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Summary 

Water deficit stress is one of the greatest environmental challenges to plant survival and reproduction 

in nature. After stress perception, plant responses are regulated by complex multicomponent 

signaling pathways, in which the abscisic acid (ABA) signaling pathway plays a pivotal role. In plants 

suffering from drought or salt stress a hydraulic signal is generated which immediately propagates 

throughout the plant to trigger biosynthesis of ABA, accompanied by stomatal closure and a massive 

change in gene expression which results in adaptative physiological responses. 

In this work, an EMS (ethylmethanesulfonate)-induced mutant ahr11 (ABA-hypersensitive response 

11) was studied which exhibits a hypersensitive activation of the ABA-reporter construct pATHB6::LUC 

under water deficit. Using map-based cloning and next generation sequencing (NGS), the 

hypersensitivity was assigned to a lesion in Arabidopsis AHR11 gene (ABA Hypersensitive Response 11, 

At5g13590) which encodes a protein of 1168 amino acid residues with yet unknown function. In the 

mutant ahr11, the AHR11 is prematurely terminated resulting in a truncated ahr11 protein (247 amino 

acid residues). Three lines of evidence confirmed the mutation in AHR11 being responsible for the 

mutant phenotype. (I) Ectopic expression of AHR11 rescued the ABA-hypersensitivity of ahr11 in 

protoplasts. (II) Introducing the wild type AHR11 gene into the mutant restored water deficit and ABA 

responses. (III) Knockout mutants of AHR11 displayed also the hypersensitive response to water 

deficit and exogenous ABA as ahr11.  

The functional analyses revealed that AHR11 is a nuclear protein and negatively regulates 

transcription of ABA-induced genes such as HB6 and RD29B. Water deficit-induced ABA action was 

not detectable in ahr11 guard cells but in mesophyll cells and epidermal cells, resulting in ahr11 guard 

cells being insensitive to water deficit. Therefore, the role of AHR11 is likely involved in ABA 

distribution. 

The double mutant ahr11/abi1-1 had a decreased sensitivity to water deficit compared with the WT 

or the single mutants ahr11 and abi1-1 during seed germination indicating that AHR11 and ABI1 

additively control this developmental process. 

AHR11-interacting candidates from Arabidopsis libraries were identified and included a bHLH-TF JAM2 

(AT1G01260), and two transcriptional corepressors TPL (AT1G15750) and TPR2 (AT3G16830). Based 

on these results, a possible hypothetical model of AHR11-mediated transcriptional repression is 

supposed that AHR11 bound to JAM2 acts as an adaptor protein to recruit TPL/TPR corepressors 

thereby inhibiting the transcription of JAM2 target genes. 
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Zusammenfassung 

Für das Ü berleben und die Fortpflanzung stellt in der freien Natur Trockenstress als Umweltfaktor 

eine der größten Herausforderungen für Pflanzen dar. Nach der Wahrnehmung der Stresseinwirkung 

wird die Reaktion der Pflanze durch komplexe Signalwege aus zahlreichen Komponenten reguliert 

wobei der Abscisinsäure (ABA)-Signalweg eine Schlüsselrolle übernimmt. Bei Belastung durch 

Trockenstress oder Salzstress wird in Pflanzen ein hydraulisches Signal generiert, das sich sehr schnell 

in der gesamten Pflanze ausbreitet und die Biosynthese von ABA induziert. Durch den gestiegenen 

ABA-Spiegel kommt es zum Spaltenschluß sowie zu einer starken Veränderung des 

Genexpressionsmusters was letztendlich zu physiologischen Anpassungsreaktionen führt.  

In dieser Arbeit wurde die durch Ethylmethansulfonat (EMS)-Behandlung generierte Mutante ahr11 

(ABA-hypersensitive response 11) untersucht, die bei Wasserstress eine hypersensitive Aktivierung 

des ABA-Reporterkonstrukts pAtHB6::LUC zeigt. Mit Hilfe des kartierungsgestützten Klonierens sowie 

des Next Generation Sequencing (NGS) gelang es, die hypersensitive Reaktion der Mutante auf eine 

Läsion im Arabidopsis-Gen AHR11 (ABA Hypersensitive Response 11, At5g13590) zurückzuführen. 

Diese Gen codiert für ein Protein aus 1168 Aminosäuren mit noch nicht bekannter Funktion. In der 

Mutante ahr11 liegt AHR11 als trunkiertes Protein ahr11 aus 247 Aminosäuren vor. Drei Befunde 

sprechen dafür, dass die Mutation in AHR11 für den beobachteten Phänotyp verantwortlich ist: (I) 

Eine Ü berexpression von AHR11 hebt die ABA-Hypersensitivität von ahr11 in Protoplasten auf. (II) Die 

Transfektion der Mutante mit dem Wildtyp-Gen AHR11 führt zur Wiederherstellung der normalen 

Reaktion auf Wasserdefizit und auf ABA. (III) Knockout-Mutanten von AHR11 zeigen wie ahr11 

ebenfalls eine hypersensitive Reaktion auf Wasserdefizit und ABA. 

Die funktionelle Analyse ergab dass es sich bei AHR11 um ein kernlokalisiertes Protein handelt, das 

die Transkription ABA-induzierter Gene wie HB6 und RD29B negativ reguliert. Wasserdefizit-

induzierte ABA-Aktivität ließ sich in Schließzellen von ahr11 nicht nachweisen, wohl aber in 

Mesophyll- und Epidermiszellen, was erklärt warum die Schließzellen von ahr11 gegenüber 

Wasserdefizit insensitiv reagieren. AHR11 spielt damit vermutlich eine Rolle bei der ABA-Verteilung.  

Eine ahr11/abi1-1 Doppelmutante zeigte hinsichtlich der Keimung eine verringerte Sensitivität 

gegenüber Wasserdefizit verglichen mit den Einzelmutanten ahr11 und abi1-1, was dafür spricht, dass  

AHR11 und ABI1 diesen Entwicklungsprozess auf additive Weise beeinflussen. 

Mögliche AHR11-Interaktoren wurden aus genomischen Arabidopsis-DNA-Banken isoliert. Darunter 

befinden sich ein bHLH-Transkriptionsfaktor, JAM2 (AT1G01260) sowie zwei Transkriptionelle Co-

Repressoren, TPL (AT1G15750) und TPR2 (AT3G16830). Aufgrund dieses Ergebnisses wird ein 

hypothetisches Modell für die AHR11-vermittelte transkriptionelle Repression vorgeschlagen, in dem 

an JAM2 gebundenes AHR11 als Adaptorprotein für die TPL/TPR-Co-Repressoren fungiert und auf 

diese Weise die Transkription der JAM2-Zielgene inhibiert. 
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1. Introduction 

Plants, with their sessile lifestyle in natural habitats, constantly suffer from various abiotic 

environmental stresses, such as drought, high salinity, and low temperature. Among these adverse 

environmental conditions, drought is considered a major abiotic stress with water deficiency 

impairing plant growth and development in > 50% of the Earth’s surface area. It has long been 

recognized, e.g. in ancient Egypt thousands of years ago, that high crop yield can be obtained by 

appropriate water supply. To date, however, water shortage has become a critical bottleneck in 

improvement of worldwide crop productivity. In the future, the situation is expected to be even worse 

because of the global climate change and over exploitation of underground water (Gleeson et al., 

2012). 

Plant water deficit tolerance or susceptibility is a complex phenomenon, because stress can occur at 

different growth stages with varying sensitivety, and moreover, multiple stresses may affect plants 

simultaneously. Drought, high salinity and low temperature challenge the water status of plants, and 

plants have gradually evolved sophisticated acclimation mechanisms to sense, transduce and respond 

to the restricted water availability (Mahajan and Tuteja, 2005). In recent decades, physiological bases 

for plant responses to water deficit have become the subject of intense research (Medrano et al., 

2002, Ober and Sharp, 2003, Flexas et al., 2004, Rosado et al., 2006, Christmann et al., 2007). Stomatal 

conductance, leaf water potential and turgor pressure are the common parameters to assess the 

water deficit response (Medrano et al., 2002, Ache et al., 2010, Tardieu, 2012). At the molecular level, 

important drought-related signaling pathways have been unraveled and numerous drought-

responsive genes have been discovered (Bray, 2002, Verslues and Bray, 2006, Chen et al., 2009, 

Hayano-Kanashiro et al., 2009, Lim et al., 2009, Chen et al., 2010a, Fujii and Zhu, 2012). However, 

some key aspects such as water deficit signal perception and early signal transduction are still little 

understood. 

1.1 Physiological responses to water deficit 

Plant water deficit may result from a number of different abiotic stresses such as drought, salinity and 

cold (Mahajan and Tuteja, 2005). The availability of soil water to the plant primarily depends on the 

quantity of water stored in the soil and to the soil water potential (ψw). ψw is the chemical potential 

of water divided by the partial molar volume (Boyer and Kramer, 1995, Kramer and Boyer, 1995). In 

essence, the ψw gradient among soil, plant and atmosphere determines the direction of free water 

movement. During daytime, the low value of ψw in the atmosphere pulls up water from the soil 

through root and stem into the leaf where it diffuses into the air via the stomata. However, this 

pathway requites (I) that root ψw is more negative than soil ψw and (II) that a ψw gradient is maintained 

within the plant with most negative ψw occurring in the leaves. A decrease of soil ψw during drought 

periods may lower or even reverse the plant-soil ψw gradient thereby impeding water uptake or even 

causing a loss of water. To describe the plant’s adaptive strategy to water deficit, the terminologies 
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such as drought excape, low ψw /dehydration avoidance and dehydration tolerance were employed 

(Levitt, 1972, Verslues and Juenger, 2011).  

 

Figure 1-1: Conceptual diagram of the responses of plants to water deficit stress 

Water deficit adaptation strategies of plant are termed drought escape, low ψw avoidance and dehydration 
tolerance (Verslues and Juenger, 2011). Some desert plants adopt drought escape by rapid completion of the 
growth cycle when the environmentis suitable, while Arabidopsis may to some degree escape stressful 
conditions by early flowering. Low ψw avoidance strategies may be followed by dehydration tolerance 
strategies in certain plant species. However, Arabidopsis is not tolerant to severe dehydration. Modified from 
Verslues and Juenger (2011). 

1.1.1 Drought escape 

To cope with seasonal water limitation, certain plant species adjust their development to complete 

their life cycle in a timely manner. This is a strategy adopted e.g. by some desert plants with very rapid 

growth after rain. When water is not limiting, further development may  slow down resulting in high 

seed yield, whereas under the influence of stress, plants including Arabidopsis often prematurely 

transits to reproductive development to generate stress-tolerant seeds before severe stress leads to 

the death of the mother plant. A general variation of flowering time has been found among natural 

accessions of Arabidopsis thaliana (McKay et al., 2003). In drought stress experiments, the ecotypes 

Columbia and Landsberg commonly exhibited early flowering. A screen of different flowering time 

mutants under conditions triggering drought-escape (DE) revealed GIGSNTEA (GI), FLOWERING LOCUS 

T (FT) and TWIN SISTER OF FT (TSF) as central components of the DE response and showed that the 

phytohormone ABA and long days are required for DE (Riboni et al., 2013). From an agricultural 

viewpoint, drought escape saves water but also reduces cumulative photosynthesis during the life 

cycle, which leads to a trade-off between stress escape and potential yields (Tardieu, 2012, Tardieu, 

2013). 
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1.1.2 Low water potential/dehydration avoidance 

Under mild water deficit, the principal responses of plants help to avoid low ψw and maintain tissue 

water balance (water/osmotic homeostasis) close to the unstressed level by reducing water loss 

and/or increasing water uptake. Water loss mainly takes place through transpiration via stomatal 

pores in aerial tissues and is accompanied by CO2 uptake. Hence, plants quickly close the stomata to 

minimize transpiration as a short-term response to mild water deficit. At the whole plant level, gain 

of above-ground biomass decreases in response to water deficit due to changes of carbon usage 

(Hummel et al., 2010). An attenuated shoot development is an efficacious way to limit leaf area and 

thereby transpirational water loss. With water shortage, Arabidopsis leaf rosette growth has been 

shown to decrease more than photosynthesis, leading to an increase in carbon availability to promote 

root growth and osmotic adjustment (Hummel et al., 2010). Correspondingly, the sensitivity to low 

soil ψw is distinct between the root and the shoot (Hsiao and Xu, 2000, Mahajan and Tuteja, 2005). 

Compared to the stress-limited shoot development, the root system is generally more resistant to 

stress. Mild water deficit even promotes axial root elongation and lateral root development, which 

allows to explore the soil for yet unexploited water sources (Sharp et al., 2004, Yamaguchi et al., 2009, 

Yamaguchi and Sharp, 2010). Still, the trade-off associated with a reduced transpiration rate is a 

decrease of photosynthesis, which means an overall diminished carbon assimilation and shoot growth. 

When water homeostasis cannot be maintained by the low ψw avoidance response mentioned above, 

a decrease tissue ψw, particularly in the root, is the next adaptative step. Of the different components 

of ψw, which is the osmotic potential ψs, the pressure potential ψp and the gravitational potential ψg 

(Christmann et al., 2013), only ψs may be altered by the plant (few exceptions exist where also ψp is 

modified) which, however, indirectly also affects ψp. The ψs is substantially lowered by an increase in 

solute concentration. While an increase of anorganic ions and organic acid ions is observed in the 

vacuole, ψs in the cytoplasm is adjusted with the help of a number of small molecules named 

osmoprotectants or compatible solutes, which do not interfere with cellular function and help 

organisms to survive extreme osmotic stress (Lang, 2007). Osmotic adjustment of the root may be 

achieved by uptake of inorganic ions such as K+, Cl- and Na+ from the soil with K+ uptake mediated by 

K+ channels playing a key role (Sze et al., 2004, Osakabe et al., 2013, Wang et al., 2013). Adjustment 

was shown to be fast with hyperosmotically-stressed root cells of Arabidopsis recovering their turgor 

within 40 to 50 min (Shabala and Lew, 2002). Enhanced ion uptake is accompanied by synthesis of 

osmoprotectants such as the amino acids proline, non-reducing sugars (Suc and trehalose), polyols 

(mannitol and sorbitol) and quaternary amines (such as glycine betaine) under water deficit stress 

(Nakayama et al., 2000, Rontein et al., 2002, Iordachescu and Imai, 2008, Hayat et al., 2012, Wani et 

al., 2013). The most striking property of these solutes is the lack of a negative influence on cellular 

metabolism and function. 

The pressure potential ψp of living cells is the cell turgor pressure which is thought to be at or above 

zero while in non-living water-conducting cells with thick, lignified walls, ψp usually is negative and is 

then called tension. Under water deficit stress, cell wall extensbility is reduced as part of the water 

deficit response (Moore et al., 2008). Studies of drought effects on the cell wells in roots of maize (Zea 
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mays) revealed that cell wall hardening occurs in the basal part of the root elongation zone, and is 

accompanied by alterations in metabolism and accumulation of cell wall proteins, such as expansins, 

xyloglucan endotransglycosylases, glucanases, dehydrins and other proteins of carbohydrate and 

amino acid metabolism (Wu and Cosgrove, 2000, Fan and Neumann, 2004, Sharp et al., 2004, Fan et 

al., 2006, Poroyko et al., 2007, Zhu et al., 2007a, Spollen et al., 2008). And similar proteomic analyses 

of root cell wall were also performed in soybean and common bean (Yamaguchi et al., 2009, Yang et 

al., 2013). 

If soil ψw becomes still more negative, additional mechanisms become important, such as leaf area 

adjustment by shedding of leaves to reduce transpiration or a premature termination of the plant’s 

life cycle. Abscission of leaves is preceded by leaf senescence, a programmed aging process during 

which important nutrients are redistributed from the senescing leafs to actively growing tissues or 

storage organs. Senescence is regulated by plant hormones with ethylene functioning as the major 

senescence-promoting  hormone and cytokinin as the major senescence-inhibiting hormone and may 

be prematurely induced by abiotic stresses through an effect on hormone homeostasis (Buchanan-

Wollaston et al., 2005). Although the promotion of senescence by different signals may involve 

distinct signal transduction pathways, similar senescence-associated genes (SAGs) are induced by 

different stresses. Therefore the initiated senescence processes may share common execution events 

(Guo and Gan, 2012). The premature termination of the life cycle may be understood as a premature 

initiation of whole-plant senescence where redistribution of nutrients into reproductive structures 

ensures the production of the next generation. 

1.1.3 Dehydration tolerance 

In order to colonize the land, the early land plants with their very simple architecture must have been 

desiccation-tolerant in both vegetative and reproductive stages to survive the dehydrating 

atmospheres of land habitats (Oliver et al., 2005). Vegetative desiccation tolerance is common in less 

complex plants such as bryophytes (Proctor and Pence, 2002), but only about 300 species with 

vegetative desiccation tolerance are found in vascular plants (Porembski and Barthlott, 2000). These 

vascular plants, also named resurrection plants (Gaff, 1971), can recover from an extreme 

dehydration and resume normal growth when water is available(Phillips et al., 2008). Craterostigma 

plantagineum has been employed as a model system to unveil the mechanisms of desiccation 

tolerance because desiccation tolerance can be studied both in undifferentiated callus cultures and 

in differentiated plants (Bartels, 2005, Rodriguez et al., 2010, Alcazar et al., 2011). Plants which are 

not sesiccation-tolerant in the vegetative stage often show dehydration tolerance during reproductive 

stages. Seed dehydration tolerance is associated with seed dormancy and is of great importance for 

survival. Until the environmental conditions are suitable to establish a new plant generation, the seed 

enters a dormant stage to survive even extended periods of unfavorable conditions (Koornneef et al., 

2002, Finch-Savage and Leubner-Metzger, 2006, Bentsink and Koornneef, 2008, Holdsworth et al., 

2008). Seed dormancy is controlled by genetic factors as well by environmental factors such as light, 

temperature and water availability and also by the time elapsed since initiation of dormancy.  
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At the molecular level, the response of resurrection plants to vegetative desiccation and the sequence 

of events during the late stage of seed development in non-tolerant plants share some similarities: (I) 

Accumulation of ABA-regulated transcripts is a early response to dehydration and ABA-related stress 

responses are up-regulated; (II) the cellular structures are protected by protective proteins such as 

dehydrins and other late-embryogenesis abundant (LEA) type proteins; (III) photosynthesis and 

nitogen and carbon metabolism are reduced, but carbohydrates such as sucrose, hexoses and malate 

are accumulated as osmoprotectants; and (IV) the level of reactive oxygen species (ROS) is tightly 

controlled and ROS scavenging capacity increase (Bartels, 2005, Ndimba et al., 2005, Rodriguez et al., 

2010, Alcazar et al., 2011). 

1.1.4 Integrated stressresponses 

After half a century of research into survival strategies initiated when a plant is exposed to low ψw, it 

became clear that the responses of stressed plants do not fit a linear progression from mild stress, 

moderate stress, to extreme stress, or from short-term responses to long-term responses. Also, 

separating the stress-induced events in time is difficult, because these show a spatio-temporal patten. 

For example, while stomata close to prevent water loss from the shoot, accumulation of compatible 

solutes is also initiated in the root. Additionally, synthesis of protective proteins such as dehydrins 

and LEA protein may be initialted before significant dehydration occurs. In recent years it turned out 

that some of the low ψw-initiated responses events have additional beneficial effects. Compatible 

solutes like proline and glycine betaine, for example, do not only function as osmoprotectants but 

also stabilize certain protein complexes or cell memberane structures and act as ROS scavengers 

(Hayat et al., 2012, Wani et al., 2013). Similarly, protection of proteins by dehydrins specifically seems 

to enhance the antioxidative capacity during drought stress (Imamura et al., 2013).  
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Figure 1-2: A simplified model of the water deficit sensing and signaling pathway 

The water deficit stresse is sensed by some unknown sensors and converted into endogenous signals, which 
subsequently initiate a series of adaptative responses of the plant via ABA-dependent and ABA-independent 
signaling pathways.  

Therefore, the water deficit response of plants comprises a complex regulatory network which 

integrates external and internal stimuli, such as slterations in water status, cell turgor, hormone levels, 

ROS production, and of levels of sugar, and other metabolic products. Water deficit perception and 

signaling and can be conceptually divided into 3 phases (Figure 1-2): stress transduction to remote 

plant organs, stress perception and conversion into an internal signal which is the plant hormone ABA 

and ABA signaling. An ABA-independent signaling pathway also operates and internal signals such as 

ROS and metabolic status modify the output of ABA-dependent and independent signaling (Verslues 

and Zhu, 2005). To date, although the perception of water deficit and signaling upstream of ABA 

biosynthesis are still not uncovered, the ABA signaling cascade in the center of this response model is 

well known and plays a key regulatory role mediating stomatal closure (Schroeder et al., 2001, Kim et 

al., 2010b, Joshi-Saha et al., 2011b, Bauer et al., 2013) and adaptative root growth (Sharp and LeNoble, 

2002, Ober and Sharp, 2003, Yamaguchi and Sharp, 2010) as well as compatible solute accumulation, 

synthesis of protective proteins and control of ROS levels (Stewart and Voetberg, 1985, Strizhov et al., 

1997, Verslues and Bray, 2006, Sharma and Verslues, 2010). The ABA-independent water deficit 
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signaling pathway also stimulates stress adaptation of plants, but its precise role and the structure of 

the respective signaling network are still much less clear. 

1.2 Water deficit perception and transduction 

The water deficit response of plants starts with sensing of external stimuli, which is low soil ψw. The 

external signals are both converted into endogenous signals and transmitted to plant parts distal from 

the site of perception. Low soil ψw induces a drop in ψw of root cells which causes a loss of turgor in 

these cells. After a lag phase, responses are observed in remote plant parts like the shoot. It was 

suggested that a decrease in soil ψw was converted into an internal chemical signal in the root with 

ABA being the likely candidate. The plant hormone is supposed to be then transmitted to the shoot 

via the xylem (Wilkinson and Davies, 2002). This hypothesis was recently challenged by studies which 

used reciprocal grafting of wild type and ABA-deficient mutants of Arabidopsis and tomato. According 

to these studies, root exposure to water deficit induces ABA biosynthesis in the shoot and shoot-

biosynthesized ABA is necessary and sufficient to mediate drought-induced responses (Holbrook et 

al., 2002, Christmann et al., 2007). It was further demonstrated that water deficit stress results in 

generation of a hydraulic signal which is rapidly transmitted to the shoot. Attenuation of the hydraulic 

signal by feeding water to leaves abolished ABA-dependent responses like stomatal closure 

(Christmann et al., 2007). Water feeding to leaves would not attenuate chemical signals or electrical 

signals which have also been suggested as long-distance signals relayed from roots (Grams et al., 2007, 

Gil et al., 2008). Accordingly a hydraulic signal plays a crucial role in the water deficit response 

(Christmann et al., 2007, Christmann et al., 2013). In essence, a drought-induced hydraulic signal is a 

drop in ψw, which in living cells where the signal is decoded comprises a decrease of the cell turgor 

and of the osmotic potential. To date the hydraulic sensors in plant as well as the early steps in the 

signaling cascade initiated by the hydraulic signal are still unknown. In theory any cellular component 

that monitors turgor-dependent parameters such as cell wall tension or changes in osmotic potential 

is a promising candidate for a hydraulic sensor. Also, candidate sensors could be homologs of 

osmosensors or mechanosensors of bacteria, fungi, and metazoans. The term hydraulic sensor will be 

used here to cover sensors for which the mode of action is unknown or has not been proven and that 

putatively moitor changes in turgor, solute concentration or cell wall-plasma membrane associated 

tension. 
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Figure 1-3: Hydraulic sensors and sensor candidates in different organisms 

Osmosensors, turgor sensors and sensors of cell wall integrity identified in E. coli and in yeast are shown 
together with the respective plant candidates. (A) Two-component stress response systems. (B) 
Mechanosensitive (MS) ion channels. (C) Cell wall integrity (CWI) pathways. See text for more details.  
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1.2.1 Two-component systems 

The two-component regulatory system is an evolutionarily ancient system where the phosphorylation 

status of sensor and target proteins is altered during stress signal perception and transduction in both 

prokaryotes and eukaryotes. The EnvZ-OmpR system found in Escherichia coli is the simplest form of 

a two-component system (Forst et al., 1987, Slauch et al., 1988), which consists of a membrane sensor 

histidine kinase (HK) EnvZ and a cytoplasmic response regulator (RR) OmpR (Figure 1-3A). Under 

conditions of hyperosmolarity, the inner membrane protein EnvZ autophosphorylates on a histidine 

residue. Phosphorylated EnvZ then phosphorylates and thereby activates OmpR. Phospho-OmpR 

binds to the promoter regions of the porin genes ompF and ompC to trigger their expression (Slauch 

et al., 1988, Roberts et al., 1994, Head et al., 1998, King and Kenney, 2007). A recent in vivo analysis 

reveals that the transmembrane domain of EnvZ is not necessary but the N-terminal cytoplasmic 

domain of EnvZ is sufficient to respond to changes in concentration of osmolytes, e.g. sucrose and 

NaCl (Wang et al., 2012b).  

Compared with the E.Coli EnvZ-OmpR regulatory system, a more elaborated osmosensing and signal 

transduction system has evolved in budding yeast (Saccharomyces cerevisiae), termed the high 

osmolarity glycerol (HOG) pathway (Boguslawski, 1992, Brewster et al., 1993, Maeda et al., 1994). The 

HOG pathway consists of a two-component system and a mitogen-activated protein kinase (MAPK) 

cascade (Figure 1-3A), which is composed of three MAPKKKs (Ssk2p, Ssk22p, and Ste11p), a MAPKK 

(Pbs2p) and a MAPK (Hog1p). Two distinct upstream signal transducer branches Sln1p and Sho1p 

independently sense (probably) a decrease in turgor pressure to activate the HOG1 MAPK cascade. In 

the Sln1-Ypd1-Ssk1 branch, the plasmamembrane-associated histidine kinase Sln1p has the ability to 

autophosphorylate on a conserved histidine residue, and initiates a multistep of His-to-Asp 

phosphoryl transfer among the sensor kinase Sln1p, the phosphotransferase Ypd1p and the response 

regulator Ssk1p (Posas et al., 1996, Janiak-Spens et al., 1999, Tao et al., 2002, Chooback and West, 

2003, Xu et al., 2003). In the sln1 and ypd1 yeast mutants, the HOG1 MAPK cascade is constitutively 

activated resulting in cell death. Therefore, the Sln1p branch negatively regulates the HOG1 pathway. 

Sln1p monitors turgor changes in yeast cells (Tamas et al., 2000, Reiser et al., 2003) and in the absence 

of hyperosmotic stress the HOG1 MAPK cascade is repressed by phospho-Ssk1p, whereas 

hyperosmotic stress results in dephosphorylation and inactivation of Ssk1p. Once Ssk1p is inactive, 

the HOG1-MAPK cascade becomes active which results in an increase of glycerol levels in the cell to 

restore osmotic balance. In the Sho1p branch, two mucin-like proteins Hkr1p and Msb2p redundantly 

or synergistically sense either a turgor decrease or an increase in osmotic potential via their high-

glycosylated domains imbedded in the cell wall, which affects interaction with the plasmamembrane-

localized adaptor protein Sho1p (Tatebayashi et al., 2007). The key function of Sho1p is to recruit the 

kinase cascade complex Ste11-Ste50-Pbs2-Hog1 to the cytoplasmic membrane at the areas of 

polarized growth of yeast via its C-terminal SH3 domain (Maeda et al., 1995, Raitt et al., 2000, Reiser 

et al., 2000, Tatebayashi et al., 2006). It has been demonstrated that in response to hyperosmotic 

shock, this kinase cascade complex is subsequently activated by a GTPase protein, the Cdc42-bound 

membrane kinase Ste20 (Raitt et al., 2000).  
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In the yeast Debaryomyces hansenii, a novel cytosolic osmotensor DhNik1 has been identified with 5 

repeats of a specific N-terminus HAMP domain (Aravind and Ponting, 1999) that currently occurs in 

histidine kinases, adenyl cyclases, methyl accepting chemotaxis proteins, and phosphatases. The 

possible mechanism of osmotic sensing by DhNik1 is the “on-off” switch of the alternative interaction 

among these HAMP domains (Meena et al., 2010). 

Although no plant homologs of Hkr1p and Msb2p exist in plant, proteins with significant sequence 

similarities to other elements of yeast two-component systems have been identified (Lohrmann and 

Harter, 2002, Mizuno, 2005, Schaller et al., 2008), including sensor histidine kinases (HKs), histidine-

containing phosphotransfer proteins (HPts) and response regulators (RRs) (Figure 1-3A). In 

Arabidopsis the perception and transduction of ethylene, a well-characterized plant two-component 

regulatory system is involved. The ethylene receptor family which comprises 5 members, ETHYLENE 

RESPONSE 1 (ETR1), ETR2, ETHYLENE INSENSITITIVE 4 (EIN4), ETHYLENE SENSOR 1 (ERS1) and ERS2, 

belongs to the Arabidopsis sensor histidine kinases (AHKs) (Yoo et al., 2009, Lin et al., 2009, Liu and 

Wen, 2012). Another subgroup of AHKs,  nonethylene receptor HKs (NER HKs) includes AHK1, AHK2, 

AHK3, CYTOKININ RESPONSE 1 (CRE1)/AHK4, CYTOKININ-INDEPENDENT 1 (CKI1), and CKI2/AHK5 

(Nongpiur et al., 2012), of which AHK2, AHK3 and CRE1/AHK4 have been identified as receptors of the 

phytohormone cytokinin (To and Kieber, 2008, Perilli et al., 2009). The complementation analyses in 

yeast reveal that AHK1, AHK2, AHK3, and CRE1 can complement the lethal phenotype of the double 

mutant sln1sho1 by confering phosphotransfer to the HOG1 MAPK cascade under high-salinity 

conditions (Urao et al., 1999, Reiser et al., 2003, Hao et al., 2004). Analyses of transgenic plants over-

expressing AHK1 and of ahk1 knockdown mutants indicate that AHK1 positively regulates both ABA-

dependent and ABA-independent signaling pathways in response to osmotic stress (Tran et al., 2007b, 

Wohlbach et al., 2008). Hence, AHK1 has been predicted as an osmosensor and positive regulator of 

hyperosmotic resistance in plant for a long time. Five signaling intermediate phosphotransfer proteins 

(AHPts) (Miyata et al., 1998, Suzuki et al., 1998) and 23 response regulators (ARRs) (Imamura et al., 

1999, Schaller et al., 2007) are found in Arabidopsis, and thoroughly researched in cytokinin signaling 

(Hutchison et al., 2006, To et al., 2007). It’s known that AHK1 can interact with Histidine-containing 

Phosphotransfer protein 1 (HPt1) (Dortay et al., 2006). Similarly the interaction between rice ortholog 

OsHK3b and OsHPt2 is also predicted by interactome network (Kushwaha et al., 2013). However, 

recently, the osmosensor role of AHK1 is challenged by a study of the ahk1-1 (Nos-0) mutant, in which 

expression of AHK1 enhances drought tolerance through modulating stomata density to control water 

loss and to avoid tissue dehydration, but not through accumulating osmoprotectants (e.g. Pro) and 

ABA (Kumar et al., 2013). Therefore, AHK1 may not be the main plant osmosensor involved in sensing 

low ψw stress. 

1.2.2 Mechanosensor 

Mechanosensitive (MS) ion channels are membrane-located protein pores evolved for sensing 

mechanical forces. The change of membrane tension could cause these pores to open thereby rapidly 

releasing solutes and water from the cell (Haswell et al., 2011, Martinac, 2011). Tension-responsive 
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ion channel activities have been reported in a number of plant cell types, such as mesophyll cells, 

guard cells, and pollen tubes, but no channel responsive for these activities has yet been identified 

(Falke et al., 1988, Cosgrove and Hedrich, 1991, Ding and Pickard, 1993, Dutta and Robinson, 2004). 

In bacteria, two families of MS channels of small conductance and large conductance (MscS and MscL), 

respectively, were identified and demonstrated to play a role in solute release in response to 

excessive turgor (Sukharev et al., 1993, Sukharev et al., 1994, Levina et al., 1999, Pivetti et al., 2003) 

(Figure 1-3B). MscL is usually found as a single copy gene in a bacterial genome, and homologs of MscL 

are ubiquitous in bacteria and are also found in a number of fungi and oomycetes but are absent in 

plants. In contrast, the MscS family is quite diverse and broadly exists not only in bacteria and archaea 

but also in plants, however MscS homologs are not present in animals (Kloda and Martinac, 2002, 

Pivetti et al., 2003, Haswell and Meyerowitz, 2006). The studies on structure and function of bacterial 

MscL and MscS channels give us the opportunity to understand the function of MS channels in plants 

(Figure 1-3B). 

In Arabidopsis, totally 10 MscS-Like proteins (MSLs) are grouped into two clusters: (I) MscS-like 

proteins from both prokaryotes and eukaryotes (MSL1-3); (II) eukaryotic MscS-like proteins from rice, 

yeast, and green algae (MSL4-10). The closely related MSL2 and MSL3 share an N-terminus chloroplast 

transit peptide, 5 transmembrane (TM) helices, and a C-terminus cytoplasmic β-domain (Haswell and 

Meyerowitz, 2006). A complementation analysis of MSL3 in the mutant of E. coli lacking the three 

mechanosensitive ion channels MscS, MscL and MscK has indicated that MSL3 can serve as a MS ion 

channel in E.coli to regulate the cell volume. Both MSL2 and MSL3 are localized to the plastid envelope 

and, the knockout mutants msl2-1 and msl3-1 have enlarged chloroplasts in mesophyll cells 

compatible with a role of these channels in regulation of plastid volume (Haswell and Meyerowitz, 

2006). Functional analysis of conserved motifs in MSL2 revealed that a PN(X)9N motif at the top of the 

cytoplasmic β-domain is required for proper intraplastidic localization, and for maintaining normal 

plastid and leaf morphology (Jensen and Haswell, 2012). Maintenance of plastid volume is 

continuously challenged by hypoosmotic conditions in the cytoplasm and the plastid-localized MS ion 

channels MSL2 and MSL3 are critical for preservation of plastid size and shape (Veley et al., 2012). In 

MSL cluster II, MSL9 and MSL10 probably encode chloride channels on the plasma membrane of root 

cells and function both separately in monomeric and combinatorially in heteromultimeric complexes. 

The function as an MS ion channel has been clearly demonstrated for MSL10 (Maksaev and Haswell, 

2012), but neither the double mutant msl9/msl10 nor the quintuple mutant 

msl4/msl5/msl6/msl9/msl10 displays a specific phenotype under stress conditions. Therefore, the 

physiological role of MSL9 and MSL10, as well as of their homologs, remains to be determined (Qi et 

al., 2004, Peyronnet et al., 2008, Haswell et al., 2008). 

In yeast, the Ca2+ influx during mating is mediated by the calcium-permeable, stretch-activated (SA) 

nonselective cation channel MID1 (mating pheromone-induced death 1), which in response to 

mechanical stress exhibuts an increased Ca2+ conductance which results in an increase in the 

concentration of cytosolic free Ca2+ (Iida et al., 1994, Kanzaki et al., 1999) (Figure 1-3B). The putative 

Arabidopsis Ca2+ SA influx channel MCA1 (mid1-complementing activity 1), as well as its homolog 
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MCA2, have been identified by a functional complementation screening of the yeast mutant mid1 

(Nakagawa et al., 2007). The expression of MCA1 and MCA2 complements the lethal phenotype of 

the mid1 mutant, and mediates the stretch activated Ca2+ uptake in yeast (Nakagawa et al., 2007). 

Also, MCA1-dependent MS cation currents were observed in Xenopus laevis oocytes (Furuichi et al., 

2012). MCA1 is present in the plasma membrane of root cells, and in yeast, too, MCA1 localizes to the 

yeast plasma membrane as an integral membrane protein. MCA2 shows an overlapping but also 

distinct spatial expression pattern compared to MCA1. Both single mutants mca1-null and mca2-null 

are defective in Ca2+ uptake from the roots, but only the primary roots of mca1-null seedling are 

impaired in penetrating a harder agar medium from a softer (Yamanaka et al., 2010). Therefore, MCA1 

and MCA2 are putative MS ion channels which differentially mediate Ca2+ uptake in Arabidopsis 

(Figure 1-3B). 

1.2.3 Cell wall integrity (CWI) sensor 

Cell wall remodeling during growth and upon extracellular stress has been extensively studied in yeast. 

The signal transduction pathway uncovered by such studies has been designated cell wall integrity 

(CWI) pathway, which essentially is composed of the cell wall-associated cell surface sensors, the 

GDP/GTP exchange factors (GEFs), and the small GTPases (Rhos) (Levin, 2005, Levin, 2011). The yeast 

genome encodes five CWI sensors belonging to two subgroups (Figure 1-3C): the Wsc-type sensors 

(Wsc1, Wsc2 and Wsc3) and the Mid-type sensors (Mid2 and Mtl1). All of them share a single 

transmembrane domain (TMD), a short cytoplasmic tail (CT) and a large extracellular region (Rodicio 

and Heinisch, 2010). In the extracellular region the highly O-mannosylated serine- and threonine-rich 

(STR) sequences form a nanospring-like structure that is capable of resisting high mechanical force 

and of responding to cell surface stress (Dupres et al., 2009). In addition, the specific cysteine-rich 

domain (CRD) at the N-terminus of Wsc sensors transiently interacts with glucan chains in the cell wall. 

Although Mid-type sensors lack the CRD domain, an N-glycosylated asparagine near the N-terminus 

may serve a similar function as CRD domain (Hutzler et al., 2008). Consequently, strain either on the 

cell wall or on the plasma membrane should generate a mechanical force on the extracellular 

nanospring-like structure. The strain-induced conformational changes of CWI sensors could then 

signal to GEFs, which directly activate the Rho GTPases, and then trigger the sole yeast protein kinase 

C (PKC1)-activated MAPK cascade (Garcia et al., 2006).   

Similar to the STR sequences in Wsc1, the ankyrin repeat motifs have also been postuated to form 

nanospring structures which, when coupled to an ion channel are thought to transmit mechanical 

forces to the channel thereby altering channel open state probability (Howard and Bechstedt, 2004, 

Lee et al., 2006b). Accordingly, the plant proteins containing ankyrin repeats (Becerra et al., 2004) 

including kinases and potassium channels might be involved in hydraulic sensing. 

Proteins putatively involved in sensing of plant cell wall integrity include the L-type lectin receptor-

like kinases (LecRLKs) and the proline-rich extension-like receptor kinases (PERKs) (Figure 1-3C). 

LecRLKs were identified in a screen for tripeptidic integrin-recognition motif Arg-Gly-Asp (RGD)-

binding proteins (Gouget et al., 2006). Integrins are central components of metazoan plasma 
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membrane-localized protein complexes thought to function in mechanosensing of shear stress (Shyy 

and Chien, 2002) and the LecRLKs seem to play a structural and signaling role at the plant cell surfaces 

through protein-protein interactions with plant RGD-containing proteins (Gouget et al., 2006). Further 

members of the receptor-like kinase family (RLKs) whose extracellular domains mediate carbohydrate 

ligand binding in the cell wall have recently been linked cell wall integrity sensing during vegetative 

and reproductive development (Boisson-Dernier et al., 2011).  

