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ABSTRACT OF THE DISSERTATION 

Abscisic Acid (ABA) Transport, Sensitivity and Receptor Engineering in Arabidopsis 

  

by 

Jin Yao 

 

 

Doctor of Philosophy, Graduate Program in Plant Biology                                                      
University of California, Riverside, December 2014                                                                

Dr. Sean Cutler, Chairperson 

 

Abscisic acid (ABA) is a phytohormone that regulates developmental processes 

and response to abiotic and biotic stresses. It mediates seed dormancy, inhibits seed 

germination and lateral root formation and controls seedling development. It also limits 

water loss in times of low water availability through stomatal closure. Core ABA signaling 

components consist of recently identified PYR/PYL/RCAR receptors that directly 

regulate clade A PP2C phosphatases. Inhibition of PP2C activity releases SnRK2 kinase 

inhibition, which enables phosphorylation of downstream targets.  

In Chapter 1, I identified four ABA transporters, which were identified by their 

ability to promote ABA uptake into S. cerevisiae cells, as indicated by measuring PYR1-

PP2C interactions. For each protein identified, I cloned selected homologues and 

measured their ability to promote ABA transport in to S. cerevisiae by measuring 3H 

labeled ABA uptake. I also determined Kms for the two strongest ABA transporters 

identified (NRT1.2 and SUC7) and examined whether other substrates altered their ABA 

transport. Seed germination and root assay data showed that knockout mutants for a 
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subset of the identified genes possessed altered sensitivity to ABA compared with wild 

type, which suggests that the genes AT1G69850, AT1G66570, AT1G09380 and 

AT4G22790 may function as ABA transporters in Arabidopsis. Collectively, the data 

suggest that there are likely many ABA transporters in Arabidopsis that function 

redundantly or in different tissues.  

In Chapter 2, I provided evidence for the existence and characteristics of ABA 

desensitization, measured at the transcriptional level. RNA-Seq analysis demonstrates 

that a large (~10%) subset of ABA responsive genes are less responsive to ABA for a 

period of hours after initial ABA exposure. I also present data describing the 

desensitization response based on transcriptomic and metabolomic profiles, which 

demonstrates the desensitization is not only restricted to several specific genes, but is 

genome wide and can be measured both in metabolic and transcriptional responses.  

In Chapter 3 I characterize engineered variants of the ABA receptor PYR1 that 

possess nanomolar sensitivity to the agrichemical mandipropamid. These were 

developed by others in my thesis lab to create a system for orthogonal control of ABA 

responses. My analyses of transcriptomic data show that the engineered receptor can 

induce an ABA-like response in transgenic Arabidopsis in response to mandipropamid 

and provide support for the functioning of the engineered receptor in vivo.  
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Introduction 

ABA and its physiological roles in plants 

Abscisic acid (ABA) was discovered in the 1960s by multiple labs using activity guided 

fractionation. It was first isolated from cotton by Addicott’s group and at that time named 

as abscisin II, as it was believed to be involved in leaf abscission and identified using an 

abscission assay.  (Ohkuma et al., 1963) . Later, the Wareing and Cornforth groups in 

the United Kingdom identified a growth inhibitor from dormant buds named. It was 

thought to be a general growth inhibitor that maintained dormancy in dormant buds. 

Chemical analysis eventually indicated that abscisin II and dormin were the same 

compound, which was renamed ABA (Cornforth et al., 1966). Shortly after this, ABA 

levels were observed to increase substantially when plants wilt and that it could cause 

stomata closure (Mittelhe and Vansteve, 1969; Wright and Hiron, 1969). ABA was also 

found to be present in fungi and animals. Like plants, some fungi species (for 

example Botrytis cinerea) have an endogenous biosynthesis pathway for ABA (Siewers 

et al., 2006). Its presence has also been documented in metazoans, from sponges up 

to mammals including humans (Li et al., 2011). 

ABA plays a key role in response to abiotic and biotic stresses. Many kinds of stress 

including drought, high salinity and cold temperature result in increased ABA levels, 

subsequently lead to modulation of gene expression (Christmann et al., 2007; Rabbani 

et al., 2003; Seki et al., 2002; Zeller et al., 2009). This is known to occur in many 

different crop plants such as rice, soybean, tomato, barley and cotton (Ahmad et al., 

2009; Bray, 1988; Hartung et al., 1988; Henson, 1984; Stewart et al., 1986). ABA is 

synthesized in the roots of many angiosperms and transported in the xylem stream 

during low water status. ABA content in leaves also increases under water stress. After 
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rehydration, ABA level drop back to basal levels (Bray, 1988; Stewart et al., 1986; 

Zeevaart, 1980). ABA prevents water loss by reducing stomatal aperture and its role in 

guard cell regulation has been extensively studied (Nilson and Assmann, 2007; 

Schroeder et al., 2001; Sirichandra et al., 2009). Cold temperatures also increases ABA 

levels in crops like winter wheat, potatoes and alfalfa (Bano et al., 2012; Chen et al., 

1983; Luo et al., 1992). Application of exogenous ABA can increase cold tolerance of 

callus explants of tobacco, winter wheat, cucumber and alfalfa (Bornman and Jansson, 

1980; Flores et al., 1988; Mohapatra et al., 1988). Conversely, ABA deficient mutants 

cannot properly acclimate to low temperatures. Salt stress also increases ABA levels 

during growth of tobacco cells and alfalfa seedlings (Luo et al., 1992; Singh et al., 1987). 

Application of exogenous ABA to suspension culture of tobacco induced adaption to the 

salt stress. Wounding of potato leaves also leads to elevated ABA levels (Penacortes et 

al., 1989). Infection by tobacco mosaic virus (TMV) also results in increased ABA levels 

in young tobacco leaves. Thus, numerous abiotic and biotic stresses trigger increases in 

ABA levels. 

ABA is not only a stress signal but also regulates plant growth and development under 

non-stressed conditions, including the promotion of seed desiccation tolerance and 

dormancy, embryo maturation, seed and seedling development, vegetative 

establishment and synthesis of lipids and storage proteins (Berry, 2003; Bewley, 1997; 

Finkelstein et al., 2008; Finkelstein et al., 2002; Schwartz et al., 2003; Xiong and Zhu, 

2003). In the roots, ABA reshapes root architecture by inhibiting the development of 

lateral roots at a checkpoint of meristem activation (Boursiac et al., 2013; De Smet et al., 

2003; Sharp and LeNoble, 2002). It is also known to positively affect leaf size and bud 

dormancy of poplar, and inhibit the guard cell size and internode length. ABA also 
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interacts with other pant hormones and together regulates the growth and development 

of plants (Achard et al., 2006; De Smet et al., 2003; Zhang et al., 2009).  

 

ABA receptors and ABA core signaling pathway 

Several ABA binding proteins including the plasma membrane localized GPCR-type G 

protein (GTGs) have been described (Liu et al., 2007; Ma et al., 2009; Pandey et al., 

2009; Park et al., 2009; Razem et al., 2006; Shen et al., 2006). FCA, an RNA binding 

protein with function of controlling RNA metabolism and flowering time, was identified by 

Razem et al. as an ABA receptor in 2006 (Razem et al., 2006). FCA is not responsible 

for the prominent ABA responses suggesting the existence of other ABA receptor(s). In 

2008 Risk et al. showed that FCA does not bind ABA in their reevaluation of ABA-

binding assays (Risk et al., 2008) and FCA report was then retracted.  The second 

described ABA binding protein was first isolated from epidermal of broad bean leaves 

using ABA immobilized on an affinity resin at its carboxylate. Its relative in Arabidopsis 

was named as ABAR, a magnesium-chelatase subunit H protein, that was reported to 

possess a Kd of 32 nM and high stereospecificity (Shen et al., 2006). The same group 

reported that magnesium-chelatase H binds ABA using different ABA-binding assays 

and observed estimated substantially higher Kds (Wu et al., 2009). However, the function 

of this protein in ABA responses remains unclear. The barley homolog, ChlH, does not 

bind ABA and its loss-of-function mutant responds normally to ABA (Muller and Hansson, 

2009). Moreover, independent verification of ABA binding to this protein has failed in 

experiments that were able to document ABA binding to PYR1 (as described below). 

(Tomiyama et al., 2014). There have also been controversial studies suggesting that G-

protein-coupled receptor(s) like proteins may be involved in ABA signaling transduction 



 

4 

 

(For review see (Cutler et al., 2010)), however I will not discuss these further since they 

lack relevance to my research. 

The currently best-validate ABA receptors are Pyrabactin-resistance 1 / PYR1-like and 

Regulatory Component of ABA Receptor (PYR/PYL/RCAR) proteins. These proteins 

were identified as ABA receptors by separate research groups (Ma, 2009; Nishimura et 

al., 2009; Park et al., 2009; Santiago et al., 2009b). Genetic analysis identified 

Pyrabactin Resistance 1 (PYR1) as being required for pyrabactin action, which is a 

selective ABA agonist. Yeast two-hybrid screens using PYR1 as bait in the presence of 

pyrabactin revealed that PYR1 is able to bind with the PP2Cs ABI1, ABI2 and HAB1 in 

the presence of ABA or pyrabactin. PYR1 and its 13 relatives in Arabidopsis (named 

PYLs) are ABA receptors critical for the perception of ABA (Park et al., 2009). These 

proteins inhibit PP2C enzymatic activity in response to ABA. One important feature 

relevant to my work is that PYR1 and PYLs 1 to 4 display ABA controlled interactions 

with PP2C, as assayed by their ability to bind to a PP2C in a yeast two hybrid based 

assay, while the other PYLs display constitutive interactions with PP2Cs. Structural 

studies of PYR1, PYL1, or PYL2 proteins alone or in complex with ABA and PP2Cs have 

shown that ABA binds within the hydrophobic pocket of the receptor and causes a 

conformation change in two loops flanking the ligand binding pocket (Melcher et al., 

2009; Miyazono et al., 2009; Nishimura et al., 2009; Santiago et al., 2009a; Yin et al., 

2009). This conformational change induced by ABA binding creates an interaction 

surface that allows them to bind the active site of clade A PP2Cs and act as competitive 

inhibitors. The inhibition of PP2Cs activity enables Sucrose Non Fermenting Related 

Subfamily 2 kinases (SnRK2s) to become activated through self-phosphorylation. Once 

active, these kinases can regulate the activity of downstream factors. 
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ABA transporters 

The biosynthesis and perception of ABA is well understood at the molecular level, 

however the mechanisms of ABA transport in vivo remain unclear. There are two models 

that have been proposed to explain ABA transport: passive diffusion based movement 

and / or active transport-based movement. The ‘ionic trap model’ was raised to suggest 

ABA movement between different plant tissues (Dodd et al., 2003; Jia and Davies, 2007; 

Jiang and Hartung, 2008; Sauter et al., 2001; Slovik et al., 1995; Wilkinson et al., 2007; 

Wilkinson and Davies, 1997), while the protein mediated ABA transport model was first 

suggested in 1980s based on experiments in roots (Astle and Rubery, 1980).  The 

molecular mechanisms underpinning this were not known until 2010 two ABCG 

transporters, ATP-Binding Cassette G25 and G40, were identified and characterized as 

ABA transporters by two different groups (Kang et al., 2010; Kuromori et al., 2010). 

Recently, another ABA transporter, known as a nitrate transporter NRT1.2, has been 

identified by using the receptor complex as a sensor (Kanno et al., 2012). These findings 

suggest that there might be several ABA transporters that function redundantly in 

different tissues or organs. 

The abcg25 was identified as an Arabidopsis ABA-hypersensitive mutant in germination 

and seedling growth assays. AtABCG25 transcripts are found mainly located in vascular 

tissue and AtABCG25-expressing Spodoptera frugiperda 9 (sf9) culture cells show ABA 

efflux function. AtABCG25-overexpressing plants also show higher leaf temperatures, 

implying an influence on stomatal regulation (Kuromori et al., 2010). 

AtABCG40 was identified as an ABA uptake transporter that functions in plasma 

membrane. It was found by direct screening for potential ABA transporters in the PDR-

type subfamily of ABC transporters. The mutant abcg40 mutant was characterized with 
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altered sensitivity to ABA with respect to wild type in the seed germination and stomatal 

response assays. AtABCG40 expressing yeast and tobacco bright yellow 2 (BY2) cells 

showed increased ABA uptake ability. Other biochemical analyses demonstrated that 

ABCG40 is a high-affinity and ABA specific transporter. In the phenotypic 

characterization of abcg40 loss of function mutants, stomata close more slowly in 

response to ABA compared with wild type plants (Kang et al., 2010). 

Another ABA transporter has also been described as a member of the nitrate transport 

family. NRT1.2 was identified by screens of Arabidopsis cDNAs in S. cerevisae for 

clones that promote the interaction of the ABA receptor PYR1 with the PP2C HAB1. The 

interaction between PYR1 and HAB1 in yeast two hybrid assays requires ~5 – 10 µM to 

be evident. Kanno et al. (2012) screened for clones that lower the concentration required 

to activate PYR1 in yeast two hybrid based assays. This led to the identification of 

NRT1.2, which I independently isolated (as described in the next chapter). This protein 

mainly localizes to vascular tissue in inflorescence stems, leaves and roots. Its ABA 

influx activity was demonstrated in yeast and sf9 cells. Seed germination and post-

germination growth assay showed that nrt1.2 mutants are less sensitive in response to 

ABA inhibition of germination, while the overexpression of NRT1.2 makes seeds 

hypersensitive to ABA. (Kanno et al., 2012).  

Recently, AtDTX50 was identified as a new ABA efflux transporter by a research group 

in China. This transporter belongs to DTX/MATE family, which contains more than 50 

family members. Transport assays in E. coli strains and Xenopus oocytes demonstrated 

that AtDTX50 acts as an ABA efflux transporter. With preloaded ABA, mesophyll cells of 

dtx50 mutant released less ABA compared with the wild type. Furthermore, compared 

with the wild type, dtx50 mutant plants were more sensitive to ABA in growth inhibition 
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and were more tolerant to drought stress, consistent with a function as an ABA efflux 

carrier in guard cells (Zhang et al., 2014).  

 

ABA catabolism pathway and its metabolites 

Much is known about ABA catabolism in different species. ABA catabolism is divided 

into two types of reactions: hydroxylation and esterification. Hydroxylation can be further 

divided into 3 types: oxidization of methyl groups of C-7’, C-8’ or C-9’, respectively 

(Figure 0.1 (Nambara and Marion-Poll, 2005)). In addition to the hydroxylation 

catabolism pathway, ABA and its hydroxylated metabolites can also be conjugated as 

glucose esters. 

For the hydroxylation pathway, hydroxylation at the 8’ position is predominant in 

Arabidopsis (Rock et al., 1992; Windsor and Zeevaart, 1997).  This step is primarily 

catalyzed by cytochrome P-450 707A monoxygenases (CYP707A) and the 8’-

hydroxylated intermediate (8’-OH-ABA) created by these enzymes is not stable (Gillard 

and Walton, 1976; Krochko et al., 1998). 98% of the 8’-hydroxylated ABA rearranges 

spontaneously to phaseic acid (PA) at the equilibrium in the normal condition (Todoroki 

et al., 2000). The predominant pathway makes 8’ hydroxylation the rate-limiting step in 

ABA catabolism. All the three forms of hydroxylated ABA retain bioactivity (Zhou et al., 

2004; Zou et al., 1995), but PA has greatly reduced activity (Balsevich et al., 1994a; 

Balsevich et al., 1994b; Gusta et al., 1992; Hill et al., 1995; Robertson et al., 1994). PA 

then is further reduced into DPA (Gillard and Walton, 1976). 7’-hydroxylated ABA and 9’-

hydroxylated ABA are known as minor catabolites in various species including 

Arabidopsis (Zeevaart and Creelman, 1988; Zhou et al., 2004), but less is known about 

the enzymes and genes involved in these activities. 
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Another main ABA catabolism pathway is the conjugation/esterification (Figure 0.2 

(Cutler and Krochko, 1999)). Both ABA itself and its hydroxylated catabolites are the 

targets of glucose conjugation. Conjugation of ABA to ABA-GE is reversible by 

enzymatic cleavage and ABA-GE is the most abundant conjugate (Boyer and Zeevaart, 

1982; Zeevaart and Boyer, 1984). ABA conjugates are accumulated in the vacuoles of 

the cell (Bray and Zeevaart, 1985; Lehmann and Glund, 1986). Importantly, ß-d-

glucosidase is the enzyme capable of converting ABA-GE into ABA in wheat, barley, and 

sunflower and Arabidopsis (Dietz et al., 2000; Lehmann and Vlasov, 1988; Sauter et al., 

2002). The activity of ß-d-glucosidase is induced by salinity stress and is inhibited by 

ABA-GE or zeatin riboside. 

