valid and useful.  

Similar approaches employing a Relevance Vector Machine have been applied to the 

discovery of novel cis-acting elements in ABA and glucose signaling (YH Li et al. 2006), 

and it follows that functional testing of such candidate cis-elements would be 

straightforward in transient protoplast assays. Our results with protoplasts showing PP2C 

effects on ABA sensitivity are largely consistent with in planta experimental and genetic 

results to date, as we previously showed for the ABI5-Like basic leucine zipper 

transcription factor clade (Finkelstein et al. 2005).  Recapitulation in protoplasts of gene 

interactions established by conventional molecular genetics studies strengthen our claim 

that such a systems approach is valid for screening biologically relevant interactions.  The 

novel effects observed could also lead to biotechnological applications in crops, 

notwithstanding the need to understand molecular mechanisms and the subcellular, 

spatial, and temporal contexts of gene interactions.  I have contributed to testing the 

feasibility of transcriptome profiling of transiently transformed maize protoplasts by 
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fluorescence-activated cell sorting (data not shown)(Birnbaum et al. 2006; Hagenbeek 

and Rock, 2001), a method which could advance systems approaches to translational 

genomics by generating “functional map space” of signaling effectors.   

 

With the completion of the Arabidopsis, rice and poplar genomes, focus has shifted from 

the acquisition of primary sequence information towards understanding the biological 

role of genomic sequence (Borevitz and Ecker, 2004; Hilson, 2006).  This is particularly 

important across species boundaries, where genes of similar sequence may serve unique 

or different functions and functions specific to plants.  One of the challenges in the post-

genomics era is to understand and discriminate the regulation and function of closely-

related genes that control growth and development.  The mechanisms of hormone 

“sensitivity” and cross-talk, whereby plants use common responses to acclimate to a 

range of different stresses after exposure to one stress, remain unknown.  My results and 

those of my lab showing antagonist and agonist effects of Arabidopsis ABI1-Like PP2Cs 

in maize protoplasts begin to address these issues and provide a starting point for detailed 

and focused molecular, cellular and physiological studies on these ABA signaling 

effectors.  These types of comparative functional studies in turn can lead to insights into 

molecular evolution.  

 

Mesophyll protoplasts isolated from fresh leaves have many practical advantages. For 

instance, plant materials are grown from seeds without subculturing and without needing 

a sterile culture facility. Etiolated true leaves grown in the dark can be obtained from 

wild-type monocot plants such as maize and barley, but not commonly from dicot plants 
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such as Arabidopsis and tobacco. Currently, etiolated or greening maize leaves provide 

the best source of mesophyll protoplasts to study synchronous light and sugar regulation 

of photosynthetic genes (Sheen et al.  1990, 1991, 1993; Schaeffner and Sheen et al. 1991, 

1992; Jang and Sheen et al. 1994; Yanagisawa and Sheen et al. 1998).  The 

transformation efficiency of maize mesophyll protoplasts can reach 75% (Sheen et al. 

2001), and co-transfection of multiple plasmids expressing different constructs is very 

efficient (Abel and Theologis, 1994; Kovtun et al., 1998; Sheen, 1998). Compared with 

biolistic transient assays that are less effective, this high level of transformation 

efficiency enables broader functional analyses of protein products of transgenes in 

etiolated maize protoplast transient assays.  That’s why we choose the etiolated maize 

protoplast as the starting material. 

 

We have demonstrated the pCR701- pCR705 UPS plant expression acceptor vectors for 

transient protoplast transformation described here can serve to facilitate functional 

genomics of plant signaling networks.  The vectors are based on the Univector plasmid-

fusion system of Elledge (Liu et al. 1998), which quickly and easily recombines a gene of 

interest into a series of recipient (acceptor) vectors for expression, including bulk 

production in microbes and eukaryotic host cells.  In the future, these materials can be 

utilized with custom or species-specific protein microarrays for protein-protein 

interaction studies, or for stable transformation of maize by biolistic methods (Shou et al. 

2004). 
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The Arabidopsis PP2C family contains 76 members; via the bioinformatics tool BLASTP 

40 members were shown to closely related structurally to ABI1 whole protein sequence 

(Figure 2). ABI1 is well-characterized as a negative regulator in ABA signaling. On the 

basis of sequence similarity, we hypothesized that additional PP2C members are involved 

in ABA and stress signaling.  However, investigating the role that each member plays in 

such complex and interconnected signaling pathways is a large multi-faceted project. 