The Arabidopsis genome encodes 15 PERKs, of which PERK4 has been identified as a plasma 

membrane-associated protein which perturbs Ca2+ homeostasis during the early stage of ABA 

signaling to inhibit primary root cell elongation (Bai et al., 2009a, Bai et al., 2009b). Additionally, the 

receptor-like wall-associated kinases (WAKs) bind pectins in the cell wall, and are necessary both for 

cell expansion during development and for a response to pathogens and wounding. The type and 

concentration of pectins in the wall could lead to a WAK-dependent activation of different cytosolic 

MAPK signaling pathways (Kohorn and Kohorn, 2012).  

In the nematode Caenorhabditis elegans, an eukaryotic MS sodium channel complex (MEC-4/MEC10) 

has been identified in a screen for mutants defective in the response to gentle touch (Chalfie and Au, 

1989). The channel proteins have specialized extracellular matrix (ECM) and unique cytoskeletal 

elements to form the adhesions between the cell wall and the plasma membrane (Arnadottir and 

Chalfie, 2010). Similarly, the animal cell surface receptor integrins also have a dual-tethered adhesion 

structure, of which the extracellular domains of integrins bind to cell wall ligands, while the flexible 

internal tails interact with the actin cytoskeleton, to connect the interior of the cell to the extracellular 

environment and to bi-directionally transmit signals across the cell membrane (Wegener and 

Campbell, 2008, Shyy and Chien, 2002, Legate et al., 2009). Although the analysis of the Arabidopsis 

genome indicates that homologs of MEC-4/MEC-10 channels and integrins do not exist, plant genome 

encodes some integrin-like proteins that are structurally and functionally similar to animal integrins 

(Schindler et al., 1989). For instance, the Zea mays integrin-like proteins mediate the interaction 

between cell wall and plasma membrane as well as cell responses to osmotic stress (Lu et al., 2007). 

An Arabidopsis plasma membrane protein AT14A serves as a transmembrane linker between the cell 

wall and the cytoskeleton just as integrin complexes do in animals, and plays important roles in 

controlling polarity and morphogenesis (Lu et al., 2012). In addition, Arabidopsis integrin-like protein 

NON-RACE-SPECIFIC DISEASE RESISTANCE 1 (NDR1) has been demonstrated to play an essential role 

in plant disease resistance (Lu et al., 2013, Knepper et al., 2011). Taken together the plant integrin-

like proteins have important roles of maintaining the integrity of the cell wall-plasma membrane 

connection and are involved in the cell wall strain perception and signal transduction during growth 

development and environmental stress. 

1.2.4 Upstream signal transduction 

Whatever the primary sensing mechanism, it must be linked to specific down-stream molecules that 

further transmit the signal. It has long been known that cytoplasmic free Ca2+ increases in Arabidopsis 

seedlings within seconds of osmotic stress (Knight et al., 1997) and under mechanical stimulation 
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(Monshausen et al., 2009). Some presumed hydraulic signal sensors such as MCA1 and MCA2 are 

calcium channel proteins which might directly mediate Ca2+ uptake (Yamanaka et al., 2010), while the 

sensor candidate PERK4 indirectly regulates Ca2+ homeostasis (Bai et al., 2009a). Hence, cytoplasmic 

Ca2+ transients have been considered to play a role in the early response to water deficit. However, 

Ca2+ transients are also involved in early ABA signaling (see section 1.3.5). Therefore, it is hard to 

discern of Ca2+ action upstream or downstream of ABA, or both.  

The MAPK kinase pathway, an eukaryotic conserved signal transduction module which is activated as 

part of the HOG pathway in yeast. In Arabidopsis, 80 MAPKK kinases (MAPKKKs), 10 MAPK kinase 

(MAPKKs/MKKs) and 20 MAP kinases (MAPKs/MPKs) have been characterized (Ichimura et al., 2002). 

The MAPKKKs are probably the scaffolding proteins to recruit the MAPK cascade to the response sites. 

The diversity of MAPKKKs ensures that different external stimuli are precisely converted to initiate 

similar MAPK cascades, which finally activate the same downstream MAPK. Several hyperosmotic 

stress-activated plant MAPK cascades have been identified in many species, such as the cscades 

activating salt stress-inducible MAP kinase (SIMK) alfalfa (Munnik et al., 1999, Kiegerl et al., 2000), 

salicylic acid-induced protein kinase (SIPK) in tobacco (Droillard et al., 2000, Liu et al., 2000, 

Mikolajczyk et al., 2000), as well as MPK3, MPK4, MPK6 and MPK7 in Arabidopsis (Ichimura et al., 

2000, Droillard et al., 2002, Colcombet and Hirt, 2008, Opdenakker et al., 2012). However, unlike in 

yeast, osmotic stress-dependent MAPK cascade activation in plants seems to be no early response 

directly triggered by osmosensing. Rather, these MAP kinase cascades appear to be activated H2O2-

dependently during ABA signaling (see section 1.3.4.3).  

In spite of the limited knowledge about hydraulic signal perception and early signal transduction, the 

accumulation of endogenous ABA, which is followed by ABA signal transduction, is undoubtedly an 

output of upstream hydraulic signaling (see section 1.3). Concomitantly water deficit is also 

transduced via an ABA-independent pathway (see section 1.4). 
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1.3 ABA-dependent signaling pathway 

The plant hormone abscisic acid (ABA) was discovered as abscisin II and dormin in 1960s (Liu and 

Carnsdagger, 1961, Ohkuma et al., 1963).  ABA modulates many aspects of plant growth and 

development including embryo maturation, seed dormancy, germination, cell division, cell elongation, 

and floral induction (Finkelstein et al., 2002, Cutler et al., 2010, Takezawa et al., 2011, Seung et al., 

2011). Correspondingly, the ABA-deficient mutant aba1-1 displays a stunted growth phenotype 

(Sharp, 2002), a phenotype which can be rescued by exogenous ABA (Finkelstein et al., 2002). In 

addition, ABA is extensively studied as a ‘stress hormone’, because of its dramatical increase when 

plants are challenged by biotic and abiotic stresses (Schroeder et al., 2001, Zhu, 2002, Himmelbach et 

al., 2003, Christmann et al., 2006, Qin et al., 2011, Huang et al., 2011, Cao et al., 2011, Finkelstein, 

2013). Under water deficit, ABA is recruited to regulate many aspects of adaptative responses, such 

as stomatal closure to reduce transpiration (Schroeder et al., 2001, Kim et al., 2010b, Joshi-Saha et al., 

2011b, Bauer et al., 2013), maintenance of root growth to allow extraction of water from additional 

sources (Sharp and LeNoble, 2002, Ober and Sharp, 2003, Yamaguchi and Sharp, 2010), accumulation 

of compatible solutes and synthesis of protective proteins (Stewart and Voetberg, 1985, Strizhov et 

al., 1997, Verslues and Bray, 2006, Sharma and Verslues, 2010). 

1.3.1 ABA metabolism 

ABA is a sesquiterpenoid with a single chiral centre at C-1’. The naturally occurring compound is 

exclusively the S-(+)-enantiomer ABA (2-cis, 4-trans ABA) of which the 2-cis double bond is isomerized 

by light (UV light being most effective) resulting in an equilibrium of cis-ABA and trans-ABA. While 

trans-ABA is biologically inactive, R-(-)-ABA is weakly active in some processes, and has the ability to 

trigger biosynthesis of natural active S-(+)-ABA (Cutler et al., 2010). The level of locally active ABA in 

the plant is regulated by the balance of ABA biosynthesis and ABA catabolism, and further by 

compartmentation and transport. 
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Figure 1-4: Overview of the ABA-dependent water deficit stress signaling pathway 

Water deficit stress initiates ABA biosynthesis in vascular parenchyma cells. The expression of most of ABA 
biosynthetic enzymes is up-regulated by water deficit, except ABA2/SDR1. Both ABA conjugation and 
catabolism are activated to balance ABA levels. Active ABA is transported to perception sites or into the 
apoplast by ABA transporters, such as ABCG25, ABCG40 and AIT1/NRT1.2. At the ABA perception sites, the 
core ABA signaling (RCAR-ABA-PP2C-SnRK) governs ABA signaling responses in the nucleus and in the cytosol. 
Further signaling elements such as Ca2+, H2O2 or CDPKs are modulating ABA signal transduction. Details are 
summarized in the text. 
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1.3.1.1 ABA biosynthesis 

ABA biosynthesis pathway has been preciously revealed from a number of plant species and been 

detailedly reviewed in many publications (Xiong and Zhu, 2003, Schwartz et al., 2003, Nambara and 

Marion-Poll, 2005, Christmann et al., 2006, Wasilewska et al., 2008, Finkelstein, 2013). In higher plants 

the specific ABA biosynthesis starts from the oxidative cleavage of a C40 epoxycarotenoid precursor 

zeaxanthin to violaxanthin, which is catalyzed by a zeaxanthin epoxidase (ZEP) in plastids, firstly 

isolated in tobacco (Marin et al., 1996). The Arabidopsis ZEP is encoded by ABA1 gene which was 

identified from the ABA-deficient mutant aba1 (Koornneef et al., 1982). Meanwhile, a violaxanthin 

de-epoxidase (VDE) functions as an antagonism of ZEP to produce more photo-protective zeaxanthin 

in response to the intensive light (Bugos et al., 1998). Both mutations of ZEP and VDE can result in 

decreased zeaxanthin accumulation (Niyogi et al., 1998). A plasid membrane-localiyed protein ABA4 

catalyzes the transforming from violaxantin to primary ABA precursor neoxanthinis (North et al., 

2007). The rate-limiting step of ABA biosynthesis is catalyzed by 9-cis-epoxycarotenoid dioxygenase 

(NCED) in plastids. NCED cleaves the xanthophylls (neoxanthin and/or violaxanthin) to C15 compound 

xanthoxin/xanthoxal which is subsequently released into the cytosol (Schwartz et al., 1997). Then, 

xanthoxin is transformed into ABA by two oxidative steps. The short chain dehydrogenase/reductase-

like (SDR1) enzyme encoded by ABA2 firstly catalyzes the intermediate reaction to produce ABA 

aldehyde (Cheng et al., 2002). The final step of ABA converting is accomplished by abscisic aldehyde 

oxidases (AAOs) (Seo et al., 2000) and a molybdenum cofactor sulfurase (MoCoSu) encoded by ABA3 

(Xiong et al., 2001).  

Because of these extremely defined ABA biosynthetic enzymes, we have the opportunity to 

investigate how the ABA biosynthesis is regulated during growth development and under 

environmental stresses (Xiong and Zhu, 2003). The biosynthetic enzymes ZEP/ABA1, ABA4, 

SDR1/ABA2 and MoCoSu/ABA3 are single copy genes, excepting that the AAOs and the NCEDs are 

encoded by small gene family, respectively. The ZEP/ABA1 is abundantly expressed in all tissues, and 

is induced by drought stresses (Xiong et al., 2002). Although the impaired ABA4 significantly reduces 

the ABA level in plant, the aba4 mutant can also produce ABA via an alternative pathway using 

violaxanthin as a substrate (North et al., 2007). The AAO inactive phenotype of ABA-deficient mutant 

aba3/los5 with impaired MoCoSu indicates that the ubiquitous MoCoSu/ABA3 enzyme is prerequisite 

for AAOs activity (Xiong et al., 2001). AAO protein family contains four members (AAO1-to-4), in which 

AAO3 is the main abscisic aldehyde oxidase in seeds and leaves, even though high expression levels 

of AAO1 and AAO4 in the seed (Seo et al., 2004). And Arabidopsis genome encodes 9 NCEDs, of which 

NCED2, 3, 5, 6 and 9 are identified as plastid-localized functional NCEDs, but differ in binding activity 

of the thykaloid membrane (Tan et al., 2003). The roles of ABA during seed maturation and 

germination have been clearly studied (Finkelstein et al., 2002, Xiong and Zhu, 2003, Kanno et al., 

2010, Finkelstein, 2013). Although the whole seed is considered to be involved in ABA biosynthesis, 

the functional NCEDs still display distinct expression patterns. For example, NCED2 and NCED3 are 

found in the surrounding maternal tissue of seed (Tan et al., 2003); NCED6 acts specifically in the 

endosperm (Lefebvre et al., 2006); and NCED9 locates in both endosperm and embryos (Lefebvre et 
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al., 2006). At the mid-stage of seed development, ABA is primarily synthesized in maternal tissues by 

NCED2 and NCED3, and subsequently transported into embryo to promote the synthesis of storage 

proteins in embryo. Then the second peak of ABA accumulation occurs during the desiccation phase 

to activate the producing of protective protein LEAs and initiate the seed dormancy. Here, the ABA is 

derived from the de novo synthesis catalyzed by NCED9 in embryo. A recent report indicates that upon 

imbibition the endosperm in dormant seed coat can synthesize ABA which is released to the no-

dormant embryo to maintain the seed dormancy, while a DELLA protein RGL2 is required to promote 

this ABA synthesis (Lee et al., 2010). 

Concerning the water deficit-induced ABA de novo synthesis, three important ABA biosynthetic 

enzymes, NCED3, ABA2 and AAO3, are co-localized in the vascular parenchyma cells (Cheng et al., 

2002, Koiwai et al., 2004, Endo et al., 2008). The expression of NCED3 is up-regulated by drought stress 

(Tan et al., 2003) via a stress-inducible NAC TF ATAF1 that directly binds the NCED3 promoter (Jensen 

et al., 2008, Jensen et al., 2013). Therefore, Stress-induced ABA is predominately synthesized in the 

vascular tissue and subsequently transported into surrounding responsive cells. Recently, the 

research of stomatal response to dry air in ABA-deficient mutant aba3-1 revealed that the guard cell 

may autonomously synthesize ABA to promote stomatal closure in response to low relative humidity 

(Bauer et al., 2013). For its high expression level, the ZEP/ABA1 seems not the rate-limiting enzyme of 

ABA biosynthesis, but is still up-regulated by drought stress. In Arabidopsis, tobacco, and tomato the 

ZEP/ABA1 is drought-induced in roots but not in leaves (Audran et al., 1998, Thompson et al., 2000), 

whereas the cowpea ZEP transcripts are not drought responsive at all (Iuchi et al., 2000). Only the 

SDR1/ABA2 expression appears not to be regulated by stress, but up-regulated by sugar (Cheng et al., 

2002). In addition, ZEP/ABA1, AAO3 and MoCoSu in Arabidopsis are all up-regulated by ABA, 

meanwhile the ABA-induced up-regulation of NCED3 is also found in the Landsberg background (Xiong 

et al., 2002). Therefore, the ABA biosynthesis is positively regulated by water deficit and ABA. 

1.3.1.2 ABA catabolism and conjugation 

Antagonizing to excessive ABA accumulation, the ABA level in cellular is balanced by catabolism and 

conjugation (Cutler and Krochko, 1999). The major ABA catabolic pathway is triggered by ABA 8’-

hydroxylation and catalyzed by a cytochrome P450 CYP707A family (CYP707A1-4), whose transcripts 

are increased in response to water deficit stresses including salt, hyperosmotic and dehydration, as 

well as to exogenously appied ABA (Kushiro et al., 2004, Saito et al., 2004). The cyp707a mutant 

accumulates higher ABA content than wild type as well as the lines overexpressing ABA biosynthetic 

enzymes. The spatial analysis indicates the different expression patterns of CYP707As: the CYP707A3 

plays a prominent role in ABA catabolism in the vegetative tissues of Arabidopsis, because it is the 

most abundantly protein induced by dehydration, especially highly expressed in leaves (Umezawa et 

al., 2006); the CYP707A1 is expressed in the embryo during the mid-maturation stage and decreased 

during the late-maturation stage, whereas the CYP707A2 in both embryo and endosperm plays a role 

during the late-maturation stage till seed germination (Okamoto et al., 2006). In subsequent step, the 

8’-OH-ABA is isomerized to the phaseic acid (PA), which then converts to dihydrophaseic acid (DPA). 
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Actually, ABA can also be hydroxylated at the 7’or 9’ positions. At least 9’-hydroxylation is a side 

pathway of CYP707As catalyzed ABA catabolism (Okamoto et al., 2011). 

Compared with ABA catabolism, ABA conjugation is a reversible process to reduce active ABA level in 

cellular. ABA glucose ester (ABA-GE) is the predominant conjugate form and sequestered in apopolast 

tissues and vacuoles of mesophyll cells as an inactive storage ABA (Bray and Zeevaart, 1985, Cutler 

and Krochko, 1999). The glycosylation of ABA is catalyzed by the ABA-glucosyltransferase (ABA-GTase). 

Although the water stress- and ABA-inducible UDP-GTase identified from adzuki bean displays an ABA 

dependent GTase activity in vitro (Xu et al., 2002), over-expressing of the Arabidopsis GTase UGT71B6 

only mildly influences the free ABA content and the physiological phenotype, whereas the ABA-GE is 

massively accumulated in the over-expression lines (Priest et al., 2006). The possible reason is the 

functional redundancy of GTases in plant. The inactive storage ABA can be hydrolyzed by β-

glucosidases (BGs). In Arabidopsis, the BG1 localizes in the endoplasmic reticulum (ER) (Lee et al., 

2006c), and the BG2 (Xu et al., 2012) localized in the vacuole.and quickly resorted by stresses. Under 

osmotic stress, Both BGs rapidly polymerize from lower to higher molecular weight forms to liberate 

active ABA. Therefore, ABA can be quickly restored from the storage ABA-GE by water deficit. 

1.3.2 ABA transport 

Besides the balancing of ABA biosynthesis and catabolism, cellular ABA content is also regulated by 

ABA intercellular translocation. The ABA flux between organs is explained as an ‘ionic trap model’ 

(Boursiac et al., 2013). The weak acidic ABA (pKa 4.7) is in an equilibrium between the anionic charged 

form (ABA-) and the protonated uncharged form (ABA-H). The uncharged ABA-H in apoplast (pH 5.0 

to 6.1) can freely diffuse through the lipid bilayer of plasma membrane into cytosol, where the ABA-

H is converted to the undiffusible charged form ABA- for higher cytoplasmic pH (7.5). Therefore, the 

cytosol becomes a ‘trap’ for a constant ABA influx from xylem sap to surrounding cells. A big question 

is how the undiffusible ABA- is exported from synthetic parenchyma cells to xylem sap over the ionic 

trap. Under environmental stresses, the xylem sap pH value rises up to 6.7, reducing the motive force 

for ABA-H uptake (Dietz et al., 2000).  

The active transport of ABA has been investigated since 1970s, but the molecular bases of such 

transport are just isolated lately  (Kuromori and Shinozaki, 2010, Kuromori et al., 2010, Kang et al., 

2010, Kanno et al., 2012, Boursiac et al., 2013). ABCG25 and ABCG40, which were respectively 

identified from mutants atabcg25 and atabcg40, belong to the G family of ATP-binding cassette (ABC) 

transporter (Kang et al., 2010, Kuromori et al., 2010). The ABC transporter family contains 130 

members in Arabidopsis, but only few of them are functionally analyzed (Kang et al., 2012). The 

ABCG25 locates on the membrane of vascular parenchyma cells and plays a role during the ATP-

dependent ABA export (Kuromori et al., 2010). Compared to ABCG25, the membrane-localized 

ABCG40 is broadly expressed in many tissues, including leaves of young plantlets, primary roots and 

lateral roots. It is remarkable that the expression level of ABCG40 in guard cells is significantly higher 

than in mesophyll cells. And ABCG40 shows an ATP-dependent ABA import activity in yeast and 

tobacco BY2 cells (Kang et al., 2010). Hence, a simple model of ABA translocation is constructed: The 
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ABA-exporter ABCG25 works at ABA biosynthesizing cells for the ABA transport from inside to the 

bundle sheath cell apoplastic area over the ionic trap; Then ABA is diffused passively with the flow of 

water directed to the sites of transpiration; Subsequently, ABA is imported to guard cells by the ABA-

importer ABCG40 to trigger the stomatal closure, particularly under stresses (Kuromori and Shinozaki, 

2010). Since the discovery of ABCG25 and ABCG40, the ABCG group members of ABC transporter 

family are strong candidates for ABA transporters. Several ABCG proteins have also been reported to 

be involved in drought and salt tolerance, e.g. ABCG36 (Kim et al., 2010a) and ABCG22 (Kuromori et 

al., 2011), but the substrates transported by them have not been determined. 

Recently, this model is improved by the third ABA transporter ABA-IMPORTING TRANSPORTER 1 (AIT1) 

which is found in yeast two-hybrid system using the ABA receptor complex (ABI1/PYR1 complex, see 

section 1.3.3.1) as a sensor (Kanno et al., 2012). AIT1 is also named NRT1.2 (NITRATE TRANSPORTER 

1.2) identified as a low-affinity nitrate (NO3
-) transporter in root epidermis and root hair (Huang et al., 

1999). High activity of AIT1/NRT1.2 promoter is detected in imbibed seeds as well as in vascular tissues 

of inflorescence stems, leaves and roots. In yeast and insect cells the expression of AIT1/NRT1.2 

enhanced ABA uptake (Kanno et al., 2012). Thus, the primary role of AIT1/NRT1.2 seems to be the 

ABA import from the vessels to epidermis and guard cells for the regulation of stomatal aperture in 

inflorescence stems (Kanno et al., 2012).  

The conjugated storage ABA (ABA-GE) is also considered as a possible shuttle molecule of ABA signals, 

and is hypothesized to be transported into mesophyll vacuoles by ABC transporters (Sauter et al., 

2002), two of which the vacuole-localized ABCC1 and ABCC2 exhibit an ABA-GE importing activity in 

vitro (Burla et al., 2013). 

1.3.3 ABA perception and core ABA signaling 

ABA signaling is initiated from the specific perception by receptor at the action site. The previous 

studies implied the presence of multiple types of ABA receptors on the cell surface as well as in the 

cytosol (Allan et al., 1994, Jeannette et al., 1999). Since 2009, a cytosol/nucleus Regulatory 

Components of ABA Receptors (RCAR1-14)/Pyrabactin Resistance Protein 1 (PYR 1)/PYR-Like (PYL1-

13) have been independently identified and confirmed as cytosolic ABA receptors by several research 

groups (Ma et al., 2009, Park et al., 2009). In pace with this illustrious discovery, the essential core 

components of ABA signaling pathway from hormone perception to signal transduction have been 

identified: cytosolic ABA receptors (RCARs/PYR1/PYLs), clade A of type 2C serine/threonine protein 

phosphatases (PP2Cs), and subfamily 2 of SNF1-related kinases (SnRK2s). Subsequently a number of 

downstream targets, e.g. the ABA-activated basic leucine zipper transcription factors (bZIP TFs: 

ABFs/AREBs) and the guard cell specific SLOW ANION CHANNEL-ASSOCIATED 1 (SLAC1), are 

phosphorylated by SnRK2 kinases to organize the adaptative responses (Raghavendra et al., 2010, 

Joshi-Saha et al., 2011b, Qin et al., 2011). Transient expression of these components have successfully 

reconstituted the ABA signaling pathway in Arabidopsis protoplasts (Fujii et al., 2009). 
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1.3.3.1 ABA coreceptor complex: RCARs/PYR1/PYLs-PP2Cs 

Since the first plant PP2C, ABA INSENSITIVE 1 (ABI1) was identified from an ABA-insensitive mutant 

abi1-1 (Meyer et al., 1994, Leung et al., 1994), PP2Cs have been generally described as negative 

regulators of ABA signaling (Schweighofer et al., 2004). Accompanied with the identification of ABA 

receptor family RCARs/PYR1/PYLs, the role of PP2Cs during ABA perception has been investigated. 

Further researches revealed that PP2Cs play as coreceptor together with RCARs/PYR1/PYLs even 

though they do not make direct contacting with ABA (Szostkiewicz et al., 2009, Park et al., 2009, Ma 

et al., 2009, Nishimura et al., 2010). 

The well known ABA-related ABI1 and its homolog ABI2 (Rodriguez et al., 1998, Leung et al., 1997) 

belong to the clade A of PP2Cs, whose phosphatase activity depends on the presence of Mg2+ and 

Mn2+ (Leube et al., 1998). Arabidopsis genome encodes 80 PP2Cs which are grouped into twelve 

subfamilies (from A to K) (Xue et al., 2008, Fuchs et al., 2012). In the ABA-insensitive mutants abi1-1 

and abi2-1, the amino acid residue converting in ABI1 (Gly180Asp) and ABI2 (Gly168Asp) leads to a 

hypermorphic mutation of ABI1 and ABI2, respectively, which cause a preferential accumulation of 

the mutated PP2Cs in the nucleus abolishing the interaction between ABI1/ABI2 and RCARs (Robert 

et al., 2006, Moes et al., 2008, Santiago et al., 2009b). As a result, both abi1-1 and abi2-1 mutants are 

dominantly insensitive to ABA. Conversely, loss-of-function alleles of ABI1 and ABI2 (abi1-2, abi1-3, 

and abi2-1R) are hypersensitive to ABA and drought stress (Merlot et al., 2001, Saez et al., 2006). 

Therefore, ABI1 and ABI2 negatively control a broad region of ABA signaling during plant development 

and stresses. In addition to prototypical ABI1 and ABI2, other members of clade A PP2Cs, e.g. 

PP2CA/ABA Hypersensitive germination 3 (AHG3) (Yoshida et al., 2006b, Kuhn et al., 2006), Homology 

to ABI1 1 (HAB1) (Saez et al., 2004), Homology to ABI1 2 (HAB2), Highly ABA-induced PP2C 1-3 (HAIs) 

(Bhaskara et al., 2012), and ABA Hypersensitive germination 1 (AHG1) (Nishimura et al., 2007), have 

been also characterized as negative regulators of ABA signaling. The extreme ABA hypersensitive 

phenotypes of multiple clade A PP2C knockouts revealed that these clade A PP2Cs redundantly 

regulate ABA response, and the fine-tuning of ABA sensitivity can be obtained through combined 

inactivation of these PP2Cs (Saez et al., 2006, Rubio et al., 2009). 

The cytosolic ABA receptors RCAR1 (identical to PYL9) and RCAR3 (identical to PYL8) were initially 

identified as ABI1- and ABI2-interacting proteins in a yeast two-hybrid screen, and specifically bound 

to ABA (Ma et al., 2009, Szostkiewicz et al., 2009). RCARs/PYR1/PYLs family containing 14 members in 

Arabidopsis belongs to the Bet v 1 superfamily, of which the most distinctive feature is a large solvent 

accessible hydrophobic cavity (binding pocket) as a ligand binding site involved in binding and 

metabolism of large hydrophobic compounds such as lipids, hormones and antibiotics (Radauer et al., 

2008). In vitro RCAR1 is required for ABA to completely block the phosphatase activity of ABI2. The 

binding assay of ABA and RCAR1-PP2C revealed that a 1:1 ratio heteromeric protein complex RCAR1-

PP2C has single ABA binding site. The RCAR1 over-expressing lines displayed an ABA hypersensitivity 

with regard to the physiological ABA responses including the inhibition of seed germination and root 

elongation, as well as the stomatal closure (Ma et al., 2009). Compared to RCAR1, RCAR3 displayed 

greater ABA sensitivity to PP2C regulation, but less stringent stereo-selectivity for the (+)-ABA 
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(Szostkiewicz et al., 2009). In parallel, the ABA receptor roles of RCARs/PYR1/PYLs were independently 

discovered by several other groups. PYR1 (identical to RCAR11) was identified by chemical genetic 

screen of the mutant pyr1 which is insensitive to the synthetic ABA agonist pyrabactin (Park et al., 

2009). ABA-bound PYR1 inhibits the activity of PP2Cs via their physical interaction. For functional 

redundancy, the single mutant pyr1 displays a normal ABA sensitivity, whereas the triple mutant 

pyr1/pyl1/pyl4 and the quadruple mutant pyr1/pyl1/pyl2/pyl4 are strongly insensitive to ABA (Park et 

al., 2009). PYL5, PYL6 and PYL8 interact with HAB1 in a yeast two-hybrid screen (Santiago et al., 2009b). 

The over-expressing analysis and ABA-binding assay of PYL5 proved that ABA-bound PYL5 inhibits the 

activity of clade A PP2Cs to activate ABA signaling (Santiago et al., 2009b). Furthermore, the mass-

spectrometric (MS) analyses of ABI1-interacting proteins in Arabidopsis also confirmed the interaction 

between RCARs and PP2Cs which is quickly stimulated by ABA (Nishimura et al., 2010). These results 

indicate that Arabidopsis RCARs/PYR1/PYLs have the ability to bind ABA and PP2Cs, and inhibit 

phosphatase activity of PP2Cs in a combinatorial manner. 

According to crystallographic structure analyses of ABA binding and protein phosphatase inhibition, 

the RCARs/PYR1/PYLs are separated into three distinct subclasses (Hao et al., 2011, Dupeux et al., 

2011, Zhang et al., 2012), including cis-dimeric receptors (PYR1, PYL1 and PYL2), trans-dimeric 

receptor (PYL3) and monomeric receptors (PYL4-6, PYL8-10). In the absence of ABA, PYR1 and PYL1-2 

proteins exist as a cis-homodimer which means that the ABA binding pocket of each subunit is towards 

the same direction. Surrounding the ABA binding pocket, two highly conserved surface loops CL2 

serve as a ‘gate’ and a ‘latch’ of the open ligand-binding pocket (Melcher et al., 2009). The CL2 loops 

are also thought to be involved in the dimer interface of PYL2 (Yin et al., 2009). Once ABA has bound, 

a conformational change in the CL2 loops leads to the closure of the gate and latch, as well as the 

dimer dissociation, subsequently creating a surface to interact with and competitively inhibit the 

active site of PP2C. A conserved tryptophan in PP2C serves as a ‘lock’ to stable the 1:1 heteroternary 

receptor-ABA-PP2C complex by inserting directly between the gate and latch (Yin et al., 2009, 

Miyazono et al., 2009, Nishimura et al., 2009, Santiago et al., 2009a, Melcher et al., 2010). 

PYL3/RCAR13 is the most distinctive ABA receptor proteins and exists in limited species. The ABA-

bound PYL3/RCAR13 prefers to trans-homodimeric form, which can easily disassociates to the 

monomer compared to cis-dimers (Zhang et al., 2012). It seems that PYL3 exists in an equilibrium of 

monomer, cis-dimer and trans-dimer. In contrast, the crystal structure of monomeric PYL10 indicated 

that the CL2 loops of PYL10 are constitutively closed, leading to a high affinity of PYL10 to PP2Cs. 

Therefore, PLY10 ABA-independently inhibits the PP2C activity. Of cause, the presence of ABA 

increases the affinity of the receptor complex (Hao et al., 2011, Sun et al., 2012). RCAR7/PYL13 was 

considered as an inactive ABA receptor (Fujii et al., 2009). However, the crystal structure of PLY13-

PP2CA indicated that RCAR7/PYL13 selectively inhibits PP2CA independent of ABA (Li et al., 2013). The 

RCAR7 over-expressing and knockout lines revealed a bona fide ABA receptor function for 

RCAR7/PYL13 (Fuchs et al., 2014). Therefore, all members of RCARs/PYR1/PYLs family may combine 

ABA into the ligand-binding pocket. But the ABA affinity of heteromeric receptor complexes is 

significantly higher. The Kd value of ABA binding to the heteromeric receptor complexe is around 
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nanomole level which is relevance to the physiological ABA level (Ma et al., 2009, Szostkiewicz et al., 

2009). Therefore, the ABA receptor and the PP2C constitute an ABA coreceptor complex during ABA 

perception. 

As mentioned in section 1.3.1, ABA has several enantiomers, of which S-(+)-ABA is the natural active 

ABA, and conversely trans-ABA is biologically inactive. The affinities of ABA receptors to ABA 

enantiomers have been investigated. Crystal structures of apo-PYL5, PYL3-(-)-ABA and PYL9-(+)-ABA 

showed that PYL5 strongly binds (-)-ABA, that PYL9 is a stringently exclusive (+)-ABA receptor, and 

that PYL3 may accept both ABA enantiomers. Differing (+)-ABA binding, the steric hindrance and 

hydrophobic interaction are the two key factors for (-)-ABA (Zhang et al., 2013). Taken together 14 

RCARs/PYR1/PYLs and 9 clade A PP2Cs combinational recognize the ABA enantiomers. 

Although the ABA coreceptor role of the heteromeric receptor complex RCARs/PYR1/PYLs-PP2Cs has 

been proved via structural, biochemical and site-directed mutagenesis studies, the existence of other 

probable ABA receptors still cannot be excluded. The reported ABA receptor candidates include the 

plastidic-localized ABA-binding protein (ABAR)/H subunit of Mg-chelatase (CHLH)/Genomes 

uncoupled 5 (GUN5) (Shen et al., 2006, Wu et al., 2009, Mochizuki et al., 2001) and the plasma 

membrane-localized G-protein coupled receptor 2 (GCR2) (Liu et al., 2007) and G-protein coupled 

receptor (GPCR)-type G protein 1 and 2 (GTG1/GTG2) (Pandey et al., 2009). However, the 

contradictory results of the ABA binding activities pointed out that it is still too early to conclude the 

natural role of these ABA receptor candidates in ABA signaling (Gao et al., 2007, Johnston et al., 2007, 

Risk et al., 2009, Tsuzuki et al., 2011). Thereby more robust method of determining ABA binding (e.g. 

isothermal titration calorimetry) is suggested in future research to prove the ABA binding abilities 

(Christmann and Grill, 2009, Risk et al., 2009). 

Given the central role of RCARs/PYR1/PYLs-PP2Cs receptor complex in ABA signaling, the investigation 

of their target transducers becomes necessary to understand the ABA signal transduction. In addition 

to the proper activation of the positive regulators SnRK2 kinases, various PP2Cs members physically 

interact with a number of targets, including the homeodomain transcription factor HB6 which 

negatively regulates ABA signaling (Himmelbach et al., 2002), a plastid-associated lipid-binding 

protein fibrillin involved in the ABA-mediated photoprotection (Yang et al., 2006), the calcium binding 

proteins and protein kinases (see section 1.3.5) and the ion channels (Lee et al., 2009, Brandt et al., 

2012). Therefore, the PP2Cs may play as a crucial hub that connects the ABA perception with other 

signaling pathways involved in abiotic stress.   

1.3.3.2 Activation of SnRK2s by ABA coreceptor complex 

SnRK2 kinases belong to a plant-specific serine/threonine kinase family sucrose nonfermenting 1 

(SNF1)-related kinases (SnRKs) and have been identified to involved in general osmotic stress and 

plant development in many species such as tobacco (Mikolajczyk et al., 2000), fava bean (Li et al., 

2000), maize (Huai et al., 2008), wheat (Mao et al., 2009), soybean (Monks et al., 2001), rice 

(Kobayashi et al., 2004) and Arabidopsis (Boudsocq et al., 2004). Arabidopsis genome encodes 10 

SnRK2s (SnRK2.1-10) with three subgroups (Kulik et al., 2011). All SnRK2s share a N-terminal Ser/Thr 
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kinase domain and a C-terminal regulatory domain (Domain I) involved in ABA-independent osmotic 

stress response (Kobayashi et al., 2004, Belin et al., 2006). Specifically, the ABA-activated kinases of 

SnRK2 group 3, including SnRK2.2, SnRK2.3 and SnRK2.6, contain a C-terminal ABA-specific box 

(Domain II) (Yoshida et al., 2006a).  

SnRK2.6, also named SnRK2E, was firstly discovered as OPTEN STOMATA 1 (OST1) and highly 

expressed in guard cells. The mutant ost1 displays a wilty phenotype mainly due to its impaired 

stomatal closure, but a normal ABA responsiveness in seeds (Mustilli et al., 2002, Yoshida et al., 2002). 

Two homologs SnRK2.2 and SnRK2.3 are widely expressed in all tissues. The distinct expression 

pattern of SnRK2s is consistent with the critical role of SnRK2.6 in stomatal response, and the broad 

regulations of SnRK2.2 and SnRK2.3 in response to ABA during seed germination, dormancy and 

seedling growth (Fujii et al., 2007). Triple mutant snrk2.2/3/6, also named snrk2d/e/I, exhibits poor 

growth and few products, as well as extremely insensitive to ABA (Fujii and Zhu, 2009, Fujita et al., 

2009, Nakashima et al., 2009a). Therefore SnRK2.6, SnRK2.2 and SnRK2.3 function redundantly as 

positive regulators in ABA signaling during plant development and stress tolerance. 

As the important positive regulators of ABA signaling, SnRK2s of subgroup 3 are directly regulated by 

PP2Cs (Umezawa et al., 2009). Earlier researches have revealed some vital aspects of the regulation 

of SnRK2 kinases activity. Firstly, the conserved serine residue (Ser175) in the activation loop plays a 

critical role for the kinase activity (Belin et al., 2006, Burza et al., 2006), and is dephosphorylated by 

PP2C in the absence of ABA (Umezawa et al., 2009, Vlad et al., 2009). Secondly, the ABA-specific box 

Domain II constantly interacts with PP2C, as is not affected by ABA (Yoshida et al., 2006a, Umezawa 

et al., 2009). The mimic crystal structures of the SnRK2.6-HAB1 complex and the receptor-PP2C 

complex clearly revealed the regulation mechanism of SnRK2s kinase activity by receptor-ABA-PP2C 

complex (Soon et al., 2011, Ng et al., 2011, Yunta et al., 2011). In the absence of ABA, the activation 

loop of SnRK2 mimics the ABA receptor gate to approach the catalytic domain of PP2C, and the 

dephosphorylation of Ser175 by PP2C leads to the SnRK2 converting to basal activity form, then the 

conserved tryptophan of PP2C inserts into the kinase active cleft to completely block the kinase 

activity (Soon et al., 2011). Reversely, in the presence of ABA, the activation of SnRK2s is suggested as 

a two-step intramolecular kinase activation. The ABA-bound receptor competitively binds to PP2C 

resulting in the liberation and conversion of SnRK2 from PP2C-inhibited state to a partially active state, 

which is then fully activated by the phosphorylation of its activation loop (Ng et al., 2011). 