 

Desensitization phenomenon 

Desensitization is a phenomenon defined as reduced or eliminated response to a 

stimulus after repeated exposure. It is widely studied in many contexts. Many signal 

transduction pathways in eukaryotes are regulated by desensitization, with one well-

studied example being G-protein-coupled receptor desensitization (Figure 0.3). Normally, 

after the agonist binds with receptor, GRK kinase can recognize this complex and 

phosphorylate the receptor. Once phosphorylated by a GRK, the activated receptor is 

bound by a member of another protein family, the arrestins, leading to the termination of 

signaling by G protein effectors (Claing et al., 2002; Gainetdinov et al., 2004; Hausdorff 

et al., 1990; Lefkowitz, 1998; Perry and Lefkowitz, 2002; SterneMarr and Benovic, 1995).  

Desensitization has also been observed in plants. An exposure to light initially causes 

desensitization, a total or partial loss of phototropic responsiveness (Iino, 1988; Janoudi 

and Poff, 1991). Chitin fragment treatment of the tomato cells can induce a pH change of 
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the growth medium, but the second application leads to less of a pH change, indicating 

desensitization (Felix et al., 1998; Felix et al., 1993; Granado et al., 1995).  

In 2012, Ding et al. found that after multiple exposures to drought, Arabidopsis plants are 

more resistant to later dehydration stress. Further study revealed that a subset of genes 

responding to drought stress showed stronger transcriptional responses on their 

seconding exposure to stress (Ding et al., 2012). Although this is ‘priming’ rather than 

‘desensitization’, it illustrates alterations in sensitivity after initial exposure. They also 

described that the elevated transcript levels are due to an increased transcription rate 

and that the level of actively elongating Pol II, phosphorylated at serine 2 (Ser2P), 

correlated with transcription rates and transcripts level. By performing RNA-Seq analysis 

of the transcriptomes of plants prior to stress, during a first stress, and during a third 

dehydration stress exposure, they report that the second transcriptional response is  

stronger than first response for some transcripts, which is ’priming and in some cases 

weaker, which they called ’revised-response’ (we classify these as ‘desensitized’) (Ding 

et al., 2013). Function of those different types of genes was analyzed by GO function. 

(Liu et al., 2014).  
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Figure 0.1   ABA hydroxylation pathways (This figure is taken from Nambara and 

Marion-Poll, 2005). 

Three types of ABA hydroxylation pathways are shown. 7’-hydration and 9’-hydration are 

minor catabolites while 8’-hydroxylation is thought to be the predominant pathway for 

ABA catabolism. Red and blue asterisks indicate active and less-active hydroxy groups 

for conjugation, respectively. 
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Figure 0.2  Overall scheme of ABA metabolism (This figure is taken from Cutler and 

Krochko, 1999). 

The main metabolic route in the cytoplasm is shown with bold black arrows. Minor 

pathways are shown with non-bold arrows, and speculative or unproven steps are 

shown with broken arrows. Glucose esters, glucosides and other conjugates are all 

represented by G, and although the sites of conjugate formation within the cell are 

uncertain, all accumulate in the vacuole. 
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Figure 0.3  G-protein-coupled receptors desensitization model (This figure is taken 

from Claing et al., 2002). 

Once the agonist binds with receptor, GRK kinase can recognize this complex and 

phosporylate the receptor, which cause the further desensitization. See text for details 
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Chapter 1 Identification and Characterization of Potential Abscisic Acid 

Transporters Using the ABA Receptor Complex as a Sensor 

 

Abstract 

ABA transport is important to the physiology of ABA but poorly understood. Here by 

using yeast three-hybrid screening system with AD-HAB1 and BD-PYR1-cDNA, we 

identified four candidates ABA importers that are able to induce PYR1-HAB1 interactions 

at low ABA concentrations. The four proteins identified are a sucrose transporter, nitrate 

transporter, nodulin family transporter and MATE efflux family member. For each 

candidate we measured ABA transport in S. cerevisiae by using 3H labelled ABA. We 

also determined Km for the two strongest ABA transporters (NRT1.2 and SUC7) and 

examined whether their ABA uptake ability is affected in the presence of other 

substrates. All the available T-DNA mutants in genes of interest were isolated or 

obtained and characterized phenotypically. Seed germination and root assay data show 

altered ABA responses compared with wild type, which suggests that the genes may 

function as ABA transporters in vivo. Collectively, the data suggest that ABA transport is 

carried out by multiple proteins and is thus highly redundant.  
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Introduction 

ABA is a phytohormone that plays a role in response to abiotic and biotic stresses. It 

regulates seed germination and seedling growth (Nambara et al., 2010; Zeevaart and 

Creelman, 1988). It also prevents water loss through transpiration from the plant by 

regulating stomatal aperture during drought stress (Hauser et al., 2011; Hetherington, 

2001; Joshi-Saha et al., 2011). In the roots, ABA reshapes root architecture by inhibiting 

the development of lateral roots (Boursiac et al., 2013; De Smet et al., 2003; Sharp and 

LeNoble, 2002).  

ABA signaling is well described especially for the START domain PYR/PYL/RCAR 

receptors (Ma, 2009; Nishimura et al., 2009; Park et al., 2009; Santiago et al., 2009). 

These soluble receptors bind to clade A PP2C phosphatases, which in turn directly 

regulate SnRK2 kinases (Cutler et al., 2010; Fujii and Zhu, 2009; Ma, 2009; Park et al., 

2009). Recently two groups described that several negative regulatory PP2C family 

members (Kuhn et al., 2006; Merlot et al., 2001) are transcriptionally up-regulated after 

ABA treatment while the positive factors PYR/PYL genes are down-regulated (Santiago 

et al., 2009; Szostkiewicz et al., 2010). This increased PP2C:PYL/PYR ratio after ABA 

treatment is suggestive that exogenous ABA application leads to reduced ABA 

sensitivity, since the negative factors increase and positive factor decrease (Chan, 2012). 

Although intracellular receptors for ABA have been identified, ABA transport 

mechanisms are still emerging. Both plant hormones auxin and ABA are known to be 

transported over long distances within plants. Recent studies suggested that auxin is 

transported into plant cells by multiple influx carriers including AUX1, LAX3 and several 



 

24 

 

other ATP-binding cassette (ABC) transporters, their mutants show defect in the 

response to exogenous applied auxins (Benjamins and Scheres, 2008; Petrasek and 

Friml, 2009; Vieten et al., 2007).  

There are two models that have been raised for ABA transport: diffusion and transport. 

Many studies proposed an ‘ionic trap model’ to explain ABA movement between different 

tissues (Dodd et al., 2003; Jia and Davies, 2007; Jiang and Hartung, 2008; Sauter et al., 

2001; Slovik et al., 1995; Wilkinson et al., 2007; Wilkinson and Davies, 1997). Ionic trap 

is defined as the chemical concentration increases across a cell membrane because of 

its pKa value and difference of pH across the cell membrane. ABA is in the equilibrium 

between the anionic form (ABA-) and the protonated form (ABA-H). The uncharged 

protonated form (ABA-H) is able to diffuse through the membrane without the need of a 

transporter. In the case of ABA, which has a pKa value 4.7, most of the ABA is in the 

ABA- charged form so that they are not able to diffuse freely through the membrane. 

This leads to the diffusion process as the limiting step of ABA transport. A protein-

mediated ABA transport model was first proposed in 1980s in roots (Astle and Rubery, 

1980). A key breakthrough regarding the molecular basis of transport-mediate ABA 

movement was the discovery in 2010 that ATP-Binding Cassette G25 and G40 

(AtABCG25 and AtABCG40) function as ABA transporters (Kang et al., 2010; Kuromori 

et al., 2010). Recently a nitrate transporter NRT1.2 was also identified as an ABA 

transporter using yeast two-hybrid screening (Kanno et al., 2012). Kanno et al. screened 

Arabidopsis cDNAs capable of inducing interactions between the ABA receptor 

PYR/PYL/RCAR and PP2C protein phosphatase under low ABA concentration, which is 

the same method we described below. 

AtABCG25 acts as an ABA exporter that functions in vascular tissue and AtABCG25-
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expressing Spodoptera frugiperda 9 (sf9) culture cells showed an ABA efflux function. 

AtABCG25-overexpressing plants showed higher leaf temperatures, implying an 

influence on stomatal regulation (Kuromori et al., 2010). AtABCG40 acts as a plasma 

membrane ABA uptake transporter. ABA uptake ability was increased in yeast and 

tobacco bright yellow 2 (BY2) cells expressing AtABCG40. They also found that the 

stomata of loss-of-function atabcg40 mutants closed more slowly in response to ABA 

compared with wild type plants (Kang et al., 2010). The other ABA transfer mediated 

transporter NRT1.2, which also came out from our screening, mainly locates around 

vascular tissue in inflorescence stems, leaves and roots. Its ABA influx activity was also 

tested in yeast and sf9 cells. Seed germination assay showed that nrt1.2 mutants were 

less sensitive in response to ABA inhibition (Kanno et al., 2012). 

It is important to note that the  loss-of-function abcg25, abcg40 and nrt1.2 mutants don 

not show strong phenotypes in comparison to ABA deficient mutants such as aba1/2/3 

or ABA insensitive mutants like abi1-1 and abi2-1. This suggests there may be other 

ABA transporters with redundant functions in ABA movement. Our observations are 

consistent with this hypothesis: we identified several candidates ABA transporters using 

yeast three-hybrid screening. The phenotypic data observed in Arabidopsis are 

consistent with possible roles in ABA transport. 

In this chapter, I identified four candidates of ABA transporters by using a yeast three-

hybrid system and cloned ~30 family members related to the hit candidate proteins. 

Various biochemical assays were performed to characterize their in vitro transport ability. 

Transport ability was tested using 3H labeled ABA. NRT1.2 and SUC7 showed the 

strongest ABA uptake ability. Their Km values then were determined by measuring ABA 

concentration dependent ABA uptake ability. Other hormones such as GA and IAA were 
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provided in the presence of ABA for substrate competition assays. To investigate their 

functions in plants, the phenotypes for all available loss-of-function T-DNA mutants were 

investigated using seed germination tests, root growth assays and water loss assays. 

Our results, together with previous research, suggests that ABA transport involves many 

transporters that function redundantly. 

 

Result 

Yeast three-hybrid screening result 

It has been previously reported that in yeast two-hybrid system ABA receptors interact 

with PP2C-type protein phosphatases in the presence of ABA (Park et al., 2009). In 

order to identify the new factors promoting or inhibiting the interaction between ABA 

receptors and PP2Cs we constructed a yeast three-hybrid vector system. HAB1, one 

PP2C-type protein phosphatase, was fused to GAL4 activation domain (AD-HAB1) in 

pACT vector and PYR1, an ABA receptor, was fused to GAL4 binding domain (BD-

PYR1) in pBridge vector. Our cDNA libraries could also be cloned into a MCSII in the 

pBridge vector (Figure 1.1). The resulting fusion proteins in this vector are conditionally 

expressed from the MET25 promoter in response to methionine levels in the medium. 

We constructed the PYR1 pBridge construct and had a cDNA library prepared from 

seedling RNA cloned into the construct by a commercial service. Both of pACT-HAB1 

and pBridge-PYR1-cDNA vectors were transformed into the yeast strain Mav99, which 

allows establishment of three-hybrid systems to screen for factors promoting or blocking 

the interaction of PYR1 and HAB1 (Figure 1.2). Yeast were grown on selection medium 

(-Leu, -Trp, -Ura, -Met) in the presence of ABA. If the third protein from the cDNA library 

promotes or blocks the interaction between PYR1 and HAB1, Mav99 yeast will grow 
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faster or slower on the selection media. We obtained preliminary candidates from this 

screen and then re-tested the hits in another yeast strain Y190 using X-Gal stains of 

yeast colonies. For ABA concentration, after repeated trials 1 µM was used as the base 

concentration for our screens, which leads to a strong enough interaction between PYR1 

and HAB1 to show a positive signal (blue in X-Gal staining). One hit from the screening 

promoting the interaction between HAB1 and PYR1 was shown as an example in Figure 

1.3. We used 0, 0.04, 0.2 µM as the ABA concentrations to screen for factors promoting 

the PYR1-HAB1 interaction, while 1, 3, 10 µM as the ABA concentration to screening for 

factors blocking the PYR1-HAB1 interaction.  

By using this yeast three-hybrid system, we identified several hits including two 

promoting PYR1-HAB1 interaction and five blocking the PYR1-HAB1 interaction. X-Gal 

staining result are shown in Figure 1.4 and the list of hits obtained are shown in Table 

1.1. 4 out of 5 proteins promoting interactions are transporters. The remaining one is an 

protein of unknown function. The model that expression of ABA transporter in yeast cells 

induced PYR1-HAB1 interaction is shown in Figure 1.5 (Kanno et al., 2012). Neither of 

the two hits blocking the interaction are transporters. We decided to divided the hits into 

2 classes for characterization, we cloned all the possible family members of the 4 

transporters into our yeast three-hybrid system and tested their activities using X-Gal 

staining. For the other 3 non-transporter hits, we expressed the proteins and tested their 

effects in in vitro PP2C-inhibition assays (data is not shown). None of the three proteins 

showed a promotion or inhibition for the PYR1-HAB1 interaction in PP2C enzyme 

assays, indicating they cannot function in isolation. 
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Cloning and activity test of sucrose transporter family members 

For the four transporters selected out from our yeast three-hybrid screening, they are 

potential ABA transporters. Although they are not known factors involved in the ABA 

pathway, we were still interested to investigate further their roles in planta. Since the four 

transporters are from different families and other transporters have been identified, a 

large number of transporters appear to function as ABA transporters.  

We wanted to test other family members related to our hits to establish if transport 

activity was restricted to the hit or extended to other family members. The cloned 

transporters were tested in a yeast system using X-Gal staining. SUC2 belongs to 

sucrose transporter family, which contains 8 other members. We cloned 4 family 

members: SUC1, SUC4, SUC5 and SUC7 into the pBridge vector containing PYR1. All 

of the four sucrose transporters cloned are able to promote the PYR1-HAB1 interaction 

in the yeast three-hybrid system (Figure 1.6 A), which indicates they possess putative 

ABA transport activty in yeast.  

In order to investigate on whether there is  competition between sucrose transport and 

ABA transport for the sucrose transporters, we provided both ABA and sucrose in the 

yeast growth medium. We kept a constant ABA concentration at 0.2 µM in the medium, 

which is high enough for the system to give a positive signal. As we increased sucrose 

concentration, we expected to see weaker X-Gal staining signal if there is competition 

between ABA and sucrose transport ability for the sucrose transporters. However, there 

was no significant change for the X-Gal staining signal when we changed the sucrose 

concentration from 0 to 10 mM in the medium (Figure 1.6 B). As we increased sucrose 

concentration as high as 100 mM, yeast growth was boosted, while if the sucrose 

concentration was increased to 500 mM, yeast growth was significantly inhibited (data 



 

29 

 

not shown). The ABA transport ability of these four sucrose transporters does not appear 

be affected low sucrose concentrations. 

 

Cloning and activity tests of Nodulin MtN21 transporters and MATE efflux family 

members 

The nodulin MtN21 transporter has a large family containing 44 other members (Figure 

1.7 A). We initially selected a single transporter from each branch of the nodulin 

phylogenetic tree, but could not amplify members for all branches. The red arrows in 

Figure 1.7 A showed the genes I successfully cloned into the pBridge-PYR1 vector and 

the green arrows mark the ones that increase sensitivity of the PYR1-HAB1 interaction 

in our yeast three-hybrid system.  