Thus maize transient gene expression system (Sheen, 2001) was chosen as a suitable 

functional genomics platform for three reasons: 1) relatively high throughput.  Thousands 

of functional data points are generated in weeks instead of months. 2) There are 

longstanding problems associated with overexpression experiments in planta such as 

homologous transgene-mediated silencing, and interpretation of pleiotropic phenotypes 

due to position effects.  Heterologous gene studies, such as testing Arabidopsis genes in 

maize protoplasts, can circumvent this potential problem, especially when the assay is for 

gain-of-function effects. 3) Protoplasts isolated from plant tissues retain their cell identity 

and differentiated state and exhibit a broad spectrum of plant signaling mechanisms 

underlying phytochrome, circadian clock, auxin, gibberellins, light, sugar, stress, 

peroxide, membrane transport, ABA, cytokinin, and cell death controls (Sheen, 2001). 

 

Taken together, my data from overexpression of ABI1-Like PP2Cs in maize protoplasts 

and reverse genetic analyses of ABI1-Like PP2Cs in physiological assays of ABA 

inhibition of seed germination and root growth support the hypothesis that AP2C9 and 

AP2C15 are regulators of ABA responses in planta.  In the reverse genetics analysis of 

ABI1-Like PP2Cs function, we found T-DNA homozygous insertion lines of AP2C9, an 
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uncharacterized member of the ABI1-Like clade, and AP2C15, which belongs to the 

AP2C11-Like clade, showed reduced ABA sensitivity in the ABA-inhibition of 

germination assay.  Candidate heterozygous segregating mutant lines of AP2C12, a 

member of AP2C11-Like clade and also close homologue of AP2C15, showed tantalizing 

reductions of ABA-responses in both ABA-inhibition of germination assays and ABA-

inhibition of root growth assays.  Although the genotyping is still in the process, AP2C12 

seems to be involved in ABA signaling.   The reduction of ABA-inhibition phenotypes in 

AP2C12 T-DNA insertion lines gives us the hint AP2C12 might be the negative regulator 

in the ABA signaling.  However, in the maize protoplast transient expression system, 

overexpressed AP2C12 did not show the antagonist effect as predicted.  Maize 

protoplasts are used as the first platform to rapidly screen the potential effectors in ABA 

signaling pathway. The real function of the specific gene needs to be confirmed in the 

plant via the loss-of–function T-DNA knockout mutant and gain-of-function 

overexpression of specific gene in the transgenic plant.  

 

The verification of T-DNA insertions and genotyping of homozygotes for the AP2C12 

candidate alleles is required for these preliminary results to be established, as well as 

interpretable maize protoplast antagonist effects of overexpressed AP2C12.  A major 

issue is the apparently opposite phenotypes of ABA antagonism in transient 

overexpression in maize mesophyll protoplasts (Fig. 6) juxtaposed with ABA 

insensitivity to seed germination inhibition in AP2C9 and AP2C15 knockout lines (Figs. 

9, 10).  A couple of possibilities can be put forward that can address the incongruity.  1) 

Maize and Arabidopsis may have different ABA response pathways operating, some 
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components of which are conserved that allow coupling (e.g. in protoplasts and roots) but 

not others; e.g. an additional layer(s) of negative regulation may exist in Arabidopsis 

seeds that changes the “sign” of the ABA sensitivity readout (i.e. AP2C9 and/or AP2C15 

may be negative regulators of a negative regulator in seeds).  2) The data are preliminary 

and not statistically significant; because of the time limit, I did the two assays via same 

plant material. The extreme hypersensitivity phenotype of AP2C15 Homozygotes to root 

growth inhibition at high ABA concentrations (Fig. 10C) may be correct and 

reproducible for the other genotypes when performed on replicates at an earlier stage of 

seedling development when root growth is exclusively through the primary root meristem.  

Measurement of the high ABA-concentration 10µM effect on the germination took me 

about one week; at that time point, the starting material for the root-growth assay was a 

little bit old.  