1.3.4 Signal transduction and the targets of SnRK2s 

Given the central role of SnRK2s, especially mention about ABA-activated SnRK2s, in ABA signaling, 

their downstream targets transmit the internal signals towards distinct directions, such as the ABA-

activated transcription in nucleus, the ion channel-mediated stomata responses, and the 

accumulation of reactive oxygen species (ROS) production (Joshi-Saha et al., 2011a). 
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1.3.4.1 ABA-activated transcription in nucleus 

The ABA-regulated gene expression is mainly managed at transcription level. The ABA-responsive 

element (ABRE)-binding proteins/factors (AREB1-3/ABF1-4) are well-characterized substrates of 

SnRK2s in nucleus (Fujita et al., 2012). The AREBs/ABFs belong to basic leucine zipper transcription 

factors (bZIP TFs) family (Choi et al., 2000, Uno et al., 2000), of which AREB1/ABF2, AREB2/ABF4, and 

ABF3 are strongly induced and activated by osmotic stress and ABA, and have largely overlapping 

functions in vegetative tissues (Kang et al., 2002, Kim et al., 2004, Fujita et al., 2005, Kobayashi et al., 

2005, Yoshida et al., 2010). Another typical representative of ABA-activated bZIP TFs ABA-INSENSITIVE 

5 (ABI5) especially regulates ABA-dependent seed dormancy and germination, as well as post-

germination development (Finkelstein and Lynch, 2000, Lopez-Molina et al., 2001). The bZIP TFs share 

a conserved leucine zipper dimerization motif and a basic DNA binding region containing two α-helices 

(Schumacher et al., 2000, Lindemose et al., 2013). The SnRK2 kinases directly multiply phosphorylate 

the Ser/Thr residues of the R-X-X-S/T sites in N-terminal conserved region of bZIP TFs to fully activate 

the TFs (Kobayashi et al., 2005, Furihata et al., 2006, Johnson et al., 2002). The multi-phosphorylated 

homo- or hetero-dimeric AREBs/ABFs/ABI5 (Yoshida et al., 2010, Lindemose et al., 2013) bind to the 

ABA-responsive cis-element (ABRE: ACGTGT/GC) in the promoter region of ABA-induced genes to 

activate the transcription. ABRE element was firstly identified in the promoter region of wheat Em 

gene (Guiltinan et al., 1990) and of rice Rab16 gene (Mundy et al., 1990). Actually, single ABRE element 

is not sufficient to initiate the ABA-activated transcription, and must cooperate with other ABREs or 

coupling elements (CEs) to accomplish this mission (Shen and Ho, 1995, Skriver et al., 1991). Most of 

the known CE elements have the similarity with ABRE and contain an A/GCGT motif (Hobo et al., 1999). 

In addition to bZIP TFs, some other transcription factors are also involved in ABA- or stress-induced 

transcription. For instance, both the B3 domain TF ABA INSENSITIVE 3 (ABI3) (Giraudat et al., 1992, 

McCarty et al., 1991) and the APETALA 2 (AP2) domain TF ABA INSENSITIVE 4 (ABI4) (Finkelstein et al., 

1998), synergistically cooperating with ABI5, are well-characterized positive regulators of seed-

specific and/or ABA-inducible gene expression. ABI3 and ABI4 regulate the expression of ABI5 in seed 

development and maturing (Lopez-Molina et al., 2002, Bossi et al., 2009, Reeves et al., 2011). Some 

R2R3-MYB and bHLH-MYC TFs are implicated in ABA-mediated abiotic stress responses (Abe et al., 

1997, Li et al., 2007, Dubos et al., 2010). MYB2 was induced by ABA and dehydration, and the over-

expressing of MYC2 (bHLH TF) and/or MYB2 (R2R3-MYB TF) enhanced the ABA sensitivity and the 

drought tolerance (Abe et al., 1997, Abe et al., 2003). The HD-ZIP TF ATHB6 (Himmelbach et al., 2002), 

as well as its homologs ATHB7 and ATHB12 (Olsson et al., 2004), negatively regulates ABA-induced 

gene expression via the direct interaction with PP2C (Elhiti and Stasolla, 2009, Valdes et al., 2012). 

Furthermore, WRKYGQK domain (WRKY) TFs contrarily modulate ABA-dependent stress response. 

WRKY57 (Jiang et al., 2012), WRKY25 and WRKY33 (Jiang and Deyholos, 2009, Li et al., 2011) improve 

drought tolerance via ABA-dependent pathway, while WRKY18, WRKY40 and WRKY60 negatively 

regulate seed germination and post-germination development by inhibiting the expression of many 

ABA-responsive genes, e.g. ABF4, ABI4, ABI5, DREB1A, MYB2, and RAB18 (Shang et al., 2010, Chen et 

al., 2010b).  
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Although it is hard to precisely construct the sophisticated regulation network, the comparisons of 

trancriptomes for Arabidopsis exposed to ABA and various abiotic stresses have reinforced the view 

that about 1-10% genes of the genome are affected, and split fairly evenly between induced and 

repressed genes (Zeller et al., 2009, Nakashima et al., 2009a, Nakashima et al., 2009b, Yoshida et al., 

2010, Choudhury and Lahiri, 2010, Okamoto et al., 2010). Although the diversity of experiment 

conditions leads to differential gene regulation, about 50 ABA-induced genes are common to nearly 

all conditions (Wang et al., 2011). According to the biological functions, the core set ABA-induced 

proteins are roughly sorted into two types: (I) the protective proteins involved in stress tolerance, 

such as late embryogenesis abundant (LEA) proteins, ROS scavenge enzymes and compatible solute 

metabolism enzymes, and (II) the signaling regulators, including transcription factors, protein kinases 

and phosphatases.  

LEA proteins were firstly found in cotton seeds, accumulating in late embryogenesis (Dure et al., 1981). 

Arabidopsis has 51 LEA proteins (Hundertmark and Hincha, 2008). The well-characterized LEA proteins, 

such as RD29B/LTI65 involved in desiccation and cold responses, dehydrin protein RAB18, stress- and 

cold-induced protein KIN2/COR6.6 and ABA-inducible LEA 1 (AIL1), are remarkably accumulated under 

ABA treatment (Fujita et al., 2005). The hydrophilic and unfolded structure of LEAs implies the 

probable role for counteracting crystallization of cellular components or the irreversibly damaging 

effects of increasing ionic strength (Hundertmark and Hincha, 2008). Besides the protective proteins, 

the negative regulators PP2Cs are also induced by ABA. Five members of group-Ab PP2C subfamily, 

including AHG1, AHG3, HAI1, HAI2, and HAI3, were significantly less expressed in the triple mutant 

areb1/areb2/abf3 under water stress (Nakashima et al., 2009a). Furthermore, the ABA-upregulated 

TFs, e.g. MYBs (Ding et al., 2009), bHLHs (Abe et al., 2003, Li et al., 2007) and heat shock TFs (Hsfs) 

(Kotak et al., 2007), have been indicated to involve in drought stress response. In contrast, the ABA-

repressed proteins are enriched for proteins associated with plant growth and development (Wang 

et al., 2011). 

1.3.4.2 ABA signaling to ion channel 

Guard cell is highly developed single cell that integrates both environmental and internal signals 

(Hetherington and Woodward, 2003, Sirichandra et al., 2009b). The ABA-induced stomatal closure 

and the ABA-inhibited stomatal opening are short-term responses to the mild water deficit, and are 

accomplished by the guard cell specific kinase-phosphatase pair OST1/SnRK2.6-PP2C, which directly 

regulate the activities of ion channels in plasma membrane by phosphorylation/dephosphorylation 

(Pandey et al., 2007, Joshi-Saha et al., 2011b, Lee et al., 2012). 

To initiate stomatal closure, ABA activates the guard cell voltage-independent slow (S)-type anion 

channel and voltage-dependent rapid (R)-type anion channel to trigger a transient membrane 

depolarization. Subsequently, the Cl- and malate2- are released from guard cells to decrease the 

cytosolic osmotic potential, resulting in stomatal closure (Roelfsema et al., 2004). The guard cell S-

type anion channel SLOW ANION CHANNEL-ASSOCIATED 1 (SLAC1) is activated by OST1/SnRK2.6 (Negi 

et al., 2008, Vahisalu et al., 2008). The recessive mutant slac1 shows constitutively high stomatal 
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conductance and strong ABA-insensitivity, while the R-type anion currents and Ca2+-permeable 

channel currents are not disrupted (Vahisalu et al., 2008, Geiger et al., 2011). In vitro, OST1/SnRK2.6 

phosphorylates the N-terminus of SLAC1 to activate the anion channel currents, meanwhile, co-

expressing of PP2Cs such as ABI1 and PP2CA successfully inhibits this activation (Lee et al., 2009, 

Geiger et al., 2009). The PP2Cs not only inhibit the OST1/SnRK2.6 kinase activity via physical 

interaction in the absence of ABA, but also directly dephosphorylate SLAC1 to inhibit the S-type anion 

currents (Lee et al., 2009, Brandt et al., 2012). It is already known that the R-type anion channel 

QUAC1 is also activated by ABA through the phosphorylation of OST1/SnRK2.6 (Imes et al., 2013). In 

addition to the activation by Ca2+-independent kinases, the anion channels are also regulated by Ca2+-

dependent kinases (see section 1.3.5). 

In guard cells the inward-rectifying potassium channel KAT1 and its homolog KAT2 form the 

heteromultimeric channels and mediate K+ influx resulting in stomatal opening (Kwak et al., 2001, 

Pilot et al., 2001, Lebaudy et al., 2009). In vitro, OST1/SnRK2.6 phosphorylates two positions of the 

cytosolic C-terminus of KAT1 (Thr306 and Thr308), and further point mutation assay implied that the 

phosphorylation at Thr306 is responsible for the functional inhibition of KAT1 (Sato et al., 2009). 

Therefore the ion channel activity of KAT1 is inhibited by OST1/SnRK2.6 to keep the ABA-dependent 

stomatal closure.  

1.3.4.3 ABA-induced ROS production 

Reactive oxygen species (ROS) play a dual role in the response of plants to abiotic stresses, functioning 

as toxic by-products of stress metabolism and as signaling molecule in regulating diverse function in 

plants (Choudhury et al., 2013). The downstream signaling of ROS is likely to occur via calcium and 

protein phosphorylation (Kar, 2011). In guard cells the plasma membrane-bound NADPH oxidases 

encoded by AtrbohD and AtrbohF genes directly interact with OST1/SnRK2.6 and are phosphorylated 

at Ser13 and Ser174 amino acid residues (Mustilli et al., 2002, Kwak et al., 2003, Sirichandra et al., 2009a). 

The phosphorylated active NADPH oxidases transfer electrons from cytoplasmic NADPH to O2 to 

generate O2
- and, subsequently, H2O2 (Torres and Dangl, 2005), which activates the hyperpolarization-

activated Ca2+-permeable cation channel (ICa) to increase the cytosolic free calcium ([Ca2+]cyt), then 

leading to the stomatal closure (Pei et al., 2000). The NADPH oxidase RBOH C in the epidermal cells of 

Arabidopsis root elongation zone mediates the tip-localized Ca2+ influx and cytosolic Ca2+ elevation 

during root hair growth (Foreman et al., 2003). The ROS-induced activation of calcium channel is a 

broad conserved signaling cassette in plant biology (Mori and Schroeder, 2004), whereas the 

intracellular Ca2+ elevation could also lead to the ROS producing in apoplast by directly stimulating 

NADPH oxidase (Takeda et al., 2008, Monshausen et al., 2009). Therefore, the Ca2+ elevation and ROS 

signaling constitute a positive feedback loop to generate an oxidative burst. In addition, the ABA-

induced ROS production may inhibit the activities of ABI1 and ABI2 to turn up the ABA signaling 

pathway (Meinhard and Grill, 2001, Meinhard et al., 2002). 

The ROS production such as H2O2 has been shown to activate several MAPK cascades (Desikan et al., 

2000, Grant et al., 2000, Colcombet and Hirt, 2008). Many MAPK cascade components have been 
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illustrated to locate at downstream of ROS signaling, including the MAPKKKs, e.g. ANP1, MEKK1 and 

MKKK20 in Arabidopsis (Kim et al., 2011a), NPK1 in tobacco (Kovtun et al., 2000), DSM1 in rice (Ning 

et al., 2010) and OMTK1 in alfalfa (Nakagami et al., 2004), the MAPKKs, e.g. MKK1 (Teige et al., 2004), 

MKK4 (Ren et al., 2002) and MKK5 (Kovtun et al., 2000), and the MAPKs, e.g. MPK3/MPK6, MPK4, and 

MPK9/MPK12 (Jammes et al., 2011). H2O2 especially activates the Arabidopsis Raf-type MAPKKK ANP1, 

initiating the MPK3/MPK6 cascades (Kovtun et al., 2000). MEKK1-MKK1-MPK4 cascade is also 

responsible to H2O2 (Teige et al., 2004, Droillard et al., 2004, Nakagami et al., 2006). The ROS-activated 

MAPKs phosphorylate a variety of substrates, including transcription factors, transcription regulators, 

splicing factors and other protein kinases, to respond to biotic and abiotic stresses (Ichimura et al., 

2002, Mishra et al., 2006). The ROS-induced genes seem to be involved in cellular repair/protection 

mechanisms or in the H2O2 stress response signal transduction pathway (Desikan et al., 2000, Desikan 

et al., 2001, Choudhury et al., 2013). 

ROS production are common second massagers working downstream of many hormones such as 

salicylic acid (SA), ABA, jasmonic acid (JA) and ethylene during the protective responses in plants under 

abiotic stresses. The involvement of ROS in crosstalk among these signaling pathways has not been 

fully understood (Fujita et al., 2006). 

1.3.5 Ca2+-dependent ABA signaling 

In contrast to the Ca2+-independent SnRK2s activity, the Ca2+-dependent signaling connects to the core 

ABA signaling via a number of Ca2+ binding protein and protein kinase such as calcineurin B-like 

proteins (CBLs) and CBL interacting protein kinases (CIPKs), Ca2+-dependent protein kinases 

(CDPKs/CPKs) and CDPK-related kinases (CRKs), calmodulines (CAMs) and calmodulin-dependent 

protein kinases (CaMKs), and Ca2+- and calmodulin dependent protein kinases (CCaMKs)  (Luan, 2009, 

Das and Pandey, 2010, Wurzinger et al., 2011, Asano et al., 2012). 

CIPKs belonging to the SnRK3 subfamily contain a SNF1-like kinase domain and two regulatory 

domains FISL and PPI, which are binding sites to CBLs and PP2Cs respectively (Ohta et al., 2003, 

Sanchez-Barrena et al., 2013). Therefore, the CBL-CIPK complex has been discussed as one of the 

important targets of PP2Cs involved in the plant response to abiotic stresses and ABA (Batistic and 

Kudla, 2004, Kolukisaoglu et al., 2004, Luan, 2009). The SCaBP5 (CBL1)-interacting kinase PKS3/CIPK15 

physically interacts to ABI2 participating a calcium responsive negative regulatory loop to control ABA 

sensitivity (Guo et al., 2002). And the Ca2+-binding CBL1/9-CIPK26 complex phosphorylates the N-

terminus of NADPH oxidase AtROBHF to induce the ROS signaling (Drerup et al., 2013, Lyzenga et al., 

2013). The best known CBL-CIPK-PP2C network is the salt overly sensitive (SOS) pathway regulating 

sensitivity to salinity in Arabidopsis (Zhu, 2002, Ji et al., 2013). In the presence of Ca2+, the Ca2+-bound 

SOS3 activates the SOS2 kinase leading to the Na+/H+ antiporter SOS1 open, whereas the released 

ABI2 physically binds to the PPI domain of SOS3 to prevent the interaction between SOS2 and SOS3 

(Ohta et al., 2003, Quintero et al., 2011, Sanchez-Barrena et al., 2013). The regulation of Na+/H+ 

antiporter SOS1 by SOS3/CBL4-SOS2/CIPK24-ABI2 network illustrates that the molecular on-off 

switches control the phosphorylation/dephosphorzlation of plant ion transporters. Similarly, 
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Arabidopsis K+ transporter 1 (AKT1) is also regulated by the CBL1/9-CIPK23-PP2C pathway to involve 

in K+ uptake during stomatal opening (Li et al., 2006, Xu et al., 2006a, Cheong et al., 2007). Some 

members of CBLs can interact with PP2CA in vitro (Lan et al., 2011). Thus, it seems like that the 

activation of AKT1 by CBL1/9-CIPK23 is inhibited by PP2C, whereas certain CBLs can re-switch on the 

ion channels by binding to PP2Cs. 

CDPKs/CPKs are also broadly announced as regulators of ABA-dependent signaling pathway (Harmon 

et al., 2000, Ludwig et al., 2004, Asano et al., 2012). The CPK32 (Choi et al., 2005), CPK4 and CPK11 

(Zhu et al., 2007b), bind to and phosphorylate the bZIP TFs AREBs/ABFs at Ser residue of C2 conserved 

domain in vitro. The disruption of CDPKs reduces, but over-expression of the genes enhances, ABA 

sensitivity and the expression of ABA-regulated genes. In guard cell, CPK23 and CPK21, as well as CPK3 

and CPK6, promote the ABA- and Ca2+-induced stomatal closure by activating the SLAC1, SLAH3, and 

Ica channels (Mori et al., 2006, Geiger et al., 2010, Geiger et al., 2011, Brandt et al., 2012). The BiFC-

based interaction analyses displayed that ABI1 physically binds to CPK23 and CPK21 to block the 

activation of SLAC1 and SLAH3 by CDPKs (Geiger et al., 2011). These results indicate that CDPKs are 

probably additional regulation targets of PP2Cs, and further activated by the cytosolic Ca2+ elevation. 

However, not all of CDPKs are positive regulator of ABA signaling. For evidence, CPK12 negatively 

regulates ABA signaling in seed germination and post-germination growth (Zhao et al., 2011a). CPK12 

phosphorylates not only ABFs, e.g. ABF1 and ABF4, but also ABI2 to activate both positive and negative 

regulators of ABA-signaling (Zhao et al., 2011a). Therefore, it seems like that different members of 

CDPK family may constitute a regulatory loop by antagonistic functions, in which CPK12 plays as a 

balancer of ABA signal transduction (Zhao et al., 2011b). 

In fact, although Ca2+ is a simple divalent cation, the diversity of cytosolic Ca2+ signaling arises from a 

wide range of Ca2+ concentration elevations. The redundancy of Ca2+-binding proteins and the 

different compositions of canonic and non canonic calcium binding sites seem to control the overall 

calcium affinity of the Ca2+ signals decoding. However, the mechanisms of specificity and fine-tuning 

of the Ca2+-dependent signaling must be investigated in future.  

1.4 ABA-independent water deficit signaling 

Although the crucial role of ABA-dependent signaling in water deficit response has been thoroughly 

comprehended, much less is understood on the more direct, ABA-independent osmosensing pathway. 

Studying ABA-independent signaling in general is hampered by the fact that, actually, none of the 

ABA-deficient mutants, e.g. aba1 and aba2, and the ABA-insensitive mutants, e.g. abi1-1 and abi2-1 

is completely deficient or insensitive to ABA. Even in the decuple mutant snrk2.1/2/3/4/5/6/7/8/9/10, 

in which all members of SnRK2s are disrupted, the osmotic stress-induced ABA increase is greatly 

reduced but not abolished (Fujii et al., 2011). Transcriptomic and proteomic analyses have exhibited 

the stress-responsive gene network involved in general physiological responses to water deficit stress 

(Yamaguchi-Shinozaki and Shinozaki, 2006, Shinozaki and Yamaguchi-Shinozaki, 2007, Abebe et al., 

2009, Aprile et al., 2009, Jogaiah et al., 2012, Le et al., 2012). While most drought-induced genes are 

also ABA-induced, some drought stress responsive genes do not change expression in response to 
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exogenously applied ABA such as the ERD1 gene encoding a Clp protease regulatory subunit D (ClpD) 

(Nakashima et al., 1997, Simpson et al., 2003). The differential regulation of certain genes by ABA or 

hyperosmotic stress such as the RD29A gene (Yamaguchi-Shinozaki and Shinozaki, 1994, Yamaguchi-

Shinozaki and Shinozaki, 2005) has fostered detailed promoter analysis of such genes. The promoter 

sequence analysis of RD29A gene then uncovered two major cis-elements (Yamaguchi-Shinozaki and 

Shinozaki, 1993): ABA-responsive ABRE and dehydration-responsive cis-element (DRE)/C-Repeat (CRT) 

(Yamaguchi-Shinozaki and Shinozaki, 1994, Yamaguchi-Shinozaki and Shinozaki, 2005). The DRE cis-

element (TACCGACAT) is recognized by drought-induced DRE-binding protein DREB2A and its single 

homolog (Liu et al., 1998, Sakuma et al., 2006), as well as low temperature-induced DREB1A/C-repeat-

binding factor 3 (CBF3) and its two homologs (Liu et al., 1998, Akhtar et al., 2012). DREB2A regulates 

the expression of water deficit-induced genes particularly, some of which, are also targeted by 

DREB1A (Sakuma et al., 2006).  

Indeed, these evidences demonstrate the presence of an ABA-independent regulatory pathway which, 

together with the ABA-dependent pathway, synergistically governs the water deficit responses. Going 

through the entire signal transduction process from perception to adaptable responses, it seems likely 

that the ABA-independent events exist on every step of the water deficit signal transduction.  

Firstly, the heteromeric ABA coreceptor complexes RCARs/PP2Cs have approximately 80 

combinations, which vary in their affinities to ABA thus allowing for the adjustment of ABA signaling. 

In contrast to the ABA-dependent construction of receptor-ABA-PP2C complexes, two monomeric 

ABA receptors PYL10 and PYL13, constitutively bind to PP2C in the absence of ABA, and 

antagonistically inhibit the phosphatase activity independent of ABA (Hao et al., 2011, Sun et al., 2012, 

Li et al., 2013). On the other hand, the HAI PP2Cs, particularly HAI1, interact with monomeric RCARs 

but not dimeric RCARs, and this interaction is unaffected or only moderately stimulated by ABA 

(Bhaskara et al., 2012). The hai mutants display increased low ψw-induced proline and osmoregulatory 

solute accumulation, as well as enhanced expression of dehydration-protective genes but reduced 

expression of defense genes (Bhaskara et al., 2012). These results imply that under low ψw conditions 

HAI PP2Cs are not inhibited in a RCAR-ABA-PP2C complex, and thus remain active to dephosphorylate 

undiscovered substrate proteins as regulators of the low ψw response (Bhaskara et al., 2012).  

Secondly, almost SnRK2 kinase family proteins (except SnRK2.9) are activated by hyperosmotic stress, 

but only five of them (subgroup 2 and 3) are weakly or strongly activated by ABA. The ABA-

independent SnRK2s (subgroup 1) do not interact with PP2C in yeast and contain a C-terminal Domain 

I involved in the ABA-independent osmotic response (Boudsocq et al., 2004). However, the role of 

ABA-independent SnRK2s is still unclear. 

Given the Ca2+-dependent signals, the CBL1 represents a integrator of multiple stress signals, and 

positively regulates salt and drought responses but negatively regulates cold response, while the 

expression of ABA-regulated genes is not affected (Cheong et al., 2003). In contrast, CBL9 that displays 

similar expression pattern to CBL1 is induced by ABA, and commonly regulates ABA biosynthesis 

(Pandey et al., 2004). Both CBL1 and CBL9 can interact with different CIPK kinases, such as CIPK1, 
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CIPK23 and CIPK24 (D'Angelo et al., 2006). The alternation of complex formations between CBL1-CIPK 

and CBL9-CIPK is a convergence point for ABA-dependent and ABA-independent gene expression and 

ion channel regulation. 

MAPK cascades probably play a role in the early water deficit response with MPK6 being directly 

activated by drought, also in an ABA-deficient mutant aba2-4, and with exogenous ABA failing to 

suppress the rehydration-dependent inactivation of MPK6 (Tsugama et al., 2012). Thus the ROS-

induced MPK6 activation appares to be ABA-independent. mRNA decapping protein DCP1, which 

forms a mRNA decapping complex with DCP2 and DCP5 to regulate postembryonic development (Xu 

et al., 2006b), has been identified as direct phosphorylation target of the dehydration stress activated 

MPK6 (Xu and Chua, 2012). Therefore, the MPK6-DCP1 pathway is suggested as a rapid ABA-

independent response to water deficit stress in Arabidopsis. 

1.5 The aim of this work 

Water deficit is a central abiotic stress factor for wild plant species and agricultural crops. Limited 

access to water triggers ABA accumulation in plants and the plant hormone controls a number of 

essential stress-adaptative responses including stomatal closure, adjustment of vegetative growth, 

accumulation of osmolytes, and modification of gene expression. While the core ABA signaling 

pathway has been elucidated, the whole water deficit signaling network is still poorly understood. 

The major interest of this work is to better understand the molecular mechanisms of water deficit 

signaling in Arabidopsis. Map-based cloning was recruited to identify a novel Arabidopsis mutant 

ahr11 with an alternated water deficit response phenotype. To elucidate the function of the novel 

component AHR11, the protein was ectopically expressed in protoplasts and in planta. In addition, a 

screen for proteins interacting with AHR11 was performed using a yeast two-hybrid screen. 
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2. Materials and methods 

2.1 Materials 

2.1.1 Plant materials 

Wild-type Arabidopsis thaliana 

Two accessions of Arabidopsis thaliana Columbia (Col-0) and Landsberg erecta (Ler) were employed 

in this work as wild-type reference or source for protoplasts, DNA and RNA isolation. Landsberg erecta 

(Ler) was used as the paternal outcross line for generating mapping population. All accessions were 

received from the Arabidopsis Biological Resource Center (ABRC; https://abrc.osu.edu), Ohio, USA. 

Transgenic Arabidopsis thaliana 

Transgenic ABA-repoter line pATHB6::LUC (Arabidopsis thaliana Col-0 background) harboring the 

Photinus pyralis luciferase (LUC) reporter under control of the ABA-activated promoter of 

homeodomain protein ATHB6 (At2g22430) was generated previously to monitor active ABA pools in 

vivo (Himmelbach et al., 2002, Christmann et al., 2005). In this work, the pATHB6::LUC ABA-reporter 

line was applied for generation of the EMS-mutagenized seed population by J. Berger and Dr. A. 

Christmann and as a reference for physiological analysis if not otherwise indicated. 

Arabidopsis thaliana mutants 

T-DNA knockout mutants of AHR11 SAIL_88_D02.v1 (Col-0 background; N804 for short) and 

GK_476H03 (Col-0 background; Δ476 for short) served in this work for novel protein characterization. 

Meanwhile, the pATHB6::LUC ABA-reporter construct was introduced into these T-DNA mutants by 

crossing to the pATHB6::LUC reporter line. 

ABA-deficient mutant aba2-1 (Leon-Kloosterziel et al., 1996) and ABA-insensitive mutant abi1-1 

(Koornneef et al., 1984) were used for generating double mutants ahr11/aba2-1 and ahr11/abi1-1, 

respectively.  

All mutants were ordered from ABRC (https://abrc.osu.edu). 

2.1.2 Reagents 

The chemicals used in this work were purchased in p.a. quality from Fluka (Sigma-Aldrich GmbH, 

Munich), Roth (Carl Roth GmbH & Co. KG, Karlsruhe), Serva (Serva Electrophoresis GmbH, Heidelberg) 

and Qigen (Qigen GmbH, Hilden). The DNA ladders (1 kb, 100 bp and λHindIII DNA ladders) were 

applied by Thermo scientific (Thermo scientific GmbH, Munich). The basic molecular biology enzymes 

(Restriction enzymes, T4-ligase/-kinase, alkaline phosphatase, GoTaq-polymerase, Phusion-HiFi-

polymerase, Klenow-fragment polymerase, M-MuLV reverse transcriptase, and so on) were obtained 

from Thermo scientific (Thermo scientific GmbH, Munich) and/or New England Biolabs (NEB GmbH, 

Frankfurt a. M). The enzymes Macerozym R-10 and cellulose R-10 were acquired from Yakult (Yakult 
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Honshia Co. Ltd., Japan). The detergent Silvet L-77 was purchased from Lehle Seeds (Round Rock, 

Texas, USA).  

2.1.3 Microorganisms 

Bacterial strains 

For routine cloning, Escherichia coli (E. coli) strains DH5α (strain #2970; no resistant; Stratagene GmbH, 

Heidelberg) and/or XL1Blue (strain #3340; Tetracyclin-resistant; Stratagene GmbH, Heidelberg) were 

employed to propagate plasmids.  

The Agrobacterium tumefacien strain pGV3101 harboring plasmid pMP90/pSOUP (strain #625) 

(Hellens et al., 2000) was used for plant transformation by inflorescence dip (Harrison et al., 2006, 

Zhang et al., 2006). 

Yeast strains 

Yeast strains Y8800 (MATa) and Y8930 (MATα) in yeast two-hybrid screen were kindly donated by Dr. 

Pascal Braun from Department of Plant Systems Biology of Technique University Munich (TU 

München). These two strains were derived from pJ69-4 (James et al., 1996), which harbor the 

following genotype: leu2-3,112 trp1-901 his3-200 ura3-52 gal4Δgal80ΔGAL2-ADE2 LYS2:: GAL1-

HIS3 MET2::GAL7-lacZ cyh2R. The Y8800 and Y8930 strains were transformed with pDEST AD-Y and 

pDEST DB-X constructs, respectively (Dreze et al., 2010). 

2.1.4 Oligonucleotides and plasmids  

All the oligonucleotides created and used in this work were listed in the appendix 5.1, stored at -20°

C in the Institute’s primer collection. The primers were synthesized by Eurofins MWG Operon 

(Ebersberg, Germany). All the constructs generated and used in this work were listed in the appendix 

5.2. The clones harboring the respective plasmids were stored at -80°C in the institute’s strain 

collection labeled with the numbers indicated in the list. 

2.1.5 Medium and sterilization 

2.1.5.1 Medium for plants 

MS medium (Murashige and Skoog, 1962) (per 1000 ml) 

10 x MS-Macrosalts solution 100 ml 

400 x MS-Microsalts solution 2.5 ml 

MES 1 g 

Sucrose 10 g 

Agar 10g (for solid medium only) 

pH 5.8 (KOH)  
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Autoclave to sterilize  

MS-0.5x sucrose medium (MS0.5xsuc) 

MS0.5xsuc medium was prepared as the same way as MS medium mentioned above, but 5 g/l sucrose. 

10 x MS-Macrosalts solution [g/l] 

NH4NO3 16.5 

KNO3 19.0 

CaCl2·2H2O 4.4 

KH2PO4 1.7 

MgSO4·7H2O 3.7 

400 x MS-Microsalts solution [g/l] 

CoCl2·6H2O 0.01 

CuSO4·5H2O 0.01 

Na2-EDTA 14.60 

H3BO4 1.20 

KI 0.30 

MnSO4·H2O 4.00 

Na2MoO4·2H2O 0.10 

ZnSO4·7H2O 0.80 

FeSO4·7H2O 11.12 

pH 4.5  

Store at -20°C  

400 x B5-Vitamin solution [g/l] 

Nicotinic acid 0.4 

Pyridoxine 0.4 

Thiamine 4.0 

Myo-Inositol 40.0 
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Medium for bacteria 

LB medium [g/l] 

Bacto tryptone  10 

Yeast extract 5 

NaCl  10 

Agar  10 (for solid medium only) 

pH7.0 (NaOH)  

Autoclave to sterilize  

For preparation of selective medium, antibiotics were added in the appropriate concentration after 

cooling LB medium below 50°C. 

E. coli were grown in LB medium with appropriate antibiotics at 37°C for 12-16 h, with shaking at 200 

rpm. Agrobacterium were grown in LB medium with appropriate antibiotics at 30°C for 2 days, with 

shaking at 200 rpm. 

2.1.5.2 Medium for Yeast 

All yeast medium recipes were described by Matija Dreze (2010). 

YEPD liquid medium [g/l] (nonselective rich yeast medium) 

Yeast extract 10 

Bacto-peptone 20 

Autoclave to sterilize  

Before use add 50 ml 40% (w/v) autoclaved glucose and 15 ml 65 mM adenine solution. 

YEPD agar plates 

40 g agar and 950 ml mQ water were shaken well. 2 x YEPD medium and agar were mixed after 

autoclaving. Before pouring, 50 ml 40% (w/v) glucose and 15 ml 65 mM adenine solution were added 

into the medium. 15 cm diameter YEPD agar plates were dried and stored in room temperature. 
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2 x Sc medium (synthetic complete medium) (per 1000ml) 

10 x Yeast-macrosalts solution 200 ml  

1000 x Yeast-microsalts solution 2 ml    

Amino acid powder 2.6 g  

pH 5.9 (NaOH)  

Autoclave to sterile  

Add 8 ml each amino acid stock solution as needed (15 ml adenine solution). 

Sc agar plates 

40 g agar and 950 ml mQ water were shaken well. 2 x Sc medium and agar were mixed after 

autoclaving. Before pouring, 50 ml 40% (w/v) glucose and amino acid solution were added into the 

medium. 15 cm diameter Sc agar plates were dried and stored in room temperature.  

Amino acid powder mix and stock solution 

Mix 6 g of each of the following amino acids: alanine, arginine, aspartic acid, asparagine, cysteine, 

glutamic acid, glutamine, glycine, isoleucine, lysine, methionine, phenylalanine, proline, serine, 

threonine, tyrosine, valine and pyrimidine uracil. 

The different amino acid stock solutions are prepared at the following concentrations:  

Amino acids Stock solution [mM] Stock condition 

Histidine-HCl 100 room temperature; light protected 

Leucine 100 room temperature 

Adenine sulfate 65 room temperature 

Tryptophan 40 4°C; light protected 

The concentrated amino acid stock solutions are used at 8 ml/l of medium, except for adenine which 

is used at 15 ml/l of medium. 

10 x Yeast-macrosalts solution [g/l] 

KH2PO4 10 

MgSO4·7H2O 10.24 

NaCl 1 

MgCl2 1 

(NH4)2SO4 50 

After autoclaving, the stock solution was stored at room temperature. 
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1000 x Yeast-microsalts solution [g/l] 

Biotin 0.002 

Pantothenic Calcium 0.4 

Folic Acid 0.02 

Myo-Inositol 2.0 

Nicotinic Acid 0.4 

p-Aminobezoic Acid 0.02 

Pyridoxine Hydrochlorid 0.4 

Riboflavin 0.2 

Thiamine HCl 0.4 

H3BO3 0.5 

CuSO4·5H2O 0.04 

KI 0.1 

FeCl3·6H2O 0.2 

MnSO4·H2O 0.4 

Na2MoO4·2H2O 0.2 

ZnSO4 400 

The stock solution was allocated into 50 ml Facon-tubes and stored at -20°C. 

2.1.5.3 Antibiotics and hormones 

Antibiotic Final concentration 

[mg/l] 

Stock solution 

[mg/ml] 

Ampicillin 50 100 (in mQ H2O) 

Kanamycin 50 50 (in mQ H2O) 

Rifampicin 50 50 (in DMSO; light protection) 

Gentamicin 25 25 (in mQ H2O) 

Hygromycin 50 50 (in mQ H2O) 

Chloromycetin 25 10 (in ethanol; light protection) 

Stock solution of each antibiotic was dissolved in corresponding buffer, filtrated through 0.22 µM filter 

and stored at -20°C. 

Hormone 
Final concentration 

[µM] 

Stock solution 

[mM] 

ABA 0.01-30 5 (in 10 mM MES-KOH, pH7.0) 

Stock solution of each hormone was dissolved in corresponding buffer, filtrated through 0.22 µM filter 

and stored at -20°C. 
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2.2 Methods 

2.2.1 Plant growth condition 

Arabidopsis thaliana plants were grown in a controlled phyto-chamber (Conviron, Canada) under the 

following long-day conditions: 16 h light (photosynthetic photon flux density [PPFD]: 200 µmol m-2 s-

1, temperature [T]: 22°C, relative humidity [RH]: 50%) and 8 h dark (T: 18°C, RH: 50%). For certain 

experiments mentioned in context, Arabidopsis thaliana plants were grown in short-day conditions: 

8 h light (PPFD: 200 µmol m-2 s-1, T: 22°C, RH: 50%) and 16 h dark (T: 18°C, RH: 50%). 

2.2.2 Seed sterilization and seedling growth condition 

Arabidopsis thaliana seeds were immerged within 1 ml of 80% ethanol containing 0.1% (v/v) Triton X-

100 and incubated for 20 min under constant shaking at 600 rpm. After removing the supernatant, 

the seeds were washed with 1 ml of 3% sodium hypochlorite for 3 min. Then seeds were eventually 

cleaned by thorough washing with sterile mQ H2O for 5 times in sterile bench. Finally, seeds were 

sown in 9 cm Petri dishes containing MS0.5xsuc solid medium. Then stratification was performed at 4°C 

for 2 days in the dark before germination. The seedlings were grown vertically in a culture room under 

continuous illumination (PPFD: 60 µmol m-2s-1, T: 22°C) till suited development stage for further 

experiments. 

2.2.3 Quantification of ABA-dependent luciferase activity 

The ABA-reporter line pATHB6::LUC has been generated to quantitatively detect the active ABA pool 

in vivo (Christmann et al., 2005). The ABA-induced luciferase oxidizes luciferin to oxyluciferin and this 

process releases photons which can be sensitively detected by an intensified CCD camera (ORCAII ERG; 

Hamamatsu photonics, Hamamatsu City, Japan) adapted with a Schneider Xenon 0.95/25 Objective 

(Schneider, Kreuznach, Germany). Shortly, the seedlings harboring the ABA-reporter construct 

pATHB6::LUC were sprayed with luciferin solution*. After 10 min incubation in the dark, the light 

emission of luciferase activity was detected by the CCD camera in a dark box. The exposure time was 

10 min and imaging was done with 4 x 4 pixel binning. The intensity of light emission was translated 

into a false-color spectrum. Quantitative determination of luciferase activity was performed with 

software Simple PCI 6.6.0.0 (Compix, Cranberry Township, PA). The gray levels of pixels within the 

measuring area corrected for background activity are referred to as CCD-RLU (Christmann et al., 2005). 

Detection of luminescence on a cellular level was performed with an inverted microscope (Axiovert 

200; Carl Zeiss, Germany) equipped with Fluar objectives and the CCD camera mounted to the 

microscope base port. Seedlings were placed in a drop of Luciferin solution in a small chamber that 

was sealed at the bottom with a coverslip. Seedlings were covered with a small pice nylon-net, and 

the whole chamber was loosely covered with a coverslip to reduce evaporation. Pixel binning was 4 x 

4, and exposure times varied between 10 and 30 min as indicated. 
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* luciferin solution 

luciferin (PJK, Kleinblittersdorf, Germany) 1 mM 
MES-KOH (pH7.0) 10 mM 
Tween-80 0.01% (v/v) 

Luciferin solution was filtrated through 0.22 µM filter, and allocated into 12 ml Facon-tubes and stored 

at -20°C in the dark. 

2.2.4 Map-based cloning 

The strategy of map-based cloning was designed and modified based on several previous researches 

(Lukowitz et al., 2000, Jander et al., 2002, Jander, 2006, Hou et al., 2010). The most commonly used 

Arabidopsis thaliana Columbia x Landsberg erecta (Col-0 x Ler) mapping combination system served 

in this work.  

2.2.4.1 Generation of F2 mapping population 

The EMS-mutant (Col-0 background, with pATHB6::LUC ABA-reporter construct) was out-crossed to 

another diverged accession Ler to generate a mapping population. Ler plant was used as the egg 

donator and mutant plant was used as the sperm donator to be sure successful crossing pATHB6::LUC 

ABA-reporter construct from pollens of mutant. The ABA-dependent light emission from seedlings 

exposed to water deficit stress (-0.6 MPa, mannitol) served as the parameter to select homozygous 

mutant phenotypic F2 individuals. Only the individuals whose F3 progenies were homogenously 

hypersensitive to water deficit stress were included into the mapping population. 