The MATE efflux family contains 50 members (Figure 1.7 B). Similar to what we did for 

the Nodulin MtN21 family, red arrows mark the genes we successfully cloned into our 

pBridge vector and green marks those increase sensitivity of the PYR1-HAB1 interaction 

in our yeast three-hybrid system. X-Gal staining results for Nodulin MtN21 and MATE 

members are shown in Figure 1.8. In total, 9 Nodulin MtN21 transporters out of the 14 

family members tested increased the sensitivity of the PYR1-HAB1 interaction in our 

yeast three-hybrid system, suggesting that multiple family members are capable of 

transporting ABA (Figure 1.8 A). 6 out of 9 MATE efflux members stimulated the PYR1-

HAB1 interaction (Figure 1.8 B). 

 

Nitrate transporter NRT1.2 imports ABA in yeast 

As we mentioned before, there are four transporters that came out of our yeast three-

hybrid screening as potential ABA transporters. They are Sucrose transporter (SUC2), 
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Nodulin MtN21 transporter, MATE efflux member and one nitrate transporter (NRT1.2). 

Among all these four transporters, NRT1.2 displayed the strongest ABA transport ability 

in yeast. Even in the presence of 0.04 µM ABA in the medium, NRT1.2 is able to import 

enough ABA from the medium to induce the PYR1-HAB1 interaction strong enough to 

yield a significant positive signal (strong blue in X-Gal staining). For other three 

transporters, in the presence of 0.04 µM ABA, none of them are able to induce the 

PYR1-HAB1 interaction strong enough to display a blue signal in the X-Gal staining of 

yeast colonies test. They required as high as 0.2 µM ABA in the medium in order to 

show a positive signal in the X-Gal staining of yeast colonies test. NRT1.2 was the 

strongest ABA transporter identified in our yeast screen.  

 

In vitro biochemical characterization of potential ABA transporters 

To quantify the transport ability of those potential ABA transporters in yeast cells, we 

expressed cDNA of our candidate genes in yeast strain Y190. The ABA uptake ability 

was compared with control cells containing empty vector. I observed that yeast 

expressing most of those candidate transporters showed improved ABA uptake (Figure 

1.9 A), but the yeast expressing NRT1.2 and SUC7 (AT1G66570) showed substantially 

higher ABA uptake compared with the control containing empty vector (Figure 1.9 B). I 

therefore further investigated the time dependent ABA uptake ability of strains 

expressing those two transporters NRT1.2 and SUC7 (Figure 1.9 C and Figure 1.9 D). In 

less than one minute ABA uptake amount of NRT1.2 has almost peaked, while for SUC7 

it took substantially longer.  

We also checked the concentration dependent ABA uptake ability of NRT1.2, and could 

calculate its Km to be 0.54 µM (Figure 1.10 A). The same method was used for SUC7 
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and its Km was observed to be 1.7µM (Figure 1.10 B). Both of NRT1.2 (Figure 1.10 C) 

and SUC7 (Figure 1.10D) have high selectivity of substrates because uptake of 3H-ABA 

was only affected by adding (+)-ABA, but not (-)-ABA, GA or IAA.  

 

Gene function assay on ABA responsiveness in plants 

Seed germination and root assays were performed on the mutants of lines containing 

loss of function mutations of candidate genes. The summary of results is listed in Table 

1.2. In seed germination experiment, N8, M17 and NRT1.2 mutants showed most 

significant effects on the responsiveness to ABA (Figure 1.11 A). They are all less 

sensitive to ABA compared with control. In root assays, we used salt and mannitol in the 

medium to induce endogenous ABA biosynthesis. M17, M11 and SUC7 mutant has a 

shorter root in either normal MS medium or the medium with salt/mannitol, compared 

with the wild type Arabidopsis plant (Figure 1.11 B, C and D). We also measured water 

loss rate of all the mutants, but none showed a significant difference compared with wild 

type controls (Figure 1.11 E).   

 

Discussion 

We found several ABA transporters instead of factors involved directly in ABA signaling. 

\AtABCG25, AtABCG40 and NRT1.2 were recently identified as ABA transporters. 

Those ABA transporters might function redundantly, or at least, different ABA 

transporters might function in different organs/tissues. That could explain why it took 

ABA transport mutants were not isolated in screens for plants showing altered ABA 

levels or response. The 3 identified transporters do not show strong phenotypes, 

consistent with the notion that assumption ABA transport in plants is highly redundant.  



 

32 

 

The transporter we identified with the strongest ABA transport ability in yeast is NRT1.2, 

which even has stronger ABA transport ability than previously described AtABCG25. 

Several other ABA transporters that we identified have ABA transport ability as strong as 

AtABCG25, for example, N8 and M17, both of which showed strong ABA transport ability 

in X-Gal staining assay in yeast cells. Both the n8 and m17 mutants are less sensitive to 

ABA during seed germination and thus display a phenotype similar to the nrt1.2 mutant. 

These two transporters display a similar capability for mediating ABA movement as 

AtABCG25. Some other ABA transporters might not show very strong ABA transport 

ability either in X-Gal assay in yeast cells or in the phenotype assays, but they are still 

potentially real ABA transporter candidates. Double or triple mutants of the transporters 

mutants might reveal stronger phenotype due redundant functions.  

Recently, another research team in China identified an additional ABA transporter, 

AtDTX50, which functions as an ABA efflux transporter. It belongs to DTX/MATE family 

in Arabidopsis thaliana. They found AtDTX50 was able to facilitate ABA efflux when it 

was expressed in in both an E. coli strain and Xenopus oocytes. With preloaded ABA, 

mesophyll cells of dtx50 mutant released less ABA compared with the wild type. 

Furthermore, compared with the wild type, dtx50 mutant plants were more sensitive to 

ABA in growth inhibition and were more tolerant to drought stress, consistent with its 

function as ABA efflux carrier in guard cells (Zhang et al., 2014).  This new ABA 

transporter not shows that there are many redundant ABA transporters that function 

together, but also supports our findings since this transporter belongs to the MATE 

family, from which we identified several ABA transporter candidates. Although we did not 

characterize AtDTX50 directly, its identification by others lends support to our 

conclusions that the genes I identified function as transporters in vivo. 
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It is interesting that some of the ABA transporters identified have dual substrates and 

were characterized as transporters for substrates other than ABA before they were 

known as ABA transporters. NRT1.2 is known as a nitrate transporter and it is a member 

of NRT1/PTR family (Huang et al., 1999; Tsay et al., 2007). It acts as a root low-affinity 

nitrate transporter and it is expressed in the epidermis, but it can also transport ABA, 

locating in vessels. Previous studies reported there might be linkage between nitrate and 

ABA signaling. The identification of dual transporters, NRT1.2, now opens a new gate to 

study how links between nitrate nutrition to ABA signaling. Additionally, another 

NRT1/PTR family member, NRT1.1, was already described as a nitrate-regulated Auxin 

transporter (Krouk et al., 2010). NRT1.2 may therefore play a similar role between nitrate 

and ABA. Similarly, sucrose transporters and MATE efflux transporters, specifically the 

newly identified ABA transporter AtDTX50, are also dual transporters. This could 

indicate that plants lack a single ABA-specific transporter and rely instead on dual 

transporters for cell-to-cell and plant-wide movement.  

 

Materials and Methods 

Plants Materials and Growth Conditions 

The Arabidopsis thaliana (ecotypes Columbia) were used throughout this study as wild 

type plants. Seeds were surface-sterilized for 2 min in 95% ethanol, followed by 5 min in 

bleach (20%) and Tween 20 (0.1%) mixed solution and washed four times in sterile 

distilled water, plated on growth medium (0.5xMS medium, 0.5% sucrose, 0.8% agar). 

Seeds were stratified at 4 degree in darkness for 4 days and then transferred to 22 

degree. After one week, seedlings were potted in soil and placed in a growth room at 

22°C.  



 

34 

 

 

Yeast Screening 

One week old Arabidopsis seedlings were treated by 10 µM ABA for 15 mins, 2 hours 

and 8 hours, respectively. RNA was extracted from each of these plants and then pooled 

together with same final concentration. cDNA libraries was constructed from this pool of 

RNA and then were introduced into pBridge vector containing BD-PYR1. Then both 

pBridge vector containing BD-PYR1 and cDNA libraries and pACT vector containing AD-

HAB1 were transformed into the yeast strain MAV99. Yeast colonies surviving on 

selection medium (-Leu, -Trp, -Ura, -Met) in the presence of 0.04 or 0.2 µM ABA were 

selected as hits may promote PYR1-HAB1 interaction. In the other hand URA3 is fused 

with SPAL10 promoter in MAV99 yeast strain and this URA3-encoded enzyme would 

catalyze the transformation of 5-fluoroorotic acid (5-FOA), into a toxic compound, which 

will kill the yeast. So in the presence of certain level of ABA, PYR1-HAB1 interaction 

would be strong enough to activate the expression of URA3, which would kill the yeast in 

the presence of 5-FOA. Yeast colonies surviving on selection medium (-Leu, -Trp, -Met) 

in the presence of 1 µM ABA and 0.12% 5-FOA were selected as hits may inhibit PYR1-

HAB1 interaction. Same plasmid from selected yeast clone was transformed into Y190 

yeast strain to perform retest by using X-Gal staining. 

 

Cloning of Sucrose/Nodulin/MATE Transport Family Members 

Because different genes may be abundant in different tissues at different stage, we 

extracted RNA from seeds, seedlings, flowers, leafs, roots and silique of Arabidopsis 

plants. cDNAs of target genes were amplified using specific primers (Table 1.3) with 

AseI/NdeI and NotI restriction enzyme sites and cloned into the pBridge vector 
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containing BD-PYR1 fused with promoter MET25. Then the plasmid was transformed 

into yeast strain Y190 containing AD-HAB1 to observe their effects on ABA-dependent 

AD-HAB1/BD-PYR1 interaction. 

 

Transport Assays 

Target transporter genes were cloned into pBidge-PYR1 vector and then transformed 

into Y190 yeast strain containing pAct-HAB1. Yeast cells then were grown in SD (-Leu, -

Trp, -Met) solution until OD600 reached 0.7 to 1.2. Cells were washed for three times and 

then OD600 was adjusted to 12 by using same growth solution. 1 nM of 3H labeled ABA 

was added into the cell suspension with 1 µM unlabeled (+,-)-ABA and then gently mixed 

yeast cell solution. After certain incubation time the cell suspension was filter by using 

nitrocellulose membranes. Then cells were washed again on the filter and their 

radioactivity was determined by scintillation counting. For time dependent ABA uptake 

assay, incubation time ranged from 3 to 30 minutes. For ABA concentration dependent 

ABA uptake assay, unlabelled ABA concentration ranged from 0 to 10 µM always with 1 

nM of 3H labelled ABA. 

For the substrate competition test, 1 µM (+,-)-ABA containing 1 nM of 3H labeled ABA 

was used as control. We then also tested ABA uptake with 1 µM (+,-)-ABA containing 1 

nM of 3H labeled ABA in the presence of additional 2 µM (+,-)-ABA, (-)-ABA, GA or IAA. 

 

Germination Tests 

Seeds of wild type (ecotype Columbia-0) and mutants were sterilized and plated onto 1/2 

MS agar media containing 0, 0.25, 0.5, 0.75 or 1 mM ABA. Control plate contained 1/2 

MS agar with 0.1% DMSO, which is the carrier solvent of ABA. Seeds were stratified at 4 
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degree in darkness for 4 days and then transferred to 22 degree. About 100 seeds were 

sown in each medium and germination was measured after 2 days, seeds showing 

emergent radicals at least 1/2 seed length or greater were scored as positive (Mosquna 

et al., 2011). Three biological replicates were performed. 

 

Root Assay 

Seeds of wild type (ecotype ColuMbia-0) and mutants were sterilized and plated onto 1/2 

MS agar media containing 0.5% sucrose. Seedlings were grown on vertically oriented 

MS medium plates for 1 week and then were transferred to new plates containing MS 

medium with the indicated concentrations of ABA (0, 5, 10 or 20 µM). After the indicated 

period of time, the plates were scanned to produce image files suitable for quantitative 

analysis using ImageJ (Rodrigues et al., 2009). 

 

Water Loss Assay 

For water loss assay, after plants were potted in soil growing for about 2 weeks, we cut 

about 4~6 leaf from each wild type or mutant plant. The leaf from each plant was 

weighted at indicated time. Wild type plants were used as control and QC3 mutants were 

used as positive control. Three replicates of the experiment were preformed. 
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Figure 1.1  Restriction map and multiple cloning site of pBridge three-hybrid 

vector. (This figure is taken from Clontech Laboratories, Inc, PT3212-5 , Cat. No. 

630404) 

This pBridge vector allows us to investigate tertiary protein complexes with any GAL4-

based two-hybrid system. pBridge acts as the DNA-binding domain (DNA-BD) vector, 

with expression of a DNA-BD fusion protein and another distinct protein, which in our 

case are the PYR1 and cDNA libraries respectively. The activation domain (AD) vector 

pAct provides the AD fusion protein HAB1. So this system allows us to conduct yeast 

three-hybrid screening. 

 

libraries 

PYR1 
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Figure 1.2  Diagrammatic representation of the component of the yeast three-

hybrid system. (Figure from Clontech Laboratories, Inc, PT3212-5 , Cat. No. 

630404) 

pBridge vector expresses both the DNA-BD fusion and the third protein. The activation 

domain fusion is expressed from a separate two-hybrid system vector. The conditionally 

expressed third protein can play a structural (left), modifying (center), or inhibitory (right) 

role in the interaction that restores reporter gene expression. In our screening, pBridge 

vector contains BD-PYR1 and the third protein form cDNA libraries, while pAct vector 

contains AD-HAB1.  
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Figure 1.3  X-Gal staining showing factors promoting PYR1-HAB1 interaction in 

the presence of low concentration ABA. 

In the presence of 1 µM ABA, PYR1 and HAB1 has a strong enough interaction to show 

a blue staining signal. If ABA concentration is as low as 0.2 µM, PYR1-HAB1 interaction 

is not strong enough to give a blue staining. However, with the expression of the third 

protein that promotes PYR1-HAB1 interaction, even in the presence of low concentration 

ABA such as 0.2 µM or 0.04 µM X-Gal staining shows a blue signal.  
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Figure 1.4  Candidates from yeast three-hybrid screening either promoting or 

inhibiting PYR1-HAB1 interaction. 

X-Gal staining showed candidates either would promote PYR1-HAB1 interaction in the 

presence of 0.2 µM or 0.04 µM ABA (A) or inhibit PYR1-HAB1 interaction in the 

presence of 1 µM ABA (B). Name and function of each gene corresponding with each 

number is listed in Table 1.1.  
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Figure 1.5  Model showing expression of ABA transporter induces PYR1-HAB1 

interaction. (Kanno et al., 2012) 

In the absence of ABA transporter, less ABA from medium goes into yeast cells by 

unknown mechanisms. So at low ABA concentrations in the medium, PYR1-HAB1 

interaction is not induced due to low concentration of ABA in the cells, X-Gal staining 

shows negative signal (no blue). If an ABA transporter (in this case, an importer) is 

expressed in yeast cells, more ABA goes into yeast cells to induce PYR1-HAB1 

interaction, even at low ABA concentrations in the medium. As a result, X-Gal staining 

shows positive signal (blue staining). 
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Figure 1.6  Cloning and activity test of sucrose transporter family members. 

cDNAs encoding sucrose transporter or empty vector (Cont) were introduced into yeast 

cells containing BD-PYR1 and AD-HAB1. (A) All the five sucrose transporter family 

members including SUC2 were able to import ABA from medium into yeast cells so that 

X-Gal staining showed a blue signal even in the low concentration of 0.2 µM ABA. (B) In 

the presence of both ABA (0.2 µM) and sucrose (0, 2, 10 mM) in the medium, the X-Gal 

staining result was not significantly changed, which reflected that ABA transport ability of 

these transporters was not affected in the low concentration of sucrose.   
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Figure 1.7  Phylogenic tree of Nodulin MtN21 and MATE efflux family. 