 

My and lab members’ transient expression data shows PP2C members of the ABI1-Like 

and AP2C11-Like clades antagonized expression of an ABA-inducible reporter gene, 

whereas AP2C1-Like exhibits an agonist (positive) effect. The mechanism of opposite 

effects by PP2Cs members is still unknown,   which might be contributed to the 

difference of the sequence similarity. As shown in Figure 2, ABI1-Like clade is the 

closest members of ABI1 in which six members have already been proven to be ABA 

negative regulators (ABI1, ABI2, HAB1, HAB2, PP2CA, and AHG1). The AP2C11-Like 

clade is the next nearest while AP2C1-Like clade is further distant. The molecular 

mechanisms for these positive and negative activities could be speculated as different 

specificities between PP2Cs for targeted proteins subject to phosphorylation. The MAPK 
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cascade is activated by extracellular stimuli.  Phosphorylation of a MAPKKK on its 

serine and theronine residues promotes kinase activity towards a MAPKK, which in turn 

activates a MAPK through phosphorlation on its serine and theronine residues. PP2C 

members might stimulate the dephorphorylation of either MAPKKK or MAPKK, or to 

both MAPKKK and MAPKK, thus the opposite effect might be due to the different 

targets stimulated by different PP2Cs.  

 

Novel plant proteins are likely phosphorylated and may be preferentially involved in 

plant-specific processes such as secondary metabolism, responses to hormones and 

environmental cues, and the identity of specific cell types (DeLong, 2006; El-Khatib et al. 

2007).  Several proteins have been shown to physically and genetically interact with 

ABI1, ABI2 or PP2CA (Guo et al. 2002; Leung et al. 2006; Miao et al. 2006; Ohta et al. 

2003; Yang et al. 2006; R Yoshida et al. 2006), consistent with the notion that PP2Cs 

function as nodes in regulatory networks.  Recent results linking plasma membrane-

association of heterotrimeric G-protein subunit gamma (Zeng et al. 2007) and 

phospholipase D with ABI1 and GPA1 modulation (Mishra et al. 2006) suggest that gaps 

in knowledge of ABA signal transduction networks are closing and emerging models of 

molecular mechanisms can be directly tested.  Protoplast systems in conjunction with the 

transient vectors described here lend themselves to rapid probing of mechanisms by 

chemical genomics and pharmacological methods, multiparameter-correlated analysis by 

flow cytometry, cell biology of protein:protein interactions, and subcellular localization 

(Gampala et al. 2001; Hagenbeek et al. 2000; Hagenbeek and Rock, 2001; Huang et al. 

2007; Rogers et al. 2006). Application of the systems approach to other response 
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pathways or gene families such as protein kinases, B3 domain transcription factors, and 

putative G-protein-coupled transmembrane receptors, which have a complexity 

comparable to the PP2Cs, are associated with the plasma membrane, and also affect ABA 

and innate immunity responses (Belin et al. 2006; Boudsocq et al. 2007; D’Angelo et al. 

2006; Fuglsang et al. 2007; Gudesblat et al. 2007; Hrabak et al. 2003; Kobayashi et al. 

2004; L. Li et al. 2006; Moriyama et al. 2006; Ortiz-Masia et al. 2007; Quan et al. 2007; 

Trusov et al. 2007; Umezawa et al. 2004; Xu et al. 2006; R. Yoshida et al. 2006) portends 

advances in functional genomics of plant signaling. 

 

In summary, my results show bioinformatics predictions are in accordance with our 

experimental results, suggesting it is a powerful tool to give us ideas and save our 

energies for screening the members of large gene families like PP2Cs or B3 domain 

transcription factors. My functional results in maize protoplasts on ABA-inducible 

transient expression effects on the ProEm:GUS were consistent with predictions and 

resulted in identification of novel activities of some PP2Cs.  AP2C9 and AP2C15 showed 

antagonist effect on ABA-inducible ProEm:GUS exepression in maize protoplasts, and 

the physiological data of T-DNA insertions mutants exhibited AP2C9 and AP2C15 were 

involved in ABA signaling, although unexpected decreases in ABA sensitivity were 

observed in preliminary studies of these knockout mutants.  AP2C12 is predicted to be a 

potential ABA effector whose function awaits further analysis. 
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Future Perspectives 

Whether T-DNA insertions actually have caused a loss-of-function needs to be verified 

via RT-PCR. Repetition of ABA-inhibition of root-growth, germination and ABA-

response assays on more processes (e.g. transpiration, cold-induced ion leakage, 

photosynthesis efficiency) is the next step to investigate physiological roles of AP2C9, 

AP2C15 and AP2C12 function in ABA signaling. The use of a combination of tools and 

diverse resources in the protoplast system offers unprecedented opportunities to answer 

questions on the role of ABA in plant physiology, stress responses, and development. The 

application of bioinformatics, reverse genetics, and protoplast transient expression as 

planks in a systems approach platform will facilitate the elucidation of ABA signaling 

mechanisms in plants.   
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