2.2.4.2 First-pass mapping 

The bulked segregant analysis was employed in first-pass mapping (Michelmore et al., 1991). The 

genomic DNA samples of homozygous individuals were isolated from leaf tissue (see section 2.2.9.1) 

for mapping. DNA pool was constructed by mixing DNA samples isometrically. A mapping marker set 

with 24 simple sequence length polymorphisms (SSLPs) markers, spaced evenly every 20 centiMorgan 

(cM) on the whole genome of Arabidopsis thaliana, was kindly provided by Dr. Farhah Assaad (TU 

München). All markers are PCR based, co-dominant (fully informative) and relatively abundant. And 

the sequence information was listed in Appendix 5.1.1. The basic polymerase chain reaction (PCR) 

recipe and program were described as follows. The PCR products were separated by 2% agarose gel 

electrophoresis. The genotyping was identified by comparing with several references, including Col-0 

DNA, Ler DNA and an isometric DNA mixture of Col-0 and Ler. The genotyping of mixture reference 

was heterozygous for all molecular markers. 
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PCR recipe (20 µl) 

 

 

 

 

 

 

 

PCR program 

1# Initial denaturing 95°C 5 min  

2# Denaturing 95°C 30 sec  

3# Annealing 48-65°C 30 sec  

4# Elongation 72°C 50 sec Go to step 2#; 35 cycles 

5# Final elongation 72°C 10 min  

50 x TAE Buffer (per 1000 ml) 

Tris-Base 242 g 

Acetic acid 57.1 ml 

EDTA (0.5 M, pH8.0) 100 ml 

6 x Loading dye 

Glycerol 50% (v/v) 

Orange G 0.25% (w/v) 

EDTA (pH8.0) 1 mM 

EtBr stock solution 

ErBr 10 mg 

mQ H2O 1 ml 

2.2.4.3 Fine-scale mapping 

Designed molecular markers based on Cereon Genomics (Cambridge, MA) database were grouped 

into three types, such as SSLP markers, cleaved amplified polymorphic sequences (CAPs) markers and 

derived CAPs (dCAPs; http://helix.wustl.edu/dcaps/dcaps.html) (Neff et al., 2002). The sequence 

information of primers was listed in Appendix 5.1.1. PCR reactions were performed as mentioned in 

first-pass mapping. The genotypes of all individuals from mapping population were collected to check 

Component Final concentration Volume [µl] 

5 x GoTaq Buffer 1 x 4 

10 x dNTP (20mM for each) 2 mM 2 

Primer-F (100 pmol/l) 1 µM 0.1 

Primer-R (100 pmol/l) 1 µM 0.1 

GoTaq Polymerase (Promega) 0.01-0.25 U/µl 0.05-0.2 

Template DNA 0.1-20 ng 1 

mQ H2O  Up to 20 
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the recombination events in the mapping population. The genomic region of interest was flanked by 

two markers with lowest recombinant rate. 

2.2.5 Next generation sequencing (NGS) 

Genomic DNA samples for next generation sequencing (NGS) were isolated from root tissue of a liquid 

culture of seedlings (see section 2.2.9.2) to avoid chloroplast DBA contamination. NGS of the mutant 

was carried out on the ABI SOLiD 3G+ sequencing platform by Dr. Tim-Matthias Strom from Helmholtz 

Center Munich Human Genetic Institute. Data analysis was carried out using CLC Genomics 

Workbench version 3.7 (CLC bio; Aarhus, Denmark) and LUMA (Febit biomed). The crude sequence 

data obtained by NGS was aligned to the public reference Arabidopsis thaliana Col-0 genome (TAIR10). 

2.2.6 Methods for plant analysis 

2.2.6.1 Transpiration measurement 

The long-term transpiration of intact plant was measured using a portable gas exchange fluorescence 

system (GFS-3000, Heinz Walz, Germany). The plant growth and measurement were performed in 

long-day conditions. The entire aerial portion of 3- to 4-week-old plant (before flowering) was sealed 

off into a gas exchange cuvette (ring-chamber, custom designed, Heinz Walz, Germany) equipped with 

GFS-3000. The conditions in the ring-chamber were kept constant with growing chamber: impeller: 9; 

flow: 750 µmol s-1; H2O: 12000 ppm; CO2: 380 ppm; PPFD: 190 µmol m-2s-1; T: 28.5°C (light) and 22°C 

(night). 

2.2.6.2 Thermal imaging 

Plants for thermal imaging were grown in water-controlled pots, in which the volumetric water 

content (VWC)* was steadied to 80% by adding additional water every day. The thermal pictures were 

captured using a thermographic system (VarioCAM high resolution head, InfraTec, Germany) in long-

day growth chamber. The leaf surface temperature was quantified via software (IRBIS v2.2, InfraTec, 

Germany). 

* VWC = water weigh [g]/dry soil weigh [g] x soil bulk density (0.167) x 100% 

2.2.6.3 Water loss of detached shoots 

The entire aerial portion was excised from the roots of 3- to 4-week-old plants, and the decline of the 

fresh weight was measured at ambient conditions over time. The water loss* of the detached shoot 

was calculated as follows. 

*Water loss [%] = (Fresh weigh0-Fresh weighn)/Fresh weigh0 x 100% 

in which n = time after excision from the roots. 
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2.2.6.4 Stomatal response to root-inflicted water deficit and ABA 

The root-inflicted stress analysis was described in previous research (Christmann et al., 2007). 5-day-

old seedlings grown on MS0.5xSuc medium were water deficit stressedby exposing roots to MS0.5xSuc solid 

medium supplemented with mannitol to imitate low water potential for 24 h. For ABA responses, the 

indicated amount of ABA was not only added into MS0.5xSuc medium, but also sprayed evenly on the 

surface of seedlings. Then the stomata of the abaxial cotyledon surface were directly observed under 

a research microscope (HBO 50 Axioskop; Carl Zeiss, Germany). 5 biological replicates, which 

contained more than 100 stomata in total, were employed in each condition. 

2.2.6.5 Stomatal response of rosette leaf to exogenous ABA 

The ABA-dependent stomatal closure of rosette leaf was performed as described previously (Pei et al., 

1997). The rosette leaves with same development stage clipped from 3-week-old Arabidopsis thaliana 

were floated on 3 ml of incubation solution*, and exposed to white light (150 µmol m−2 s−1) filtered 

through a water jacket for 2 h, for stomatal opening. Then the indicated ABA was added to the 

incubation solution, and the leaves were kept under the same conditions for another 2 h before 

measuring the stomatal aperture. Subsequently, the abaxial epidermis was mounted onto a 

microscope slide with transparent adhesive tape. Stomata images were observed under a research 

microscope (HBO 50 Axioskop; Carl Zeiss, Germany). About 30 stomata with 16-22 µm edge height 

were measuredin each condition. The ambient temperature was maintained at 25 ± 1°C. 

The experiment condition of Ca2+ dependency of ABA-induced leaf stomatal closure was as same as 

the method mentioned above. The free Ca2+ concentration in the incubation solution was buffered by 

EGTA. 

* Incubation solution 

KCl   10 mM 
CaCl2 0.2 mM 
EGTA 0.1 mM 
MES-KOH (pH 6.15) 10 mM 

2.2.6.6 Computed analysis of stomatal aperture  

All stomata detections were performed with a digital camera (Olympus UC30; Olympus, Japan) 

connected to a research microscope (HBO 50 Axioskop; Carl Zeiss, Germany). And the width and 

length measurements of stomatal pores were accomplished using image analysis software (Image J 

1.42q; Wayne Rasband, National Institutes of Health, USA). The ratio of width/length (W/L) of 

stomatal aperture was analyzed as a functional parameter to demonstrate stomatal response to 

certain treatments. Statistical tests (one-way ANOVA) were performed using software SPSS 16.0.0 

(IBM SPSS Statistics). P < 0.05 was defined as statistically significant difference.  
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2.2.6.7 Seed dormancy and germination 

All seed batches for dormancy analysis were harvested at the same time from plants grown side by 

side. Seeds were regarded as being germinated when the radical ruptured the surrounding structures 

(Koornneef et al., 2002, Bentsink and Koornneef, 2008). The percentage of germinated seeds at 

particular timing was taken as a parameter of dormancy depth and the response to stress or hormones. 

Dormancy analyses in mQ water under light were performed as described previously (Alonso-Blanco 

et al., 2003). Sterilized seeds (50-100) were sown on water soaked filter paper in 9 cm Petri dish. After 

7 days incubation in culture room (T: 22°C, PPFD: 60 µmol m-2s-1, constantly) the number of 

germinated seeds was scored under a dissecting microscope (Stemi SVII; Carl Zeiss, Germany). Seed 

germination rate at a series of the days of seed dry storage (DSDS) from the harvest date was detected. 

Two replicates were employed for each seed batch. 

Seeds of Arabidopsis thaliana for germination assay were harvested and stored in room temperature 

more than 6 months for after-ripen. Since the inhibition of high sucrose level on germination, the 

MS0.5xsuc medium with half amount of sucrose was employed as basic medium in germination assay. 

50-100 of sterilized seeds were evenly sown in 9 cm Petri dish with MS0.5xsuc medium, which was 

supplemented with ABA or mannitol according to the germination condition examined. And seeds 

were stratified at 4°C in the dark for 2 days. The rate of germinated seeds was calculated after 2 days 

growth in culture room (T: 22°C, PPFD: 60 µmol m-2s-1, constantly). Three independent experiments 

were performed using different seed batches.  

2.2.6.8 Root growth 

The 4-day-old seedlings of Arabidopsis thaliana grown on MS0.5xsuc medium were genteelly transferred 

onto and entirely exposed to MS0.5xsuc medium supplemented with various concentrations mannitol 

to adjust medium water potential or with ABA, and then grown vertically in culture room (22°C, light 

constant) for 3 days. The position of root tip was marked every 24 h under a dissecting microscope 

(Stemi SVII; Carl Zeiss, Germany). Then the photographs were taken with a digital camera (Canon G10, 

Canon, Japan; camera control software: Canon Utilities Remote Capture DC ver. 3.1.0.5), and the root 

length was measured using an image analysis software (Image J 1.42q; Wayne Rasband, National 

Institutes of Health, USA). Statistical tests (one-way ANOVA) were performed using software SPSS 

16.0.0 (IBM SPSS Statistics). P < 0.05 was defined as statistically significant difference. 

2.2.6.9 ABA quantification 

The fresh shoot tissue of 5-day-old Arabidopsis thaliana seedlings was harvested and frozen in liquid 

nitrogen for ABA quantification after exposed to root-inflicted water deficit stress (MS0.5xSuc with 

mannitol). Two biological replicates were prepared for each condition. The gas chromatography mass 

spectrometry (GC-MS) analysis of ABA quantification was carried out by Prof. Dr. Jutta Ludwig-Müller 

from the Institut für Botanik of Technische Universität Dresden. The details of GC-MS analysis was 

described in previous reports (Martin-Rodriguez et al., 2011). ABA quantification was repeated three 

times for each biological replicate (equivalent to minimum 100 mg FW of shoot tissue).  
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2.2.6.10 Pigments analysis 

Plant tissue samples were ground in liquid nitrogen, and dissolved in 1 ml cold methanol (100%), then 

incubated on ice for 5 min. The absorbance of the extract, which was clarified by centrifuging for 4 

min at maximal speed, was measured with a spectrophotometer (Ultrospec 2000 UV/Visible, 

Pharmacia Biotech) at certain wave length. Because the spectrophotometer response was linear with 

pigment concentration up to an absorbance value of one, the solutions were diluted further when the 

absorbance exceeded one. Following formulae were used to calculate different pigments (Sims and 

Gamon, 2002, Lichtenthaler, 1987): 

Chlorophyll a [µg/ml extract] = 16.72 x A665 - 9.16 x A652; 

Chlorophyll b [µg/ml extract] = 34.09 x A665 - 15.28 x A652; 

Chlorophyll a + b [µg/ml extract] = 1.44 x A665 + 24.93 x A652; 

Carotinoid [µg/ml extract] = (1000 x A470 - 1.63 x Chl a - 104.96 x Chl b)/221; 

where Aχ was the absorbance of the extract solution in a 1 cm path length cuvette at wave length χ. 

The relative content of chlorophyll (a+b) to total carotinoid was employed here as a parameter of 

pigments in leaves. 

2.2.7 Protoplasts expression in Arabidopsis thaliana 

The protoplasts isolation and transfection protocol was modified by M. Meinhard and T. Hoffmann 

according to previous publication (Abel and Theologis, 1994). 

2.2.7.1 Isolation of protoplasts from plant leaves 

The 3- to 4-week-old Arabidopsis thaliana plants (before flowering) are suitable for protoplasts 

isolation. 0.5-1 g of leaves were incubated within 10 ml enzyme solution* on a vertical shaker 

(RotoShake; 30 rpm) at 23°C for 4 h. Digested protoplast suspension was filtrated through a 150 µm 

mesh nylon net. After centrifugation at 60 g for 2 min, the supernatant was carefully removed and 

discarded. And the pellet protoplasts were resuspended in 10 ml WIMK solution** by rolling the tube 

in the hands. The wash step was repeated once with 5 ml WIMK solution. After another centrifugation 

step the pellet was resuspended in an appropriate volume of MaMg solution*** with a concentration 

of 0.5-1.0 x 106 protoplasts/ml. The viability of the protoplasts was estimated by staining with FDA (1 

mg/ml in Aceton). Before the subsequent transfection, the protoplasts suspension was cooled to 4°C 

for 30 min. 
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* Enzyme solution 

 

 

 

 

 

** WIMK solution 

Mannitol 500 mM 

MES-Tris (pH 5.8-6.0) 5 mM 

*** Mannitol-Magnesium (MaMg) solution 

 

 

 

All solutions were allocated into 50 ml Facon-tubes and stored at -20°C. 

2.2.7.2 Protoplasts transfection 

Quality of plasmid DNA is the major issue for successful transfection. All plasmid DNA used in 

protoplasts transfection were purified according to the manufactures of Plasmid DNA midi 

preparation (JETSTAR plasmid purification kit, GENOMED).  

For transfection, a mixture of the plasmids to be introduced into the protoplasts was provided in 2 ml 

reaction tubes as follows: 

 

 

 

 

Subsequently, 100 µl (0.5-1.0 x 106) protoplasts suspension was transferred to the reaction tubes 

containing the DNA premix. After additional 120 µl of PEG solution*, the suspension was mixed 

immediately by gently inverting tubes 5 times and incubated in room temperature for 3-5 min. Then, 

the suspension was washed by 750 µl and 600 µl WIMK solution, orderly. After centrifugation (2500 

rpm, 2 min), pellet cells were resuspended into 100 µl WIMK solution with or without the inductive 

substances such as ABA. The transfections were incubated on a horizontal shaker (Rotamax) at 50 rpm 

for 16 h. 

Cellulase 1% (w/v) 

Macerozyme 0.25% (w/v) 

Mannitol 400 mM 

CaCl2 8 mM 

BSA (Fluka, #05488) 0.6% (w/v) 

MES-KOH (pH 5.6) 5 mM 

Mannitol 400 mM 

MgCl2 15 mM 

MES-KOH (pH 5.8) 5 mM 

pRD29B::LUC ABA-reporter plasmid (#3041) 4 µl (4 µg DNA) 

p35S::GUS GUS-reporter plasmid (#883) 2 µl (2 µg DNA) 

effector plasmid/empty plasmid (#1337) 4 µl (4 µg DNA) 

Mannitol (800 mM) 10 µl 
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* PEG solution 

PEG-4000 40% (w/v) 

CaCl2 300 mM 

MES-Tris (pH5.8) 5 mM 

PEG solution was allocated into 50 ml Facon-tubes and stored at -20°C. 

2.2.7.3 Activity assay of reporter 

GUS activity 

The 35S promoter driven GUS reporter was used to assess transformation efficiency and to normalize 

the luciferase activity of single samples. The GUS activity was measured as fluorescence signal derived 

from and correlating to the β-glucoronidase activity. 50 µl aliquot of the protoplast suspension was 

transferred to black 96-well-microtiterplate (Greiner bio one). Then 100 µl of 1.5 x MUG-solution* 

were added into each well. The GUS activity was measured at 37°C for 12 min in the microplate reader 

(Synergy 2, BioTek). GUS activity was calculated and given as relative fluorescence units (RFU)/sec. 

Luciferase (LUC) activity 

The luciferase activity was detected using luminometer (Flash’n’Glow, BERTHOLD). 50 µl aliquot of 

the protoplast suspension was transferred into luminometer round bottom tubes (SARSTEDT). The 

sample tubes were automatically processed and 100 µl of LAR substrate** were added automatically 

to start the luminescence reaction. Total luciferase activity was given as relative luminescence units 

(RLU) and allowed calculation of RLU/sec.The relative activity of LUC to GUS reflected the activation 

of signaling. 

* 1.5 x MUG-solution 

Na2HPO4/NaH2PO4 (pH 7.0) 50 mM 

Na2EDTA 10 mM 

Triton X-100 0.1% (v/v) 

Dithiothreitol (DTT) 1 mM 

4-Methylumbelliferyl-b-D-Glucuronid (MUG) 0.2 mM 
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** LAR substrate 

Tricine/NaOH (pH 7.8) 20 mM 

MgSO4 2.7 mM 

Na2EDTA 0.5 mM 

DTT 30 mM 

ATP 0.5 mM 

(MgCO3)4Mg(OH)2 1 mM 

Coenzyme A 250 µM 

Luciferin 500 µM 

Triton X-100 1% (v/v) 

CCLR 

Tris-phosphate (pH 7.8) 25 mM 

DTT 2 mM 

1,2-diaminocyclohexane-N,N,N',N'-tetra acetic acid 2 mM 

Glycerin 10% (v/v) 

2.2.8 Floral dip of Arabidopsis thaliana 

For stable transformation of Arabidopsis thaliana an agrobacterium-mediated floral dip 

transformation was performed according to previous reports (Zhang et al., 2006, Harrison et al., 2006). 

Recipient plants were grown under long-day conditions for 4 weeks until inflorescences were present 

but not yet opened. Agrobacterium strain pGV 3101 pMP90/pSOUP (#625) carrying desired plasmid 

(pGreenII_AscI_Hygro derivation) was cultivated in LB medium with Kanamycin (50 mg/l), Rifampicin 

(25 mg/l) and Gentamicin (25 mg/l) at 30°C for 2 days. The culture was amplified in 200 ml fresh LB 

medium without antibiotics at 30°C for another 2 days. Agrobacterium cells were pelleted and 

resuspended in infiltration medium*. The inflorescences were submerged into the agrobacterium 

suspension for 3 min assuring complete wetting of the stems and inflorescences. The infiltrated plants 

were irrigated with 1 x MS-macrosalts for nutrition. To improve transformation efficiency, the 

procedure was usually repeated once, 3 days after the first dipping. 

Transgenic seeds of T1 generation were screened according to the hygromycin (50 mg/l) resistance 

marker and presence of the transformed fragment was verified by PCR analysis of genomic DNA 

isolated from hygromycin resistant plants. The positive transformants were planted into soil for next 

generation. The sterilized T2 transgenic seeds were placed on MS medium containing hygromycin (50 

mg/l). The hygromycin-resistant T2 lines with a segregation rate of approximately 1:3 were selected 

as transgenic plants with one copy insertion for further homozygous stable transformation screening. 

About 100 seeds of each T3 line were sown on hygromycin-MS medium (50 mg/l) to select for 

homozygous T3 populations with 100% hygromycin resistance. 
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* Infiltration medium (per 1000 ml) 

10 x Macrosalts solution 50 ml 
MES 0.5 g 
Sucrose 100 g 
BAP (1 mg/ml in EtOH) 10 µl 
VAC-IN-STUFF Silvet L-77 100 µl 
pH 5.8 (KOH)  

2.2.9 Standard molecular biology methods 

The standard molecular biology methods used in this work were as described by the protocols 

provided by the manufacturers or according to the standard protocols (Sambrook and Russell, 2001). 

Modifications and adaptations of single protocols and experiments are separately mentioned. 

 plasmid DNA mini-preparation (NucleoSpin® Plasmid, MACHEREY-NAGEL) 

 Plasmid DNA midi-preparation (JETSTAR® plasmid purification kit, GENOMED) 

 Polymerase chain reaction (GoTaq®DNA polymerase, Promega) 

 High-fidelity PCR (Phusion High-Fidelity DNA polymerase, Thermo Scientific) 

 Plant tissue PCR (KAPA3G plant PCR Kit, KAPABIOSYSTEMS) 

 DNA restriction (NEB and Thermo Scientific) 

 DNA fragment dephosphorylation (alkaline phosphatase, NEB) 

 DNA ligation (T4 DNA ligase, Thermo Scientific) 

 Agarose gel electrophoresis 

 DNA gel extraction (PeqLab Gel Extraction kit, PEQLAB) 

 Preparation of competent E.coli cells 

 Preparation of competent Agrobacterium cells 

 ‘Heat-shock’ plasmid transformation to chemical competent E. coli cells 

 Plasmid electroporation to competent Agrobacterium cells 

2.2.9.1 Genomic DNA isolation from leaves tissue  

100 mg Arabidopsis thaliana leaves were collected and homogenized in 300 µl 2x CTAB buffer*. After 

vigorously mixing and 30 min incubation at 65°C, 300 µl of chloroform was added. Then two phases 

were separated by spinning down at 10,000 g speed for 5 min. The upper aqueous phase was 

transformed into a new reaction tube. Following precipitation from the upper aqueous phase by 

additional 300 µl isopropanol, the DNA was washed by 80% ethanol and dried at 37°C. Finally, DNA 

was dissolved in 0.1 x TE buffer**, with 10 ng/µl RNase. 
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* 2x CTAB buffer 

Hexadecyl trimethyl-ammonium bromide (CTAB) 2% (w/v) 

Tris-HCl (pH 8.0) 200 mM 

EDTA (pH 8.0) 50 mM 

NaCl 2M 

** TE buffer 

Tris-HCl (pH 8.0) 10 mM 

EDTA (pH 8.0) 1 mM 

2.2.9.2 Genomic DNA isolation from root tissue 

Genomic DNA was isolated from root tissue of a liquid culture of seedlings to avoid chloroplast DNA 

contamination. Sterilized Arabidopsis seeds were sown into a 100 ml flask with 50 ml modified MS 

liquid medium* and grown in dark at 22°C on a shaker (100 rpm) till enough root tissue gotten. During 

this period, fresh medium was substituted weekly. The isolation of high quality genomic DNA from 

root tissue was performed following the handbook of DNeasy Plant Maxi Kit (QIAGEN). 

* Modified-MS liquid medium (per 1000 ml) 

10 x MS-Macrosalts solution 100 ml 

400 x MS-Microsalts solution 2.5 ml 

400 x B5-vitamin solution 2.5 ml 

MES 1 g 

Sucrose 15g 

pH 5.8 (KOH)  

Autoclave to sterilize  

2.2.9.3 RNA isolation 

Total RNA was isolated from rosette leaves or 5-day-old seedlings of Arabidopsis thaliana following 

the handbook of RNeasy Mini Kit (QIAGEN). Stress treatments were supplied before isolation. To 

determine the RNA concentration and purity, UV spectroscopy was used. The absorbance of RNA was 

measured at 260 nm and 280 nm by a NanoDrop-Photometer (NanoPhotometer 7211, IMPLEN). The 

A260/A280 ratio of 1.8-2.1 was an indication of highly purified RNA. 

2.2.9.4 RT-PCR 

RT-PCR process followed the handbook of RevertAid First Strand cDNA Synthesis Kit (#K1621; Thermo 

Scientific). 
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Removal of genomic DNA from RNA preparation 

DNase I (RNase-free; #EN0521; Thermo Scientific) was employed for genomic DNA removal from RNA. 

The followings were mixed and incubated at 37°C for 30 min: 

RNA 1 µg 

10x Reaction Buffer with MgCl2 1 µl 

DNase I, RNase-free 1 µl 

Water, nuclease-free Up to 10 µl 

Additional 1 µl 50 mM EDTA and 10 min incubation at 65°C was performed to deactivate the DNase I. 

Synthesis of the first strand cDNA 

The product from above step was used as a template to synthesize the first strand cDNA. 1 µl oligo 

(dT)18 primer was added and incubated at 65°C for 5 min. The following components were 

supplemented in the indicated order: 

5 x Reaction Buffer 4 µl 

RiboLock RNase Inhibitor 1 µl 

10 mM dNTP mix 1 µl 

RevertAid M-MuLV Reverse Transcriptase 1 µl 

The reaction was incubated at 37°C for 1 h and stopped by heating at 70°C for 10 min. 

Semi-quantitative RT-PCR 

Conventional PCR was done by using 0.5 µl (about 25 ng) cDNA as template. To semi-quantify the 

transcriptional level of target gene, endogenous standards such as housekeeping genes, β-Actin and 

Tubulin, were used as internal references. The PCR products were separated by gel electrophoresis 

and quantified by software Image J. The relative expression level was achieved by comparing the 

amount of products amplified by the target gene and the endogenous standard. 

2.2.9.5 Quantitative real-time PCR 

Quantitative real-time PCR (qRT-PCR) reactions were performed using the iQTMSYBR® Green Supermix 

(#170-8880, Bio-Rad). A master mix for all reactions was prepared (on the ice or at room temperature) 

by adding all requited components, except the cDNA template, as follows: 

qRT-PCR recipe (10 µl) 

iQTMSYBR® Green Supermix (2 X) 5 µl 

Primer-F (10 pmol/l) 0.1 µl 

Primer-R (10 pmol/l) 0.1 µl 

cDNA template  0.5 µl 

H2O Up to 10 µl 
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Assay master mix was dispensed equal aliquots into each qPCR tubes. And the cDNA samples were 

added to the tubes as reaction template. The quantitative real-time PCR was accomplished using 

CFX96 Touch Real-time PCR Detection system (#185-5196, Bio-Rad). 

qRT-PCR program 

Initial denaturing 95°C 3 min  

Denaturing 95°C 15 sec  

Annealing and elongation 55°C 30 sec Go to step 2; 40 cycles 

Melt curve analysis 55-95°C 0.5°C increment 2-5 sec/step  

The data analysis was performed according to the CFX Manager software (184-5001, Bio-Rad). In this 

work, the expression level of housekeeping gene UBC9 (At4g27960) was used as a reference 

(Czechowski et al., 2005). 

For target genes, a common method for validating a real-time PCR assay involves constructing a 

primer standard curve, which helps to determine the primer efficiency (E*), linear dynamic range, and 

reproducibility of the assay. 8 serial 2-fold dilutions of cDNAs were served as template to perform a 

qRT-PCR reaction described as above. The standard curve was set as a plot of Ct value to log dilution 

value. The sequence information of primer pairs was listed in Appendix 5.1.3. 

*E=10-(1/slope) 

where 90% < E < 105%; and R2 > 0.98 

 

2.2.10 High-throughput yeast two-hybrid screen 

High-throughput yeast two-hybrid screen was described previously by Dreze (2010).  

2.2.10.1 Assembly of DB-X and AD-Y expression plasmids 

The generation of expression plasmids was accomplished using gateway cloning system (Karimi et al., 

2007, Walhout et al., 2000). Firstly, distinct ORFs of interest were inserted into the dual selection entry 

vector pENTRTM 1A (KanR and CmS; Catalog no. A10462; INVITROGEN) by the restrictionsites SalI and 

EcoRI. Additionally, a STOP code was added at the C-terminus of ORFs. Plasmid DNAs from positive 

clones were analyzed by restriction analysis, as well as by sequencing (primer: pENTR-seq-r #1919 in 

Appendix 5.1.2).  

Secondly, ROFs of interest were recombined into the destination vectors pDEST-DB (AmpR) and 

pDEST-AD (AmpR), respectively, via a Gateway LR recombination reaction between the entry clones 

and destination vectors. For large (> 10 kb) entry clones or destination vectors, linearizing the vectors 

by restriction digestion (SmaI) may increase the recombination efficiency by up to 2-fold. The Gateway 

LR recombination reaction was performed according to the manual of Gateway LR clonase II Enzyme 

mix (Catalog no. 11790-020; INVITROGEN). Briefly, the following components were added to a 1.5 ml 

reaction tube at room temperature and mix. 
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Entry clone (50-150 ng) 1-7 µl 

Destination vector (150 ng/ µl) 1 µl 

LR ClonaseTM II enzyme mix  2µl 

TE buffer (pH 8.0) Up to 10µl 

After 1 h incubation at 25°C, additional 1 µl of the Proteinase K solution was added into samples, 

which were subsequently incubated at 37°C for 10 min to terminate the reaction.  

Then the LR reaction products were transformed into E.coli DH5α by ‘Heat-shock’ transformation. The 

positive clones with ampicillin resistance were analyzed by PCR analysis and sequencing. The vector 

specific primers pDEST-AD (#1916), pDEST-DB (#1917) and pDEST-term (#1918) were employed for 

analyses. 

2.2.10.2 Yeast transformation 

Yeast transformation is performed following the ‘High efficiency LiAc transformation’ published 

previously (Gietz and Woods, 2002). pDEST-DB-X and pDEST-AD-Y expression plasmid constructs were 

individually transformed into competent yeast strains Y8930 (MATα) and Y8800 (MATa), respectively.  

Single yeast colonies were used to inoculate a 5 ml pre-culture in Sc medium supplemented with the 

corresponding amino acids and grown over night at 30°C. An aliquot of 5 ml yeast pre-culture was 

added into 50 ml YEPD full medium and incubated at 30°C on a shaker (200 rpm) till reaching an 

optimal OD600 of 0.6-0.8 (3 x 107 cells).The yeast cells were harvested via centrifugation for 5 min at 

1,000 x g. After washing the cells in 25 ml sterile mQ water, the pellet was resuspended in 1 ml of 1 x 

LiAc (100 mM) and transferred into a new reaction tube. Cells were subsequently pelleted by short 

spinning and dissolved in 400 µl 1 x LiAc. For one transformation 50 µl of competent yeast cell 

suspension were used. In reaction tube cells were pelleted by short spinning, and the supernatant 

was removed carefully. The followings were supplemented into competentcells, orderly: 

PEG4000 (50% w/v) 240 µl 

10 x LiAc (1 M) 36 µl 

Carrier DNA* (10 µg/µl) 10µl 

DNA (100-500 ng/µl) 1 µl 

sterile mQ water 73 µl 

Transformation mixtures were resuspended and incubated at 42°C for 40 min. After heat-shocking 

the cells were harvested by centrifugation for 15 sec shot spinning and resuspended in 100 µl mQ 

water for subsequent plating on Sc selective medium. The transformed yeast on selective solid 

medium was incubated at 30°C for 2 days. 
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* Carrier DNA 

Single stranded DNA derived from salmon testes was dissolved 10 mg/ml in 1 x TE buffer (pH 7.5), 

stirred for 3 h and ultrasonic-pulsed twice at max power for 30 sec. Then 1/10 volume of NaAc (3 M) 

was added to this solution. Subsequently, DNA was precipitated by mixing with 2.5 volume of EtOH 

(100%). The precipitated DNA is pelleted by centrifugation for 10 min at max speed and frozen for 

later use. The aliquots of carrier DNA to be used for transformation were again boiled at 95°C for 5 

min and then cooled on ice prior to use. 

2.2.10.3 Yeast colony PCR 

A quick and easy yeast colony PCR was modified according to the ‘Yeast Colony PCR v 2.0 protocol’ 

from Blackburn lab in university of California San Francisco. For cell lysis, a small yeast colony was 

resuspended in 10 µl of 0.02 M NaOH in PCR tube. The suspension was incubated on a PCR machine 

at 99°C for 10 min, and then kept on ice or freeze for longer. Phusion High-fidelity DNA polymerase 

(Thermo Scientific) was applied for the PCR reaction, and a master mix for PCR reactions was prepared 

by adding all requited components, except the cell lysis template, as follows:PCR recipe (20 µl) 

Component Final concentration Volume [µl] 

5 x Phusion HiFi polymerase buffer 1 x 4 

10 x dNTP (20 mM for each) 2 mM 2 

AD or DB primer (100 pmol/l) 1 µM 1 

Term primer (100 pmol/l) 1 µM 1 

Phusion HiFi DNA polymerase 0.25 U/µl 0.2 

PCR Enhancer (100 x) 0.5-1 x 0.1-0.2 

Cell lysis suspension template  1 

mQ H2O  Up to 20 

PCR program 

1# Initial denaturing 98°C 30 sec  

2# Denaturing 98°C 10 sec  

3# Annealing 58°C 30 sec  

4# Elongation 72°C 3 min Go to step 2; 35 cycles 

5# Final elongation 72°C 10 min  

The PCR enhancer supplied in KAPA plant PCR Kit (KAPABIOSYSTEMS) was employed here to substitute 

the Q-solution in original protocol. The primer concentration was about ten-times more than standard 

PCR protocols. The PCR products were separated by 1% agarose gel electrophoresis, and DNA 

fragments of interest were extracted from agarose gel according to the manual of the PeqLab Gel 

Extraction Kit (PEQLAB), and subsequently sequenced by GATC Biotech. 
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2.2.10.4 Controls of yeast-two-hybrid 

For reliable validation of protein interacting, 6 of real biophysical interactors served as interacting 

controls in yeast two-hybrid system (Table 2-1). All interactions that pass these controls were 

considered high-quality yeast-two-hybrid interactions. 

Table 2-1: Yeast two-hybrid controls 

Controls Plasmid pairs Protein Interaction strenth 

1 
pDEST-AD 

pDEST-DB 

No insert 

No insert 
None, background 

2 
pDEST-AD-E2F1 

pDEST-DB-pRB 

Human E2F1 aa342-437 

Human pRB aa 302-928 
Weak (control for CHX control plates) 

3 
pDEST-AD-Jun 

pDEST-DB-Fos 

Mouse Jun aa 250-325 

Rat Fos aa 132-211 
Moderately strong 

4 
pDEST-AD 

pDEST-DB-Gal4 

No insert 

Yeast Gal4 aa 1-881 
Very strong 

5 
pDEST-AD-dE2F1 

pDEST-DB-dDP 

Drosophila E2F aa 225-433 

Drosophila DP aa 1-337 
Strong 

6 
pDEST-AD-CYH2-dE2F1 

pDEST-DB-dDP 

Drosophila E2F aa 225-433 

Drosophila DP aa 1-377 
Strong (control for CHX plates) 

Identities and description of expected phenotypes for the six controls used in every yeast two-hybrid 
experiment (Dreze et al., 2010). 

2.2.10.5 Identification of autoactivators 

Autoactivation of yeast-two-hybrid-inducible reporter genes is a common artifact of the yeast two-

hybrid system. The identification of autoactivators was achieved in diploid yeast strains obtained by 

mating yeast strains Y8930 (DB-X) with the yeast strain Y8800 transformed with the AD encoding 

plasmid containing no insert (pDEST-AD-emp). 

 The DB-X yeast strains and AD-emp yeast strain were incubated in fresh liquid mediums Sc-Leu 
and Sc-Trp, respectively, at 30°C for 72 h on a shaker.  

 5 µl of DB-X liquid cultures were spotted on a YEPE plate and allowed to dry for 30-60 min.  

 5 µl of AD-emp liquid cultures were spotted on top of the DB-X spots and allowed to dry for 30-60 
min.  

 The mating plates were incubated at 30°C for 14-18 h.  

 The mating plates were replicated onto Sc-Leu-Trp plates to select for diploid cells, and incubated 
at 30°C for 14-18 h.  

 Subsequently, the diploid cells on Sc-Leu-Trp plates were replicated onto Sc-Leu-Trp-His + 1 mM 
3AT (3-amino-1,2,4-triazole) plates, where nonautoactivating yeast cells were not able to grow, 
and incubated at 30°C for 14-18 h.  
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 Replica-clean of the Sc-Leu-Trp-His + 1 mM 3AT plates were performed by pushing evenly the plate 
on a piece of sterilized velvet to remove excess yeast. Plates were incubated at 30°C for another 
72 h. 

All yeast strains on Sc-Leu-Trp-His + 1 mM 3AT plates showing a stronger growth phenotype than the 

‘no interaction’ control (control 1) were considered autoactivators. To reliably identify autoactivators, 

two independent tests were performed, and the most stringent scores were accepted to unsure high 

quality of the starting material for subsequent interactome mapping. The chemical 3AT is a 

competitive inhibitor of the HIS3 gene product, therefore, when dealing with DB-X auto activators, 

higher 3AT concentrations could be used to circumvent autoactivator-dependent activity of GAL1-

HIS3. All autoactivators of DB-X strains were excluded from the collection of DB-X. 

Albeit much less frequent, autoactivation of AD-Y could also occur. The AD-Y autoactivator 

identification by use of mating between AD-Y yeast strains and DB-emp yeast strain was easily 

adapted. 

2.2.10.6 Yeast two-hybrid primary screening 

 5 µl of glycerol stocks of the DB-X yeast strains and AD pools tested were inoculated in round 
bottom 96-well plates containing 160 µl selective medium in every well (Sc-Leu for DB-X, Sc-Trp 
for Ad pool) at 30°C for another 72 h for 72 h on a shaker.  

 For each combination (AD-pool plate x DB-X plate), 5 µl/well of the respective AD-Y pool liquid 
culture were spotted onto a mating plate (YEPD) using a liquid handling robot, and allowed to dry 
for 30-60 min.  

 Then 5 µl of each DB-X were spotted on top of the AD pool spots, and allowed to dry for 30-60 
min.  

 Six controls of Y2H were spotted on every plate.  

 After an incubation at 30°C for 14-18 h, mated yeast cells were replicated from mating plates onto 
screening plates (Sc-Leu-trp-His + 1 mM 3AT), meanwhile replicated onto CHX control plates (Sc-
Leu-His + 1 mM3AT + 1 mg/l CHX), and incubated at 30°C for 14-18 h.  

 All screening plates were cleaned by pressing plates onto a piece of velvet stretched over a replica-
plating block and incubated at 30°C for 5 days.  

 The colonies that grew better than background (control 1) and did not grow on CHX plates were 
considered primary positive colonies.  

 Three colonies from each positive interacting spot were picked into a 96-well plate with round 
bottom (LOT: E13030FL; Greiner bio-one) containing 160 µl Sc-Leu-Trp medium per well, and 
incubating the culture plate at 30°C for 72 h on a shaker for subsequent phenotyping experiments. 

2.2.10.7 Secondary phenotyping 

5 µl of primary positive diploid yeast strains and Y2H controls were spotted onto Sc-Leu-Trp plates 

using a 96-well liquid handling robot and incubated at 30°C for 48 h. Positives were replicated onto 

fur phenotyping plates:  
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Plate cleaning was immediately performed after replica-plating to minimize background growth, and 

then the phenotyping plates were incubate at 30°C for 72 h. 

During phenotyping, both reporter genes His and Ade were inspected, and any yeast spot showing 

growth on CHX plates should not be considered for further processing. All positives were patched and 

incubated on fresh Sc-Leu-Trp plates at 30°C for 48 h. the inserts of the AD-Y in positive colonies were 

amplified by yeast colony PCR for subsequent ORF identification by sequencing. Once sequencing data 

have been received and the candidate protein pairs have been identified, a list of unique candidate 

interacting pairs could be complied. 

2.2.10.8 Independent verification of candidate Y2H pairs 

According to the list of candidate interacting pairs, the individual ORFs of candidates were subcloned 

into expression plasmid vector (pDEST-AD) and subsequently transformed into yeast strain Y8800 by 

Angela Alkofer from Department of Plant Systems Biology of TU München. 