Phylogenic tree of 45 members of Nodulin MtN21 transporter family and 50 members of 

MATE efflux family was generated by Geneious software. Red arrows marked the ones 

we managed to clone and test in our yeast three-hybrid system. Green arrows marked 

the ones shown promotion effects in the PYR1-HAB1 interaction. 
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Figure 1.8  Cloning and activity test of Nodulin MeN21 and MATE efflux 

transporter family members. 

cDNAs encoding specific transporter or empty vector (Cont) were introduced into yeast 

cells containing BD-PYR1 and AD-HAB1. (A) 9 out of 14 Nodulin MtN21 transporters we 

tested were able to import ABA from medium into yeast cells so that X-Gal staining 

showed blue signal even in the low concentration of 0.2 µM ABA. (B) In the presence of 

6 out of 9 MATE efflux transporters we tested, X-Gal staining showed blue signal in the 

low ABA concentration (0.2 µM). Gene name of each Nodulin MtN21 and MATE efflux 

family member corresponding with their number was listed in Figure 1.7. 
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Figure 1.9  ABA import activities of transporters in yeast cell. 

cDNAs encoding specific transporter or empty vector (Cont) were introduced into yeast 

cells containing BD-PYR1 and AD-HAB1. (A) Uptake of 3H labeled ABA by Y190 yeast 

cells expressing target transporter or transformed with empty vector (ev). Yeast was 

incubated in medium containing 1 nM 3H-ABA. (B) SUC7 and NRT1.2 have much 

stronger ABA import ability in yeast cell compared to other transporters. (C) Time-

dependent uptake of 3H labeled ABA by yeast cells expressing NRT1.2 or transformed 

with empty vector (ev). (D) Time-dependent uptake of 3H labeled ABA by yeast cells 

expressing SUC7 or transformed with empty vector (ev). 
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Figure 1.10  ABA import activities of NRT1.2 and SUC7. 

Concentration-dependent uptake of ABA containing 1 nM 3H labeled ABA (from 0 to 10 

µM ABA) by yeast cells expressing NRT1.2 transporter (A) or SUC7 transporter (B). 

Inset shows double reciprocal plot analysis of the data indicating a KM of 0.54 µM for 

NRT1.2 (A) and a KM of 1.7 µM for SUC7 (B). Uptake of 1 µM (+,-)-ABA containing a 

trace amount of 3H-ABA in Y190 yeast cells expressing NRT1.2 (C) or SUC7 (D) in the 

absence (control) or presence of an additional 2 µM unlabeled (+,-)-ABA, (-)-ABA, 

gibberellic acid (GA) or  indole acetic acid (IAA). 
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Figure 1.11  Gene function assay on ABA responsiveness using T-DNA mutants. 

(A) Germination rates of WT, n8, m17 and nrt1.2 during seed germination on 1/2 MS 

medium containing 0, 0.25, 0.5, 0.75 and 1 µM of ABA. (B) Root assay using WT and 

m17 plants on MS medium in the absence or presence of 100 mM salt or 250 mM 

mannitol. m17 m11 and suc7 plants have shorter root compared with WT plants in the 

presence of 100 mM salt (C) or 250 mM mannitol (D). (E) Water loss amount was 

compared among WT (Col) plants and all the other mutant plants. None of them showed 

a significant difference compared with WT plants. 
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Table 1.1  Yeast Three-hybrid Screening Result. 

No. I/P interaction Gene name function 

1 inhibition AT1G04410 Lactate/malate dehydrogenase family protein 

3 inhibition AT2G38710 AMMECR1 family; response to salt stress 

14 promotion AT1G22710 Sucrose transporter; SUC2 

15 promotion AT1G44800 Nodulin MtN21/EamA transporter 

18 promotion AT1G69850 Nitrate transporter;NRT1.2 

19 Promotion AT1G47530 MATE efflux family 

25 promotion AT5G44550 Uncharacterized protein family 
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Table 1.2  Test Results of Genes of Interest. 

gene yeast staining seed germination root assay 

N Importer no no 

N2 Importer hyper weak 

N3 Importer hyper no 

N4 No no hyper 

N6 Importer NA NA 

N7 Importer NA NA 

N8 Importer insensitive no 

M Importer no no 

M3 Exporter no no 

M11 NA hyper hyper 

M12 Importer weak insensitive no 

M17 Importer insensitive hyper 

SUC1 Importer hyper hyper 

SUC2 Importer NA no 

SUC4 Importer hyper hyper 

SUC5 Importer no hyper 

SUC7 Importer insensitive hyper 

SUC8 NA hyper hyper 

NRT1.2 importer insensitive hyper 
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Table 1.3  Oligonucleotide Sequences for Cloning Transporter Family Members. 

Primer Name Sequence 

AT2G40900 

NdeI+ 
AAAAAACATATG ATGGGATTAAGGATGTCAGAATCAGCTA 

AT2G40900 

NotI- 
TTTTTTGCGGCCGCCTAGTTAGGTCGTGAAACGCTATGCAC 

AT5G13670 

NdeI+ 
AAAAAACATATGATGAAGTTTGAGAGAGCAAGGCC 

AT5G13670 

NotI- 
TTTTTTGCGGCCGCTCACTCTTGAGACCGAGCTGCT 

AT1G43650 

NdeI+ 
AAAAAACATATGATGATGATGGAGCACAAAGCCAA 

AT1G43650 

NotI- 
TTTTTTGCGGCCGCCCTTTTGAGATGCAATCCTAGACGA 

AT1G09380 

NdeI+ 
AAAAAACATATGATGGCTAAATCAGATATGTTGCCGTTC 

AT1G09380 

NotI- 
TTTTTTGCGGCCGCTTAAGGCGATGTAGACCTTGTGG 

AT4G01430 

AseI+ 
AAAAAAATTAATATGATGAAGGAAGAACAATGGGCACC 

AT4G01430 

NotI- 

TTTTTTGCGGCCGCTCAAACGGGCAAATTAGTATCCTTATGA

T 
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AT1G01070 

AseI+ 
AAAAAAATTAATATGGCTGGAGATATGCAAGGAGTG 

AT1G01070 

NotI- 
TTTTTTGCGGCCGCTTAAACGGGCGACTTAGAGTCGT 

AT4G01450 

AseI+ 
AAAAAAATTAATATGGGTTTTATCGATGGAAAGTGGGC 

AT4G01450 

NotI- 
TTTTTTGCGGCCGCTCAAGGAGTCATCGGAATAACCAAA 

AT3G30340 

AseI+ 
AAAAAAATTAATATGGTAAAGTTTGATACAAAACTATGGAAGG 

AT3G30340 

NotI- 
TTTTTTGCGGCCGCTTATTTTGCAGACACTTGATGGGCAG 

AT4G19185 

NdeI+ 
AAAAAACATATGATGACGGCGCCGATGATCC 

AT4G19185 

NotI- 
TTTTTTGCGGCCGCTTAGTCTGCAGATTTCACAGAGGAACTG 

AT1G75500 

NdeI+ 
AAAAAACATATGATGGCGGATAACACCGATAATC 

AT1G75500 

NotI- 
TTTTTTGCGGCCGCTCAAACATTGTCCGTTGACTGATG 

AT4G28040 

NdeI+ 
AAAAAACATATGATGGAGATATCGAAATACAAGGCGGT 

AT4G28040 TTTTTTGCGGCCGCTCACATGAGAAGAGGTTCTAATAGCTCC
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NotI- G 

AT4G16620 

NdeI+ 

AAAAAACATATGATGATGAAGAGAGAGACGTTAATAGAAGCA

G 

AT4G16620 

NotI- 
TTTTTTGCGGCCGCCTAAAGCAAGAGAGGCTTCTGAAGATCA 

AT3G28100 

NdeI+ 
AAAAAACATATGATGGCCCGGACAGTAAGTCTCT 

AT3G28100 

NotI- 
TTTTTTGCGGCCGCTTAGCCGTTCAATAGAAGAGGGGTTC 

AT3G28130 

AseI+ 
AAAAAAATTAATATGGCCTCCATTACTCTCCGTCG 

AT3G28130 

NotI- 

TTTTTTGCGGCCGCCTATATTCGGTCGTCTATGTTTTCGTCTA

G 

AT3G28050 

NdeI+ 
AAAAAACATATGATGGCGCGGAAATACTTTCAGAGAG 

AT3G28050 

NotI- 

TTTTTTGCGGCCGCTCATACATGTTCATCGTTCTTGTAACTTT

CCA 

AT3G28060 

NdeI+ 
AAAAAACATATGATGGCTGGGAGATTCTGTCAAAGAG 

AT3G28060 

NotI- 

TTTTTTGCGGCCGCCTATACTAACATGCCAATATGCCTTAGAA

CAC 

AT5G40240 

NdeI+ 
AAAAAACATATGATGTTCAAATGCAAGTTGGAAAATTTCTC 
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AT5G40240 

NotI- 
TTTTTTGCGGCCGCCTAGCTTAATGGAAAGGCTCCATCTTC 

AT1G70260 

NdeI+ 
AAAAAACATATGATGGAGGTGAAGGTTAGAAGAGATGAGT 

AT1G70260 

NotI- 

TTTTTTGCGGCCGCTCATACAGGACTTTCTTCCTGGTTAATAA

GTA 

AT4G25640 

AseI+ 
AAAAAAATTAATATGGATCCGACGGCGCC 

AT4G25640 

NotI- 
TTTTTTGCGGCCGCGTGGGTTCAAACCCCACTTCTGA 

AT5G65380 

AseI+ 
AAAAAAATTAATATGAGGGGAGGTGATGGAGAAGAAG 

AT5G65380 

NotI- 

TTTTTTGCGGCCGCCTCGTATTAACAAATGGTCCAACACAAT

AAAATGA 

AT1G33110 

AseI+ 
AAAAAAATTAATATGGCCGGAGGAGGAGGAGAG 

AT1G33110 

NotI- 

TTTTTTGCGGCCGCGAGACGTAAACCAAGTATCATCAGAGGA

ATAA 

AT3G03620 

AseI+ 
AAAAAAATTAATATGAGTACTCAAGAAGAAATGGAGGAGAG 

AT3G03620 

NotI- 

TTTTTTGCGGCCGCCCCATAATAAGAGAAGAAAGTAGGAGCA

AGTGA 

AT1G61890 AAAAAACATATGATGAATTCAGAATCGCTAGAAAATCTTCACC 
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NdeI+ 

AT1G61890 

NotI- 
TTTTTTGCGGCCGCTTATTGCTTCAAAAGCGGCTCACGG 

AT3G21690 

NdeI+ 
AAAAAACATATGATGGACTCGTCTCCAAACGACG 

AT3G21690 

NotI- 

TTTTTTGCGGCCGCTCATTCAGGAACAACTTCTTGTTTCTTGT

TG 

AT3G59030 

NdeI+ 
AAAAAACATATGATGAGCTCCACAGAGACATACGAGCC 

AT3G59030 

NotI- 
TTTTTTGCGGCCGCTTAAACACCTGCGTTAGCCATCTCTTG 

AT3G23560 

AseI+ 
AAAAAAATTAATATGGCTGATCCGGCAACGAGTT 

AT3G23560 

NotI- 
TTTTTTGCGGCCGCTCAGACCGTAGCAACATTCAGCTT 

AT5G52050 

NdeI+ 
AAAAAACATATGATGAGTCAATCAAATCGTGTCAGAGACG 

AT5G52050 

NotI- 
TTTTTTGCGGCCGCCTACTTATCAACCATCCCAGCCTCCA 

AT4G29140 

NdeI+ 
AAAAAACATATGATGTGTAACCCATCAACAACAACAACAAC 

AT4G29140 

NotI- 
TTTTTTGCGGCCGCTTAATAAAGCACCGTGATGCGAATCAAC 
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AT2G38510 

NdeI+ 
AAAAAACATATGATGCAGGTGGGAGAGGAGATGG 

AT2G38510 

NotI- 

TTTTTTGCGGCCGCTCAATTCGTATTTTGTAGTAAACCAATCT

CCAG 

AT1G71870 

NdeI+ 
AAAAAACATATGATGGAAGACAAAATCCAGTCAGATGATT 

AT1G71870 

NotI- 
TTTTTTGCGGCCGCTTACAAAACATCACCCAACTTCTCATCA 

AT4G22790 

NdeI+ 
AAAAAACATATGATGTCAGAAACATCAAAGTCAGAGTCTT 

AT4G22790 

NotI- 
TTTTTTGCGGCCGCCTATGAGTGGCTATCTTGTCCTGAACC 

AT2G34360 

NdeI+ 
AAAAAACATATGATGAGGGAGGAGAGAGAGGATATGT 

AT2G34360 

NotI- 
TTTTTTGCGGCCGCTCAAACAAGAATTGACCCGTTGTCT 

AT1G73700 

AseI+ 
AAAAAAATTAATATGGAAGATGGTGTGACGCCTCC 

AT1G73700 

NotI- 
TTTTTTGCGGCCGCTCATTGGACGTCACCATCTTTGTCATCT 

AT1G15150 

AseI+ 
AAAAAAATTAATATGCAAGACGCGGAGAGAACCAC 

AT1G15150 TTTTTTGCGGCCGCTTAGATGGGAAGTTCTGACTCTGTAAGT
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NotI- TC 

AT1G15180 

AseI+ 
AAAAAAATTAATATGGGAGACGCAGAGAGCACC 

AT1G15180 

NotI- 
TTTTTTGCGGCCGCTTACGTTCCATAGGCCAAAGCCATTC 

AT1G71140 

NdeI+ 
AAAAAACATATGATGGATTCGGCGGAGAAGGGC 

AT1G71140 

NotI- 
TTTTTTGCGGCCGCTTAGCTGATGTATTCATGTTCTTCTTCAC 

AT1G66780 

AseI+ 
AAAAAAATTAATATGGAAAATGGTTTCTCGTTGGTGCC 

AT1G66780 

NotI- 

TTTTTTGCGGCCGCTCATATGATTTCTTGTGGTATCATCTCGA

TTAC 

AT1G66760 

AseI+ 
AAAAAAATTAATATGAAGAAGAGTATCGAAACTCCGTTATTG 

AT1G66760 

NotI- 

TTTTTTGCGGCCGCTCAATTAAGCAATGAGTCATGTCTCCAA

AC 

AT2G04080 

NdeI+ 
AAAAAACATATGATGGAAGAGCCATTTCTTCCGAGAGAC 

AT2G04080 

NotI- 

TTTTTTGCGGCCGCTTAAACCAATCCATTTTCAGTAGAGATTA

T 

AT2G04050 

NdeI+ 
AAAAAACATATGATGGAAGAGCCCTTTCTTCTGCAAG 
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AT2G04050 

NotI- 

TTTTTTGCGGCCGCTTAAGCCAATCTATTTTCACTAGAGACCA

TTC 

AT2G04040 

NdeI+ 
AAAAAACATATGATGGAGGAGCCATTTCTTCTGAGAGACG 

AT2G04040 

NotI- 

TTTTTTGCGGCCGCTTAAGCCAATCTGTTTTCAGTTGAGACAA

TTC 

AT2G04100 

NdeI+ 
AAAAAACATATGATGGAAGATCCACTTTTATTGGGAGACAAT 

AT2G04100 

NotI- 
TTTTTTGCGGCCGCTCAAGCAAGTCCATTGCCAAATGAAG 

AT4G21910 

AseI+ 
AAAAAAATTAATATGGAAGTGCCTAGTGAAACCACG 

AT4G21910 

NotI- 

TTTTTTGCGGCCGCCATAATAAATCATTCTGAGAAAGGAAAG

AAACATC 
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Chapter 2 Evidence of desensitization of ABA responses 

 

Abstract 

Abscisic acid (ABA) is a ubiquitous phytohormone involved in many developmental 

processes and stress responses of plants. Much is known about how plants initially 

respond to ABA, but less is known about subsequent responses to ABA after initial 

exposure to ABA. Here we show that a large set of genes responding to ABA return to 

basal levels after a short recovery time, however they display a reduced response on the 

second exposure to ABA. We call this reduced response on second exposure ABA 

desensitization. This phenomenon is evident 1 hour after initial treatment but persists for 

less than 48 hours. Desensitization persists after repeated cycles of exposure. Mannitol 

treatments, which stimulate endogenous ABA biosynthesis, show evidence of 

desensitization, indicating that the response is not dependent on exogenous ABA 

applications. RNA-seq data shows that ~10% of ABA responsive genes are desensitized 

on the second ABA treatment. I also describe several ABA-responsive metabolites, 

identified by LC-MS, that show evidence of desensitization. This indicates that the 

phenomenon occurs beyond the transcriptional level. This newly discovered 

desensitization may be a common phenomenon in other plant hormone response 

pathways and provides a new insight into the physiological effects of repetitive stresses.  
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Introduction 

Much effort has been dedicated to understanding how plants respond to single events of 

abiotic or biotic stress, but less has been conducted to understand what happens after 

multiple exposures. Desensitization is one possible phenomenon defined as reduced or 

eliminated response to a stimulus after repeated exposure. It has been studied widely in 

animals, one well studied example would be G-protein-coupled receptor desensitization, 

which is induced by the phosphorylation of the receptor (Claing et al., 2002; Gainetdinov 

et al., 2004; Hausdorff et al., 1990; Lefkowitz, 1998; Perry and Lefkowitz, 2002; 

SterneMarr and Benovic, 1995). Desensitization has also been observed in plants. Many 

plants increase in freezing tolerance in response to low nonfreezing temperatures (Guy, 

1990; Thomashow, 1999). An exposure to light initially causes desensitization, a total or 

partial loss of phototropic responsiveness (Iino, 1988; Janoudi and Poff, 1991). In tomato 

cells, chitin fragments caused desensitization of the perception system (Felix et al., 1998; 

Felix et al., 1993; Granado et al., 1995). Recently, it was found that after multiple 

exposures to drought, a subset of genes responding to drought stress show 

transcriptional responses altered from that of the first stress (Ding et al., 2012). In their 

study, they noticed that the second altered transciptional response could be stronger 

than first response, which is ’priming’. Or it could be weaker, which they called ’revised-

response’. They discussed more details about this ’revised-response’ memory genes, 

which we named ’desensitizatized genes’ here, and claimed that these ’revised-

response’ memory genes are regulated by diverse and gene specific mechanisms (Liu et 

al., 2014).  