 5 µl of glycerol stock of the DB-X yeast strain and AD-Y yeast strain of interest were inoculated in 
round bottom 96-well plates containing 160 µl/well selective medium (Sc-Leu for DB-X, Sc-Trp for 
AD pool) at 30°C for 72 h on a shaker.  

 5 µl/well of liquid cultures AD-Y and DB-X were mated on YEPD plate as described above and 
incubated at 30°C for 14-18 h.  

 Then mated cells were replicated onto diploid selection plates Sc-Leu-Trp, and incubated 30°C for 
14-18 h.  

 Positives were replicated onto four phenotyping plates, and cleaned immediately.  

 After 3 days incubation, the growth phenotype was scored in the same way as for secondary 
phenotyping.  

The verification was performed at least three times independently. 

Sc-Leu-Trp-His + 1 mM 3AT (His auxotrophy) 

Sc-Leu-His + 1 mM 3AT + 1 mg/l CHX (CHX control plate for His) 

Sc-Leu-Trp-Ade (Ade auxotrophy) 

Sc-Leu-Ade + 1 mg/l CHX (CHX control plate for Ade) 
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3. Results 

3.1 Isolation of a novel ABA-hypersensitive mutant ahr11 

To better comprehend the mechanism of ABA-dependent water deficit stress signaling pathway, a 

noninvasive, cell-autonomous ABA-reporter system has been established previously, by which the 

spatial and temporal pattern of physiologically active ABA pools can be detected in vivo (Christmann 

et al., 2005). Transgenic Arabidopsis plants (pATHB6::LUC, Col-0 background) harboring the firefly 

luciferase (LUC) reporter gene under control of the promoter of homeodomain protein ATHB6 were 

generated. The ATHB6 promoter contains the ABA-responsive cis-element (ABRE), so the luciferase 

activity in pATHB6::LUC transgenic seedlings is induced over 1,000-fold by ABA (Himmelbach et al., 

2002). 

Subsequently, homozygous pATHB6::LUC seeds were mutagenized by using ethylmethanesulfonate 

(EMS). Different mutants were isolated from the M2 generation of the mutated population by J. Berger 

and Dr. A. Christmann in a screen for mutants with a hypersensitive response to water deficit stress. 

The M3 and M4 generations were re-tested for stability of the water deficit-hypersensitive phenotype. 

According to the sensitivity to exogenous ABA, all of the water deficit-hypersensitive mutants were 

grouped into hypersensitive ABA response mutants and normal ABA response mutants. One of the 

ABA hypersensitive mutants, ahr11 (ABA hypersensitive response 11), was selected for map-based 

cloning and further characterization in this work. 

The 4-day-old seedlings from ahr11 and pATHB6::LUC were selectively subjected to various water 

deficit stresses such that the shoot contact was prevented by narrow Parafilm strips. After 24 h 

treatment, the water deficit-induced luciferase activity in the mutant ahr11 was confined to the shoot, 

and was detectable below a mannitol water potential ψ = -0.4 MPa. The maximal induction of 

luciferase activity in ahr11 was up to 82.7 ± 7.8 CCD-RLUx104 at -0.8 MPa mannitol water potential, 

which was 18.3-fold of the induction in pATHB6::LUC (Figure 3-1A). When different concentrations of 

exogenous ABA were supplied, the luciferase activity response of ahr11 to 30 µM ABA was 19.4 ± 5.3 

CCD-RLUx104 and obviously stronger than pATHB6::LUC (Figure 3-1B). 
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Figure 3-1: Activation of the LUC-reporter in wild type and ahr11 seedlings harboring the pATHB6::LUC ABA-
reporter construct by water deficit stress and exogenous ABA 

4-day-old seedlings of mutant ahr11 (black) and wild type pATHB6::LUC (white) were exposed to low water 
potentials modulated by supplementing the MS0.5xsuc medium with mannitol or MS0.5xsuc medium with 
different concentrations of ABA for 24 h. (A) ABA-dependent LUC-reporter responses to water deficit stress. 
The luciferase activities of ahr11 (black) and pATHB6::LUC (white) were 1.7 CCD-RLUx104 and 2.7 CCD-
RLUx104, respectively, under control condition (MS0.5xsuc, without mannitol). (B) ABA-dependent LUC-reporter 
responses to exogenous ABA applied in solid MS0.5xsuc medium. The luciferase activities of ahr11 (black) and 
pATHB6::LUC (white) were 0.8 CCD-RLUx104 and 0.3 CCD-RLUx104, respectively, under control condition 
(MS0.5xsuc, without ABA). The ABA-dependent luciferase activity in terms of light emission was detected by a 
CCD camera (ORCAII ERG; Hamamatsu photonics, Hamamatsu City, Japan) and quantified using software 
Simple PCI 6.6.0.0 (Compix, Cranberry Township, PA). Exposure time was 10 min and imaging was done with 
4 x 4 pixel binning. The data are means ± SE (n = 50), and are subjected to one-way ANOVA via SPSS 16.0. ** 
P < 0.01; * P < 0.05. The luciferase activity of each line under control condition is taken as a reference and set 
to 1. Inserts show typical CCD images with intensity of light emission of seedlings at -0.8 MPa mannitol water 
potential (A) and 30 µM ABA (B) translated into a false-color spectrum.  

In order to ensure uniform uptake of exogenous ABA, the liquid culture of Arabidopsis seedlings was 

employed in ABA response analysis. The luciferase activity in ahr11 induced by 30 µM ABA was 216.4 

± 10.1 CCD-RLUx104 which was 7 folds of the activity induced in pATHB6::LUC (Figure 3-2A). When 

seedlings were classified according to their luciferase activities using classes with a width of 50 CCD-

RLUx104, most pATHB6::LUC seedlings were found in the class 50-100 CCD-RLUx104, whereas ahr11 

seedlings showed a broader distribution and were found in classes 100-500 CCD-RLUx104 up to 400-

450 CCD-RLUx104 (Figure 3-2B). These results indicate that ahr11 mutant is hypersensitive to water 

deficit as well as exogenous ABA, therefore, this novel Arabidopsis mutant is named ahr11 (ABA 

hypersensitive response11). 
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Figure 3-2: ABA-induced activation of the LUC-reporter in wild type pATHB6::LUC and mutant ahr11 
seedlings grown in liquid culture 

Seedlings of mutant ahr11 (black) and wild type pATHB6::LUC (white) were cultured in liquid 1/10 MS 
medium and then were exposed to 10 µM ABA for 24 h. The detection and calculation of luciferase activity 
of seedlings were performed as indicated in the Figure 3-1 legend. (A) ABA-induced LUC-reporter responses 
to exogenous ABA in liquid culture. The luciferase activities of ahr11 (black) and pATHB6::LUC (white) under 
control condition (1/10 MS liquid medium, without ABA) were 1.5 CCD-RLUx104 and 12.7 CCD-RLUx104, 
respectively, and set to 1 (n = 50). The numbers above bars indicate the ABA induction fold. (B) Distribution 
plot of light emission under 10 µM ABA shown in (A). The width of each class is set to 50 CCD-RLUx104.  

To avoid multi-mutation influences, ahr11 was backcrossed to pATHB6::LUC. The ABA-dependent 

luciferase activity of backcrossed F1 plants (ahr11 BC1F1; 1 x backcrossed) under water deficit (-0.6 

MPa, mannitol) was then compared to the luciferase activity in pATHB6::LUC and in original ahr11. 

Although the ahr11 BC1F1 seedlings displayed intermediate response to water deficit stress (Figure 

3-3A), there was no significant difference between ahr11 BC1F1 and pATHB6::LUC using statistical 

analysis (P = 0.163 > 0.05). Further distribution analysis of the water deficit-induced luciferase activity 

exhibited that 69.5% of the F2 generation of ahr11 BC3F2 (3 x backcrossed) had wild type-like response 

to water deficit (Figure 3-3B). These results indicate that a recessive mutation in a single nuclear gene 

leads to the altered (hypersensitive) response to water deficit stress in the ahr11 mutant. 
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Figure 3-3: Hypersensitivity of ahr11 to water deficit stress is a recessive trait 

Original mutant ahr11 was backcrossed to pATHB6::LUC to generate the F1 generation ahr11 BC1F1 (1 x 
backcrossed), which was subsequently amplified for next generation. Successive backcrossing of ahr11 was 
performed several times. (A) 4-day-old seedlings of ahr11 BC1F1 (1 x backcrossed; gray), pATHB6::LUC (white) 
and original ahr11 (black) were exposed to water deficit stress (-0.6 MPa, mannitol) for 24h. The detection and 
calculation of luciferase activity of seedlings were performed as indicated in the Figure 3-1 legend. The data 
are means ± SE (n = 10) and subjected to one-way ANOVA via SPSS 16.0. The bars with similar letters are not 
significantly different (P > 0.05) according to Least-significant difference (LSD). (B) Light emission distribution 
of segregating F2 progenies of ahr11 BC3F2 (3 x backcrossed; black cycle, n = 387) subjected to water deficit 
stress (-0.6 MPa, mannitol). The width of each class is set to 80 CCD-RLUx104.  

3.2 Map-based cloning and next generation sequencing 

Map-based cloning, also called mapping, is a widely used forward genetics approach to isolate genes 

in different organisms (Chi et al., 2008). The principle of mapping is to narrow down the genetic 

interval containing a causal mutation by sequentially excluding all other parts in the whole genome 

(Lukowitz et al., 2000). The major limitation of a mapping project is mapping resolution, which relies 

on the availability of high density genetic markers and the size of a mapping population. With the data 

collected in the Cereon Genomics database (Cambridge, MA), comprising most of the single 

nucleotide polymorphisms (SNPs) and small insertions/deletions (InDels) DNA polymorphisms 

between Col-0 and Ler accessions, the genetic markers required for fine mapping of the ahr11 

mutation are available. In this work, a Col-0 x Ler mapping combination was used to genotype the 

affected gene in ABA-hypersensitive mutant ahr11. 

3.2.1 Generation of mapping population 

A Ler x ahr11 F2 mapping population was generated by out-crossing ahr11 (Col-0 background) to the 

accession Landsberg erecta (Ler). In F2 generation, propagated from F1 plants, luciferase activity was 

not only controlled by the casual mutation in ahr11 mutant, but also by the segregation of 
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pATHB6::LUC ABA-reporter construct. Therefore, only 1/16 out of F2 population was expected to be 

homozygous of ahr11 and pATHB6::LUC ABA-reporter construct and selected for next generation. The 

uniformly intensive light of F3 seedlings under water deficit stress was scored as the homozygous 

mutant phenotype in the relevant F2 individual. As shown in Figure 3-4, homozygous F3 lines ‘F3/1-4-

6’ and ‘F3/4-1-1’ homogeneously responded hypersensitively to water deficit stress, whereas a 

heterozygous line ‘F3/1-1-26’ displayed a segregating phenotype. The construction of mapping 

population was the rate-limiting step of map-based cloning. For the first-pass mapping, 17 

homozygous individuals were employed in the bulked segregant analysis (Michelmore et al., 1991). 

Subsequently, it took months to build a mapping population containing 893 homozygous individuals 

for fine-scale mapping.  

 

Figure 3-4: Phenotyping of Ler x ahr11 F3 progenies 

Roots of 4-day-old seedlings of Ler x ahr11 F3 progenies were exposed to low water potential (-0.6 MPa, 

mannitol) for 24 h. The detection of luciferase activity of seedlings was performed as indicated in the Figure 
3-1 legend. The false-color spectrums are shown to display the luciferase activity. The false-color scale for 
the relative light units (CCD-RLU x 104) is provided. Lines Ler x ahr11 F3/1-4-6 and F3/4-1-1 uniformly 
responded to water deficit stress in a hypersensitive manner, and are thus considered homozygous for the 
ahr11 mutation, whereas an inconsistent response was found in the line F3/1-1-26 which is therefore 
classified as heterozygous for the ahr11 mutation. pATHB6::LUC seedlings were used as a reference, showing 

a basic level of light emission under stressed condition. Totally 893 Ler x ahr11 F3 homozygous individuals 

were screened out for fine-scale mapping by this method.  
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3.2.2 First-pass mapping 

Bulked segregant analysis (Michelmore et al., 1991) is an effective way to identify markers which are 

genetically linked to a certain mutation for reducing the number of PCR reactions necessary to 

establish linkage. A DNA pool constructed from 17 homozygous F2 individuals was genotyped with 24 

simple sequence length polymorphism (SSLP) markers, spaced evenly every 20 centiMorgan (cM) on 

the Arabidopsis thaliana genome (Figure 3-5A). The DNA pool was homozygous Col-0 genotype at the 

mutation and therefore mostly Col-0 in the vicinity of mutation, but essentially heterozygous for 

unlinked markers. As a result, the mutation phenotype of ahr11 was tightly linked to two markers 

nga162 and ciw11 on the upper arm of chromosome III as well as two markers cer348 and nga151 on 

the upper arm of chromosome V (Figure 3-5B). 

 

Figure 3-5A: Schematic representation of first-pass mapping marker set 

The first-pass mapping marker set containing 24 SSLP markers was kindly provided by Dr. Farhah Assaad (TU 
München). The chromosomes are represented by gray bars with the length corresponding to the physical 
length. Position of centromeres is marked by open circles. The sequence information of markers is listed in 
Appendix 5.1.1. 
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Figure 3-5B: Bulked segregant analysis of ahr11 mutant 

The PCR products of each marker were analyzed by agarose gel electrophoresis. The templates for PCR used 

in each panel are Col-0, Ler, heterozygous control and the DNA pool of Ler x ahr11 F2, respectively. The 

underline indicates the markers with a biased amplification of Col-0 band which means that these marker loci 
are linked to the mutation phenotype of ahr11 in contrast to other loci, where the amplified Col-0 and Ler 
bands are of approximately the same intensity. 

Subsequently, these 17 DNA samples in DNA pool were then examined individually for the respective 

genotype at the preselected marker loci (Figure 3-6). At the marker nga151 locus on chromosome V, 

all 17 individuals were Col-0 genotype, while at next marker locus, cer348, one recombination event 

happened. In another interesting interval located on chromosome III, there were separately 2 and 3 

recombination events in 17 individuals at markers nga162 and ciw11 (this region will be discussed 

detailedly in discussion 4.1). Thus the results of first-pass mapping indicate that the causal mutation 

of ahr11 is located on the upper arm of chromosome V and tightly linked to marker nga151 (Figure 3-

7A). 
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Figure 3-6: Recombination events of 17 individuals in Ler x ahr11 F2 mapping population 

Agarose gel electrophoresis of PCR products of 17 individuals at four interesting markers (nga162, ciw11, 
cer348 and nga151) is shown. All recombination events are marked with white star. Primer sequences for the 
ciw11 marker used here are an optimized version of the primers used in the analysis depicted in Figure 3-5. 

3.2.3 Fine-scale mapping 

Through the first-pass mapping, the causal mutation in ahr11 was tightly linked to marker nga151. 

Therefore, additional markers on chromosome V at both proximal and distal sides of nga151 were 

designed according to the database Cereon Arabidopsis Polymorphism Collection (Cambridge, MA). 

As shown in Figure 3-7B, at marker nga151, 9 recombination events were observed in 317 individuals. 

At proximal side, more distant from nga151, more recombination events were identified, and a total 

of 80 recombinants out of 317 individuals were discovered at the proximal flanking marker cer482 

(6.1Mb). At distal side, the number of recombination events was gradually decreased to 0 at marker 

CA72 (4.24Mb), and then slowly increased to 12 at the distal flanking marker cer477 (3.2Mb). There 

was no straight forward explanation for this variation in recombination frequency on either side of 

the initially selected site, but in essence, the recombinants located the mutation distal end of nga151 

and close to the marker CA72. Ultimately, all 893 individuals (including the initial 317 samples) were 

genotyped with additional 7 markers, including CA72, between cer477 and nga151 to narrow down 

the region of interest (Figure 3-7B), in which 29 recombination events were observed in 28 

recombinants (Table 3-1) with the markers ChrV-4.3Mb and ChrV-4.5Mb being closest to the mutation 

(180 kb apart). 
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Figure 3-7: Map-based cloning of the AHR11 gene in ahr11 

(A) The first-pass mapping of ahr11 mutation identified flanking markers cer348 and nga151 on chromosome 
V (3.4 Mb apart). (B) Fine-scale mapping of ahr11 identified markers Chr. V-4.3Mb and Chr. V-4.5Mb as the 
closest flanking markers (180 kb apart) based on the available recombinants. The numbers in brackets behind 
each marker denote the number of recombinants followed by the total number of individuals genotyped. In 
the region of interest which was finally narrowed down to 180 kb, 58 candidate genes were identified 
according to the Col-0 genome sequence in TAIR10.  
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Table 3-1: Genotype of 28 recombinants 

 

Totally, 29 recombination events were observed in 28 recombinants. The ‘C’ with green background signifies 
no recombination (Col-0 genotype), while the ‘H’ with yellow background denotes recombination events 
(heterozygous genotype). There are two recombination events in the 11th recombinant in this table. The red 
arrow separates the closest flanking markers Chr. V-4.3 Mb and Chr. V-4.5 Mb. 

3.2.4 Pre-selection of candidate genes 

Markers ChrV-4.3Mb and ChrV-4.5Mb are approximately 180 kb apart. In the Col-0 genome sequence 

(TAIR 10), there are 58 genes in this region, of which two genes seemed interesting because they have 

been reported to be involved in ABA signaling. One candidate is KEEP ON GOING (KEG; At5g13530), 

encoding a RING E3 ligase, which has both ubiquitylation and phosphorylation activities and regulates 

degradation of the transcription factor ABI5 which is activated by ABA signaling (Stone et al., 2006, 

Liu and Stone, 2010). Three Arabidopsis T-DNA insertion mutants (keg1, keg2, keg3; Col-0 background) 

exhibited characteristics of post germinative growth arrest and their root growth was extremely 

sensitive to exogenous ABA (Stone et al., 2006). In contrast, root growth of ahr11 mutant showed a 

wild type response to exogenous ABA (described in section 3.4.6). Therefore, we speculated that the 

AHR11 is not an allele of KEG.  

Another candidate gene is At5g13630 coding the H subunit of Mg-chelatase (CHLH), which is a 

multifunctional protein involved in chlorophyll synthesis, plastid-to-nucleus retrograde signaling 
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(Mochizuki et al., 2001) and which has been claimed to be a plastidic-localized  ABA-binding protein 

(ABAR) (Shen et al., 2006, Wu et al., 2009). The ABA-affinity chromatography technique was used to 

demonstrate that CHLH specifically binds ABA via the C-terminus (Shen et al., 2006, Wu et al., 2009, 

Shang et al., 2010, Du et al., 2012). However, in another ABA binding assay, recombinant CHLH did 

not bind ABA but specifically affected the ABA-signaling pathway in guard cells (Tsuzuki et al., 2011, 

Tsuzuki et al., 2013). Meanwhile, the barley CHLH homolog could not function as an ABA receptor 

(Muller and Hansson, 2009). These contradictory results point out that the natural role of CHLH in 

ABA signaling is still too early to be concluded. Still, the gene was considered a candidate for the 

mutation in ahr11, and in this project a 6658 bp genomic sequence of CHLH, including coding 

sequence and promoter region, was amplified from ahr11 by PCR, and then sequenced by single read 

sequencing. No mutation was detected in ABAR/CHLH gene in ahr11. Therefore, the mutation of 

ahr11 is not in ABAR/CHLH. 

Although two ABA signaling-related genes, KEG and ABAR/CHLH, were excluded, the number of 

candidates was still too large to identify the AHR11 in reasonable time using a classical approach and 

therefore, the application of a next generation sequencing (NGS) technique was envisaged. 

3.2.5 Next generation sequencing 

Considering the automated Sanger sequencing method as a ‘first-generation’ technology, newer 

whole genome-scale sequencing methods are referred to as next-generation sequencing (NGS). 

Generation of an enormous volume of detailed genetic information is the major advance offered by 

NGS (Metzker, 2009). The NGS technology was thus employed to sequence the whole genome of the 

ahr11 mutant to obtain information on the mutations located in the mapped region. This information 

was expected to allow rapid identification of the causal mutation in ahr11. The crude sequences 

obtained by NGS were aligned to the public reference genome from Arabidopsis thaliana Col-0 

(TAIR10). In the ahr11 mutant, 172,351,045 reads were obtained covering 99.34% of the reference 

Col-0 genome at least 20-fold. The causal mutation of ahr11 was refined in the 180 kb apart from 4.3 

Mb to 4.5 Mb on chromosome V, but for reasons of safety, SNPs in a larger region from 4.0 Mb to 4.5 

Mb were examined.  

As shown in Figure 3-8 and Table3-2, 8 exclusively homozygous SNPs were identified in interest region, 

all of which were C to T transitions: one SNP was in an intergene region between At5g13170 and 

At5g13180; one SNP was in a promoter region of At5g13917; 2 SNPs were located near splicing sites 

of At5g12960 and At5g13130; and another 4 SNPs were found in 4 gene coding sequences leading to 

2 synonymous mutations including At5g12940 and At5g13260, as well as to one amino acid residue 

exchange in At5g13930 and one premature termination of At5g13590. In the fine-scale mapping 

process, a definite homozygous individual (the 24th recombinant in Table 3-1) had a recombination 

event at marker 4.3 Mb. So that 3 SNPs (the 6th, 7th and 8th SNPs in Table 3-2) were extracted as final 

candidates. For further identification, a new marker 4.48Mb was designed based on the 7th SNP at 

position 4.48 Mb on Chromosome V. Then 3 recombinants (the 9th, 10th and 24rd in Table 3-1) were 

analyzed for this marker, and one recombination event was detected in the 9th recombinant, thereby 
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excluding the 7th and 8th SNP as being causal for the ahr11 mutation. Finally, the remaining SNP (the 

6th in Table 3-2) was found in At5g13590 encoding a protein with unknown function, where it changed 

the tryptophan248 to stop-codon, thus generating a truncated protein with 247 amino acid residues. 

To sum these results up, based on the results of map-based cloning and NGS, an EMS-induced causal 

mutation was identified in mutant ahr11, which leads to premature termination of gene At5g13590 

with yet unknown function. 

 

Figure 3-8: SNPs of ahr11 detected by NGS in interest region on chromosome V 

In the 500 kb interest apart (from 4.0 Mb to 4.5 Mb on Chr. V) defined as the region harboring the ahr11 
mutation by map-based cloning, totally 8 SNPs (red flags) were detected from the ahr11 genome by NGS 
which was performed by Dr. Tim-Matthias Strom from Helmholtz Center Munich Human Genetic Institute. 
Arrows indicate the genes disturbed by these SNPs, and the yellow arrow points out the causal mutation 
candidate At5g13590 in mutant ahr11.  

Table3-2: Description of detected SNPs of ahr11 

 

a Position of SNP in Arabidopsis genome. b Reference genome Arabidopsis thaliana Col-0 (TAIR10). c SNP in 
ahr11 genome. d Forward strand. e Revers strand. f Synonymous SNP. g Non-synonymous SNP. 
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3.3 Identification of AHR11 gene 

Arabidopsis gene At5g13590, as the candidate of AHR11, encodes a protein of 1168 amino acid 

residues, annotated as a protein with unknown function (http://www.arabidopsis.org). The genomic 

sequence is 3057 bp long and interrupted by 4 introns (79bp, 159bp, 101bp and 84bp long, 

respectively), and the 5’-UTR and the 3’-UTR sequences are interrupted by an intron, respectively 

(Figure 3-9). To confirm that the C-to-T transition detected in the second exon of gene At5g13590 is 

the cause of ahr11 phenotype, complementation experiments were performed employing the ectopic 

expression of wild type AHR11 both transiently in ahr11 protoplasts and stably in transgenic plants, 

as well as the analyses of two T-DNA knockout mutants, Δ476 (GK-476H03) and N804 (SAIL_88_D02). 

 

Figure 3-9: Schematic representation of AHR11 and of changes in ahr11 mutant alleles 

AHR11 gene (At5g13590), which encodes a protein with 1168 amino acid residues, is located on reverse 
strand of chromosome V. White boxes, black boxes and lines represent UTRs, exons and introns, respectively. 
The EMS-induced mutation present in ahr11 (W248 to Stop) is indicated by the arrow. T-DNA knockout 
mutants of AHR11, Δ476 (GK-476H03) and N804 (SAIL_88_D02), in which the T-DNA is inserted into the 
second exon, were obtained from ABRC (https://abrc.osu.edu). The scale bar stands for 500 bp. 

3.3.1 Ectopic expression in Arabidopsis thaliana protoplasts 

The protoplast transient gene expression system has become a customary cellular system for analyses 

of signal transduction (Sheen, 1998, Himmelbach et al., 1998, Yang et al., 2006, Fujii et al., 2009, Ma 

et al., 2009). The ABA-activated promoters of genes such as Lti65/RD29B (Nordin et al., 1993, 

Yamaguchi-Shinozaki and Shinozaki, 1994), and RAB18 (Lang and Palva, 1992) are strongly induced by 

ABA in protoplasts. In this work, the ABA signaling cascade was analyzed by using the Photinus pyralis 

luciferase (LUC) reporter gene driven by the ABA-activated promoter of RD29B (pRD29B::LUC, #3041) 

(Christmann et al., 2005). Luciferase oxidizes luciferin to oxyluciferin and this process will release 

photons which can be sensitively measured by a luminometer. The p35S::GUS plasmid (#883) was 

used as an internal standard to normalize independent transfection of expression efficiency (Yang et 

al., 2006). Because of the pATHB6::LUC ABA-reporter in the ahr11 genome, the activity of 

pATHB6::LUC construct was firstly pretested in protoplasts. The ABA-induced luciferase activity was 

not detected in the ahr11 protoplasts without transfection of the ABA-reporter plasmid pRD29B::LUC 

(Figure 3-10). By contrast, the ahr11 protoplasts with transfected pRD29B::LUC plasmids displayed 

the hypersensitivity to exogenous ABA by a factor of 63. Therefore, the ABA-induced luciferase activity 

in protoplasts is not conferred by the genomic pATHB6::LUC ABA-reporter, but specifically resulted 

from the transiently transfected ABA-reporter plasmids pRD29B::LUC. 

https://abrc.osu.edu/
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Figure 3-10: The ABA-induced luciferase activity measured in ahr11 protoplasts specifically results from the 
ABA-reporter construct pRD29B::LUC 

The protoplasts of ahr11 (black) and Col-0 (white) transfected with pRD29B::LUC plasmid DNA (#3041; 4 µg) 
or with an empty vector control (#1337; 4 µg) were incubated in the WIMK incubation solution with or 
without 10 μM ABA for 16 h. The luciferase activity was detected using luminometer (Flash’n’Glow, 
BERTHOLD), and total luciferase activity was given as relative luminescence units (RLU) and allowed 
calculation of RLU/sec. The p35S::GUS plasmid DNA (#883; 2 μg) was co-transfected to assess transformation 
efficiency and to normalize the luciferase activity of single samples. The GUS activity was measured in a 
microplate reader (Synergy 2, BioTek) and calculated as relative fluorescence units (RFU)/sec. The normalized 
luciferase activity (LUC/GUS) in absence of ABA was taken as reference and set to 1 (ahr11: 4.5 x 104 RLU/RFU; 
Col-0: 5.8 x 104 RLU/RFU). Data are means ± SE (n = 2). NA = no activity detected. 

Subsequently, the protoplasts isolated from both ahr11 and wild type Col-0 were transfected with 

appropriate sets of the ABA-reporter plasmid (pRD29B::LUC, #3041) and the internal standard plasmid 

(p35S::GUS, #883), and treated with 0, 0.1, 1, and 10 µM ABA, respectively. As a result, the ABA-

dependent luciferase activity of pRD29B::LUC in ahr11 protoplasts was about 3.3-fold up-regulated 

compared to wild type at 1 µM ABA and about 5.3-fold up-regulated at 10 µM ABA (Figure 3-11A). 

Then the negative regulator of ABA signaling, ABI2 (Merlot et al., 2001), was co-transfected into the 

transient expression system. The over-expression of ABI2 significantly inhibited the activation of ABA-

dependent reporter genes by ABA in protoplasts of ahr11 (14-fold) as well as in protoplasts of Col-0 

(4-fold) (Figure 3-11B). These results indicate that ahr11 is hypersensitive to exogenous ABA at the 

gene expression level, which confirms the previous results from luciferase activity imaging of ahr11 

seedlings (Figure 3-1B). 
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Figure 3-11: The ahr11 mutant allele confers ABA-hypersensitivity to Arabidopsis protoplasts 

(A) Induction of the pRD29B::LUC reporter by different concentrations of ABA in protoplasts. The 
pRD29B::LUC plasmid (#3041; 4 µg) was co-transfected with p35S::GUS plasmid (#883; 2 μg) into protoplasts 
of ahr11 (black) and Col-0 (white) which were then incubated for 16 h in the presence of different 
concentrations of ABA. The normalized luciferase activities of ahr11 and Col-0 protoplasts in absence of 
exogenous ABA was taken as a reference and set to 1 (ahr11: 1.26 x 104 RLU/RFU; Col-0: 1.00 x 104 RLU/RFU). 
(B) The effect of co-expression of ABI2 on the ABA-responsiveness of ahr11 (black) and Col-0 (white) 
protoplasts. The effector plasmid DNA p35S::ABI2 (#1110; 4 µg) or control vector (Con., #1337; 4 µg), were 
co-transfected with pRD29B::LUC (#3041) and p35S::GUS (#883) into protoplasts which were then incubated 
with or without 10 μM ABA for 16 h. The normalized luciferase activities of ahr11 and Col-0 protoplasts 
transfected with empty vector DNA in absence of ABA were 3.4 x 104 RLU/RFU and 1.2 x 104 RLU/RFU, 
respectively. (C) The effect of co-expression of wild type AHR11 and mutated protein Δahr11 on the ABA-
responsiveness of ahr11 (black) and Col-0 (white) protoplasts. As description in (B), the effector plasmids 
p35SS1::AHR11 (#4463), p35SS1::Δahr11 (#4464) or control vector (#1337), were co-transfected. The 
normalized luciferase activities of Col-0 protoplasts transfected with empty vector DNA in absence of 
exogenous ABA was taken as a reference and set to 1 (1.75 x 104 RLU/RFU). (D) The dose-dependent inhibition 
of ABA response by wild type AHR11 in wild type Col-0 protoplasts. The indicated set of effector plasmids 
p35SS1::AHR11 (#4463) and control vector (#1337) was co-transfected with pRD29B::LUC (#2041) and 
p35S::GUS (#883) into Col-0 (white) protoplasts, which were then incubated with 3μM ABA for 16 h. The 
normalized luciferase activity of Col-0 protoplasts transfected with empty vector DNA in absence of 
exogenous ABA was taken as a reference and set to 1 (0.6 x 104 RLU/RFU). Data are means ± SE (n = 3). The 
experiments were repeated twice with similar results. 
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To complement the ABA-hypersensitivity of ahr11 in protoplasts, the full-length coding sequence of 

At5g13590 (AHR11), as well as the N-terminal truncated coding sequence (Δahr11) which encoded 

the same protein length present in the ahr11 mutant, was cloned from the cDNA of Col-0 and inserted 

into the construct pSK-35SS1. The transient ectopic expression of the wild type AHR11 efficaciously 

decreased the ABA-activated hyper luciferase activity in ahr11 protoplasts by 67% at 10 µM ABA while 

only a minor effect was seen in Col-0 (decrease by 13%) (Figure 3-11C). Additionally, in the presence 

of 3 µM ABA, 10 µg p35SS1::AHR11 plasmid DNA repressed the luciferase activity by a factor of 3.6 

(Figure 3-11D). Thus, the inhibition of ABA-induced luciferase activity by wild type AHR11 displayed a 

dose-dependent manner in Col-0 protoplasts. By contrast, expression of the truncated protein Δahr11 

only marginally affected ABA-dependent luciferase activity in ahr11 (increase by 14%), whereas the 

Δahr11 increased the ABA-reporter response of Col-0 protoplasts to 10 µM ABA by about 100% (Figure 

3-11C).  

These results illustrate that the protein AHR11 encoded by the candidate gene At5g13590 may 

complement the ABA-hypersensitivity of ahr11 in protoplasts, and the wild type AHR11 negatively 

regulates the ABA-induced gene expression. 

3.3.2 Ectopic expression in plants 

To further confirm the function of AHR11 in vivo, transgenic plants were generated. Before the cloning 

of AHR11, an intermediate vector pSK-35SS1::gAHR11-3UTR was constructed by inserting a genomic 

fragment (gAHR11-3’UTR) into vector pSK-35SS1. Then a 6 kb genomic DNA fragment containing parts 

of AHR11 was isolated by restriction digest of BAC clone MSH12 (#4616) containing the AHR11 gene 

(XmaI and BamHI), and cloned into the intermediate vector pSK-35SS1::gAHR11-3UTR to form a new 

construct containing complete genomic fragment of At5g13590 (about 8 kb; pAHR11::AHR11, #5345), 

which included 2 kb of the promoter region, 5’-UTR, coding region and 3’-UTR. Afterwards, this 

fragment was subcloned into the binary vector pGreen II 1079-AscI/NotI-hygro (#5236; pGII-hygro for 

short; modified from binary vector pGreenII1079, http://www.pgreen.ac.uk), and the resulting pGII-

hygro-pAHR11::AHR11 construct (#5348) was introduced into ahr11 and pATHB6::LUC lines via 

agrobacterium-mediated transformation. In parallel, the enhanced GFP (eGFP) gene was fused to the 

C-terminate of AHR11 to generate the construct pGII-hygro-pAHR11::AHR11-eGFP (#5349) which was 

subsequently transformed into ahr11 and pATHB6::LUC lines respectively.  

T1 transgenic plants were selected according to the hygromycin resistance marker and by subsequent 

PCR. Hygromycin-resistant T2 plants with a segregation ratio of approximately 1:3 (death: survival) 

were selected as transgenic plants with single copy of insertional fragment and transferred into soil 

for further T3 homozygous stable transformants screening (Table 3-3).  
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Table 3-3: The transgenic plants isolation and identification 

 

The binary constructs pGII-hygro-pAHR11::AHR11 (#5348), pGII-hygro-pAHR11::AHR11-eGFP (#5349) and 
pGII-hygro (#5347) were respectively introduced into ahr11 and pATHB6::LUC lines via agrobacterium-
mediated transformation. The first column indicates the name of transformants in this work. The second and 
the third columns point out the recipient plants and insertional DNA fragments of the transformation 
respectively. T1 transfomants have one copy of inserted T-DNA. T2 plants were selected according to the 
Mendelian Law of segregation to generate homozygous T3 progenies. 

Three homozygous T3 transgenic lines each representing an independent primary transformation 

event were selected for further analysis. The ABA-dependent pATHB6::LUC reporter response of these 

transgenic lines was then analyzed by in vivo-imaging and compared to the responses in transgenic 

control lines WT emp and ahr11 emp, which were transformed with the empty binary construct pGII-

hygro (#5347) respectively. After 24 h exposed to water deficit stress (-0.6 MPa, mannitol) or 10 µM 

ABA, the intensity of light emission from ahr11 emp seedlings was more than 3 times of light emission 

from WT emp seedlings (Figure 3-12). The ahr11 transgenic lines transformed with the wild type 

AHR11 gene under control of its endogenous promoter pAHR11 (ahr11 pAHR11::AHR11) showed light 

emission intensities similar to the ones observed from WT emp seedlings (Figure 3-12A, B and G). It 

indicates that the wild type AHR11 complements the ABA-hypersensitive phenotype of ahr11 mutant. 
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Figure 3-12: ABA-dependent luciferase activity in response to water deficit stress and ABA of transgenic 
ahr11 mutant and wild type pAtHB6::LUC 

The stress treatments to seedlings, as well as the luciferase activity detection and calculation were performed 
as indicated in the Figure 3-1 legend. Values are means ± SE (n = 20). (A) and (B) ABA-reporter responses to 
water deficit stress (-0.6 MPa, mannitol) and 10 µM ABA of the independent ahr11 transgenic lines (ahr11 
pAHR11::AHR11: F1, D1, and B2) transformed with the wild type AHR11 under control of its endogenous 
promoter pAHR11, and of the transgenic reference lines WT emp and ahr11 emp. (C) and (D) ABA-reporter 
responses to water deficit stress and ABA of the independent wild type transgenic lines (WT pAHR11::AHR11: 
B3, C3, and D4) transformed with the wild type AHR11 under control of its own promoter pAHR11, and of the 
transgenic reference line WT emp.  
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Figure 3-12: ABA-dependent luciferase activity in response to water deficit stress and ABA of transgenic 
ahr11 mutant and wild type pAtHB6::LUC (continued) 

(E) and (F) ABA-reporter responses to water deficit stress and ABA of the independent ahr11 transgenic lines 
(ahr11 pAHR11::AHR11-eGFP: A5 and B5 ), of the wild type transgenic lines (WT pAHR11::AHR11-eGFP: 4A8 
and 4G8) transformed with the wild type AHR11 fused to eGFP under control of its endogenous promoter 
pAHR11, and of the reference lines WT emp andahr11 emp. (G) False-color images of typical response from 
A-F. The color scale for the relative light units (CCD-RLUx104) is provided. 

In contrast, expressing a fusion protein between AHR11 and eGFP under control of its endogenous 

promoter (pAHR11::AHR11-eGFP) in ahr11 did not complement the ahr11 phenotype (Figure 3-12E, 

F and G). Moreover, expressing pAHR11::AHR11 in pAtHB6::LUC (WT pAHR11::AHR11) reduced the 

ABA-dependent responses of the wild type reporter lines compatible with a function of AHR11 as a 

negative regulator in ABA signaling (Figure 3-12C, D and G). With the eGFP fused C-terminally to 

AHR11, this effect was lost in WT pAHR11::AHR11-eGFP transgenic plants (Figure 3-12D, E and G). 
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The most striking morphological property of mutant ahr11 is that ahr11 has shorter diameter of leave 

rosette than pATHB6::LUC (described in detail in section 3.4.7). When plants were grown in long-day 

condition for 3 weeks, the transgenic reference lines ahr11 emp and WT emp displayed the similar 

morphological phenotypes as their original recipients respectively (Figure 3-13A-B and E-F). These 

indicate that the transformation of binary construct pGII-hygro has no influence on plant morphology. 

Compared to the original mutant ahr11 and transgenic reference line ahr11 emp, the transgenic ahr11 

plants harboring wild type AHR11 gene under control of its endogenous promoter (ahr11 

pAHR11::AHR11) significantly enlarged their size of leaf rosettes and were similar to wild type 

pATHB6::LUC and WT emp reference line (Figure 3-13C). The eGFP fused AHR11 is not effective in 

both ahr11 and WT (Figure 3-13 D and H).  

 

Figure 3-13: Morphological phenotype of transgenic ahr11 mutant and wild type pAtHB6::LUC  

The 21-day-old plants were grown in long-day conditions (16 h light/8 h dark) side by side. The photographs 
were taken with a digital camera (Canon G10, Canon, Japan) controlled by a software (Canon Utilities Remote 
Capture DC ver. 3.1.0.5). The Scale bar = 20 mm. (A) Original mutant ahr11. (B) Transgenic reference ahr11 
emp. (C) Independent transformants of ahr11 pAHR11::AHR11. (D) Independent transformants of ahr11 
pAHR11::AHR11-eGFP. (E) Wild type (pATHB6::LUC). (F) Transgenic reference WT emp. (G) Independent 
transformants of WT pAHR11::AHR11. (D) Independent transformants of WT pAHR11::AHR11-eGFP.  

3.3.3 T-DNA knockout mutants of candidate gene 

Two of homozygous T-DNA knockout lines of AHR11, Δ476 (GK-476H03) and N804 (SAIL_88_D02), 

were selected and analysis for homozygous gene knockout by using appropriate primer combinations 

(Figure 3-14A-C). As shown in Figure 3-14B and C, Δ476#1 and #2, as well as N804#3, represent 

homozygous T-DNA insertion for the respective T-DNA mutants. The homozygous T-DNA knockout 

mutants Δ476 and N804 were crossed to pATHB6::LUC ABA-reporter line to introduce the ABA-

reporter construct into T-DNA knockout mutants. The T-DNA knockout lines homozygous for both the 

respective T-DNA insertion and the ABA-reporter construct were selected for further analysis. Both 

RT-PCR (Figure 3-14D) and quantitive Real-Time PCR (Figure 3-14E) analyses of AHR11 expression in 

two T-DNA knockout mutants, ahr11 mutant and wild type pATHB6::LUC indicate that the insertional 

T-DNAs successfully knockdown the expression of AHR11. 
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Figure 3-14: Selection and characterization of AHR11 homozygous T-DNA knockout mutants 

(A) Schematic representation of the AHR11 T-DNA knockout mutants. Positions of the primers used for 
genetic characterization of T-DNA knockout mutants are indicated. Scale bar = 500 bp. (B) Genetic 
characterization of T-DNA knockout mutant Δ476 (GK-476H03). Typical fragment pattern obtained from PCR 
analysis using primer combinations of ctAHR11-f (#1923), AHR11-r1 (#1924) and GK-08409 (#225). (C) Genetic 
characterization of T-DNA knockout mutant N804 (SAIL_88_D02). Typical fragment pattern was obtained 
from PCR analysis using primer combinations of AHR11-f2 (#1925), AHR11-r2 (#1926) and LB3 (#289). (D) The 
expression level of AHR11 analyzed using RT-PCR in T-DNA knockout mutants Δ476 and N804. Total RNA was 
isolated from shoots of 4-day-old seedlings. The RT-PCR reaction AHR11-1 was performed using primer 
combination of AHR11-f1 (#1922) and AHR11-r1 (#1924) to analysis the AHR11 expression in Δ476, and the 
RT-PCR reaction AHR11-2 was accomplished using primer combination of AHR11-f2 (#1925) and AHR11-C-r 
(#1946) to analyze the AHR11 expression in N804. Actin (At2g37620) was amplified using primers Actin-f 
(#108) and Actin-r (#109) as a reference shown at the bottom. (E) The relative expression level of AHR11 
analyzed using Real-Time PCR in T-DNA knockout mutants Δ476 and N804. Real-time PCR qAHR11-1 was 
performed using primer combination of AHR11-qPCR1-f (AHR11-f2) and AHR11-qPCR1-r (AHR11-r1), and 
Real-time PCR qAHR11-2 was performed using primer combination of AHR11-qPCR2-f and AHR11-qPCR2-r. 
The expression of housekeeping gene UBC9 (At4g27960) was used as a reference. The relative expression 
level of AHR11 in WT samples was set to 1. Two biological replicates and three technique replicates were 
used for each line.  

Homozygous T-DNA knockout mutants Δ476 and N804 harboring pATHB6::LUC ABA-reporter 

construct were exposed to exogenously applied ABA (10 µM) and to water deficit stress (-0.6 MPa, 

mannitol), respectively. The seedlings were classified according to their ABA-induced light emission 

intensity. More than 95% of seedlings of two T-DNA knockout mutants Δ476 and N804 showed much 

stronger response to exogenous ABA compared to the pATHB6::LUC reporter line and were similar to 
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ahr11 mutant (Figure 3-15A). However, the water-deficit-stress-induced ABA-reporter response was 

less pronounced in Δ476. Exposing to -0.6 MPa mannitol water potential, 42.2% of Δ476 seedlings and 

22.5% of N804 seedlings displayed weak ABA-dependent light emission and were in the range of 0-30 

CCD-RLUx104 where all pATHB6::LUC seedlings and 8.5% of ahr11 seedlings were located (Figure 3-

15B). These findings demonstrate that the disruption of At5g13590 leads to hypersensitive 

pAtHB6::LUC ABA-reporter response as seen in ahr11. 

 

Figure 3-15: The ABA-induced and water-deficit-induced activation of the ABA-reporter in AHR11 T-DNA 
knockout mutants harboring the pATHB6::LUC ABA-reporter construct  

4-day-old seedlings of ahr11 (black square), Δ476 (black triangle), N804 (black round) and pATHB6::LUC 
(white square) were exposed to 10 µM ABA or to water deficit stress (-0.6 MPa, mannitol) for 24 h. The 
detection and calculation of ABA-dependent luciferase activity of seedlings were performed as indicated in 
the Figure 3-1 legend. (A) The distribution of light emission of seedlings treated by ABA. Class interval = 10 
CCD-RLUx104; n = 100. (B) The distribution of ABA-dependent light emission of seedlings under water deficit 
stress. Class interval = 30 CCD-RLUx104; n = 200. 

Subsequently, the ABA reporter construct pRD29B::LUC (#3041) was transiently expressed in the 

protoplasts of Δ476 and N804. After incubation with exogenous ABA, the ABA reporter in T-DNA 

knockout mutant protoplasts showed hypersensitive induction as in ahr11 (Figure 3-16). The co-

expression of the wild type AHR11 successfully suppressed the ABA reporter induction, whereas the 

mutated protein Δahr11 had almost no effect (Figure 3-16). Accordingly, induction of ABA-dependent 

gene expression in the At5g13590 T-DNA knockout mutants is hypersensitive to exogenous ABA and 

AHR11 is negative regulator of ABA-induced gene expression. 
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Figure 3-16: Protoplasts of AHR11 T-DNA knockout mutants show ABA-hypersensitivity which is 
complemented by the wild type allele 

4 µg of p35SS1::AHR11 (#4463), p35SS1::Δahr11 (#4464) or control vector (Con., #1337), were co-transfected 
with 4 µg of pRD29B::LUC (#3041) and 2 µg of p35S::GUS (#883) into protoplasts which were then incubated 
with or without 10 μM ABA for 16 h. (A) The effect of co-expression of wild type protein (AHR11) and mutated 
protein (Δahr11) on induction of the pRD29B::LUC reporter by 10 µM ABA in protoplasts of Col-0 (white), 
ahr11 (black) and Δ476 (red) with the normalized reporter response (LUC/GUS) of Col-0 in absence of 
exogenous ABA taken as a reference (1.75 x 104 RLU/RFU). (B) The effect of co-expression of wild type protein 
AHR11 and mutated protein Δahr11 on induction of the pRD29B::LUC reporter by 10 µM ABA in protoplasts  
of Col-0 (white), ahr11 (black), and N804 (green)  with the normalized reporter response (LUC/GUS) of Col-0 
in absence of exogenous ABA taken as a reference (1.3 x 104 RLU/RFU). Values which are indicated above the 
columns are means ± SE (n = 3). The experiments were repeated three times to generate similar results. 

3.4 Physiological analyses of ahr11 

The stress phytohormone ABA plays a pivotal role in regulating plant responses to the abiotic stresses 

including drought, high osmolarity and low temperature but also regulates plant growth and 

development in the absence of stress (Himmelbach et al., 2003, Christmann et al., 2006, Raghavendra 

et al., 2010, Finkelstein, 2013). The ahr11 has been identified as a mutant that shows a hypersensitive 

ABA reporter response when exposed to water deficit stress in this work. However, this does not 

necessarily mean that all ABA-regulated physiological processes are affected in this mutant. Therefore, 

the ABA sensitivity and water deficit resistance in ahr11 of different physiological processes such as 

stomatal closure, dormancy, germination, post-germination development, root growth, and flowering 

was tested and compared to pAtHB6::LUC.  

3.4.1 Transpiration and leaf temperature under well-watered condition 

The stomata aperture determines the transpiration rate from the leaf surface. Since transpiration has 

a cooling effect, leaf temperature provides a robust indicator of transpiration and reflects phenotypes 

with altered stomatal behavior (Merlot et al., 2002). Therefore, the transpiration and leaf 
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temperature of ahr11 were respectively detected using a gas exchange measuring system (GFS-3000, 

Heinz Walz) and a thermographic system (VarioCAM high resolution head, InfraTec). Under long-day 

and well-watered conditions (VWC = 80%), ahr11 kept a high transpiration rate during day and night 

(Figure 3-17). Correspondingly, the thermal imaging of ahr11 and pATHB6::LUC displayed a 

constitutively cool leaf phenotype of ahr11 plants with leaf temperature being significantly 1°C lower 

than leaf temperature of pAtHB6::LUC (Figure 3-18). 

 

Figure 3-17: Enhanced transpiration rate of ahr11 under well-watered conditions 

Arabidopsis plants of ahr11 (square) and pATHB6::LUC (cross) were grown under long-day conditions. The 
volumetric water content (VWC) of each pot was maintained to 80% by adding additional water every day. 
The entire aerial portion of 3- to 4-week-old plant was sealed off into a custom designed gas exchange cuvette 
(ring-chamber, Heinz Walz, Germany). And the long-term transpiration was measured continuously for 24 h 
using a gas exchange fluorescence system (GFS-3000, Heiz Walz). The plant growth, as well as transpiration 
measurements, was performed in well-watered and long-day conditions, with cuvette parameters H2O: 
12000 ppm, CO2: 380 ppm, PPFD: 190 µmol m-2s-1, T: 28.5°C (light) and 22°C (night).   
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Figure 3-18: Comparison of leaf temperature of ahr11 and pAtHB6::LUC under well-watered conditions 

Three-week-old Arabidopsis plants were grown under the same well-watered and long-day conditions 
indicated in Figure 3-17 legend. The thermal images were captured using a thermographic system (VarioCAM 
high resolution head, InfraTec). (A) False-color thermal image of ahr11 and pAtHB6::LUC plants. (B) 

Quantitative analysis of leaf surface temperature. Data are means ± SE (n = 6). For each plant,  10 measuring 
points of leaf surface were used. The data were subjected to one-way ANOVA via SPSS 16.0. The bars with 
similar letters are not significantly different (P > 0.05). 

3.4.2 Water loss of detached shoots 

To evaluate the low water potential response, water loss of detached shoots or leaves is the easiest 

experiment (Himmelbach et al., 2002). Subsequently, the whole leaf rosette of ahr11 was separated 

from the root and the decline in fresh weight over time was measured. In such experiments, the 

detached shoots of ahr11 lost more water than pATHB6::LUC (Figure 3-19). And after a period of 2 h, 

their fresh weight had declined by 31% while pAtHB6::LUC shoots had lost 23% of the initial fresh 

weight.  
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Figure 3-19: Enhanced water loss of detached ahr11 shoots 

The entire rosettes of 3- to 4-week-old plants from ahr11 (black) and pATHB6::LUC (white) were separated 
from the root and the decline of the fresh weight over time was measured at ambient conditions. Data are 
mean values ± SE (n = 3). 

3.4.3 Stomatal closure and ABA 

Balancing CO2 uptake, which is enhanced by light to boost photosynthesis, and water loss by 

transpiration is the central function of stomata. Stomatal closure is the earliest water deficit stress 

response to preserve tissue water potential (Schroeder et al., 2001, Roelfsema and Hedrich, 2005, 

Verslues et al., 2006, Verslues and Juenger, 2011). On a cellular level, redistribution and enhanced 

biosynthesis of ABA increases Ca2+ concentration in guard cells, inhibits inward-rectifying K+ channels 

and activates both S-type and R-type anion channels (MacRobbie, 1998, Schroeder et al., 2001, Kim 

et al., 2010b, Wang et al., 2011, Joshi-Saha et al., 2011b). Activation of anion channels depolarizes the 

guard cell plasma membrane which induces a massive loss of cellular K+ via outwardly-rectifying K+ 

channels followed by a movement of water out of the cell. The concomitant turgor decline then results 

in stomatal closure. In this work, the stomatal closure triggered by water deficit or ABA was analyzed 

by using two methods such as root-inflicted treatment and detached-rosette-leaf-fed treatment. 
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Figure 3-20: The stomatal response of ahr11 to root-inflicted water deficit and ABA 

The 5-day-old seedlings were exposed to MS0.5xsuc medium supplemented with mannitol to adjust medium 
water potential or with ABA for 24 h. Then the stomata of the abaxial cotyledon surface were directly 
observed under a microscope. The ratio of width/length of stomatal pore is employed as the functional 
parameter to reflect stomatal responses to certain treatments. For each condition, more than 100 stomata 
from 5 seedlings were observed. Data were subjected to one-way ANOVA via SPSS 16.0 (** P < 0.01; * P < 
0.05), and normalized by the stomata aperture values of ahr11 and pATHB6::LUC seedlings at control 
condition. (A) The cotyledon stomatal response of ahr11 (black) and pATHB6::LUC (white) to root-inflicted 
water deficit stress. Under the control condition (MS0.5xSuc medium, without mannitol), the stomatal aperture 
of ahr11 and pATHB6::LUC were 0.52 ± 0.05 and 0.48 ± 0.05, respectively. (B) The cotyledon stomatal 
response of ahr11 (black) and pATHB6::LUC (white) to ABA. Under the control condition (MS0.5xSuc medium, 
without ABA), the stomatal aperture values of ahr11 and pATHB6::LUC were 0.47 ± 0.01 and 0.43 ± 0.02, 
respectively.  

The root-inflicted water deficit has been shown to be sufficient to induce ABA biosynthesis in the 

shoot and to trigger stomatal closure of Arabidopsis (Christmann et al., 2007). Therefore roots of 5-

day-old seedlings of ahr11 and pATHB6::LUC were exposed to water deficit stress or exogenous ABA 

on solid agar medium, and the stomata of the abaxial cotyledon surface were observed under a 

microscope. The stomata of water-deficit-stressed seedlings of pATHB6::LUC were completely closed 

when the mannitol water potential in the medium was lower than -0.6 MPa, which accorded with the 

previous reports (Christmann et al., 2007), whereas the stomatal closure was attenuated in stressed 

seedlings of ahr11 (Figure 3-20A). However, in the presence of ABA, the stomata of ahr11 closed 

similarly as the pATHB6::LUC line. Meanwhile, ABA sensitivity of ahr11 was significant less efficient (P 

< 0.05) at three ABA concentration conditions (Figure 3-20B). These results indicate that the stomatal 

response of ahr11 seedlings is insensitive to water deficit under the experimental condition, and that 

the exogenous ABA rescues the stomatal closure of ahr11. 

The ABA-dependent stomatal closure of ahr11 was further tested using detached rosette leaves 

exposed to ABA in an incubation solution on which the leaves floated prior measurement of stomatal 

aperture. The stomata of both ahr11 and pATHB6::LUC were opened by light (150 µmol m-2 s-1, 2 h; 
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Figure 3-21A). Exogenous ABA efficiently triggered the stomatal closure of ahr11 and pATHB6::LUC 

with stomata of ahr11 responding abit, but significantly more sensitively to ABA than the pATHB6::LUC 

(p < 0.01; Figure 3-21B). Because partial stomatal closure in response to exogenous ABA was observed 

4-10 min after ABA application (Siegel et al., 2009), the kinetics of stomatal closure of ahr11 and 

pAHB6::LUC were studied in response to 10 µM ABA (Figure 3-21C). 5 min after ABA addition, a 

significant reduction in stomatal aperture of ahr11 had occurred and after 20 min, an aperture was 

found which remained more or less constant until the end of the experiment (aperture 180 min: 0.29 

± 0.02, n = 30). In contrast, stomata of pATHB6::LUC responded more slowly and the lowest aperture 

was observed at 180 min after exposure to ABA (aperture 180 min: 0.44 ± 0.02, n = 28). 

Ca2+ influx is important for stomatal closure in response to ABA and the removal of extracellular Ca2+ 

inhibits the ABA-induced stomatal closure via the repression of [Ca2+]i oscillation (Klusener et al., 2002, 

Siegel et al., 2009). Therefore, the rosette leaves of ahr11 and pAtHB6::LUC were exposed to 10 µM 

ABA under high [Ca2+] (0.1 mM free Ca2+, buffered by EGTA) and low [Ca2+] (0 mM free [Ca2+], buffered 

by EGTA) conditions (Figure 3-21D). After 5 min exposure to indicated treatments, only minute 

responses (P > 0.05) were found in pAtHB6::LUC stomata exposure to ABA both in high and low [Ca2+] 

buffer, whereas in the presence of ABA in high [Ca2+] buffer (‘Ca2+ + ABA’) the stomatal apertures of 

ahr11 were reduced to 65.3 ± 3.8% of the stomata under control condition, while, in low [Ca2+] buffer, 

the ABA-induced stomatal closure was attenuated in ahr11 and stomatal apertures were reduced to 

83.4 ± 3.2%.  

Taken together, these results indicate that the stomata on cotyledons of ahr11 are insensitive to root-

inflicted water deficit, but the cotyledon stomata of ahr11 respond similarly to exogenous ABA as wild 

type at long time exposure (24 h; Figure 3-20B). While the closely kinetics of leaf stomata from ahr11 

are more rapid respond to exogenous ABA than wild type stomata, which is promoted by the presence 

of Ca2+.  
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Figure 3-21: Hypersensitive and rapid response to exogenous ABA of detached rosette leaf stomatal closure 
of ahr11 

(A)-(C) Rosette leaves cut from 3-week-old plants of ahr11 (black) and pATHB6::LUC (white) were exposed to 
light (150 µmol m−2 s−1) for 2 h floating on incubation solution (KCl 10 mM, CaCl2 0.2  mM, EGTA 0.1 mM and 
MES-KOH 10 mM; pH6.15) to open stomata. Then, the incubation solution was replaced by fresh incubation 
solution supplemented with ABA as indicated and the leaves were exposed to ABA under the same condition. 
For each condition, about 30 stomata from 2 independent leaves were observed. Data were subjected to 
one-way ANOVA via SPSS 16.0 (** P < 0.01; * P < 0.05), and normalized by the stomatal aperture values 
(Width/Length) at control condition. (A) Aperture of stomata exposed to different concentrations of 
exogenous ABA for 2 h. Scale bar = 5 µm. (B) The stomatal response to exogenous ABA for 2 h. Under the 
control condition (incubation solution, without ABA), the stomatal aperture of ahr11 and pATHB6::LUC were 
0.48 ± 0.01 and 0.55 ± 0.02, respectively. (C) Closely kinetics of stomatal response to 10 µM ABA. Under the 
control condition (incubation solution, without ABA), the stomatal aperture of ahr11 and pATHB6::LUC were 
0.57 ± 0.01 and 0.61 ± 0.01, respectively. (D) Ca2+-dependency of the rapid response of ahr11 stomata to ABA. 
The ‘Ca2+’ refers to experiments with 0.1 mM Ca2+ buffered by EGTA in the incubation solution (KCl 10 mM, 
CaCl2 0.2 mM, EGTA 0.1 mM and MES-KOH 10 mM; pH6.15). The ‘EGTA’ means experiments with free Ca2+-
incubation solution where the Ca2+ was chelated by EGTA (KCl 10 mM, EGTA 0.1 mM and MES-KOH 10 mM; 
pH6.15). The stomatal aperture was measured after exposure to buffer with (‘+ABA’) or without 10 µM ABA 
(‘-ABA’) for 5 min. under the control condition (free Ca2+-incubation solution, without ABA), the stomatal 
aperture of ahr11 and pATHB6::LUC were 0.52 ± 0.02 and 0.56 ± 0.01, respectively. The bars with similar 
letters are not significantly different (P > 0.05) according to Least-significant difference (LSD). 
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3.4.4 Seed dormancy 

Seed dormancy is defined as a status where a viable seed cannot germinate under favorable 

conditions (Finch-Savage and Leubner-Metzger, 2006, Holdsworth et al., 2008, Bentsink and 

Koornneef, 2008). ABA produced by the seed during the maturing process induces seed dormancy. 

The dormancy maintenance of mature seeds during imbibing requires de novo ABA biosynthesis (Ali-

Rachedi et al., 2004, Lee et al., 2010). Cold stratification in the dark is a routinely employed efficient 

method to abolish seed dormancy in the lab.  

 

Figure 3-22: The seeds of ahr11 show an extended dormancy  

Germination rates of imbibed seeds of ahr11 (black) and pATHB6::LUC (white) incubated in culture room (60 
µmol m-2s-1, 22°C) at different storage time points after seed harvest. Seeds were stored dry between the day 
of harvest and imbibition. Dotted lines indicate the DSDS50 value, which is defined as the days of seed dry 
storage (DSDS) required reaching a 50% germination rate. For ahr11, the mean germination ratios (± SE) were 
calculated from 8 independent seed batches, while 6 seed batches were used for pATHB6::LUC. 

Seed dormancy of ahr11 and pATHB6::LUC was analyzed by characterizing their respective 

germination rates at different time points after harvest. Germination of imbibed seeds incubated 

under continuous illumination (60 µmol m-2s-1, 22°C) was evaluated in weekly storage intervals until 

all of seeds had germinated, starting at the harvest date (Figure 3-22). Of freshly harvested seeds 31.6 

± 4.5% of pATHB6::LUC germinated after 7 days incubation, whereas only 11.8 ± 1.8% of ahr11 seeds 

germinated. The Days of Seed Dry Storage (DSDS, after ripening) required reaching a 50% germination 

rate (DSDS50) was estimated as a parameter of seed dormancy (Alonso-Blanco et al., 2003). The DSDS50 

value is influenced by the timing of growth during the growing season and by environmental effects 

on the mother plants. Thus, for evaluation of DSDS50, all seed batches must be harvested at the same 

time from plants grown side by side. After 4 weeks of dry storage, about 95.2 ± 1.4% of imbibed 

pATHB6::LUC seeds germinated, whereas the germination rate of ahr11 reached to 95.3 ± 0.8% after 

8 weeks of storage. Accordingly, the DSDS50 value of ahr11 was about 7 folds of pATHB6::LUC, being 
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approximately 21 days and 3 days respectively, in this experiment. Therefore, ahr11 seeds are much 

more dormant than pATHB6::LUC seeds. 

3.4.5 Seed Germination 

Germination is defined as the visible emergence of the radicle through surrounding structures (Finch-

Savage and Leubner-Metzger, 2006). In Arabidopsis, this is a two-stage process with testa rupture 

followed by endosperm rupture. Germination is controlled by environmental factors such as light, 

temperature and water status, as well as by the balance between GA and ABA, in which GA promotes 

seed germination by enhancing degradation of DELLA proteins to favour testa rupture, whereas ABA 

has an antagonistic effect and inhibits germination via the transcriptional regulators ABI3 and ABI5 

which repress endosperm rupture.  

 

Figure 3-23: Water deficit stress and exogenous ABA inhibit germination of ahr11 and pAtHB6::LUC seeds 
to a similar extent 

Seeds were sown on MS0.5xsuc medium supplemented with mannitol to modulate low water potential as 
indicated or with ABA, and were stratified at 4°C in the dark for 2 days. The number of germinated seeds was 
counted on the 2nd day after transfer to culture room (22°C, light: 60 µmol m-2s-1, constantly). Seeds were 
scored as germinated when the radicle had visibly emerged through the ruptured testa. Data are means ± SE 
(n = 2). Three independent experiments are performed to generate similar results. (A) Inhibition of 
germination of ahr11 (black) and pATHB6::LUC (white) seeds by water deficit stress in the medium. The 
germination rate of ahr11 and pATHB6::LUC under control condition (80.8 ± 0.5% and 99.5 ± 0.5%, 
respectively) was taken as a reference and set to 100%. (B) Inhibition of germination of ahr11 and 
pATHB6::LUC seeds by exogenous ABA. The germination rate of ahr11 and pATHB6::LUC under control 
condition (75.4 ± 1.1% and 99.3 ± 0.7%, respectively) was taken as a reference and set to 100%. 

Reduced water availability and exogenous ABA were tested for their effects on germination of 

imbibed ahr11 seeds. Under control condition of water deficit stress (MS0.5xSuc without mannitol), 80.8 

± 0.5% of ahr11 seeds germinated after 2 days transferred to culture room (22°C, light: 60 µmol m-2s-

1, constantly), and 99.5 ± 0.5% of pATHB6::LUC seeds germinated (Figure 3-23A), while under control 

condition of ABA response (MS0.5xSuc without ABA), the germination rates of ahr11 and pATHB6::LUC 
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seeds were 75.4 ± 1.1% and 99.3 ± 0.7% respectively (Figure 3-23B). These differences could be due 

to enhanced dormancy of ahr11 seeds which is still manifest even after several weeks of post-harvest 

storage and stratification. The germination data were therefore modified for this dormancy effect by 

setting the germination rate under control conditions to 100%. Considering the relative germination 

rates, germination of ahr11 seeds turned out to be as sensitive to ABA and water deficit as wild type 

seeds, and in both lines, complete inhibition of germination occurred at -1.0 MPa mannitol water 

potential or 100 µM ABA. These findings indicate that the mutation of AHR11 does not alter the 

responses to water deficit stress and ABA during germination. 

3.4.6 Root growth  

Plants adjust root growth when soil water availability decreases. Under moderately water deficit, an 

increased ABA content in the roots prevents ethylene-induced growth inhibition and maintains root 

elongation supporting access to non-depleted water resources (Sauter et al., 2001, Sharp and LeNoble, 

2002, Sharp, 2002, Sharp et al., 2004, LeNoble et al., 2004, Wilkinson and Davies, 2009). To determine 

root growth under water deficit conditions, the 4-day-old seedlings of ahr11 and pATHB6::LUC were 

entirely exposed to low water potential medium for 3 days. The mild water deficit stress (-0.2 MPa, 

mannitol) promoted root growth of pATHB6::LUC seedlings, and an increasing limitation was observed 

under further reduced mannitol water potential (< -0.6 MPa). In contrast, the root growth of ahr11 

was not stimulated within the range of water potentials tested, and was strongly inhibited with 

decreasing water potential compared to pATHB6::LUC (Figure 3-24A). In the presence of increasing 

levels of ABA, a stimulation of primary root growth of both ahr11 and pAtHB6::LUC was observed with 

0.1 µM and 0.3 µM ABA, while high concentration of ABA (>1 µM) inhibited root growth to a similar 

degree in both lines (Figure 2-23B; P > 0.05). In summary, the primary root growth of ahr11 is 

hypersensitive to water deficit, but shows normal sensitivity to exogenous ABA.   
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Figure 3-24: Contrasting sensitivity of ahr11 root growth to water deficit stress and to exogenous ABA 

The 4-day-old seedlings were entirely exposed to MS0.5xsuc medium supplemented with mannitol to adjust 
medium water potential or with ABA, and then grown vertically in culture room (22°C, light constant) for 3 
days. Then the photographs were taken with a digital camera (Canon G10, Canon, Japan; camera control 
software: Canon Utilities Remote Capture DC ver. 3.1.0.5), and the root length was measured using an Image 
J software. The data presented are relative length of root growth (± SE; n = 25) normalized by the root length 
of seedlings grown under control conditions. Data were subjected to one-way ANOVA via SPSS 16.0 (** P < 
0.01; * P < 0.05). (A) Response of primary root growth of ahr11 (black) and pATHB6::LUC (white) to a decrease 
in substrate water potential. The root length of ahr11 and pATHB6::LUC grown under control condition were 
8.5 ± 0.4 mm and 7.6 ± 0.3 mm, respectively. (B) Response of primary root growth of ahr11 (black) and 
pATHB6::LUC (white) to exogenous ABA. The root length of ahr11 and pATHB6::LUC grown under control 
condition were 9.0 ± 0.5 mm and 8.4 ± 0.4 mm, respectively.  
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3.4.7 Developmental phenotypes of ahr11 

The premature translation stop of AHR11 in ahr11 leads to a series of phenotypic alternations, such 

as flowering time, number of rosette leaves, inflorescence morphology, chlorophyll content and leaf 

senescence.  

 

Figure 3-25: Development of ahr11 compared to pAtHB6::LUC 

(A) and (B) The rosette leaves of 28-day-old ahr11 mutant and pATHB6::LUC. (C) and (D) The 19-day-old plant 
of ahr11 mutant and pATHB6::LUC. (E) and (F) The inflorescence stem of ahr11 mutant and pATHB6::LUC. (G) 
and (H) The 34-day-old plant of ahr11 mutant and pATHB6::LUC. All plants were grown under long-day 
conditions. The photographs were taken with a digital camera (Canon G10, Canon, Japan; camera control 
software: Canon Utilities Remote Capture DC ver. 3.1.0.5). Scale bar = 20mm. 

The morphological phenotype of ahr11 and wild type pATHB6::LUC plants at different development 

stages are documented in Figure 3-25. At the same developmental stage, ahr11 has less rosette leaves 

(Figure 3-25A and B), as well as smaller plant size (Figure 3-25C and D) compared with pATHB6::LUC. 

During reproductive development, siliques of ahr11 were upright and almost attached to the 

inflorescence stem (Figure 3-25E), and inflorescences had a bushy appearance due to the weak apical 

dominance (Figure 3-25G). When plants were grown under long-day conditions, ahr11 was found to 

flower earlier than wild type pATHB6::LUC. Although in different trials slight variations were seen in 

the leaf number and plant size, the ahr11 constantly flowered about 2 days earlier than the 

pATHB6::LUC (Table 3-4).  
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Table 3-4: Early flowering time of ahr11 compared to wild type pATHB6::LUC 

 

Plants were grown in the same tray under long-day conditions (16 h light/8 h dark). a Age of plant when the 
first flower opened. b Number of rosette leaves when the first flower opened. c Length of main stem when 
the first flower opened. d Maximum rosette leaf length when the first flower opened. The values presented 
are mean ± SE (n = 30 in experiment I; n = 54 in experiment II). 

Leaf senescence is regarded as a highly plastic trait of plants, which can be induced by a range of 

different environmental factors including light, nutrient supply, CO2 concentration and abiotic and 

biotic stress. Usually the leaf senescence is characterized by a decline in chlorophyll content, the 

chlorophyll content in seedlings of ahr11 and pATHB6::LUC was therefore measured. The results 

showed that ahr11 contains less chlorophyll than pATHB6::LUC, which responds to the light green 

color phenotype of ahr11 (Figure 3-26). The leaf senescence processes of ahr11 was slight faster than 

wild type pATHB6::LUC when the plants were grown under long-day conditions. In contrast, under 

short-day conditions, leaf senescence was accelerated in ahr11 plants, but was not obviously in 

pATHB6::LUC plants, when plants were 35-day-old (Figure 3-27).  



Results 

110 

 

 

Figure 3-26: Chlorophyll content of ahr11 and pATHB6::LUC 

The pigments were extracted from 5-day-old seedlings with methanol, and light absorbance at certain wave 
lengths, according to Lichtenthaler (1987), was measured with a spectrophotometer to allow calculation of 
contents of chlorophyll a and b and of total carotinoids. Data are relative content of chlorophyll a + b to total 
carotinoids (n = 3). 

 

Figure 3-27: Enhanced senescence of ahr11 compared to pAtHB6::LUC 

(A) The 35-day-old plants of ahr11 mutant grown under short-day conditions. (B) The 35-day-old plants of 
pATHB6::LUC grown under short-day conditions. The photographs were taken with a digital camera (DSC-
W35, SONY, Japan). Scale bar = 20mm. 
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3.5 Physiological analyses of ahr11 mutant in aba2-1 and abi1-1 genome background 

3.5.1 Crosses of ahr11 to aba2-1 and abi1-1 mutants 

In order to further investigate the function of AHR11 in ABA signaling, homozygous ahr11 was crossed 

to the ABA-deficit mutant aba2-1 and to the ABA-insensitive mutant abi1-1 respectively. Meanwhile, 

the mutants aba2-1 and abi1-1 were crossed to pATHB6::LUC reporter line to obtain ABA-reporter 

construct. The homozygous double mutants ahr11/aba2-1 and ahr11/abi1-1, as well as mutants 

aba2-1/pATHB6::LUC and abi1-1/pATHB6::LUC, were selected by appropriate genotyping markers 

(see Appendix 5.3). 

3.5.2 Physiological analyses of double mutants ahr11/aba2-1 and ahr11/abi1-1 

Double mutants ahr11/aba2-1 and ahr11/abi1-1 were used to analyze the physiological responses to 

water deficit stress and exogenous ABA. With respect to ABA-induced stomatal closure and ABA-

inhibited root elongation, the double mutant ahr11/aba2-1 displayed insensitivity to water deficit 

stress and a normal sensitivity to ABA and was similar to single mutant aba2-1/pATHB6::LUC, while 

the double mutant ahr11/abi1-1 was insensitive to water deficit stress and exogenous ABA as a 

response manner of single mutant abi1-1/pATHB6::LUC. By contrast, specific physiological responses 

were observed from double mutant ahr11/abi1-1 during germination. 

The seeds of pATHB6::LUC, ahr11, aba2-1/pATHB6::LUC and abi1-1/pATHB6::LUC were employed as 

references in the germination assay of double mutants ahr11/aba2-1 and ahr11/abi1-1. As mentioned 

above, the ahr11 mutation does not alter the responses to water deficit stress and ABA during 

germination. The imbibed seeds of ahr11/aba2-1 double mutant were insensitive to low water 

potential as observed for the single mutant aba2-1/pATHB6::LUC (relative germination rate: 67.8 ± 

1.4% and 71.3 ± 3.2%, respectively, at -1.0 MPa, mannitol; Figure 3-28A), indicating that ABA 

biosynthesis is required for the inhibition effect of low water potential on seed germination. On the 

other hand, severe water deficit stress (-1.0 MPa, mannitol) was not only efficient to inhibit the seed 

germination of wild type pATHB6::LUC and ahr11 but also of the ABA-insensitive mutant abi1-

1/pATHB6::LUC, whereas the double mutant ahr11/abi1-1 was resistant to severe water deficit and 

maintained a high relative germination rate (65.7 ± 3.0% at -1.0 MPa, mannitol; Figure 3-28B). These 

findings imply that AHR11 and ABI1 additively inhibit seed germination under water deficit stress. 

When imbibed seeds were exposed to exogenous ABA, the double mutant ahr11/aba2-1 and single 

mutant aba2-1/pATHB6::LUC behaved like the wild type pATHB6::LUC with strong inhibition of 

germination occurring in the presence of 1 µM ABA (Figure 3-28C). On the other hand, both double 

mutant ahr11/abi1-1 and single mutant abi1-1/pATHB6::LUC were insensitive to ABA and maintained 

a high germination rate (92.4 ± 3.4% and 76.9 ± 8.0%, respectively, at 1 µM ABA; Figure 3-28D). 

Therefore, the ABA signaling pathway is functional in ahr11. However, when high ABA was applied, 

all of seed germinations were blocked. It implies that the mutated abi1-1 does not complete block the 

ABA signaling, but blunts the ABA response. 
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Figure 3-28: Response of germination of ABA-deficient aba2-1, ABA-insensitive abi1-1, as well as double 
mutants ahr11/aba2-1 and ahr11/abi1-1 to water deficit stress and ABA 

(A) Inhibition of germination of ahr11 (black square), pATHB6::LUC (white square), aba2-1/pATHB6::LUC 
(white triangle), and ahr11/aba2-1 (black triangle) by water deficit stress. Germination rates under the 
control condition (MS0.5xSuc, without mannitol): ahr11: 91.0 ± 5.1%, pATHB6::LUC: 93.1 ± 4.2%, aba2-
1/pATHB6::LUC: 76.1 ± 9.4%, and ahr11/aba2-1: 97.2 ± 1.1%. (B) Inhibition of germination of ahr11 (black 
square), pATHB6::LUC (white square), abi1-1/pATHB6::LUC (white round), and ahr11/abi1-1 (black round) by 
water deficit stress. Germination rates under the control condition: ahr11: 91.3 ± 0.3%, pATHB6::LUC: 95.2 ± 
3.4%, abi1-1/pATHB6::LUC: 81.8 ± 1.3%, and ahr11/abi1-1: 93.7 ± 2.2%. (C) Inhibition of germination of ahr11, 
pATHB6::LUC, aba2-1/pATHB6::LUC, and ahr11/aba2-1 by exogenous ABA. Germination rates under the 
control condition (MS0.5xSuc without ABA): ahr11: 89.6 ± 0.5%, pATHB6::LUC: 97.2 ± 0.7%, aba2-
1/pATHB6::LUC: 98.5 ± 1.5%, ahr11/aba2-1: 91.9 ± 3.9%. (D) Inhibition of germination of ahr11, pATHB6::LUC, 
abi1-1/pATHB6::LUC, and ahr11/abi1-1 by exogenous ABA. Germination rates under the control condition: 
ahr11: 86.4 ± 0.0%, pATHB6::LUC: 94.8 ± 3.9%, abi1-1/pATHB6::LUC: 87.5 ± 0.7%, and ahr11/abi1-1: 89.9 ± 
3.6%. The experiments and calculations were performed as indicated in the Figure 3-23 legend. 
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3.6 Functional analysis of AHR11 

3.6.1 Subcellular localization of wild type AHR11 and of truncated protein Δahr11  

The subcellular localization of AHR11 was investigated by transient expression in protoplasts. The 

enhanced green fluorescent protein gene (eGFP) was fused to the N-terminus of the coding sequence 

(CDS) of wild type AHR11 (eGFP::AHR11) and of the CDS of truncated protein Δahr11 (eGFP::Δahr11) 

with expression driven by the 35S promoter. When transiently expressed in Col-0 wild type 

protoplasts, the recombinant truncated protein eGFP::Δahr11 predominantly localized to the nucleus. 

However, when the construct 35S::eGFP::AHR11 was expressed in protoplasts, no obvious GFP signal 

could be detected (Figure 3-29).  

 

Figure 3-29: Subcellular localization of eGFP::AHR11 and eGFP::Δahr11 fusion protein in protoplasts 

The eGFP N-terminal fusion proteins (eGFP::AHR11 and eGFP::Δahr11) were expressed in Col-0 protoplasts 
and their localization observed using fluorescence microscopy (HBO 50 Axioskop, Carl Zeiss). The distribution 
of eGFP signal, eGFP protein is shown as a control. Blue = Excitation source of eGFP detection at 498 nm. BL 
= Bright light. Scale bar = 10 µM.  

3.6.2 ABA biosynthesis and distribution under water deficit 

Under water deficit stress, ABA is synthesized in the vasculature and subsequently transported into 

guard cells to trigger the stomata closure (Koiwai et al., 2004, Sirichandra et al., 2009b, Kim et al., 

2010b, Bauer et al., 2013). The ABA content of shoots of ahr11 was measured under root-inflicte d 

water deficit (-0.6 MPa, mannitol). Under non-stress conditions (MS0.5xSucmedium, 0 h and 24 h), the 
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ABA contents in the shoots of both ahr11 and pATHB6::LUC showed a basal level of about 20-40 ng/g 

FW (fresh weight). ABA was increased 4 to 5 folds in the water-deficit-stressed shoots of both lines 

(Figure 3-30A). Since NCED3 plays a crucial role in increased ABA formation in water deficit response, 

the transcripts of NCED3 were analyzed by quantitative real-time PCR in wild type and ahr11. Although 

the transcript abundances of NCED3 in ahr11 and wild type seedlings were strongly increased by water 

deficit stress (factor of 50 and 47, respectively, under 3 h water deficit stress), the difference between 

these two lines was insignificant (Figure 3-30B). These results suggest that regulation of the water-

deficit-induced ABA biosynthesis is similar in ahr11 and wild type pATHB6::LUC. In addition, ABA 

content of fresh seeds was analyzed. The fresh harvested seeds of ahr11 contains 491 ng/g FW ABA, 

which is higher than in wild type seeds (374 ng/g FW) (Figure 3-31). 