The plant hormone ABA is known to serve as an endogenous messenger in biotic and 

abiotic stress responses (Adie et al., 2007; Christmann et al., 2006; Hirayama and 
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Shinozaki, 2007). A family of novel START domain proteins, known as PYR/PYL/RCAR, 

were identified as ABA receptors by separate research groups (Ma et al., 2009; 

Nishimura et al., 2009; Park et al., 2009; Santiago et al., 2009). The soluble 

PYR/PYL/RCAR receptors bind to PP2C phosphatases in the upstream of ABA pathway, 

which in turn directly regulate SnRK2 kinases (Cutler et al., 2010; Fujii and Zhu, 2009; 

Ma et al., 2009; Park et al., 2009). Recently two groups found that after ABA treatment 

PP2C family members, negative factors in ABA pathway (Kuhn et al., 2006; Merlot et al., 

2001), were up-regulated while the positive factors PYR/PYL genes were down-

regulated (Santiago et al., 2009; Szostkiewicz et al., 2010). This increased 

PP2Cs:PYL/PYRs ratio after ABA treatment may imply the desensitization of ABA 

response (Chan, 2012).  

In an attempt to study the process underlying the possible desensitization of ABA 

response, we provide evidence here showing the existence and characteristics of 

desensitization based on transcription level using our gene markers. RNA-Seq analysis 

demonstrates that a large subset of ABA responding genes are desensitized upon the 

second exposure to ABA. We also present data describing desensitization of ABA 

response based on transcriptomics and metabolomics overviews, which demonstrates 

the desensitization is not only restricted to several specific genes, but exists through the 

whole genome and beyond transcription level.  

 

Results 

Less induction of HAB1 on second ABA exposure 

We observed that the transcript level of HAB1, which is a negative regulatory factor in 

the ABA response pathway, was up regulated by ABA treatment (Figure 2.1 A). However, 
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PYL4,  which is a positive factor, is down regulated by ABA (Figure 2.1 B). We, therefore, 

hypothesized that desensitization could occur in the ABA pathway by alterations in the 

ratios of receptors to their target PP2Cs. This could imply a global change in ABA 

responsiveness after initial ABA exposure. To investigate this, we first wanted to 

compare the induction of HAB1 transcription level between two groups of plants. One 

group of plants, which we labelled as “+ +”， were first given an ABA pretreatment (“+”) 

for 3 hours. Then the plants were rinsed and given a recovery time, after that they were 

exposed to ABA (“+”) again. For the other group of plants, all the procedures were the 

same except that we used a mock pretreatment (“-”) instead of ABA pretreatment (“+”), 

which we labelled “- +”.  Two more control groups of plants would be exposed to two 

mock treatments (“- -”) or ABA pretreatment followed by mock treatment (“+ -”). All the 

comparisons were conducted by analyzing transcript levels in the plants after the second 

treatment. Thus, “+ +” plants have been exposed o ABA twice, with an intervening 

recovery period, and “- +” plants were exposed to ABA only a single time, but otherwise 

were treated identically to the “+ +” plants. This experimental system enables me to 

compare the effects of single and multiple ABA exposures on specific transcript levels. 

I observed that PYL4 transcript levels did not recover back to basal level even after 

removal of ABA treatment for 24 hours (Figure 2.1 B), while HAB1 transcript levels 

dropped essentially to basal levels 4 hours after the initial ABA treatment (Figure 2.1 A). 

Based on this, we chose HAB1 as a marker gene to study desensitization and used a  4 

hour recovery time. As shown in Figure 2.2 A, we observed that a second ABA treatment 

(“+ +”) resulted in lower HAB1 mRNA levels compared to a single treatment (“- +”).  
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We checked several other ABA regulated genes. Not all showed lower levels on the 

second exposure to ABA (data not shown). This suggests that the desensitization 

phenomenon does not occur globally across the ABA response pathway. 

 

Desensitization is evident after 1 hour of the 1st ABA treatment and lasts less than 

48 hours 

After 4 hours recovery time from the first ABA treatment, we saw less HAB1 induction on 

the second ABA exposure. One question is the importance of the recovery time. If we 

shorten the recovery time, HAB1 RNA level might not recover back to the basal level, 

while if we extend the recovery time long enough, the desensitization response plants 

may be absent. 

Our results showed that we were able to observe HAB1 desensitization when we 

shortened the recovery time to only 1 hour (Figure 2.2 B). Although 1 hour recovery was 

not long enough for the HAB1 to recovered to full basal levels, the induction level of 

HAB1 on second exposure to ABA was about half that of the first induction, which is 

approximately what we observed in previous experiments using a 4 hours recovery time. 

This suggests that desensitization is evident 1 hour after the first ABA treatment. 

However, when we extended the recovery time to 48 hours, we saw a similar induction 

of HAB1 on first and second exposure to ABA (Figure 2.2 C), suggesting desensitization 

of ABA response lasts less than 48 hours. For convenience of an experimental system 

that could easily be conducted in a single day, we used a 1 hour recovery time in 

subsequent experiments.  
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Desensitization persists after multiple ABA exposures 

To explore whether multiple ABA exposures would cause stronger desensitization, we 

provided plants a third and fourth ABA treatment, using 10 µM ABA 3 hours treatment 

followed by a 1 hour recovery time in each exposure cycle. The result was shown in 

Figure 2.3 A, as we already showed, the first ABA treatment dramatically induced HAB1 

gene expression, while the second ABA treatment promoted lower HAB1 transcript 

levels. A third and fourth ABA application did not cause much stronger or weaker HAB1 

induction, the transcript level of HAB1 was similar to that observed in the second 

induction. Collectively, our data suggested that desensitization is stable after the first 

exposure and occurs after each exposure cycle.  

 

CYP707A mediated ABA catabolism is not involved 

One possible explanation for the reduced induction on second exposure is that ABA 

degradation rates are altered after the first exposure. It is possible that the first ABA 

pretreatment accelerated ABA degradation by inducing enzymes involved in ABA 

catabolism pathway. As a result ABA might be degraded faster and the lower ABA levels 

cause less transcript induction.  

We used cyp707a1a3 double mutant, developed by Okamoto (Okamoto et al., 2006), 

which was obtained by crossing cyp707a1-1 (SALK_069127) and cyp707a3-1 

(SALK_078170). The CYP707A enzymes are key factors in ABA catabolism. This line is 

deficient in ABA catabolism and has much higher ABA level than wild-type plants. 7 days 

old wild type seedlings and cyp707a1a3 lines were treated by “--”, “-+”, “+-”, “++”, same 

way as described above. As shown in Figure 2.3 B, there was no significant difference of 

the HAB1 desensitization between wild-type plants and cyp707a1a3 double mutants, 
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suggesting CYP707A mediated ABA catabolism can not explain the desensitization 

observed. 

 

Desensitization is triggered by endogenous ABA 

We have provided evidence for existence of desensitization by applying exogenous ABA 

directly to the plants. However, we were interested to examine whether desensitization 

could be triggered by endogenous ABA, as would be experience by a plant under stress. 

Mannitol treatment (150mM for 3 hours) was used to mimic osmotic stress and induce 

endogenous ABA synthesis. As shown in Figure 2.3 C, with a mannitol pretreatment, the 

second mannitol treatment also resulted in reduced HAB1 transcript levels compared to 

the first treatment, as observed in response to exogenous ABA. This demonstrates that 

desensitization can occur in response to endogenously produced ABA. 

   

A large subset of ABA responsive genes are desensitized  

Several gene markers including HAB1 have been identified for desensitization of ABA 

response. To obtain a transcriptome overview of desensitization response, RNA-seq 

experiment were performed on four groups of 7 days old seedlings, which were treated 

by “--”, “-+”, “+-” and “++” conditions respectively, as described above. cDNA libraries 

were prepared from four samples and subjected to RNA-Seq analysis on a HiSeq 

instrument. The sequence results yielded about 33 millions reads per barcoded sample, 

and the reads were mapped to the Arabidopsis reference genome using TopHat. 

Differential expression results between samples were obtained by using Cuffdiff included 

in the software package Cufflinks.  
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As shown in Figure 2.4 A, 5921 genes were identified to be significantly responsive to 

ABA treatment and 955 genes were significantly altered in their second response. The 

overlap shows that 636 genes were both ABA regulated genes and altered on the 

second response. These 636 genes were divided into two subsets based on their 

different behaviors: desensitized genes and hypersensitized genes (Figure 2.4 C and D). 

As shown in Figure 2.4 B, almost 80% of the 636 genes were ABA desensitized genes 

(495). Among all the ABA responsive genes, about 10% are ABA desensitized genes, 

which is a considerable number suggesting the desensitization is not restricted in a small 

group of genes. However, it argues strongly that the desensitization does not involve a 

global alteration in ABA perception or response, if so we would expect most genes to be 

effected. Heatmaps (Figure 2.5 B and C) provide an intitutive visualization of the 

behavior of two types of desensitized genes. 

We also looked at the expression level fold changes of all the ABA responsive genes on 

the first and second ABA exposure respectively, compared to mock treatment. The red 

line represents the relationship between first and second response of all ABA 

responders, shifted to the right compared to the white dashed line with slope equals to 1 

(Figure 2.5 A), suggesting the main trend behavior of ABA responsive genes on second 

ABA exposure was towards desensitization, even though not all of them were 

desensitized .  

 

Functional categorizations of ABA responsive genes and desensitized ABA 

responsive genes  

We were interested in investigating the functional categorization of different groups of 

genes. Two groups of genes including all ABA responsive genes (group A) and 
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desensitized ABA responsive genes (group B), were analyzed for their biological roles 

based on Gene Ontology (GO) annotations in TAIR. Functional categorization by 

annotation for cellular components, biological process and molecular functions are listed 

in Table 2.1, Table 2.2 and Table 2.3, respectively. As shown in Table 2.1, group B 

contains a higher proportion of genes encoding nucleus proteins, but a lower proportion 

of genes encoding intracellular component proteins, compared with group A. What’s 

more, 2.462% of group A genes, in contrast to none gene in group B encoding ribosome 

proteins. With respect to biological process, Table 2.2 provided us the data that group B 

has a significant higher proportion of genes responding to abiotic or biotic stimulus, 

compared to group A genes. Genes involved in abiotic/biotic stimulus or stress response 

constitute almost a quarter of desensitized ABA responsive genes, presumably 

desensitization occurs mainly in stress response pathways. Table 2.3 displayed different 

molecular functions of genes, group B contains a higher proportion of genes with 

function in transporter activity, but less amount of genes with function in nucleotide 

binding. 

In order to get a more detailed functional categorization analysis of ABA responsive 

genes and desensitized ABA responsive genes, we mapped the RNA-Seq data on to 

metabolic network by using MAPMAN, a software which is able to display large dataset 

onto diagrams of metabolic pathways or other process. This analysis may also shed light 

on desensitization at the metabolic level. Similarly, we were interested in comparing all 

ABA responsive genes (group A) with desensitized ABA responsive genes (group B). 

Table 4 lists how the two groups of genes distributed in all the 35 different MAPMAN bin. 

Group B has a higher proportion of genes with function in secondary metabolism and 

hormone metabolism, but lower proportion of genes with function related to protein and 
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signaling, compared with group A. The number of genes fall into these four bins is 

marked red in Table 2.4. 

MAPMAN also could be used to divide these general functional bins into more detailed 

functional sub-bins. We took a look at these 4 bins and the results are shown in Table 

2.5. In the secondary metabolism bin, group B has a higher proportion of genes with 

function related to sulfur-containing compounds and flavonoids. In the hormone 

metabolism bin, group B has a higher proportion of genes with function related to 

abscisic acid. However, in the protein bin, group B has none with synthesis function, 

while group A contains 173 (2.95%) synthesis function genes. Additionally, group B 

genes only distribute in the sub-bin of targeting, postranslational and degradation, while 

group A genes are spread across these three sub-bins, but also fall in the sub-bins with 

function of activation, synthesis, folding, glycolation and assembly and cofactor ligation. 

In the signaling bin, group B has a higher proportion of genes with functions related to 

MAP kinases. Besides group A has genes spread in the sub-bin with function related to 

sugar and nutrient physiology, phosphinositides, G-proteins, lipids and phosphorelay, 

while none of group B genes falls in these sub-bins. 

 

Gene markers of desensitization of ABA response identified by RNA-Seq analysis 

RNA-Seq results provided us hundreds of desensitized genes, we chose four markers 

and confirmed their behaviors by performing q-PCR. Our q-PCR result, shown in Figure 

2.6, MAPKKK18 (at1g05100) and FIB (at4g04020) are pattern I genes, which are ABA 

induced genes. Both showed reduced levels on second ABA treatment, however, gene 

NRT1.11 (at1g52190) and DJ1F (at3g54600), which belong to pattern II genes, are ABA 

inhibited and showed less inhibition on the second ABA treatment. This q-PCR result 
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illustrates the two patterns of desensitization observed and provides validation for the 

RNASeq data. 

 

Metabolomic evidence 

Transcript levels presumably correspond to protein levels, which may result in 

adjustments of metabolic networks. I therefore examined if I could detect evidence for 

desensitized ABA-responsive metabolites, using LC-MS to conduct global untagregted 

metabolomics surveys. Thus enable us to discover several candidates of desensitized 

ABA-responsive metabolites. However, we have only established the their m/z values 

and retention and not determined their chemical identity (Table 2.6). As showed in 

Figure 2.7, these metabolites are less induced on second ABA exposure compared with 

first exposure. This identification not only provides additional evidence of desensitization, 

but enhances the biological significance of desensitization by showing that the effect can 

be measure in a metabolic output.  

 

Discussion 

In our experimental system, there are two critical points to choose the recovery time: It 

should not be so long that the plants will lose the desensitization, but also not too short 

that the corresponding transcripts have not recovered to basal levels. 1 hour is long 

enough for HAB1 transcript levels to drop back to near initial levels, and is also short 

enough to maintain desensitization effect. It is likely that some desensitized genes do 

not recover or are far from basal levels, so that the gene expression levels we observed 

after second ABA treatment is the accumulation of residual alterations after the first 

response together with the second response. This may reduced the number of 
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desensitized genes identified by the RNA-seq results. However, if we extended the 

recovery time, desensitization effects might become weaker. Given this, about 10% ABA 

responsive genes are desensitized which is a substantial percentage of ABA responsive 

genes. 

We observed that the desensitization period of HAB1 is from 1 hour to less than 48 

hours. The desensitization period of light response is as short as seconds, while 

desensitization period of GSTF8 expression could be extended to four days (Foley et al., 

2006).  