 

Figure 3-30: The ABA biosynthesis in ahr11 under water deficit is similar to wild type pATHB6::LUC 

5-day-old seedlings of ahr11 (black) and pATHB6::LUC (white) were stressed by root-inflicted water deficit (-
0.6 MPa, mannitol) for 3 h and 24 h respectively, and the samples under non-stress conditions (MS0.5xSuc, 0 h 
and 24 h) were employed as two controls. Shoot materials were collected for ABA quantification and total 
RNA isolation. (A) ABA content in shoots of ahr11 and pATHB6::LUC under water deficit stress. Gas 
chromatography mass spectrometry (GC-MS) analysis of ABA quantification was carried out by Prof. Dr. Jutta 
Ludwig-Müller from the Institut für Botanik of Technische Universität Dresden. Analysis was done with 2 
biological replicates and 3 technical replicates for each condition. Data are means ± SE (n = 2). (B) The 
transcriptional expression level of NCED3 in the shoots of ahr11 and pATHB6::LUC under water deficit stress. 
The transcriptional expression level of NCED3 was analyzed by quantitative real-time PCR (Bio-Red). And the 
expression level of the housekeeping gene UBC9 (At4g27960) was used as a reference. Analysis was done 
with 2 biological replicates and 2 technical replicates for each condition. The number presented above each 
column signifies the relative expression level of NCED3 compared to its expression level under control 
condition (0 h). The data are mean values ± SE (n = 2). Man. = -0.6 MPa mannitol water potential. Con. = non-
stressed condition (MS0.5xSuc). 
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Figure 3-31: ABA content in fresh seeds of ahr11 and pATHB6::LUC 

Fresh harvested seeds of ahr11 (black) and pATHB6::LUC (white) were frozen in liquid nitrogen for GC-MS 
ABA analysis. Analysis was done with 2 biological replicates and 3 technical replicates for each condition. 
Data are means ± SE (n = 2) and subjected to one-way ANOVA via SPAA16.0. The bars with different letters 
are significantly different (p < 0.05). 

The spatial pattern of ABA activity in ahr11 was analyzed using the pATHB6::LUC ABA-reporter system 

in seedlings under water deficit (-0.6 MPa, mannitol; 24 h) and exogenous ABA (30 µM, 24 h). The 

water-deficit-induced ABA was predominately active in the vascular tissue (Figure3-32A and E), and 

actively spread to surrounding cells (Figure3-32B and F). In wild type pATHB6::LUC seedlings, the 

stress-induced ABA was active in guard cell to trigger the stomatal closure (Figure3-32F, G and H), 

whereas the ABA activity was detected outside the guard cells in surrounding epidermic cells in ahr11 

(Figure3-32B, C and D). However, exogenous ABA was imported into guard cells of ahr11 seedlings as 

of wild type seedlings (Figure3-33). These results suggest that AHR11 protein regulates ABA 

translocation.  
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Figure 3-32: Distribution of water-deficit-induced active ABA in cotyledon of ahr11 and pATHB6::LUC 

(A)-(D) 5-day-old seedlings of ahr11 were exposed to water deficit stress (-0.6 MPa, mannitol) for 24 h. (E)-
(H) 5-day-old seedlings of pATHB6::LUC were exposed to water deficit stress (-0.6 MPa, mannitol) for 24 h. 
The ABA-indicative light emission from stressed cotyledon was detected by an intensified CCD camera 
(ORCAII ERG, Hamamatsu) connected to the inverted microscope (Axiovert 200, Zeiss) with 2.5 X and 20 X 
magnification of the objectives. The exposure time: 10 min for ahr11; 20 min for pATHB6::LUC. The 
luminescence activity is depicted in false-color. The scale of light emission of pATHB6::LUC is 2-fold enhanced 
compared to ahr11. The non-enhanced image is shown as the inset in (E). The scale bar = 1 mm in (A) and (E). 
The scale bar = 20 µm in (B) and (F). (C)-(D) and (G)-(H) The typical stomata of ahr11 and pATHB6::LUC 
indicated in the white box in (B) and (F). 
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Figure 3-33: Distribution of exogenous ABA in cotyledon of ahr11 and pATHB6::LUC 

(A)-(D) 5-day-old seedlings of ahr11 were exposed to 30 µM ABA for 24 h. (E)-(H) 5-day-old seedlings of 
pATHB6::LUC were exposed 30 µM ABA for 24 h. The detection of ABA-indicative light emission from 
cotyledon was the same as indicated in Figure 3-32 legend. The exposure time: 10 min for ahr11; 30 min for 
pATHB6::LUC. The luminescence activity is depicted in false color. The scale of light emission of pATHB6::LUC 
is 2-fold enhanced compared to ahr11. The non-enhanced image is shown as the inset in (E). The scale bar = 
1 mm in (A) and (E). The scale bar = 20 µm in (B) and (F). (C)-(D) and (G)-(H) The typical stomata of ahr11 and 
pATHB6::LUC indicated in the white box in (B) and (F). 

To date, three proteins have been implicated in ABA transport and were characterized as ABA 

exporter and/or importer in Arabidopsis thaliana: ABCG25 (At1g71960), ABCG40 (At1g15520), and 

AIT1 (At1g69850) (Kang et al., 2010, Kuromori et al., 2010, Kanno et al., 2012). The transcriptional 

expression of three ABA transporters in the shoot of ahr11 was detected by quantitative Real-Time 

PCR. Compared to the expression in wild type pATHB6::LUC, the transcripts of ABA importer ABCG40 

and AIT1 in ahr11 was abundantly up-regulated by water deficit stress (Figure3-34A and C), whereas 

the ABA exporter ABCG25 were not significantly influenced under the same stress condition in both 

lines (Figure 3-34B). 
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Figure 3-34: The expression of ABA transporters in ahr11 under water deficit stress  

15-day-old plants of ahr11 (black) and pATHB6::LUC (white) were stressed by root-inflicted water deficit (-
0.6 MPa, mannitol) for 3 h, and the samples under control conditions (MS liquid medium, 0 h and 3 h) were 
employed as two controls. The RNA isolated from the shoots was applied for quantitative Real-Time PCR. The 
expression level of the housekeeping gene UBC9 (At4g27960) was used as a reference. Analysis was done 
with 2 biological replicates and 2 technical replicates for each condition. The data are mean values ± SE (n = 
2). (A) Expression level of ABA importer ABCG40 (At1g15520) in the shoots of ahr11 and pATHB6::LUC. (B) 
Expression level of ABA exporter ABCG25 (At1g71960) in the shoots of ahr11 and pATHB6::LUC. (C) 
Expression level of ABA importer AIT1 (At1g69850) in the shoots of ahr11 and pATHB6::LUC. Con. = non-
stressed condition (MS0.5xSuc). Man. = -0.6 MPa mannitol water potential.  
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3.7 Yeast two-hybrid screen for proteins interacting with AHR11 

To decipher the mechanism underlying AHR11-mediated gene regulation, a screening for AHR11-

interacting proteins was performed using a high-throughput yeast two-hybrid system (Dreze et al., 

2010). An Arabidopsis thaliana cDNA library used before to generate an Arabidopsis protein 

interactome map (Arabidopsis Interactome Mapping Consortium, 2011), and kindly donated by Dr. 

Pascal Braun (TU München), was used as prey and a series of fragmented AHR11 ORFs were used as 

baits.  

3.7.1 Generation of expression plasmids and identification of autoactivators 

Firstly, the cDNA of AHR11 was fragmented into 4 regions as represented in Figure 3-35A. The a-region 

of AHR11 expressed amino acid residues 1-247 representing the same fragment as found in the ahr11 

mutant. Totally, 10 ORF combinations were subcloned into expression vectors pDEST-AD (strains: 

#5125-#5134) and pDEST-DB (strains: #5135-#5144) and transformed into yeast strain Y8800 M ATa 

(for AD) and Y8930 M ATα (for DB) respectively. 

 

Figure 3-35: Schematic representation of fragmented AHR11 ORFs used as baits in the yeast two-hybrid 
screen and identification of autoactivators 

(A) Ten ORF combinations of AHR11 fused to GAL4 DNA binding domain (BD fusions) are presented 
schematically. These pDEST-DB-AHR11 expression vectors were transformed into yeast strain Y8930 M ATα. 
‘a’ = premature protein Δahr11 in ahr11 mutant. (B) Autoactivator identification of DB-fusion collections. 10 
DB-AHR11 yeast strains were mated with yeast strain containing AD-empty vector on YEPD medium for 14-
18 h. Then the diploid yeast strains were selected on Sc-L-W medium. The growth phenotype of diploid yeast 
strains on His selective medium (Sc-L-W-H + 15 mM 3AT) is the criterion for selection of autoactivators. The 
controls (1-6) indicate the interaction grade: 1. None, background; 2. Weak (control for CHX control plates); 
3. Moderately strong; 4. Very strong; 5. Strong; 6. Strong (control for CHX plates). The DB-AHR11s indicated 
in the gray box were identified as autoactivators. 

Before screening, generation of artifacts in the yeast-two-hybrid system must be avoided as much as 

possible. The identification of autoactivators was accomplished in diploid yeast strains by mating DB-

AHR11s yeast strains with yeast strain containing AD-empty vector on YEPD medium. Diploid yeast 
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strains were replicated on Sc-L-W selection medium and Sc-L-W-H + 15 mM 3AT His-phenotype 

medium. The diploid yeasts with BD-AHR11-abc and BD-AHR11-abcd (Figure 3-35A) showed a strong 

growth phenotype on His-phenotype medium compared with the ‘no interaction’ Y2H control (control 

1; Figure 3-35B). Therefore, these two strains were definitely autoactivators and were removed from 

the collection of DB-AHR11s. In addition, other three diploid yeasts harboring DB-AHR11-bc, -bcd and 

-cd displayed weak autoactivation phenotype, but were still included into DB-AHR11s collection. As a 

result, totally 8 different DB-AHR11s were employed for further screening for interacting proteins. 

3.7.2 Yeast-two-hybrid screen and verification of putative interactions 

Eight DB-AHR11s yeast strains harboring DB-AHR11-a, -ab, -b, -bc, -bcd, -c, -cd, and -d vectors, 

respectively, were used as bait to mate with AD pools consisting the AD-cDNA library expressing yeast 

clones. The positive clones were selected for His and Ade auxotrophy on selection medium. Through 

the screening of 59 AD pools (containing about 11000 cDNAs), 75 interacting candidates were selected 

by growth phenotyping and sequence analysis, which were listed in Appendix 5.4. For verification of 

interactions, all of these 75 yeast strains harboring AD-fusions of interacting candidates were mated 

with 8 DB-AHR11s yeast strains respectively. The growth phenotype of diploid yeast strains on 

selection medium was used to verify the candidate interaction pairs in yeast. Slight growth of diploids 

on the CHX control medium (second and forth columns in Figure 3-36) was considered to be the result 

of autoactivation. Therefore, and as anticipated from the initial results (Figure 3-35B), all interacting 

pairs of DB-AHR11-bc, bcd and cd were considered as autoactivators and excluded from further 

growth phenotype scoring. With growth evaluation on both the selective -His and -Ade medium, 

finally 7 independent AHR11-interacting candidates were identified in the yeast-two-hybrid screening 

(Figure 3-36) and subsequently grouped into three groups according to the interacting region of 

AHR11 and interacting intensity (Figure 3-37). 
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Figure 3-36: Interaction between fragmented AHR11 and candidate proteins in Y2H 

All 75 interacting candidates AD-fusion yeast strains were mated with 8 DB-AHR11s yeast strains respectively 
on YEPD medium, and then the growth phenotype of diploids was scored on four phenotyping plates after 3 
days incubation at 30°C. The interacting pairs which conferred slight growth on the CHX control plates was 
considered as autoactivator. The growth of diploids was evaluated on the selective -His and/or -Ade plates 
using the six controls described in Figure 3-34 as a reference. The four phenotyping plates are (from left to 
right; see section 2.16.7 for more details on composition of the mediums): Sc-L-W-H + 15 mM 3AT (His 
auxotrophy), Sc-L-H + 15 mM 3AT + 1 mg/l CHX (CHX control plate for -His), Sc-L-W-A (Ade auxotrophy), and 
Sc-L-A + 1 mg/l CHX (CHX control plate for -Ade). Three independent verification analyses were performed. 
The AHR11-ORFs indicated in the gray box were identified as autoactivators, which had to be excluded from 
subsequent growth phenotype scoring. 



Results 

122 

 

 

Figure 3-37: Grouping of AHR11-interacting candidates 

The growth phenotype of diploid yeast strains on His- and Ade-selection medium was used to verify the 
interaction pairs. Grouping of interacting candidates was performed according to the interacting region on 
AHR11 as well as protein-protein interacting intensity. +++ Strong interaction; + Weak interaction. 

3.7.3 Analysis of potential interacting candidates 

The potential interacting partners of AHR11 include known and unknown proteins (Table 3-5). Of the 

known proteins, JAM2 (Jasmonate-associated MYC2-like 2; At1g01260) belongs to a bHLH-type 

transcription factor family, containing 3 homologs (JAM1, 2 and 3), which display high similarity to 

MYC2 (Sasaki-Sekimoto et al., 2013). TPL (TOPLESS; At1g15750) and TPR2 (TOPLESS-related 2; 

At3g16830) are members of the TOPLESS corepressor family, which contains 5 members (TPL and TPL-

related 1 to 4) in Arabidopsis thaliana (Long et al., 2006). TPL/TPRs act as general repressors of gene 

transcription in plants, which directly or indirectly repress the expression of downstream target genes 

involved in a large range of processes, such as meristem maintenance, leaf shape development, 

circadian transcription, auxin signaling, jasmonate signaling and defense responses (Causier et al., 

2012).  

The At1g23220 encodes a member of dynein light chain (DLC) type 1 protein family in Arabidopsis 

thaliana. In animal cells homologous DLC proteins are components of the dynein and mosin V motor 

complex involved in microtubule-based processes (King and Patel-King, 1995, Dick et al., 1996, Liang 

et al., 1999, Day et al., 2004). However, the cellular function of plant DLCs is little known. The 

AT3G61790 protein containing a RING-finger domain and a sina (seven in absentia)-domain is 

predicted to have ubiquitin-protein ligase activity and involved in ubiquitin-dependent protein 

degradation.  

In addition, two proteins with unknown function were found encoded by At2g45260 and At4g09060, 

respectively. The AT2G45260 protein has a conserved region DUF641 (Domain of unknown function) 
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found in a number of plant proteins with unknown function. No known domains are found in the 

AT4G09060 protein sequence nor is further specific information available concerning this gene. 

Table 3-5: List of candidate proteins interacting with AHR11 in yeast 
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4. Discussions 

The molecular network of water deficit response is a highly orchestrated, complex signaling network 

recruiting different signaling pathways (Chinnusamy et al., 2004, Ahuja et al., 2010, Golldack et al., 

2014), in which the central role of ABA signaling has been well established (Cutler et al., 2010, Fujii 

and Zhu, 2012). Transcriptomic studies have identified types of transcription factors (TFs) regulating 

drought-responsive gene transcription, such as bZIP, AP2/ERF, NAC, bHLH, ZF, MYB and WRKYs (Tran 

et al., 2007a, Nakashima et al., 2009b). In contrast of ABA-induced bZIP-TF ABFs/AREBs, the drought-

induced AP2-TF DREB2A/CBF3 ABA-independently regulates the expression of many drought-

responsive genes by recognizing a DRE cis-element presenting in promoter region of these genes (Liu 

et al., 1998, Sakuma et al., 2006). However, the expression of DREB2A is ABA dependent for the ABRE 

cis-elements in its promoter (Kim et al., 2011b). Therefore, the ABA-independent water deficit 

response signaling pathway is still much less clear, compared with the prosperous research on the 

ABA-dependent pathway. Subsequently, the identity of new components responsible for the water 

deficit response is one of the most important issues in plant stress biology. In this work, a novel 

signaling element, the protein AHR11 was identified by a forward genetic approach and characterized 

as a negative regulator of ABA-dependent water deficit signaling pathway. Isolation of interacting 

partners of AHR11 in a yeast two-hybrid screen allowed proposing a possible molecular mechanism 

by which AHR11 represses target genes through recruiting of members of the TPL/TPRs corepressor 

family. 

4.1 Identification of AHR11 using a forward genetic approach 

Phenotype-based forward genetic approach is the most frequently used method to link phenotypes 

to genomic elements (Alonso-Blanco et al., 2005). The robust detection of a reliable phenotype is the 

decisive factor for successful forward genetic identification (Lukowitz et al., 2000, Jander et al., 2002, 

Peters et al., 2003). In our laboratory, a transgenic Arabidopsis thaliana ABA-reporter line 

pATHB6::LUC was generated and characterized as being well suited to monitor the accumulation and 

distribution of physiologically active ABA in vivo (Christmann et al., 2005, Christmann et al., 2007). 

When supplied with the luciferase substrate luciferin, seedlings of the ABA-reporter line pATHB6::LUC 

emit light in response to water deficit stress or to exogenous application of ABA. From an EMS-

mutagenized population of this pATHB6::LUC ABA-reporter line the mutant ahr11 was isolated based 

on a hypersensitive response to water deficit stress and exogenous ABA (Figure 3-1 and Figure 3-2). 

Using map-based cloning and next generation sequencing (NGS), hypersensitivity was assigned to a 

lesion in a gene AHR11 (At5g13590) located on the chromosome V with unknown function.  

The biggest advantage of map-based cloning is that this process may be performed without prior 

assumptions on the gene identity, and that any genomic element affecting the phenotype of interest 

could be found (Jander et al., 2002). In this work, the intensified ABA-dependent bioluminescence of 

the mutant ahr11 under water deficit stress involves at least two loci including the causal mutation as 
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well as the transformed chimeric gene construct pATHB6::LUC. In the first-pass mapping, the bulked 

segregant analysis of ahr11 indicated two interesting regions flanked by two molecular markers, 

respectively (Figure 3-5B). One region on chromosome V was proven to harbor the mutation of AHR11 

in this work while the second region located on chromosome III was simultaneously highlighted in a 

parallel map-based cloning approach targeting a different mutation (Cao et al., unpublished). Thus it 

was likely that the ABA-reporter construct pATHB6::LUC is inserted in the region on chromosome III 

flanked by markers nga162 and ciw11, which was subsequently confirmed by NGS analysis. Sequence 

information of the region flanked by nga162 and ciw11 illustrated that the ABA-reporter construct 

pATHB6::LUC is inserted into the promoter region of MYB15 gene (At3g23250), which is a member of 

the R2R3 factor gene family, and encodes a transcriptional factor involved in ABA and osmotic stress 

responses (Agarwal et al., 2006, Ding et al., 2009). Since the ABA-reporter line behaves like wild type 

Arabidopsis thaliana Col-0 in all ABA-dependent physiological processes routinely assayed in our 

laboratory, there is no indication to date that the insertion of the ABA-reporter construct has any 

effect on ABA-signaling. 

For the fine-scale mapping, it has been suggested that using a mapping population of 3,000 to 4,000 

plants results in mapping of the gene of interest to a genomic region of less than 4 kb size with a high 

probability (Jander et al., 2002), while the application of NGS efficiently and precisely releases high-

resolution genotype information which allows reducing the mapping population size and shortening 

the mapping schedule (Schneeberger et al., 2009, Austin et al., 2011). In this work, a mapping 

population comprising 893 homozygous individuals allowed to narrow down the region of interest to 

180 kb on chromosome V. NGS revealed a limited number of mutations in this region with only one 

exerting a non-synonymous change in a coding region (Figure 3-8 and Table 3-2). Therefore the 

combination of map-based cloning and NGS greatly facilitated the process to identifying the gene 

At5g13590 as AHR11. 

Following identification of AHR11, verification of the lesion in AHR11 being responsible for the ahr11 

phenotype was performed using three approaches. (I) Ectopic expression of wild type AHR11 which 

rescued the ABA-hypersensitive responses of ahr11 in protoplasts (Figure 3-11C). (II) Generation of 

transgenic ahr11 pAHR11::AHR11 mutant plants in which wild type ABA-sensitivity and wild type 

water-deficit-sensitivity were restored (Figure 3-12A and B). (III) Knockout mutants of AHR11, Δ476 

and N804, were ABA-hypersensitive and displayed the same response pattern to water deficit and 

ABA as ahr11 (Figure 3-15). The ectopic expression of AHR11 could restore ABA sensitivity in 

protoplasts isolated from knockout mutants (Figure 3-16). Taken together the results clearly proof 

At5g13590 as being AHR11. Although the transgenic complementation mutant ahr11 pAHR11::AHR11 

resembled wild type morphology with bigger rosettes and more explanate leaves than found in ahr11 

(Figure 3-13C), the reversion of morphology was still not complete, suggesting a dosage-dependent 

effect of the AHR11 protein. A parallel attempt to complement the mutant phenotype by stable 

expression of an AHR11-eGFP fusion protein in ahr11, transformed with the pAHR11::AHR11-eGFP 

construct, failed to reduce the hypersensitivity to water deficit as well as to ABA seen in ahr11 (Figure 

3-13D). The possible reason is that the eGFP protein interferes with the function of AHR11 when fused 
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to it C-terminally. Since impaired function of AHR11 may be accompanied by mislocalization of the 

fusion protein, new transgenic plants expressing N-terminally fused eGFP-AHR11 in the ahr11 

background must be generated to detect the localization of functional AHR11 protein in the future. 

4.2 Function of AHR11 in plants 

4.2.1 AHR11 protein 

AHR11 (At5g13590) is a single copy gene located on chromosome V in Arabidopsis thaliana, which 

encodes a 129-kD protein (1168 aa) with unknown function (http://www.arabidopsis.org). The 

protein sequence similarity analysis performed by using BLINK (BLAST Link) at NCBI (National Center 

for Biotechnology Information) indicated that 247 proteins sharing similar sequence with AHR11 were 

detected in 126 species, including bacteria, fungi, plants and metazoans (Figure 4-1), and a C-terminal 

region (from 800 to 1168) is conserved across these species. The genomes of bacteria (e.g. 

Arthrobacter sp.) or of fungi (e.g. Asperlgillus ruler) have one or two copies of genes encoding the 

conserved region, while in metazoans and plants the number of similar proteins ranges from single 

copy up to multiple copies, but do not largely diversify (Figure 4-2).  

 

Figure 4-1: Similarity analysis of AHR11 protein in the kingdom 

Similar protein sequences of AHR11 in the kingdom were found by a BLAST search against the protein non-
redundant database by using BLINK at NCBI. The percentage of BLAST hits is presented as blue-box on the 
top. The colored column indicates the typical location of conserved region in each species to AHR11 protein. 
Conserved domain DNA_pol_vial_N is displayed in red bar. Modified from on-line BLINK of AHR11 protein. 

According to NCBI-CDD database (National Center for Biotechnology Information-Conserved domain 

database), a conserved domain DNA_pol_viral_N (DNA-polymerase N-Terminal domain of virus; 

accession: cl02825) was found in this C-terminal conserved region (aa: 848-995), having been 
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identified in superfamily member of pfam00242, which contains a number of DNA polymerase from 

viruses such as Hepatitis B virus (HBV) (Grethe et al., 2000, Huy et al., 2004), woodchuck hepatitis 

virus 7 (Cohen et al., 1988) and wood chuck monkey hepatitis B virus (Lanford et al., 2003). It is already 

known that the DNA polymerase N-terminal domain of P protein in duck HBV (DHBV) is composed of 

a hepadnavirus-specific terminal protein domain (TP), which was identified as a (-)-DNA linker, and a 

highly variable spacer domain. Together with the C-terminal polymerase/reverse transcriptase (RT) 

domain, the P protein primes reverse transcription during virus replication (Bartenschlager and 

Schaller, 1988, Beck and Nassal, 2007). Compared to C-terminal region, the N-terminal region of 

AHR11 is less conserved. Only several proteins of bacteria (e.g. Staphylococcus epideridis), of fungi 

(e.g. Candida albicans) and of metazoans (e.g. Camponotus floridanus) display similarity to the N-

terminal region of AHR11 (Figure 4-1), which are predicted as histone demethylase, otogelin-like 

proteins, or mucin-like proteins. The full length protein of AHR11 is highly conserved in dicotyledons, 

but not in monocotyledons. Therefore, it seems like that the C-terminal region of AHR11 might have 

a function of DNA binding, and has been preserved in the course of evolution, and that a new function 

domain is combined to the N-terminus of conserved domain in dicots radiation. 

To research the biological function of N-terminal region of AHR11, the peptide alignment among 

orthologs of AHR11 and function domain predictions were performed. As shown in Figure 4-3, a highly 

conserved region (235NRE(S/T)NWDLNTTMDV(A)WE249) is present in AHR11 orthologs from 7 

dicotyledons. This conserved region might be preserved during evolution for some undiscovered 

functions. The W248-to-STOP mutation in ahr11 mutant occurs at the C-terminal side of this region. 

According to the common sequence LxLxL (Ohta et al., 2001, Kagale and Rozwadowski, 2010), where 

‘x’ is represented by any amino acid residue, two ethylene response factor-associated amphiphilic 

repression (EAR) motifs are found in the N-terminal region of AHR11 (208LNLSL212 and 314LSLGL318, 

respectively, Figure 4-4). EAR-motif is the most analyzed form of transcriptional repression motif, 

generally found in transcriptional regulators known to function as negative regulators (Kagale and 

Rozwadowski, 2010). Therefore, AHR11 is predicted as a novel EAR-repressor to regulate gene 

transcription. 
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Figure 4-2: Schematic evolutionary tree representing AHR11 radiation 

The estimated evolutionary timescale of plant diversification is indicated by dashed lines and given in million 
years [Ma] (Pires and Dolan, 2012). The organisms representing different kingdoms in the tree are: 
Arthrobacter sp. and Bifidobacterium breve, Bactria (brown); Asperyillus ruler, Fungi (sand); Drosophila 
melanogaster and Homo sapiens, Mtazoans (purple); the dicots Arabidopsis thaliana, Capsella rubella, 
Theobroma cacao, Populus trichocarpa, Cucumis melo, Solanum tuberosum; and the monocots Phoenix 
dactylifera, Oryza sativa, Zea mays (green). The numbers in parenthes represent the number of genes with 
the C-terminal conserved region of AHR11 in the corresponding species. 
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Figure 4-3: Alignment of amino acid sequences of AHR11 orthologs from different species 

The amino acid sequence alignment of AHR11 orthologs from 7 species was performed using the online tool 
MultAlin (http://multalin.toulouse.inra.fr/multalin/). The consensus sequence is presented in the bottom line 
in which the red color signifies the conserved amino acid residues with high consensus value (90%) and the 
blue color indicates the low conserved amino acid residues with low consensus value (50%). The typical 
domains of AHR11 are indicated: NLSs (green), EAR-motifs (blue), N-terminal conserved region (red) and C-
terminal domain DNA_pol_vial_N (purple). The red arrow points out the W248-to-Stop mutation in ahr11. 
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Figure 4-3: Alignment of amino acid sequences of AHR11 orthologs from different species (continued) 

In addition, AHR11 is predicted to localize to the nucleus by SubCellular Proteomic Database SUBA3 

(Tanz et al., 2013) but was also detected in the Arabidopsis plasmodesmal proteome (Fernandez-

Calvino et al., 2011). Nuclear localization signal (NLS) is consensus sequence of the nucleus-localized 

proteins and is recognized by import receptors termed karyopherins or importins. As shown in Figure 

4-2, three putative NLSs of AHR11 are respectively defined as NLS1 (18DIPIKKRKYLVQ29), PYNLS2 

(194KNNSPY199), and NLS3 (793PDRRRLP799). Based on the conventional sequence similarity search 

(WoLF PSORT, http://wolfpsort.org/), NLS1 and NLS3 were predicted to be required for nuclear 

importing in WoLF PSORT (Horton et al., 2007), while in cNLS Mapper program (http://nls-

mapper.iab.keio.ac.jp) only the NLS1 was announced as a functional nuclear localization sequence 

being specific to the  improtin α/β pathway (Kosugi et al., 2009). PYNLS2 was defined as a karyopherin-

recognized NLS termed the PY-NLS for its crucial amino acid residues PY at the C-terminus in yeast 

(Lange et al., 2008). While only weak GFP signal was detected from eGFP-fused AHR11 protein in 

protoplast system, the truncated version Δahr11, which contains two predicted NLSs (NLS1 and 

PYNLS2), predominantly localized to nucleus when fused to eGFP (Figure 3-29). Therefore, NLS1 

and/or PYNLS2 are probably also sufficient to target AHR11 into the nucleus. However, the localization 

of wild type AHR11 still needs to be confirmed.  

In summary, the C-terminal domain DNA_pol_viral_N of AHR11 is preserved among AHR11 orthologs 

and predicted a DNA-binding domain, where another N-terminal region with unknown function is 

highly conserved in dicot AHR11 orthologs. The combination between N-terminal and C-terminal 

domains is a specific event in the course of dicots evolution. The NLSs lead to a possibility to import 

AHR11 into nucleus, and EAR-motifs imply AHR11 as an EAR-repressor of gene transcription 

repression. 
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Figure 4-4: Conserved domains of the AHR11 protein 

The conserved region of AHR11 orthologs is presented in red color. The red arrow points out the W248-to-
Stop mutation in ahr11 mutant. The nuclear localization signals (NLSs) and EAR-motifs are indicated using 
green color and blue color, respectively. Three NLSs were predicted using different software and the 

sequences published by Lange et al. (2008): NLS1: 18DIPIKKRKYLVQ29 according to WoLF PSORT 

(http://wolfpsort.org/) and cNLS Mapper (http://nls-mapper.iab.keio.ac.jp); PYNLS2: 194KNNSPY199 according 

to Lange et al. (2008); and NLS3: 793PDRRRLP799 according to WoLF PSORT (http://wolfpsort.org/). The EAR-

motifs (EAR1: 208LNLSL212 and EAR2: 314LSLGL318) represent EAR-motifs characterized by the sequence of LxLxL 

(Kagale and Rozwadowski, 2010). In the truncated Δahr11 protein, only NLS1, PYNLS2 and EAR1 are present. 

4.2.2 AHR11 negatively regulates ABA-induced gene expression 

Both the ahr11 mutant where only a premature translated AHR11 (Δahr11) may be present and its T-

DNA knockout alleles Δ476 and N804 displayed a hypersensitive activation of the ABA-reporter 

construct pATHB6::LUC in response to water deficit stress and to exogenous ABA. In order to test the 

possibility that the hypersensitivity represents a pAtHB6::LUC-specific effect, the induction of another 

ABA-specific construct pRD29B::LUC by exogenous ABA was analyzed in protoplasts. RD29B is a 

dehydration- and ABA-inducible gene that contains two ABA-responsive elements (ABREs) in its 

promoter region (Uno et al., 2000). In protoplast system, the pATHB6::LUC ABA-reporter construct 

present in the genome of ahr11 is not activated by ABA (Figure 3-10). One explanation seems to be 

the crucial role of the turgor pressure from cell wall for the activation of the pATHB6::LUC ABA-

reporter construct. Therefore, the ABA-induced luciferase activity measured in protoplasts harboring 

the pATHB6::LUC constructs specifically results from the transfected pRD29B::LUC construct. 

Compared to Col-0 protoplasts, the pRD29B::LUC construct expression was more intensively induced 
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by exogenous ABA in protoplasts of ahr11 (Figure 3-11A) and of T-DNA knockout lines (Figure 3-16), 

while transient ectopic expression of wild type AHR11 in Col-0 protoplasts inhibited luciferase 

expression in the presence ABA by a factor of 3.6 (Figure 3-11D). Transient expression of ABI2, which 

encodes a negative regulator of ABA signaling, was sufficient to repress the activation of pRD29B::LUC 

by ABA in ahr11 protoplasts (Figure 3-11B). These results indicate that AHR11 functions as a negative 

regulator of ABA signaling pathway and analysis of pATHB6::LUC lines transformed with a 

pAHR11::AHR11 constructs supports this view (Figure 3-12D). 

4.2.3 Physiological function of AHR11 under water deficit 

Althrough AHR11 negatively regulates ABA-induced gene expression, ahr11 mutant did not always 

respond hypersensitively to ABA in the ABA-regulated physiological processes. The cotyledon stomata 

of ahr11 were defective to close in their response to water deficit (Figure 3-20A) and the wild type 

response could be restored by applying ABA exogenously (Figure 3-20B). Further analyses of 

transpiration under well-watered long-day conditions and water loss from detached shoots, also 

indicate that the regulation of stomatal aperture is impaired in ahr11. Ahr11 seeds display the 

unaltered, wild type-like sensitivity to ABA and to restricted water availability in germination (Figure 

3-23), while the primary root elongation of ahr11 seedlings was strongly inhibited by water deficit 

stress (Figure 3-24A). These results indicate that physiological responses to water deficit rather than 

responses to ABA are impaired in ahr11 suggesting that the AHR11 protein might function to affect 

both water deficit signaling upstream of the ABA perception and ABA-dependent gene expression. 

4.2.3.1 AHR11 affects ABA redistribution under water deficit stress 

ABA biosynthetic enzymes including ABA2/SDR1 (Cheng et al., 2002), NCED3 (Barrero et al., 2006, 

Endo et al., 2008, Hao et al., 2009), and AAO3 (Koiwai et al., 2004) are confined to vascular tissues, as 

well as guard cells (Bauer et al., 2013). Water deficit-induced ABA is biosynthesized in plant 

vasculature tissues, and subsequently redistributed to cells outside the vasculature including probably 

guard cells (Boursiac et al., 2013). Therefore, the local level of active ABA in plants depends not only 

on the rate of stress-induced biosynthetic ABA formation, but also on ABA translocation. The analysis 

of ABA content of the stressed ahr11 shoots (Figure 3-30A) revealed that the shoot ABA biosynthesis 

is induced by water deficit in the ahr11 mutant to a degree also observed in wild type shoot, and 

NCED3 transcript abundance exhibited a corresponding increase (Figure 3-30B). The hypersensitive 

ABA-reporter response in ahr11 can thus not be explained by an increase in bulk leaf ABA levels while 

an affected ABA translocation from the synthesis sites to the perception sites cannot be ruled out. 

Figure 4-5 demonstrates the translocation of ABA facilitated by ABA transporters: ABA-exporter 

ABCG25, as well as ABA-importers ABCG40 and AIT1/NRT1.2 (Kuromori and Shinozaki, 2010, Kuromori 

et al., 2010, Kang et al., 2010, Kanno et al., 2012, Boursiac et al., 2013). 

 ABCG25 was identified as an ABA-exporter at ABA biosynthesis site, belonging to the WBC (white-

brown complex) group of ABCG transporter subfamily (Kuromori and Shinozaki, 2010, Kang et al., 

2010). The ABCG25 over-expressing plants have a high leaf temperature phenotype compatible with 
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increased delivery of ABA to sites of perception (Kang et al., 2010). Under water deficit stress, ABA is 

synthesized in vascular parenchzma cells where the ABA-exporter ABCG25 then manages transport of 

ABA into the bundle sheath cell apoplast area outside the stele which is continuous with the mesophyll 

and epidermal cell apoplast (Kuromori et al., 2010, Shatil-Cohen et al., 2011), and where ABA is 

distributed passively with the flow of water directed to the sites of transpiration. Subsequently, ABA 

influx into guard cells is facilitated by ABA-importer ABCG40 to trigger stomatal closure (Kuromori and 

Shinozaki, 2010). ABCG40 belongs to the PDR (Pleiotropic drug resistance) group of ABCG transporter 

subfamily, and is detectable in many tissues but preferentially expressed in guard cells and targeted 

to the plasma membrane there (Kang et al., 2010). atabcg40 knockout mutants are insensitive to ABA 

with respect to stomatal closure. And the expression of ABA-inducible genes is delayed in the 

atabcg40 mutant indicating that ABCG40 is important for rapid ABA-mediated stress responses (Kang 

et al., 2010). In addition, AIT1/NRT1.2 was identified recently and shown to be an ABA-importer 

located in the vascular tissues (Kanno et al., 2012). The ait1 mutant showed a decreased ABA response 

in dormancy, and decreased stomatal closure. Thus the possible function of AIT1/NRT1.2 is to retrieve 

excess ABA from the apoplast into bundle sheath cells to maintain the ABA pool size at the site of 

biosynthesis and also to facilitate ABA influx into guard cells (Kanno et al., 2012). 

In ahr11 mutant, the shoot expression of ABA-importers (both ABCG40 and AIT1/NRT1.2) were 

strongly increased by water deficit stress, compared to the expression extent in wild type, while the 

expression of ABA-exporter was down-regulated by water deficit stress but undistinguishable 

between ahr11 and wild type (Figure 3-34). ABA in vivo-imaging revealed that ABA action was not 

detectable in cotyledon guard cells under water deficit, while mesophyll cells and epidermal cells 

responded strongly (Figure 3-32). This finding could explain the observed insensitivity of ahr11 

stomata to water deficit and the hypersensitive response of ABA-reporter. Because of the high 

expression of ABA-transporters in ahr11 under water deficit stress, it is now suggested that the AHR11 

represses transcription of ABA-transporters to prevent ABA uptake thereby ensuring that sufficient 

ABA arrives at the guard cells. Although the same amount of ABA is synthesized in shoot of ahr11 and 

wild type, ABA is predominantly taken up and not released by mesophyll and epidermal cells in ahr11 

causing enhanced activation of the ABA-reporter. A concomitant ABA deficit in guard cells impairs the 

response of stomata to water deficit. However, when ABA was supplied exogenously, enough ABA is 

available to the apoplast surrounding stomata guard cells to allow ahr11 guard cells to take up 

sufficient hormone to initiate stomatal closure. The faster ABA-induced stomatal closure in ahr11 

(Figure 3-21C) suggests the enhanced hormone uptake or increased hormone response in ahr11. This 

might be interpreted such that AHR11 exerts an inhibitory effect on expression of ABA-transporters 

including guard cells. Accordingly, ahr11 guard cells might have an enhanced capacity to take up ABA 

which, however, does not compensate the effect of enhanced ABA retrieval from the apoplast on its 

way from the vasculature to the guard cells. 
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Figure 4-5: Schematic view of hypothetical function of AHR11 in ABA intercellular transmission 

ABA is synthesized in vascular parenchyma cells, as well as guard cells. ABCG25 functions as an ABA-exporter 
at ABA biosynthesis site (Kuromori and Shinozaki, 2010, Kang et al., 2010). The ABA is transmitted into the 
bundle sheath cells and released into the apoplast outside the stele, then imported by ABA-importer ABCG40 
into guard cells and mesophyll cells/epidermis (Kuromori and Shinozaki, 2010). AIT1/NRT1.2 ensures ABA 
remaining in vascular tissue (Kanno et al., 2012). In addition, the potential ABA-exporters might manage ABA 
export from guard cells and mesophyll cells. The hypothetical role of AHR11 is to affect ABA translocation by 
regulating the expression of ABA-transports. The mutation of AHR11 in ahr11 mutant leads to the dislocation 
of ABA under water deficit stress.  