We observed about 10% of ABA responsive genes are desensitized. This is a large 

subset of genes. As discussed in results, desensitized ABA responsive genes are highly 

distributed with functions related to membrane proteins, transport functions and stress 

response. Membrane proteins play important roles in regulating osmotic pressure, water 

balance and ion transport, so one role of desensitization of ABA response is to re-adjust 

cellular homeostasis. Transport related function genes would also indirectly contribute to 

this cellular homeostasis purpose since those genes encoded proteins are capable of 

tuning the transport system to balance target proteins level in their functional place. On 

the other hand, for genes with functions related to stress response, less response of 

those genes to second ABA exposure means the interactions between ABA signaling 

pathway and other stress regulated pathways have been altered. The biological role of 

desensitization of ABA response is likely to function in re-adjusting cellular homeostasis 

and altering crosstalk between ABA and other stress regulated pathways. 

Less gene response at the transcriptional level after repeated exposure to ABA should 

lead to altered protein levels and subsequently increase the plant’s ability to react to the 

environment, which should be reflected in physiological aspects. We tried to look for 



 

74 

 

physiological evidence of desensitization of ABA response from different aspects. Seed 

pretreated with ABA were tested for germination later in the presence of ABA, no 

significant change was observed compared to the control group in which seed had mock 

pretreatment (data not shown). Similar conclusion was drawn from root growth rate 

analysis. It could be that the desensitization phenomenon at the physiological level is not 

as obvious as that at transcript level. However, the metabolomic evidence we describe is 

adds support to the relevance of the phenomenon at a biochemical level. In the future 

connecting these observations to physiological will be critical for understanding the 

underlying biology of the observed phenomenon. 

Avramova’s group also identified this desensitization phenomenon when plants are 

exposed to repetitive dehydration stress, but they called those genes as ”revised-

response” memory genes (Liu et al., 2014). They found evidence showing that after 

multiple exposures to drought, plants had less water loss rate compared with that of 

during the first drought stress (Ding et al., 2012). However, after compared with our 

RNA-Seq data, among the gene markers they identified which had less response in the 

second drought stress, none turned out to be desensitized genes in our system (Liu et 

al., 2014). This could be due to the fact that dehydration stress induced pathway is not 

the same as ABA induced response, even though drought stress would alter ABA levels.  

The possible underlying mechanism of desensitization is poorly understood in plants 

compared to that in animals. Phosphorylation of receptor is one mechanism 

demonstrated in G-protein-coupled receptor desensitization (Gainetdinov et al., 2004). 

Avramova’s group claimed that altered transcript level on repetitive dehydration stress 

was caused by changes in transcription rates, because they found active transcription 

correlated with accumulation of higher amounts of the elongating Ser2P Polymerase II at 
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transcribed genes. They also identified the bHLH transcription factor MYC2 is critical for 

the memory of a subset of specific revised-response genes and different molecular 

mechanisms might be involved in the transcriptional responses of the response genes in 

a single stress and when responding to repeated stress exposures (Liu et al., 2014). The 

molecular mechanism underlying the desensitization of ABA response in our case is not 

clear. For some desensitized genes we examined if changes in pre-mRNA synthesis 

rates could explain the transcript level change. For example, we observed a reduced 

synthesis rate of HAB1 pre-mRNA that correlated with reduced HAB1 transcript levels 

on second ABA treatment. But for other cases, the pre-mRNA synthesis rate change 

result was opposite to the transcript abundance change (data not shown). In contrast to 

observations of reduced induction of MYC2 on second dehydration stress, we did not 

see a significant change of MYC2 transcript level between the first and second exposure 

to ABA. It may be that the 1-hour recovery is not long enough for MYC2 transcript levels 

to return recovery to basal levels. However, we did observe other desensitized MYB 

genes. It may be interesting to investigate further on their possible roles in 

desensitization of ABA response.  

In general, desensitization may provide the benefits of enhanced resistance and/or 

protection against biotic and abiotic stresses, preventing further damage of 

overstimulation. It may also increase the flexibility of plant’s sensor system so that plants 

are able to adapt to variable surrounding environments. Due to ubiquitous plant hormone 

ABA’s important physiological role, the study of its desensitization not only sheds light on 

the plant’s behavior after repeated exposed to ABA, but may provide a precedent for 

desensitization in plants.  
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Materials and Methods 

Plant Material and Growth 

Wild type (ecotype Columbia-0) and cyp707a1a3 transgenic seeds were sterilized and 

stratified for 4 days at 4oC. Then they were grown in liquid culture consisting of 0.5x MS 

and 0.5% sucrose at room temperature. All the plants were grown with continuous 

shaking and under persistent illumination for 7 days.  

 

Plant Treatment 

After 7 days growth, the culture solutions were adjusted to contain 10 µM ABA or 150 

mM mannitol or mock treatment. After 3 hours treatment, plants were all rinsed with 

water for 3 times and then transferred into liquid culture consisting of 0.5x MS and 0.5% 

sucrose again for recovery (1h/4h/48h, as experiment required). Then plants were 

applied with the second ABA or mannitol or mock treatment with the same concentration 

and for the same time as the first treatment. After three hours exposure the plants were 

harvested for next step experiment.  

 

qRT-PCR 

7 days old seedlings were treated by certain chemicals and harvested for RNA 

extraction (All the methods were the same if the third or fourth treatments were required 

in certain experiments). RNAEasy™ Plant RNA isolation kit (Qiagen, USA) was used 

and DNAse was also applied during the extraction process. SuperScript® II Reverse 

Transcriptase kit (Invitrogen, USA) was used to synthesize cDNA using 5µg total RNA. 

The synthesized cDNA was diluted for 10 times and the final qRT-PCR reaction mixture 

contained diluted cDNA, Maxima® SYBR green/Fluorescein qPCR master mix 
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(Fermentas, USA) and gene specific primer. RT-PCRs were performed by using the 

BioRad CFX96 Real-Time PCR System under the following conditions: 3 min at 95°C, 

40 cycles of 10 sec at 95°C, 10 sec at 55°C and 30 sec at 72°C. The data were recorded 

and processed using the BioRad CFX Manager software (BioRad, USA). PEX4 

(AT5G25760) was used as the reference gene for internal control to normalize the cDNA 

input amount. Biological triplicates and triple technical replicates were performed to 

obtain final data.   

 

RNA-seq Experiment 

7 days old seedlings were treated by chemicals or mock treatment and harvested for 

RNA extraction. RNAEasy™ Plant RNA isolation kit (Qiagen, USA) was used and 

DNAse was also applied during the extraction process. Each treatment was conducted 

with three independent biological replicates.   

The RNASEq samples were prepared by using the NEBNext platform, which consists of 

a poly(A) mRNA Magnetic Isolation Module, NEBNext Multiplex Oligos for Illumina, and 

NEBNext Ultra RNA Library Prep Kit for Illumina(New England BioLabs). Poly(A) mRNA 

was isolated by using the NEBNext oligo d(T)25 magnetic beads starting from 5 µg total 

RNA as input. Then poly(A) mRNA was eluted from the beads by adding 15 µl of the first 

strand synthesis reaction buffer. First strand cDNA was synthesized using random 

primers and ProtoScript II Reverse transcriptase.  Immediately second strand synthesis 

reactions were performed using the kit’s components including second strand synthesis 

enzyme mix.  The end repair of double-strand cDNA library was performed, followed by 

adaptor ligation immediately by adding NEBNext Adaptor and ligase master mix to the 

dA-tailed cDNA. AMPure XP beads were used for size selection of the adaptor-ligated 
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DNA. Then PCR reaction was performed in order to enrich cDNA library and AMPure XP 

beads were used again to purify cDNA. Quality of the library was assessed on a 

Bioanalyzer. The 12 barcoded libraries were all sent for sequencing using Hiseq 

instrument and each lane contained 6 samples. Single end sequencing for 50 cycles 

was used as the sequencing condition. This produced about 33 million reads for each 

barcoded sample. 

Low quality bases, adapter sequence and other artifacts were removed in the pre-

process step. The sequence raw data was mapped to the Arabidopsis genome 

reference by using TopHat. Then the software package Cufflinks was used to get the 

differential expression results between samples from mapped reads. Totally 5921 genes 

were identified to be significantly responsive to ABA treatment. Among these 5921 ABA 

responsive genes, 495 genes showed significant less induction on second ABA 

exposure compared with that of the first ABA exposure. 

 

Sample extraction and preparation 

After treatment seedlings were dried and weighted (0.05~0.15 g dry mass). Methanol 

was added into tubes containing tissue samples with 300 µl:100 mg ratio and then the 

samples were frozen in liquid nitrogen. Solution with tissues were homogenized 

(6500rpm 2x20 seconds) by using specific tissue homogenizer (Precellys 24, Bertin 

Technologies) and followed by 10 mins spin at maximal rpm in 4 �. Supernant then was 

filtered and 50 µl samples was transferred into inserts, which go into the vias for next 

step. 
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Analysis of desensitized ABA metabolites by LC-MS 

The samples were run in an HPLC-system (Agilent Technologies 1200 series, G1367B) 

coupled to a 6224 TOF LC/MS (Agilent Technologies) operated in negative (ESI-) 

electrospray ionization mode. The solvent system was A= 1 mM ammonium fluoride 

(Sigma-Aldrich) in LC-MS grade water (JT Baker, 9831-03), and B= ACN (Fluka 

analytical, 00683). The injection volumes differed from 1 to 5 µL. Qualitative Analysis of 

MassHunter Workstation (Agilent Technologies, B.04.00) was used to manually quantify 

extracted ion chromatograms by integrating peak intensities. Statistical analysis was 

conducted by using R program and the script is shown in the appendix.  Three biological 

experiments were conducted and each with four replicates. 
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Figure 2.1  Transcript level of genes of interest before and after ABA treatment. 

RNA was extracted from plants with mock treatment (mock) or 3 hour ABA treatment 

(ABA) or recovered for 4 hours (4h), 7 hours (7h) or 24 hours (24h) after the removal of 

3 hours ABA treatment. Transcript levels for (A) HAB1 and (B) PYL4 were measured by 

real-time quantitative PCR. PEX4 was used an internal control. Three biological 

experiments were conducted and each with three replicates, data shown indicates the 

mean ± s.e.m., n = 3 replicates. 
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Figure 2.2  HAB1 transcript level of plants with different recovery time. 

All plants were treated twice: “+” labelled ABA treatment and “-”labelled mock treatment. 

RNA was extracted from plants harvested right after the removal of the second treatment. 

All treatments lasted for 3 hours and there was a recovery period of 1 hour (B), 4 hours 

(A) or 48 hours (C) between two treatments, labelled as 3-1-3 (B), 3-4-3 (A) or 3-48-3 (C) 

respectively. Transcript levels HAB1 were measured by real-time quantitative PCR. 

PEX4 was used an internal control. Three biological experiments were conducted and 

each with three replicates, data shown indicates the mean ± s.e.m., n = 3 replicates. 
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Figure 2.3  Characteristics of desensitization of ABA response. 

(A) HAB1 transcript level after mock treatment or multiple ABA treatment. (B) HAB1 

transcript level after “--”, “-+”, “+-” and “++”treatments in either wild type plants or 

cyp707a1a3 mutants. The labels are the same as explained in Figure 2. (C) HAB1 

transcript level after “--”, “-+”, “+-” and “++”treatments in wild type plants. “-”labels mock 

treatment,“+”labels 150 mM mannitol treatment for 3 hours. 1 hour recovery period was 

provided between every two treatments. Transcript levels HAB1 were measured by real-

time quantitative PCR. PEX4 was used an internal control. Three biological experiments 

were conducted and each with three replicates, data shown indicates the mean ± s.e.m., 

n = 3 replicates. 
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Figure 2.4  Distribution of ABA responsive and altered second responder genes. 

(A) Left is totally 5921 ABA responsive genes and right represents 955 altered second 

responders compared with the first ABA response. So 636 genes in the intersection set 

are the genes responsive to the first time ABA treatment, also altered response in the re-

exposure to ABA compared to the first response. (B) These 636 genes could be divided 

into four patterns, the percentage of each pattern are shown in the pie chart. (C) Pattern 

I and II are the desensitized genes. Genes in pattern I are induced by ABA, but have a 

less induction in the second ABA treatment. Genes in pattern II are inhibited by ABA but 

with a less inhibition on the second exposure. (D) Pattern III and IV are the 

hypersensitized genes. Genes in pattern III are induced by ABA and more induced in the 

second exposure, while genes in pattern IV are inhibited by ABA and more inhibited in 

the second exposure. 
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Figure 2.5  Transcriptional responses of ABA responders under repetitive 

exposures to ABA. 

(A) It shows the log2-transformed fold-change (ABA/mock) values of all ABA responders 

on the first and second ABA exposure. The red line reflecting the main trend of all ABA 

responders shifted right from the white dash line (slope equals to 1), representing that 

the second induction is less than the first induction (zone of x>0, y>0) and the second 

inhibition is less than the first inhibition (zone of x<0, y<0). Overall, these ABA 

responders have a trend of desensitization. (B)~(C) Heat map of desensitized genes, 

colors reflect gene expression level. Red represents higher abundance and green 

represents lower abundance. (B) Pattern I genes are induced by ABA, and less induced 

on the second ABA exposure. (C) Pattern II genes are inhibited by ABA, and less 

inhibited on the second ABA exposure.    
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Figure 2.6  Two patterns of desensitized ABA responsive genes response to 

repetitive ABA exposures. 

Two genes markers from each pattern were chosen based on RNA-Seq analysis result. 

The gene response to repetitive ABA exposures has been confirmed by q-PCR. (A) 

MAPKKK18 (B) FIB (C) DJ1F and (D) NRT1.11 transcript levels were measured by q-

PCR after “--”, “-+”, “+-” and “++”treatments. “+”: 3 hours ABA treatment, “-”: 3 hours 

mock (DMSO) treatment. 1 hour recovery time was provided between every two 

treatments. (A)-(B) showed genes induced by first ABA treatment, and less induced on 

second ABA exposure, which belong to pattern I. (C)-(D) showed genes inhibited by 

ABA, and less inhibited on second ABA exposure.    
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Figure 2.7  Candidates of desensitized ABA metabolites with different m/z values. 

 Plants were treated by “ -- ” , “ -+ ” , “+- ”  and “++ ”conditions. Several candidates of 

desensitized ABA metabolites with different m/z values (A) m/z=232.137 (B) 

m/z=653.382 (C) m/z=675.359 (D) m/z=676.362 (E) m/z=677.365 have been identified 

by using LC-MS. Three biological experiments were conducted and each with four 

replicates, data shown indicates the mean ± s.e.m., n = 4 replicates. 

 



 

87 

 

 

Table 2.1  Functional categorization by annotation for: cellular components. 

categorization Group A 

ABA responsive 

genes                                         

Group B 

Desensitized ABA 

responsive genes 

Nucleus 799 (13.5%) 80 (16.1%) 

Chloroplast 555 (9.4%) 48 (9.7%) 

Plasma membrane 417 (7.1%) 37 (7.5%) 

Extracellular 324 (5.5%) 33 (6.7%) 

Mitochondria 275 (4.7%) 19 (3.9%) 

cytosol 257 (4.4%) 19 (3.8%) 

Plastid 231 (3.9%) 19 (3.9%) 

Ribosome 146 (2.5%) 0 (0%) 

Cell wall 112 (1.9%) 10 (2.1%) 

Golgi apparatus 94 (1.6%) 7 (1.5%) 

ER 81 (1.4%) 9 (1.8%) 

Other cytoplasmic components 939 (15.9%) 77 (15.5%) 

Other intracellular components 864 (14.6%) 55 (11.1%) 

Other membranes 574 (9.7%) 60 (12.1%) 

Other cellular components 151 (2.6%) 13 (2.7%) 

Unknown cellular components 105 (1.8%) 8 (1.6%) 
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Table 2.2  Functional categorization by annotation for: biological process. 

categorization Group A 

ABA responsive 

genes 

Group B 

Desensitized ABA 

responsive genes 

Response to stress  532 (9.0%) 61 (12.4%) 

Response to abiotic or biotic 

stimulus 

465 (7.9%) 60 (12.2%) 

Other cellular process 1626 (27.5%) 121 (24.4%) 

Other metabolic process  1231 (20.8%) 99 (19.9%) 

Transport  349 (5.9%) 24 (4.9%) 

Signal transduction  201 (3.4%) 18 (3.7%) 

Developmental process 317 (5.4%) 23 (4.7%) 

Transcription, DNA-dependent  120 (2.0%) 13 (2.7%) 

Protein metabolism  221 (3.7%) 12 (2.4%) 

Cell organization and 

biogenesis  

205 (3.5%) 7 (1.5%) 

Electron transport or energy 

pathway  

28 (0.5%) 1 (0.3%) 

DNA or RNA metabolism  28 (0.5%) 0 (0%) 

Other biological process 366 (6.2%) 41 (8.2%) 

Unknown biological process 232 (3.9%) 14 (2.8%) 
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Table 2.3  Functional categorization by annotation for: molecular functions. 

categorization Group A 

ABA responsive 

genes 

% 

Group B 

Desensitized ABA 

responsive genes 

% 

Transferase activity 786 (13.269%) 73 (14.818%) 

Transporter activity 345 (5.822%) 40 (7.986%) 

Hydrolase activity 549 (9.27%) 39 (7.808%) 

Kinase activity 403 (6.8%) 30 (6.122%) 

DNA or RNA binding 317 (5.352%) 30 (6.034%) 

Nucleotide binding 450 (7.594%) 28 (5.59%) 

Transcription factor activity 185 (3.117%) 23 (4.703%) 

Protein binding 313 (5.286%) 22 (4.525%) 

Nucleic acid binding 88 (1.478%) 6 (1.242%) 

Structural molecule activity 77 (1.294%) 2 (0.444%) 

Receptor binding or activity 29 (0.485%) 1 (0.266%) 

Other binding 912 (15.408%) 73 (14.729%) 

Other enzyme activity 773 (13.056%) 65 (13.132%) 

Unknown molecular functions 562 (9.498%) 47 (9.494%) 

Other molecular functions 135 (2.272%) 15 (3.106%) 
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Table 2.4  General functional categorization results by MAPMAN. 

categorization Group A 

ABA responsive 

genes 

Group B 

Desensitized ABA 

responsive genes 

PS 29 (0.5%) 1 (0.2%) 

Major CHO metabolism 38 (0.7%) 3 (0.6%) 

Minor CHO metabolism 37 (0.6%) 5 (1.0%) 

Glycolysis  23 (0.4%) 2 (0.4%) 

Fermentation 12 (0.2%) 0 (0%) 

Gluconeogenese/ glyoxylate 
cycle 

8 (0.1%) 0 (0%) 

OPP 11 (0.2%) 0 (0%) 

TCA / org. transformation 21 (0.4%) 1 (0.2%) 

Mitochondrial electron 
transport / ATP synthesis 

21 (0.4%) 1 (0.2%) 

Cell wall 165 (2.8%) 19 (3.9%) 

Lipid metabolism 138 (2.4%) 11 (2.2%) 

N-metabolism 8 (0.1%) 0 (0%) 

Amino acid metabolism 98 (1.7%) 8 (1.6%) 

S-assimilation 5 (0.1%) 0 (0%) 

Metal handling 28 (0.5%) 2 (0.4%) 

Secondary metabolism 154 (2.6%) 33 (6.7%) 

Hormone metabolism 161 (2.7%) 20 (4.1%) 

Co-factor and vitamine 
metabolism 

24 (0.4%) 1 (0.2%) 

Tetrapyrrole synthesis 7 (0.1%) 0 (0%) 
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Stress 253 (4.3%) 24 (4.9%) 

Redox 41 (0.7%) 5 (1.0%) 

Polyamine metabolism 3 (0.1%) 1 (0.2%) 

Nucleotide metabolism 52 (0.9%) 2 (0.4%) 

Biodegradation of Xenobiotics 12 (0.2%) 0 (0%) 

C1-metabolism 10 (0.2%) 1 (0.2%) 

Misc 484 (8.3%) 48 (9.8%) 

RNA 597 (10.2%) 59 (12.0%) 

DNA 93 (1.6%) 7 (1.4%) 

Protein 742 (12.7%) 38 (7.7%) 

Signaling 329 (5.7%) 19 (3.9%) 

Cell 129 (2.2%) 6 (1.2%) 

Micro RNA, natural antisense 
etc 

28 (0.5%) 2 (0.4%) 

Development 202 (3.4%) 21 (4.3%) 

Transport 326 (5.6%) 39 (7.9%) 

Not assigned 1637 (27.9%) 123 (25.1%) 
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Table 2.5  Further detailed functional categorization in general functional bins. 

categorization Group A 

ABA responsive 

genes 

Group B 

Desensitized ABA 

responsive genes 

 

Secondary metablism   

Isoprenoids 24 (0.40%) 4 (0.81%) 

Phenylpropanoids 37 (0.62%) 6 (1.22%) 

N misc 7 (0.12%) 1 (0.20%) 

Sulfur-containing 39 (0.65%) 12 (2.44%) 

Wax 7 (0.12%) 1 (0.20%) 

Flavonoids 29 (0.48%) 6 (1.22%) 

Simple phenols 10 (0.17%) 3 (0.61%) 

Unspecified 1 (0.017%) 0 (0%) 

   

Hormone Metabolism   

Abscisic Acid 12 (0.46%) 6 (1.22%) 

Auxin 57 (0.97%) 4 (0.81%) 

Brassinosteroid 21 (0.36%) 1 (0.20%) 

Cytokinin 8 (0.14%) 0 (0%) 

Ethylene 33 (0.56%) 4 (0.81%) 

Gibberelin 12 (0.20%) 3 (0.61%) 

Jasmonate 14 (0.24%) 1 (0.20%) 

Salicylic Acid 3 (0.051%) 1 (0.20%) 
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Protein   

Activation 10 (0.17%) 0 (0%) 

Synthesis 173 (2.95%) 0 (0%) 

Targeting 50 (0.85%) 1 (0.20%) 

Postranslational 148 (2.52%) 15 (3.05%) 

Degradation 330 (5.63%) 22 (4.48%) 

Folding 20 (0.34%) 0 (0%) 

Glycosylation 8 (0.14%) 0 (0%) 

Assembly and cofactor ligation 5 (0.085%) 0 (0%) 

   

Signaling   

In sugar and nutrient 

physiology 

10 (0.17%) 0 (0%) 

Receptor kinases 132 (2.25%) 5 (1.02%) 

Calcium 52 (0.87%) 2 (0.41%) 

Phosphinositides 20 (0.34%) 0 (0%) 

G-proteins 38 (0.65%) 0 (0%) 

MAP kinases 16 (0.27%) 5 (1.02%) 

14-3-3 proteins 1 (0.017%) 1 (0.20%) 

Misc 4 (0.068%) 1 (0.20%) 

Lipids 1 (0.017%) 0 (0%) 

Phosphorelay 2 (0.034%) 0 (0%) 

Light 29 (0.49%) 4 (0.81%) 

Unspecified 5 (0.085%) 1 (0.20%) 
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Table 2.6  List of candidates of desensitized ABA metabolites. 

 

    No. 

  

M/Z                RT 

Abundance 

      - -                  - +                 + -                + +          

     1 

     2 

     3 

     4 

     5 

232.137  

653.382  

675.359  

676.362  

677.365  

462  

871  

834  

834  

834  

9854.33 

24656.67 

136444.7 

49744.33 

12039.67 

19309.5 

187750.8 

669873.5 

237535.8 

61533.75 

5028 

22745.5 

90579.5 

33605.25 

7405.75 

3726.5 

42570.75 

244967.8 

89405 

24411.75 
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Appendix I 

R script for statistical analysis of the LC-MS data, by which could we find out metabolites 

that are different in two groups. 

#Ananlysis of mzdata files by XCMS, with outlier detection by OutlierDM and and peak annotation by 

CAMERA. 

 

# Variables you should define 

A_group <- "A" 

B_group <- "B" 

num_Plots <- 1000 # number of EICs and Box plots from XCMS diffreport 

cores <-  4 # number of CPU cores to use for the analyses 

 

library(xcms) 

library(OutlierDM) 

library(CAMERA) 

library(genefilter) 

library(ggplot2) 

library(grid) 

library(gridExtra) 

 

files <- list.files(recursive = TRUE, full.names = TRUE) 

base <- paste(A_group, "_", B_group, sep="") 

xset <- xcmsSet(method = "centWave", files = files, ppm = 15, peakwidth = c(6,40), nSlaves=cores) 

xset <- group(xset) 

xset2 <- retcor(xset, family = "symmetric") 

 

#Make plots of RT deviation. If all is good with the chromatography, shouln not see more than a few 

seconds on the y-axis. 

pdf("rtdev.pdf", width=7, height=5) 
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plotrt(xset2) 

plotrt(xset2, leg=FALSE) 

dev.off() 

 

xset2 <- group(xset2, bw = 8) 

xset3 <- fillPeaks(xset2) 

reporttab <- diffreport(xset3, A_group, B_group, base, num_Plots, metlin = 0.15, h = 480, w = 640) 

reporttab <- reporttab[with(reporttab, order(name)), ] 

write.csv(reporttab, paste(base, "_diffreport.csv", sep="")) 

 

#annotate isotopes / and co-eluting peak groups with CAMERA 

camera <- annotateDiffreport(xset3, nSlaves=cores) 

camera <- camera[with(camera, order(name)), ] 

write.csv(camera, paste(base, "_camera_annotation.csv", sep="")) 

csv <- read.csv(paste(base, "_camera_annotation.csv", sep="")) 

 

#identify sample names in each experiment class 

samp <- data.frame((sampclass(xset)), (sampnames(xset))) 

names(samp) <- c("class", "file") 

a_names <- as.character(samp[(samp$class==A_group), 2]) 

b_names <- as.character(samp[(samp$class==B_group), 2]) 

 

#Compute statistics on for peaks in each sample group 

a_data <- data.frame( csv[,2], round(csv[, (a_names)], 0))   

a_means <- round(rowMeans(a_data[,2:(length(a_data))]), 0) 

a_sds <- round(rowSds(a_data[,2:(length(a_data))]),) 

a_rms <- round((a_sds/a_means)*100,1) 

 

b_data <- data.frame( csv[,2], round(csv[, (b_names)], 0)) 

b_means <- round(rowMeans(b_data[,2:(length(b_data))]), 0) 
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b_sds <- round(rowSds(b_data[,2:(length(b_data))]),) 

b_rms <- round((b_sds/b_means)*100,1) 

 

#OutlierDM 

#create list of all peak name IDs 

all_names <- data.frame(csv[,2]) 

names(all_names) <- c("name") 

 

#remove A group rows that contain zeroes and run OutlierDM analyses 

a_data <- a_data[!(apply(a_data[,2:(length(a_data))], 1, function(y) any(y == 0))),] 

o1 <- odm(a_data[,2:(length(a_data))], method="nonlin") 

outs_1 <- o1@res$Outlier 

a_data <- data.frame(a_data[,1], outs_1) 

names(a_data) <- c("name", "out_A") 

 

#remove B group rows that contain zeroes 

b_data <- b_data[!(apply(b_data[,2:(length(b_data))], 1, function(y) any(y == 0))),] 

o2 <- odm(b_data[,2:(length(b_data))], method="nonlin") 

outs_2 <- o2@res$Outlier 

b_data <- data.frame(b_data[,1], outs_2) 

names(b_data) <- c("name", "out_B") 

 

#join subestted OutlierDM results back to entire data set 

outliers <- join(all_names, a_data, by = "name", match = "first")   

outliers <- join(outliers, b_data, by = "name", match = "first") 

 

 

#output formatted data. 

#round the mz data to 3 decimals and RTs to 0 decimals 

#extract class A sample abundances and round to 0 decimals 
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all_data <- round(csv[,c(sampnames(xset))]) 

csv$mzmed <- round(csv$mzmed, 3) 

csv$rtmed <- round(csv$rtmed, 0) 

reordered <- data.frame(csv$name, round(csv$fold, 1), csv$tstat, csv$pvalue, csv$mzmed, csv$rtmed, 

a_means, a_rms, b_means, b_rms,  camera$isotopes, camera$pcgroup, outliers[,2:3] , all_data) 

reordered <- reordered[with(reordered, order(csv$pvalue)), ] 

rank <- as.data.frame(1:length(reordered[,1])) 

reordered <- cbind(rank[,1], reordered) 

colnames(reordered)[1:15] <- c("Rank", "Name", "Fold", "tstat", "pvalue", "m/z", "RT", "A_mean", "A_rms", 

"B_mean", "B_rms", "Isotopes", "PC_Group", "A_outlier", "B_outlier") 

rank <- as.data.frame(1:length(reordered[,1])) 

write.csv(reordered, paste(base, "annotated_diffreport.csv", sep="")) 

save(list = ls(all = TRUE), file = paste(base, "session.RData", sep="")) 

 

# MAKE PLOTS 

rt <- tail(xset2@rt$raw[[1]], n=1) 

df <- data.frame(csv$rtmed, a_rms, csv$mzmed, outliers[,2]) 

names(df) <- c("rt", "rms", "mz", "outliers") 

rms_sd <- round(sd(df$rms, na.rm=TRUE),2) 

rms_mean <- round(mean(df$rms, na.rm=TRUE),2) 

rms <- paste(A_group, "Mean RMS =", rms_mean, "+/-", rms_sd, sep=" ") 

num_total <- length(csv$rtmed) 

non_zero_total <- length(outs_1) 

num_outliers <- length(outs_1[outs_1==TRUE]) 

num_non_outliers <- length(outs_1[outs_1==FALSE]) 

stat1 <- paste("Total Peaks:", num_total, "    Total Non-Zero Peaks: ", non_zero_total) 

stat2 <- paste("Total Outlier Peaks: ", num_outliers) 

 

plot <- ggplot(df, aes(x=rt, y=rms, colour=factor(outliers))) + geom_point(na.rm=TRUE, alpha=0.075) + 

xlim(0, rt) + ylim(-20, 100) 
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plot <- plot + annotate("text", x = rt/2, y = -7, label = rms, size = 4, colour = "grey40") 

plot <- plot + annotate("text", x = rt/2, y = -13, label = stat1, size = 4, colour = "grey40") 

plot <- plot + annotate("text", x = rt/2, y = -19, label = stat2, size = 4, colour = "grey40") 

update_labels(plot, list(x="Retention Time (sec)", y="Peak Abundance RMS", colour="Outlier?", 

title=A_group)) 

 

plot2 <- ggplot(df, aes(x=mz, y=rms, colour=factor(outliers))) + geom_point(na.rm=TRUE, alpha=0.075) + 

xlim(0, 3000) + ylim(-20, 100) 

plot2 <- plot2 + annotate("text", x = 1500, y = -6, label = rms, size = 4, colour = "grey40") 

plot2 <- plot2 + annotate("text", x = 1500, y = -12, label = stat1, size = 4, colour = "grey40") 

plot2 <- plot2 + annotate("text", x = 1500, y = -18, label = stat2, size = 4, colour = "grey40") 

update_labels(plot2, list(x="m/z", y="Peak Abundance RMS", colour="Outlier?", title=A_group)) 

 

df <- data.frame(csv$rtmed, b_rms, csv$mzmed, outliers[,3]) 

names(df) <- c("rt", "rms", "mz", "outliers") 

rms_sd <- round(sd(df$rms, na.rm=TRUE),2) 

rms_mean <- round(mean(df$rms, na.rm=TRUE),2) 

rms <- paste(B_group, "Mean RMS =", rms_mean, "+/-", rms_sd, sep=" ") 

num_total <- length(csv$rtmed) 

non_zero_total <- length(outs_2) 

num_outliers <- length(outs_2[outs_2==TRUE]) 

num_non_outliers <- length(outs_2[outs_2==FALSE]) 

stat1 <- paste("Total Peaks:", num_total, "    Total Non-Zero Peaks: ", non_zero_total) 

stat2 <- paste("Total Outlier Peaks: ", num_outliers) 

 

plot3 <- ggplot(df, aes(x=rt, y=rms, colour=factor(outliers))) + geom_point(na.rm=TRUE, alpha=0.075)+  

xlim(0, rt) + ylim(-20, 100) 

plot3 <- plot3 + annotate("text", x = rt/2, y = -7, label = rms, size = 4, colour = "grey40") 

plot3 <- plot3 + annotate("text", x = rt/2, y = -13, label = stat1, size = 4, colour = "grey40") 

plot3 <- plot3 + annotate("text", x = rt/2, y = -19, label = stat2, size = 4, colour = "grey40") 
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update_labels(plot3, list(x="Retention Time (sec)", y="Peak Abundance RMS", colour="Outlier?", 

title=B_group)) 

plot3 

 

plot4 <- ggplot(df, aes(x=mz, y=rms, colour=factor(outliers))) + geom_point(na.rm=TRUE, alpha=0.075) + 

xlim(0, 3000) + ylim(-20, 100) 

plot4 <- plot4 + annotate("text", x = 1500, y = -6, label = rms, size = 4, colour = "grey40") 

plot4 <- plot4 + annotate("text", x = 1500, y = -12, label = stat1, size = 4, colour = "grey40") 

plot4 <- plot4 + annotate("text", x = 1500, y = -18, label = stat2, size = 4, colour = "grey40") 

update_labels(plot4, list(x= B_group, " m/z", y="Peak Abundance RMS", colour="Outlier?", title=B_group)) 

 

pdf("stacked_rms_plots.pdf", width=6, height=7) 

grid.arrange(plot, plot3, ncol=1, main="RT vs RMS") 

grid.arrange(plot2, plot4, ncol=1, main="m/z vs RMS") 

dev.off() 

 

pdf("individual_rms_plots.pdf", width=6, height=4) 

plot 

plot2 

plot3 

plot4 

dev.off() 
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Chapter 3 Agrichemical Control of Drought Tolerance using Engineered Receptors 
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Introduction 

Drought stress has been one of the main causes of crop loss, which motivates efforts to 

improve of plant water use and drought tolerance. Dehydration stress induces 

endogenous ABA level of plants, which further improves water consumption ability by 

controlling guard cell aperture (Cutler et al., 2010; Kim et al., 2010). So far none of ABA 

agonists has been really applied in agriculture. An alternative way would be to engineer 

ABA receptor to be responsive to an existing agrichemical.  

In order to achieve this goal, we constructed PYR1 mutant library that contains all 

possible single amino acid substitutions in 25 residues that line the ABA binding pocket 

(Mosquna et al., 2011). Each member of this pocket library was tested for 

responsiveness to a panel of 15 commonly used non-herbicidal agrichemicals using 

yeast two a yeast two hybrid based receptor activation assay (Park et al., 2009; 

Peterson et al., 2010). Modified receptors showed responsiveness to 4 out of 15 

compounds in this screening. Further optimization of receptors sensitivity turns out that 

engineered ABA receptor PYR1MANDI possess nanomolar sensitivity to the agrichemical 

mandipropamid. What’s more, in the presence of mandipropamid, PYR1MANDI binds to 

the PP2C HAB1 when both proteins are co-expressed in N. benthamiana. 

We also demonstrated that by activating a single ABA receptor it is sufficient for inducing 

global ABA response, which tested by seed germination and root assay using transgenic 

plants. Seed germination of PYR1MANDI transgenic plants was inhibited in the response to 

mandipropamid. Root of the transgenic plants also developed slowly in the presence of 

mandipropamid. RNASeq experiment was performed in order to compare transcriptional 

response induced by mandipropamid and ABA of both wild type and PYR1MANDI 

genotypes. It turned out that PYR1MANDI transgenic plants have a global ABA-like effect 
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in the response to mandipropamid. Drought stress assays also demonstrated the 

efficacy of water use and drought tolerance in our transgenic plants.  

 

Result 

RNASeq Experiment Section 

To gain the overview of transcriptional response of PYR1MANDI lines, we conducted 

RNASeq experiments, in which both wild type and PYR1MANDI plants were treated with 

mandipropamid and ABA. As shown in Figure 3.1A, mandipropamid induced an ABA-like 

response in PYR1MANDI plants (r=0.90), but not in wild type plants (r=0.17, Figure 3.1B). 

Figure 3.1C showed that transgenic PYR1MANDI genotype is not impaired in its ABA 

response since both transgenic and wild type plants responded to ABA similarly (r=0.97). 

What’s more, without any treatment, the basal transcription level of PYR1MANDI and wild 

type are very highly correlated (r=0.99), which means the engineering of the receptor in 

the transgenic plants did not interfere the basal transcriptional status of plants.  PYR1 

itself is the one with largest difference due to its overexpression. Above all, 

mandipropamid induces a global ABA-like transcription response in PYR1MANDI 

transgenic plants.  

 

Materials and Methods 

RNASeq experiments  

Seed of the wild type or PYR1MANDI transgenic lines were surface sterilized and stratified 

for 4 days at 4oC. Then they were grown in liquid culture consisting of 0.5x MS and 0.5% 

sucrose at room temperature. All the plants were grown with continuous shaking and 

under persistent illumination for 10 days. After 10 days, the seedlings were treated by 50 
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µM ABA, 2 µM mandipropamid, or a mock treatment. The (+)-stereoisomer of ABA 

(Biosynth, AG) was utilized in this study and mandipropamid was purchased from 

Sigma-Aldrich. After 8 hours exposure to the chemicals, plants were harvested for RNA 

extraction. RNAEasy™ Plant RNA isolation kit (Qiagen, USA) was used and DNAse was 

also applied during the extraction process. Each treatment was conducted with three 

independent biological replicates. 

The RNASEq samples were prepared by using the NEBNext platform, which consists of 

a poly(A) mRNA Magnetic Isolation Module, NEBNext Multiplex Oligos for Illumina, and 

NEBNext Ultra RNA Library Prep Kit for Illumina(New England BioLabs). Poly(A) mRNA 

was isolated by using the NEBNext oligo d(T)25 magnetic beads starting from 5 µg total 

RNA as input. Then poly(A) mRNA was eluted from the beads by adding 15 µl of the first 

strand synthesis reaction buffer. First strand cDNA was synthesized using random 

primers and ProtoScript II Reverse transcriptase.  Immediately second strand synthesis 

reactions were performed using the kit’s components including second strand synthesis 

enzyme mix.  The end repair of double-strand cDNA library was performed, followed by 

adaptor ligation immediately by adding NEBNext Adaptor and ligase master mix to the 

dA-tailed cDNA. AMPure XP beads were used for size selection of the adaptor-ligated 

DNA. Then PCR reaction was performed in order to enrich cDNA library and AMPure XP 

beads were used again to purify cDNA. Quality of the library was assessed on a 

Bioanalyzer. The 18 barcoded libraries were all sent for sequencing using Hiseq 

instrument and each lane contained 6 samples. Single end sequencing for 51 cycles 

was used as the sequencing condition. This produced about 33 million reads for each 

barcoded sample. 
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Low quality bases, adapter sequence and other artifacts were removed in the pre-

process step. The sequence raw data was mapped to the Arabidopsis genome 

reference by using TopHat. Then the software package Cufflinks was used to get the 

differential expression results between samples from mapped reads, the abundance of 

each gene using the FPKM metric (FPKM = fragments per kilobase of exon per million 

fragments mapped) was calculated. Totally 22,326 genes were identified with non-zero 

FPKM mean values in all samples. There were 20,533 genes with FPKM values greater 

than 0.1 across all samples and these were used to make comparisons of global gene 

expression patterns.  
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Figure 3.1  Genome-wide transcriptional responses of wild type and PYR1MANDI 

genotypes to ABA and mandipropamid. 

The wild type and PYR1 genotypeswere treated with 50 µM ABA, 2 µM mandipropamid 

or mock solutions for 8 hours in biological triplicate and RNA isolated and used for 

RNASeqexperiments. Plots A-C show log2-transformed fold-change (chemical / mock) 

values for ~21K genes with FPKM abundance values above 0.1 in all experimental 

samples. (A) ABA-like effects of mandipropamid on the PYR1MANDI genotype. (B) 

Mandipropamid does not induce and ABA-like transcriptional response in the wild type 

genotype. (C) The PYR1MANDI genotype is not impaired in its ABA response. (D) The 

PYR1MANDI genotype does not show substantial alterations in basal transcript levels. 

Shown are log2transformed basal transcript abundance values for the same set of ~21K 

genes profiled in A-C. The arrow highlights PYR1, which is overexpressed in the 35S 

driven PYR1MANDI transgenic line. These data indicate that the PYR1MANDI transgene 

does not induce large-scale changes in the basal transcriptome in the absence of ABA 

treatment.  
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Conclusion 

ABA was discovered in the 1960s (Ohkuma et al., 1963) and it’s physiological role has 

been studied thoroughly. ABA levels are increased in response to many stresses such 

as drought, high salinity and cold temperature, which further results in regulation of gene 

expression (Christmann et al., 2007; Rabbani et al., 2003; Zeller et al., 2009). One of the 

most important roles of ABA is to prevent water loss by reducing stomatal aperture and 

its role in guard cell regulation has been extensively studied (Nilson and Assmann, 2007; 

Schroeder et al., 2001; Sirichandra et al., 2009).  

Although ABA downstream signaling pathway has been extensively studied, the 

breakthrough identification of ABA receptors was only made recently. PYR/PYL/RCAR, 

proteins were identified as ABA receptors by separate research groups (Ma, 2009; 

Nishimura et al., 2009; Park et al., 2009; Santiago et al., 2009b). Genetic analysis 

identified that Pyrabactin Resistance 1 (PYR1) was required for pyrabactin action, which 

is a selective ABA agonist. Yeast two-hybrid using PYR1 as bait in the presence of 

pyrabactin revealed that PYR1 is able to bind with PP2Cs ABI1, ABI2 and HAB1 in the 

presence of ABA or pyrabactin. PYR1 and its 13 relatives in Arabidopsis named PYLs 

act as ABA receptors that first perceive ABA (Park et al., 2009). Structural studies of 

PYR1, PYL1, or PYL2 proteins alone or in complex with ABA and PP2Cs showed that 

ABA binds in the hydrophobic pocket of the receptor, which causes the two loops 

flanking the pocket to close (Melcher et al., 2009; Miyazono et al., 2009; Nishimura et al., 

2009; Santiago et al., 2009a; Yin et al., 2009). This  change in confirmation provides an 

interface surface for PP2C docking. The inhibition of PP2Cs activity next releases 

SnRK2 inhibition, which self-phosphorylated and then activate down-stream targets. 
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Similar progress on ABA transport mechanism study has been achieved until recently. In 

2010 two ABCG transporters, ATP-Binding Cassette G25 and G40, have been identified 

and characterized as ABA transporters by two different groups (Kang et al., 2010; 

Kuromori et al., 2010). AtABCG25 is identified as an ABA exporter while AtABCG40 acts 

as an ABA uptake transporter. Their transport ability have been tested in both insect 

cells and corresponding Arabidopsis mutants. In 2012, a nitrate transporter NRT1.2 was 

also identified as an ABA transporter by using yeast two-hybrid screening (Kanno et al., 

2012). This is the same as one candidate from our ABA transporter screening. NRT1.2 

also acts as an ABA importer and mainly located in vascular tissues spreading in 

inflorescence stems, leaves and roots. Seed germination assay showed that nrt1.2 

mutants were less sensitive in response to ABA inhibition (Kanno et al., 2012). In 2014, 

AtDTX50, one member belonging to DTX/MATE family, was identified as a new ABA 

efflux transporter (Zhang et al., 2014). Its transport ability has been tested in E. coli 

strain and Xenopus oocyte cells, which demonstrated it functions as an ABA exporter. 

What’s more, dtx50 mutant plants were more tolerant to drought stress than wild type 

plants, indicating its active functions in guard cells. 

In our chapter 1, we identified a list of ABA transporters candidates, including nrt1.2. All 

of those ABA transporter candidates were identified through yeast three-hybrid system. 

And their ABA transport ability have been tested by using 3H labeled ABA, NRT1.2 

possess the strongest transport ability. Other transporters also showed different ABA 

transport ability in the in vitro assay. What’s more, phenotype of all the available loss-of-

function T-DNA mutants were investigated by using seed germination test, root assay 

and water loss assay. Several mutants displayed significantly different phenotypes than 
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wild type plants in seed germination assay, but none of the mutants showed significant 

difference with wild type plants in drought assay.    

Actually we should be noticed that none of loss-of-function abcg25, abcg40, nrt1.2 and 

dtx50 mutants showed a strong phenotype as what we observed in ABA deficient 

mutants such as aba1/2/3 or ABA insensitive mutant like abi1, which suggested there 

might be more ABA transporters with redundant function in ABA movement. The list of 

ABA transporter candidates identified in our study also supports this hypothesis. Those 

transporters act as either ABA importers or exporters, and they function in different 

locations from vascular tissue to plasma membrane. Their functions differ from 

transporting ABA out of its biosynthesis place to transporting ABA into its functional 

location. Both the published studies and our research demonstrated there are many ABA 

transporters function redundantly or at least there are different ABA transporters function 

in different locations instead of one general ABA transporter in plant system. Our 

contribution of projects in chapter 1 includes: first we found the NRT1.2 transporter is an 

ABA transporter, which is also a confirmation of the work from Japanese group (Kanno 

et al., 2012). Secondly we provided a list of candidates of ABA transporters in plants. 

Finally our work also supports the hypothesis that ABA transporters function redundantly 

in plants and that’s also one reason why it took a long time until the first ABA transporter 

has been identified.  

Our work in second chapter is about desensitization of ABA responses. Even though 

desensitization has been observed a lot in animals (Claing et al., 2002; Gainetdinov et 

al., 2004; Hausdorff et al., 1990; Lefkowitz, 1998; Perry and Lefkowitz, 2002; SterneMarr 

and Benovic, 1995), it’s rarely investigated in plants, not to say in ABA study area. 

Basically, we observed desensitization of ABA responses occurring on transcriptional 



 

114 

 

level by using several gene markers. And on global level, about 10% of ABA responsive 

genes are desensitized on the second exposure to ABA, which has been observed by 

applying RNA-Seq tool. Identification of desensitized ABA metabolites by using LC-MS 

supports the existence of ABA desensitization besides transcriptional level.  

Although the mechanism of desensitization of ABA responses is still poorly understood, 

its biological role is clear. Functional categorization of desensitized genes suggested 

that main roles of desensitization are to re-adjust cellular homeostasis and alter the 

crosstalk between ABA and other stress regulated signaling pathways. More generally, 

desensitization may provide the benefits of enhanced resistance and/or protection 

against biotic and abiotic stresses, preventing further damage of overstimulation. It may 

also increase the flexibility of plant’s sensor system so that plants are able to adapt to 

variable surrounding environments. Due to ubiquitous plant hormone ABA’s important 

physiological role, the study of its desensitization not only shed light on the plant’s 

behavior after repeated exposed to ABA, but also provide us a precedent for similar 

research on other signaling pathway in the future.  

Future work includes seeking more physiological evidences of desensitization of ABA 

responses, investigating possible mechanism behind the desensitization phenomenon 

and examining whether desensitization also occurs in other plant hormone pathways. 

In last chapter, we engineered ABA receptor PYR1 into PYR1MANDI so that it can be 

responsive to existing agrichemical mandipropamid with nanomolar sensitivities. In the 

presence of mandipropamid, PYR1MANDI binds to the PP2C HAB1 when both proteins 

are co-expressed in N. benthamiana, demonstrating that PYR1MANDI functions in a plant 

cell environment. RNASeq experiment was performed in order to compare 

transcriptional response induced by mandipropamid and ABA of both wild type and 
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PYR1MANDI genotypes. It turned out that PYR1MANDI transgenic plants have a global ABA-

like effect in the response to mandipropamid. What’s more, the efficacy for controlling 

ABA responses and drought tolerance has been confirmed in transgenic plants.  

This work mainly contributes to water use and ABA response pathway control by 

introducing the synthetic biological approach. Moreover, our data demonstrated that we 

have successfully repurposed an existing agrichemical for a new use through receptor 

engineering. We anticipate that this strategy can be applied to other plant receptors and 

opens new doors for crop improvement.  

One of the most important future works would be testing this tool in crops to demonstrate 

whether it’s suitable for use in the field. Besides, functional investigation of distinct ABA 

receptors is possibly achieved by activating single individual family member of ABA 

receptors. One interesting question which could be raised by connecting the work in 

chapter 2 and chapter 3 is: does desensitization also occur when PYR1MANDI transgenic 

plants re-exposed to mandipropamid? If this is true, it might affect the real field 

application of mandipropamid to the transgenic plants. However, investigation of 

desensitization mechanism would provide valuable knowledge about how to avoid the 

desensitization of agrichemical use. 
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