It was reported recently that guard cells may autonomously synthesize ABA to promote stomatal 

closure (Bauer et al., 2013). However, the ABA response appeared not to be significantly triggered in 

ahr11 guard cells under our experimental conditions given a limited degree of reporter activation and 

an impaired response of stomata to restricted water availability. These findings would be interpreted 

that the guard cell-synthesized ABA in ahr11 is not sufficient for closure or exported from guard cells 

by unidentified ABA-exporters. Since the discovery of ABCG25 and ABCG40, the ABCG group members 

of ABC transporter family are strong candidates for ABA transporters. Several ABCG proteins have also 

been reported to be involved in drought and salt tolerance, e.g. ABCG36 (Kim et al., 2010a) and 

ABCG22 (Kuromori et al., 2011), but the substrates transported by them have not been determined. 

Therefore, these results imply the existence of the undiscovered ABA-transporters, which might be 

positively and/or negatively regulated by AHR11 in mesophyll cells and/or guard cells. I would 

speculate here that the expression of guard cell-specific ABA-exporter(s) is repressed by AHR11, and 

released in ahr11 mutant. 
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Further important physiological processes regulated by ABA translocation are preventing of 

premature germination during seed development (Kanno et al., 2010) and initiation and maintenance 

of dormancy during seed maturation and imbibition (Ali-Rachedi et al., 2004, Lee et al., 2010). A seed 

coat bedding assay has proven the maternal ABA translocation from dormant seed coat to non-

dormant embryo to keep dormancy (Lee et al., 2010, Lee and Lopez-Molina, 2013). The ABA-

transporter mutants or over-expressing lines displayed normal ABA-involved germination phenotypes 

(Kanno et al., 2012, Kuromori et al., 2010). In this work, fresh ahr11 seeds were found to contain 

higher concentrations of ABA than wild type (Figure 3-31), and displayed a deep dormant phenotype 

(Figure 3-22). According to data from the Arabidopsis eFP Browser (Winter et al., 2007, Bassel et al., 

2008), AHR11 is relatively lowly expressed in immature seeds but highly expressed in dry seeds (Figure 

4-6 and Figure 4-7) and is degraded after imbibition in water (Figure 4-8), which is faster than the 

parallel degradation of ABI5 (Figure 4-8).  

 

Figure 4-6: Expression pattern of AHR11 during Arabidopsis thaliana Col-0 plant development 

The log2 ratio of AHR11 expression compared to reference gene UBC9 (At4g27960) in different 
developmental tissues was obtained from the eFP Broswer website 
(http://bar.utoronto.ca/efp_arabidopsis/cgi-bin/efpWeb.cgi; Winter et al., 2007, Bassel et al., 2008,). RNA 
was isolated from samples in indicated conditions and analyzed on the ATH1 GeneChip. C = Cotyledon; R = 
Root; VP = Vegetative rosette; F15 = Flower stage 15; R1-2 = Rosette leaf 1+2; R6 = Rosette leaf 6; R12 = 
Rosette leaf 12; SR= Senescing rosette leaf; MP = Mature pollen; S10 = Seed stage 10; DS = Dry seed. 
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Figure 4-7: Gene expression pattern during seed development 

False-color image indicates the relative expression level of AHR11, ABI5, ABCG25, ABCG40 and AIT1/NRT1.2 
compared to reference gene UBC9 (At4g27960) during seed development, modified from the output of eFP 
Broswer search (http://bar.utoronto.ca/efp_arabidopsis/cgi-bin/efpWeb.cgi; Winter et al., 2007, Bassel et al., 
2008). The signal threshold (log2) is set to 1.5.  

The expression pattern of ABA-transporters was also analyzed. During seed development ABCG40 is 

lowly expressed, while ABCG25 starts accumulation in seed coat from globular stage till seed 

maturation (Figure 4-7). AIT1/NRT1.2 is expressed in seed coat at early stage of seed development 

and highly accumulate in embryo of maturated seed, sharing similar expression pattern with ABI5 

(Figure 4-7). AHR11 accumulates when seeds are after-ripened and in dry seeds (Figure 4-8), where 

ABA-transporters are low expressed. While expressions of ABCG25 and ABCG40 are depressed after 

imbibition, AIT1/NR1.2 is slightly increased, accompanied by degradation of AHR11 and ABI5 (Figure 
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4-8). Therefore, it seems like that ABCG25 acts to export ABA from seed coat, while AIT1/NRT1.2 

functions to import ABA into embryo to initiate dormancy at late stage of seed development, and 

ABCG40 has minor function in this process. Because of the important role of ABA transport for seed 

development, low expression of AHR11 during seed development would help to induce ABA-

transporters to manage ABA transport. Accordingly, high expression of ABA-transporters in ahr11 

leads to an excess of ABA in ahr11 embryo generating a deep dormant phenotype. However, this 

model is of course speculative and requires further experimental evidence with respect to ABA-

transporters expression and ABA transport during seed development and imbibition. 

 

 

Figure 4-8: Gene expression pattern during imbibition 

Relative expression value of target genes compared to reference gene UBC9 (At4g27960) is obtained from 
eFP Broswer website (http://bar.utoronto.ca/efp_arabidopsis/cgi-bin/efpWeb.cgi; Winter et al., 2007, Bassel 
et al., 2008). Seeds for germination were after-ripened 2-4 months and not stratified. RNA was isolated from 
samples in indicated conditions and analyzed on the ATH1 GeneChip. (A) Relative expression of AHR11 (black) 
and ABI5 (white) in Col-0 seeds during imbibition. The log2 values of AHR11 and ABI5 in dry seed are 1.35 and 
2.66, respectively, and set to 1. (B) Expression pattern of AHR11, ABI5, ABCG25, ABCG40 and AIT/NRT1.2 
during Col-0 seed imbibition indicated in false-color image. Signal threshold (log2) is set to 1.5. 

4.2.3.2 AHR11 functions in the aba2-1 and abi1-1 background 

The function of AHR11 in ABA signaling was further studied by crossing ahr11 to the ABA-deficient 

mutant aba2-1 and to the ABA-insensitive mutant abi1-1, respectively. aba2-1 is ABA-deficient due to 

a lesion in the ABA biosynthesis enzyme ABA2/SDR1 (Leon-Kloosterziel et al., 1996), and is therefore 

ABA-insensitive to water deficit, while the ABA signaling pathway is undisturbed in aba2-1 allowing 

the mutant to respond to exogenous ABA. Analysis of germination under water stress conditions of 

the double mutant ahr11/aba2-1 verified that the enhanced water deficit sensitivity observed in 

ahr11 is dependent on ABA biosynthesis, supporting a role of AHR11 downstream of ABA biosynthesis. 

abi1-1, is a dominant ABA-insensitive mutant with a single amino acid exchange in ABI1 (Koornneef 

et al., 1984, Leung et al., 1994, Meyer et al., 1994). The mutation impairs the interaction between 

abi1-1 and RCARs (Santiago et al., 2009a, Ma et al., 2009) and abi1-1 mutant is therefore dominantly 

insensitive to the hormone signal. In our experimental conditions, 1 µM ABA was sufficient to inhibit 
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germination of wild type pATHB6::LUC and ahr11 single mutant, not of abi1-1/pATHB6::LUC mutant, 

but 10 µM ABA is successfully block the seed germination of abi1-1/pATHB6::LUC (Figure 3-28D). It 

implies that abi1-1 is not fully blocking the ABA response, but shifting the ABA sensitivity to a high 

concentration. Therefore, the water deficit-inhibited germination on abi1-1/pATHB6::LUC (Figure 3-

28B) might be also managed by the ABA-dependent pathway. However, the double mutant 

ahr11/abi1-1 displayed a high germination rate under severe water deficit stress (65.7% under -1.0 

MPa, Figure3-28B), providing strong evidence that AHR11 and ABI1 additively inhibit seed 

germination under water deficit stress. However, the molecular mechanism of AHR11 in this pathway 

is still unclear. 

 

Figure 4-9: Hypothetical function of AHR11 in germination under water deficit stress 

ABA biosynthesis is initiated by water deficit stress, and ABA subsequently actively transported intercellularly, 
activating the core ABA signaling pathway to inhibit seed germination. ABA-deficient mutant aba2-1 blocks 
ABA biosynthesis and the ABA-dependent germination inhibition. ABA-insensitive mutant abi1-1 inhibits ABA 
response signaling, but does not fully block this pathway. AHR11 acts as a negative regulator to repress active 
ABA transport, resulting in germination inhibition under water deficit stress. ahr11 mutant enhances ABA 
transport, but additively contributes to the abi1-1 effect in promoting germination under water deficit stress. 
The connection between AHR11 and ABA signaling is still unclear, and direct germination inhibition by AHR11 
cannot be excluded. 
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4.3 AHR11 as a component of a regulatory network 

The output of water deficit signal transduction is dependent on the respective contribution of positive 

and negative regulators which are part of a protein-protein interaction network. In order to 

understand how AHR11 is integrated into this network, a yeast two-hybrid interactome screen was 

performed for AHR11-interacting partners.  

4.3.1 Network of genes co-regulated with AHR11 

Online tool ATTED-II ver.7.1 (http://atted.jp) is a database that provides co-regulated gene 

relationships based primarily on co-expression microarray data (Obayashi et al., 2009). Using 

information on cis-elements in promoters of co-expressed genes, co-regulation of genes is predicted. 

As a result of the ATTED-II database search, a network of genes with a high probability of being co-

regulated with AHR11 (Figure 4-11), as well as ABI1 (Figure 4-12) for comparison, was obtained. 

The clade A PP2C, ABI1, has been characterized as coreceptor of RCAR ABA receptors, negatively 

regulating ABA signaling pathway (Fuchs et al., 2012). ABI1 locates in the center of the co-regulated 

gene network (figure 4-10), being surrounded by some related genes, in which five members of clade 

A PP2Cs are highlighted by red points, including ABI2, SAG113, PP2CA, HAI2 and HAB2, and other 

important proteins are also involved, e.g. transcription factors including NAC TF RD26 (MR 4.6)  and 

homeodomain protein HB7 (MR 5.7). Therefore, the co-regulated gene network efficiently indicates 

related-genes with similar function or with syntropic regulation. In the co-regulated gene network of 

AHR11 (Figure 4-11), four genes with the highest co-regulation probability are directly connected to 

AHR11, including At1g21580, RKP (Related to KPC1 protein; At2g22010), CPL3 (C-terminal domain 

phosphatase-like 3; At2g33540), and CPK23 (Calcium dependent protein kinase 23; At4g04740).  
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Figure 4-10: ABI1 as part of a network of putatively co-regulated genes 

ABI1 (At4g26080) is highlighted as a central component of a network of co-expressed genes which was 
constructed using ATTED-II ver.7.1 (http://atted.jp). Octagon-shape nodes represent transcription factors. 
Connection lines indicate the mutual rank value (MRa value), which is the geometrically average value of two 
correlation ranks as a measure of gene co-expression. Bold connection lines: MR < 5; normal lines: MR < 30; 
thin lines: MR > 30. List of ten genes with the highest co-regulation probability are listed at the bottom.  
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Figure 4-11: AHR11 as part of a network of putatively co-regulated genes 

AHR11 (At5g13590) is highlighted as a central component of a network of co-expressed genes which was 
constructed using ATTED-II ver.7.1 (http://atted.jp). Octagon-shape nodes represent transcription factors. 
Connection lines indicate the mutual rank value (MRa value), which is the geometrically average value of two 
correlation ranks as a measure of gene co-expression. Bold connection lines: MR < 5; normal lines: MR < 30; 
thin lines: MR > 30. List of ten genes with the highest co-regulation probability are listed at the bottom.  
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The gene with the highest probability of being co-regulated with AHR11, At1g21580, encodes a 

member of the CCCH-type Zinc finger protein family. Proteins of this family contain 1 to 6 tandem 

zinc-binding motifs characterized by three cysteines followed by one histidine and are proposed to be 

RNA-binding proteins with regulatory functions in mRNA processing (Wang et al., 2008a), thereby 

playing important regulatory roles in diverse biological processes in plants (Li et al., 2001, Cheng et 

al., 2003, Sunkar and Zhu, 2004, Borsani et al., 2005, Kong et al., 2006, Lee et al., 2006a, Sun et al., 

2007, Kim et al., 2008, Wang et al., 2008b, Guo et al., 2009, Deng et al., 2011). The CCCH-type zinc 

finger protein SOMNUS, for instance, is involved in light-dependent modulation of expression of ABA 

and GA metabolic genes thereby playing a role in regulation of seed germination (Kim et al., 2008), 

and two related zinc finger proteins AtSZF1 and AtSZF2 negatively regulate salt stress responses (Sun 

et al., 2007).  

The RING-type E3 ubiquitin ligase RKP is a homolog of the human cell cycle regulator KPC1. In 

Arabidopsis, RKP is induced by the C4 protein from Beet severe curly top virus (BSCTV) during virus 

infection and regulates the host cell cycle by degrading the cyclin-dependent kinase inhibitor 

KRP1/ICK1 (Ren et al., 2008, Lai et al., 2009). 

CPL3 encodes a RNA polymerase II (RNAP II) CTD phosphatase-like protein which plays a role in 

modulating RNAP II phosphorylation status during osmotic stress and thereby negatively regulates 

ABA responses (Koiwa et al., 2002, Bang et al., 2006). The core component of RNAP II not only 

catalyzes mRNA synthesis, but also regulates RNA processing including capping, splicing, and 

polyadenylation (Hirose and Manley, 2000). The activity of RNAP II is dependent on the 

phosphorylation status of the CTD domain, which is regulated by both CTD kinases and phosphatases 

(Palancade and Bensaude, 2003). Therefore, At1g21580 and CPL3 might point to a function of AHR11 

in regulation of mRNA synthesis, processing and degradation. 

The calcium-dependent protein kinase CPK23 has been demonstrated to be involved in responses to 

drought and salt stresses (Ma and Wu, 2007). The cpk23 mutant exhibits decreased stomatal aperture 

and a slowed-down water loss together with enhanced tolerance to drought and salt stresses (Ma and 

Wu, 2007). In guard cells, CPK23 action is relieved from ABI1 inhibition in the presence of ABA by 

inactivation of ABA in the RCAR-ABA-ABI1 receptor complex and subsequently results in 

phosphorylation and activation of SLAC1 at resting cytosolic Ca2+ concentrations, whereas its homolog 

CPK21 regulates SLAC1 activity in a calcium-dependent way (Geiger et al., 2010). Given the impaired 

stomatal regulation observed in ahr11, co-regulation of CPK23 and AHR11 might reflect a functional 

connection of the two proteins in water deficit stress signaling. 

4.3.2 Yeast two-hybrid interactome screen for interacting partners of AHR11 

Since the yeast two-hybrid (Y2H) system was established (Fields and Song, 1989), it became one of 

the most efficient and popular tools for protein-protein interaction assays and recently, an improved 

high-throughput binary interactome mapping pipeline based on the Y2H system was used to generate 

a protein-protein interaction map for the interactome network of the plant Arabidopsis thaliana 

containing about 6200 highly reliable interaction between about 2700 proteins (Arabidopsis 
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Interactome Mapping Consortium, 2011). Recently, AHR11 was published as an interacting candidate 

of AtCSP3 (COLD SHOCK DOMAIN PROTEIN 3; At2g17870) in a classic Y2H screen (Sasaki et al., 2013). 

AtCSP3, sharing the cold shock domain (CSD) with bacterial cold shock proteins (CSDs), acts as a RNA 

chaperone to regulate freezing tolerance in Arabidopsis thaliana (Kim et al., 2009). However, the 

interaction between AtCSP3 and AHR11 could not be confirmed in planta (Sasaki et al., 2013). 

To decipher the mechanism underlying AHR11-mediated gene regulation, interactome analysis of 

AHR11 using a high-throughput Y2H sceen (Dreze et al., 2010) was performed. Because the full-length 

DNA binding domain (DB)-AHR11 fusion protein strongly activated the transcription of Y2H reporter 

genes irrespective of the presence of any activation domain (AD)-fusion protein (Figure 3-35), the 

AHR11 protein was fragmented in order to screen for interacting candidates. However, the 

fragmentation of AHR11 still could not prevent entirely autoactivation. We found that the 

combinations of AHR11 fragments containing the c-region (aa: 552-804) always exhibited 

autoactivation, except the c-region alone. It implies that the c-region might be important, but not 

sufficient, for transcription activation. Subsequently, AHR11 fragments were shown to interact with 

seven proteins, which were then classified into three groups according to their interaction region of 

AHR11, as well as the interaction intensity (Figure 3-37 and Figure 4-12). Group I includes JAM2 

(Jasmonate-associated MYC2-like 2; AT1G01260) and dynein light chain (DLC) type 1 protein 

(AT1G23220), which display a strong interaction with the c-region (aa: 552-804) of AHR11 protein. 

Group II includes TPL (TOPLESS; AT1G15750), TPR2 (TOPLESS-related 2; AT3G16830), and SINAT-like 

protein (AT3G61790), which strongly bind the ab-region (aa: 1-554) of AHR11. Group III encompasses 

AT2G45260 and AT4G09060, two proteins with unknown function showing weak interaction with the 

ab-region (aa: 1-554). The interaction between AHR11 and AtCSP3 could not be detected in our screen, 

because AtCSP3 is not present in the library.   
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Figure 4-12: Protein-protein interactions of AHR11 

AHR11 protein is presented as a white bar, and its predicted conserved domains are indicated by colored 
boxes, including NLSs (black), EAR-motifs (yellow), N-terminal conserved region (red), and C-terminal 
DNA_pol_viral_N domain (purple). Group I members of AHR11-interacting proteins, including JAM2 
(AT1G01260) and DLC type 1 (AT1G23220), strongly interact with the c-region (aa: 552-804, green) of AHR11. 
Group II contains two proteins of TOPLESS/TPR protein family, TPL (AT1G15750) and TPR2 (AT3G16830), 
which are known to interact with EAR-motif, as well as a SINAT-like protein (AT3G61790) with predicted 
ubiquitin-protein E3 ligase activity. AHR11-interacting proteins of Group III, AT2G45260 and AT4G09060, 
show weak interaction with the ab-region (aa: 1-504) of AHR11. Solid arrow and dashed arrow indicate the 
strong interaction and weak interaction, respectively, in yeast. 

4.3.2.1 JAM2 is a transcription factor in JA signaling and ABA signaling 

JAM2, together with its homologs JAM1 and JAM3, has been identified as a jasmonate-associated 

MYC2-like transcription factor that negatively regulate jasmonic acid (JA) signaling (Sasaki-Sekimoto 

et al., 2013, Nakata and Ohme-Takagi, 2013, Nakata et al., 2013), in which the master regulator MYC2 

(AT1G32640) positively regulates insect defense via the VSP2 pathway, while negatively regulates 

pathogen defense via the PDF1.2 pathway (Lorenzo et al., 2004, Kazan and Manners, 2013). Both 

MYC2 and JAMs belong to bHLH-TF family, sharing the C-terminal bHLH-domain, which is required for 

binding to specific cis-element G-box (CACGTG) and TF dimerization (Toledo-Ortiz et al., 2003, Heim 

et al., 2003). MYC2 contains an acidic region in amino-terminal domain (MYC_N), which is important 

for transcription activation (Nakata et al., 2013) (Figure 4-13A). The expression of JAMs is dependent 

on MYC2, while the expression of MYC2 is less regulated by JAMs. Therefore, MYC2 is functioning 

upstream of the JAMs, and the MYC2-induced JAMs and MYC2 competitively bind to G-box (CACGTG) 
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to regulate the expression of their common target genes, such as VSP2, ANAC019 and PAP1 in JA 

signaling (Sasaki-Sekimoto et al., 2013, Kazan and Manners, 2013) (Figure 4-13C). 

 

Figure 4-13: functions of MYC2 and JAMs in JA signaling and osmotic response 

(A) bHLH-TFs MYC2 and JAMs (JAM1, JAM2 and JAM3) share the C-terminal conserved domain bHLH (blue) 
for DNA binding, but MYC2 has a specific acidic region (red) for transcription activation in MYC_N domain 
(yellow). (B) MYC2 and JAMs competitively binds to G-box (CACGTG) to activate and repress target genes 
expression, respectively. (C) MYC2 and JAMs antagonistically regulate JA signaling in insect and pathogen 
defense. (D) Both MYC2 and JAMs enhanced drought tolerance via ABA-dependent signaling pathway. 
Expression of RD22 is activated by MYC2 (Abe et al., 1997, Abe et al., 2003), but not JAM1 (Li et al., 2007). 

In addition, MYC2 has initially been characterized as a positive regulator of ABA-inducible genes under 

osmotic stress (Figure 4-13D), and functions cooperatively with MYB2 in transcriptional activation of 

RD22, a gene responsive to dehydration stress (Abe et al., 1997, Abe et al., 2003). Meanwhile, JAM1 

was also named AIB (ABA-inducible bHLH transcription factor) for its positive regulation in response 

to ABA (Li et al., 2007). Correspondingly, ABA insensitivity was observed in the knockdown mutant aib, 

whereas JAM1/AIB over-expressing lines were hypersensitive to ABA in post-germination 

developments (Li et al., 2007). The MYC2-binding G-box (CACGTG) (Toledo-Ortiz et al., 2003, Heim et 

al., 2003) is also present in one type of ABA-responsive element G-box-like ABRE (G/ABRE: CACGTGGC), 

which is normally found in ABA/stress-inducible promoters, and is targeted by AREBs/ABFs/ABI5 (Choi 

et al., 2000). Therefore, it seems possible that bHLH-TFs, such as MYC2 and JAMs, compete with bZIP-
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TFs, such as AREBs/ABFs/ABI5, for the G/ABRE binding sites to regulate target genes expression. As 

discussed in JA signaling, MYC2 is a transcriptional activator, but JAMs are a repressor, which might 

be caused by the presence/absence of the N-terminal acidic region. In ABA signaling, the regulation 

mechanism seems more indirect. Although the promoter region of RD22 does not contain any ABREs, 

the dehydration-induced RD22 expression is also activated by MYC2 via its G-box (Iwasaki et al., 1995), 

but not by JAM1 (Li et al., 2007). The target specificity of MYC2 and JAMs in ABA signaling is still 

unclear. In this work, the interaction between JAM2 and c-region (aa: 542-804) of AHR11 was found 

in yeast. Combination with the negative regulatory role of AHR11, we could speculate that AHR11 

repress JAM2-targeted gene expression. However, it is still a matter of speculation whether AHR11 

might have a general function as a regulator of activities of bHLH-TFs. It is necessary to analyze the 

molecular function of the interaction between AHR11 and JAM2, as well as other JAMs and MYC2 in 

future. 

4.3.2.2 TPL/TPRs corepressor complex regulate general transcription repression 

In this work, AHR11 has been identified as a novel EAR-motif protein, containing two predicted EAR-

motifs: EAR1 in the a-region (aa: 1-247) and EAR2 in the b-region (aa: 248-544) (Figure 4-4). In addition, 

a conserved region (aa: 235-249) with unknown function is present between these two EAR-motifs. It 

is already known that EAR-motif proteins repress gene transcription via recruiting TOPLESS and 

TOPLESS-related transcriptional corepressors to target genes (Kagale et al., 2010). In yeast, the ab-

region (aa: 1-544) of AHR11 strongly interacted with TPL (TOPLESS; AT1G15750) and TPR2 (TOPLESS-

related 2; AT3G16830), while the a-region (aa: 1-247) or b-region (aa: 248-544) containing a single 

EAR-motif was impaired binding either TPL or TPR2. These results could imply that a single EAR-motif 

is not sufficient for AHR11 to recruit TPL/TPRs, which can be proved by inactivation of a EAR-motif in 

the ab-region. The EAR-motif surrounding sequence such as N-conserved region might also contribute 

to TPL/TPRs recruition. 

TPL and TPR2 belong to the TOPLESS co-repressor family (TPL/TPRs), and were initially identified as 

transcriptional corepressors that negatively regulate apical embryonic fate in Arabidopsis (Long et al., 

2006). The C-terminal to lissencephaly homology (CTLH) domain of TPL directly binds to the EAR-motif 

located in the domain I of IAA12/BDL (Emes and Ponting, 2001, Szemenyei et al., 2008). The TPL-

interactome analysis revealed that TPL/TPR corepressors predominantly interact directly with specific 

transcription factors (Causier et al., 2011). Many of which were previously implicated in 

transcriptional repression as EAR-repressors involved in diverse processes, including growth and 

development, hormone responses, and stress responses (Kieffer et al., 2006, Long et al., 2006, Takase 

et al., 2007, Szemenyei et al., 2008, Pauwels et al., 2010, Causier et al., 2011, Wang et al., 2012a, 

Krogan et al., 2012, Tao et al., 2013). Therefore, TPL/TPRs manage a common transcriptional 

repression mechanism, which has been unraveled in detail in several hormone responses pathways 

including auxin signaling (Szemenyei et al., 2008) and JA signaling (Pauwels et al., 2010). In auxin 

signaling (Figure 4-14), auxin response TFs (ARFs) recognize auxin-responsive cis-element (ARE: 

TGTCTC) to activate target gene expression (Ulmasov et al., 1997). The EAR-repressors of AUX/IAA 
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family couple the TPL/TPRs transcriptional corepressor complex to ARFs, subsequently TPL/TPRs 

repress auxin-induced transcription probably via the HISTONE DEACETYLASE 19 (HDA19) (Szemenyei 

et al., 2008). Similar transcriptional repression has also been found in JA signaling (Figure 4-15). 

JASMONATE-ZIM DOMAIN (JAZ) proteins, which play a central repressive role in JA signaling, binds to 

the JAZ interaction domain (JID) at the N-terminal region of MYC2. If the JAZs contain the 

aforementioned EAR-motif, also bind to TPL/TPRs (Shyu et al., 2012), thereby recruiting the TPL/TPRs 

co-repressors, putatively together with HDA19, to repress MYC2 target genes expression (Pauwels 

and Goossens, 2011, Niu et al., 2011, Fernandez-Calvo et al., 2011, Shyu et al., 2012, Kazan and 

Manners, 2013). The Non-EAR-motif JAZ proteins may cooperate with the EAR-motif adaptor protein 

NINJA (Novel interactor of JAZ) to recruit TPL/TPRs (Pauwels et al., 2010). When auxin or JA (JA-Ile) 

are presenct, the receptor complex TIR1-auxin-AUX/IAA or COI1-JA-Ile-JAZ initiates the ubiquitylation 

and degradation of the EAR-repressors AUX/IAA or JAZ by the proteasome pathway to release 

transcriptions from repression by TPL/TPRs. 

Interestingly, the ABI5-binding proteins (AFPs) share three conserved domains with the adaptor 

protein NINJA (Lopez-Molina et al., 2003, Garcia et al., 2008) and also carry the EAR-motif to interact 

with TPL/TPRs (Pauwels et al., 2010). Therefore, AFPs likely function as EAR-repressor adaptor 

proteins to inhibit ABI5 target genes transcription in ABA signaling by recruiting the transcriptional 

repressors TPL/TPRs. 
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Figure 4-14: Model of Auxin-regulated transcription 

(A) Auxin response TFs (ARFs) bind to auxin response cis-element (ARE: TGTCTC) to activate target gene 
expression in auxin signaling (Ulmasov et al., 1997). EAR-repressor proteins AUX/IAAs interact with both ARFs 
and TPL/TPRs, and TPL/TPRs, putatively together with the HISTONE DEACETYLASE 19 (HDA19), are thereby 
recruited to inhibit the expression of ARF target genes (Szemenyei et al., 2008). (B) In the presence of auxin, 
degradation of AUX/IAAs is initiated by binding of the hormone to TIR1 via ubiquitylation and subsequent 
degradation, resulting in target genes expression (Teale et al., 2006). Modified from Szemenyei et al (2008) 
and Woodward et al (2005). EAR: EAR-motif (LxLxL or DLNxxP, where x may represent any amino acid residue). 
CTLH: C-terminal to lissencephaly homology domain. 
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Figure 4-15: Model of JA-regulated transcription 

(A) bHLH TF MYC2 recognizes a specific cis-element G-box (CACGTG), regulating target genes expression in 
JA signaling (Toledo-Ortiz et al., 2003, Heim et al., 2003). The TPL/TPRs corepressor complex, probably as well 
as HDA19, are targeted to MYC2 to repress transcription by an EAR-repressor adaptor complex JAZs-NINJA in 
which JAZs bind to MYC2, and NINJA connects to TPL/TPRs via EAR-motif (Kazan and Manners, 2013). (B) 
When active JA (JA-Ile) is present, the COI1-JA-Ile-JAZ co-receptor complex triggers ubiquitylation and thus 
degradation of JAZs, resulting in activation of target genes transcription (Pauwels et al., 2010). EAR: EAR-
motif (LxLxL or DLNxxP, where x may represent any amino acid residue). CTLH: C-terminal to lissencephaly 
homology domain. 
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4.3.2.3 RING-finger E3 ligase mediates AHR11 degradation 

In Y2H screen, the ab-region (aa: 1-544) of AHR11 strongly interacted with a RING-finger E3 ligase 

SINAT-like protein (AT3G61790; Figure 4-12) and these data might point to proteasome-mediated 

protein degradation as the underlying regulatory principle controlling AHR11 protein levels. The 

SINAT-like protein contains two zinc finger domains of different types: one shows a RING-type profile 

and is located between amino acids 62 and 102; the second has a SEVEN IN ABSENTIA HOMOLOG 

(SIAH)-type profile and is located between amino acids 177 and 305. The SIAH-type domain was firstly 

found in the Drosophila SINA (SEVEN IN ABSENTIA) protein (Carthew and Rubin, 1990). The 

combination of RING-type zinc finger and SIAH-type zinc finger in SINAT-like protein is also conserved 

in SINA, as well as its mammalian homologs SIAHs (Hu et al., 1997) and plant homologs SINATs (Xie et 

al., 2002, Welsch et al., 2007). All SINA proteins have ubiquitin protein E3 ligase activity to mediate 

the ubiquitylation of substrate proteins to promote their degradation. In the Drosophila eye SINA 

initiates Ttk88 degradation to regulate the specification of R7 cell fate (Carthew and Rubin, 1990). 

Homo sapiens SIAH1 and SIAH2 interact with and degrade nonreceptor tyrosine kinase ACK1 

(Activated Cdc42-associated kinase 1) to regulate cell transformation (Buchwald et al., 2012). In plant, 

SINAT5 targets NAC1 for ubiquitin-mediated protein proteolysis to down-regulate auxin signaling (Xie 

et al., 2002), and SINAT2 regulates the protein level of AP2-TF AtRAP2.2 in Arabidopsis (Welsch et al., 

2007). 

As discussed above, in the presence of hormones, the EAR-repressor adaptor proteins are degraded 

via ubiquitin protein ligases, such as the F-box E3 ligases TIR1 in auxin signaling (Dharmasiri et al., 

2005) and COI1 in JA signaling (Yan et al., 2009), releasing target genes expression from TPL/TPRs-

mediated transcription repression. Therefore, it is speculated that the SINAT-like protein (AT3G61790) 

functions as an E3 ligase to initiate the ubiquitylation degradation of AHR11 during stress. 

4.3.2.4 Model of AHR11 function as a transcriptional repressor 

AHR11 has been characterized in this work as a negative regulator of response to water deficit stress, 

especially involved in ABA/stress-induced gene transcription. According to its interaction with both 

bHLH-TF JAM2 and TPL/TPRs transcriptional corepressors in yeast, the novel EAR-protein AHR11 is 

proposed to function as an adaptor protein, recruiting the TPL/TPRs corepressor complex to inhibit 

transcription of JAM2-regulated genes (Figure 4-7A). In the ahr11 mutant, the C-terminal truncated 

protein Δahr11 is impaired to interact with either JAM2 or TPL/TPRs, allowing a constitutive 

transcription of JAM2 target genes. Although several target genes of JAM2 in JA signaling have been 

found such as VSP2, PAP1, ANAC019 and ERF1 (Sasaki-Sekimoto et al., 2013), the target genes of JAM2 

in water deficit and ABA signaling is still unclear (Li et al., 2007). As discussed in section 4.2.3.2, the 

transcript level of the ABA-importer ABCG40 is significantly higher in ahr11 shoot after exposure to 

water deficit stress. The cis-element analysis of ABCG40 promoter reveals the presence of 11 G-box 

elements which might be recognized by JAM2 in the upstream region (1635 bp) of ABCG40, inaddition 

to one ABRE and several CE elements which are responsible for ABA responsive regulation. Therefore, 

ABCG40 seems to be a potential target gene of AHR11 and JAM2.  



Discussions 

152 

 

 

Figure 4-16: Hypothetical model of AHR11-regulated transcription 

(A) bHLH-TF JAM2 binds to G-box (CACGTG) and G-box-like ABRE (G/ABRE: CACGTGGC) to regulate target 
genes expression. The EAR-repressor protein AHR11 interacts with both JAM2 through c-region (aa: 542-804, 
green)) and corepressors complex TPL/TPRs via EAR-motifs (EAR1208and EAR2314, yellow). Thus, AHR11 acts 
as an adaptor protein to recruit TPL/TPRs inhibiting the transcription of JAM2 target genes. (B) In the ahr11 
mutant, the mutated protein Δahr11 is impaired to bind to either JAM2 or TPL/TPRs, and the target genes 
thus are constitutively released from transcriptional repression. Compared to auxin signaling (Figure 4-14) 
and JA signaling (Figure 4-15), ubiquitylation-mediated degradation of AHR11 might result in initiation of 
JAM2 target gene expression. A SINAT-like protein (AT3G61790) has been predicted as a protein ubiquitin E3 
ligase, and is supposed here to be involved in ubiquitylation-mediated degradation of AHR11.   
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Similar to auxin signaling (Figure 4-14) and JA signaling (Figure 4-15), the transcriptional repression 

adaptor protein AHR11 is presumably susceptible to ubiquitin-mediated degradation as inferred from 

the observation that it interacts with the RING-finger E3 ligase SINAT-like protein (AT3G61790). 

Additionally, the RING-type E3 ligase RKP co-regulated with AHR11 might reflect a role of AHR11 level 

regulation. In the ahr11 mutant, the mutated protein Δahr11 is impaired to bind to either JAM2 or 

TPL/TPRs, and the JAM2-regulated genes thus are constitutively released from transcriptional 

repression. The subsequent genome-wide transcription analysis of water deficit-stressed ahr11 would 

uncover the target genes of JAM2, as well as of AHR11, in water deficit response. 

Although the high-throughput Y2H screen used in this work is a reliable tool which recently has been 

employed successfully in several studies (Yu et al., 2008, Braun, 2012, Braun et al., 2013), protein-

protein interaction between AHR11 and its interacting partners still need to be confirmed in planta, 

e.g. by using bimolecular fluorescence complementation (BiFC) in protoplasts (Bhat et al., 2006). 

4.4 Multiple functions of AHR11 in development and non-ABA hormone signaling 

pathways 

Although the mutant ahr11 shows an altered response in several ABA-regulated physiological 

processes, ahr11 also displays specifically phenotypic alternations such as early flowering (Table 3-4), 

less rosette leaves (Figure 3-25), and reduced apical dominance (Figure 3-25). Thus, AHR11 

presumably has multiple regulatory functions in plant development and non-ABA hormone signaling 

pathways. Due to the dual function of the AHR11-interacting protein JAM2 in ABA and JA signaling, 

AHR11 is supposed to also be involved in JA signaling by suppressing the expression of JAM2 target 

genes. Both JAMs and MYC2 are positive regulators of ABA signaling (Abe et al., 1997, Abe et al., 2003, 

Li et al., 2007), but antagonistically regulate JA signaling (Sasaki-Sekimoto et al., 2013, Kazan and 

Manners, 2013). How AHR11 is involved as a regulatory element in both signaling pathways, perhaps 

representing a node of crosstalk of ABA and JA signaling needs further investigation. 

The transition from vegetative growth to flowering is an important developmental process in plants. 

This switch is regulated by several pathways including the photoperiod response pathway, the 

autonomous pathway and GA signaling (Mouradov et al., 2002). In the floral transition process, ABA 

seems to play a minor role, acting as a floral repressor while GA plays a dominant role in promoting 

the transition to reproductive development (Domagalska et al., 2010). Since ahr11 shows an early 

flowering phenotype under long day conditions and develops less rosette leaves compared to wild 

type (pATHB6::LUC) plants (Table 3-4), AHR11 might be also involved in the cross talk between ABA 

and GA signaling during transition to flowering. 

During the reproductive developmental stage, ahr11 plants exhibit reduced apical dominance with 

respect to inflorescence branching (Figure 3-25). It is already known that the shoot architecture is 

largely regulated by three classes of hormone: auxin, cytokinin (CK) and strigolactone (SL) (Ferguson 

and Beveridge, 2009). Typically, the young leaves synthesize auxin at the tip of the main shoot to 

inhibit branching (Booker et al., 2003). The hormones CK and SL both are up-regulated by auxin, and 
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move into the axillary buds (Dun et al., 2009) to antagonistically promote or inhibit lateral branching 

(Davies et al., 1966, Gomez-Roldan et al., 2008, Umehara et al., 2008). Probably SL also influences CK 

levels. Many SL mutants display an abnormal CK level in xylem sap (Foo et al., 2007). SL promotes 

shoot branching by triggering rapid depletion of auxin efflux protein PIN1 from the plasma membrane 

(Balla et al., 2012, Shinohara et al., 2013, Koltai, 2014, Young et al., 2014). In addition, the lateral bud 

outgrowth is also inhibited by ABA via an auxin-independent manner (Cline and Oh, 2006). These 

imply that AHR11 not only regulates stress responses but also modulates aspects of plant growth 

development by affecting the corss talk between ABA and other hormonal and developmental cues. 
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5. Appendix 

5.1 Oligo nucleotides used in this work 

5.1.1 Primers for mapping 
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5.1.2 Primers for Cloning and genotyping 

Table 5-3: Uniform primers 

# Primer Nucleotide-Sequence (5’->3’) Purpose 

225 GK_08409 ATATTGACCATCATACTCATTGC Genotyping of GABI-Kat T-DNA mutant 

289 LB3 TAGCATCTGAATTTCATAACCAATCT
CGATACA 

Genotyping of SAIL T-DNA mutant 

856 T3-f AATTAACCCTCACTAAAGGG Sequencing for pSK vector. 

1915 p35S-end-f CTCTCTCTACAAATCTATCTCTCTC Sequencing for the insertion after 35SS1 promoter. 

1916 pDEST-AD CGCGTTTGGAATCACTACAGGG Sequencing for pDEST-AD vector. 

1917 pDEST-DB GGCTTCAGTGGAGACTGATATGCCT
C 

Sequencing for pDEST-DB vector. 

1918 pDEST-Term GGAGACTTGACCAAACCTCTGGCG Sequencing for pDEST-AD vector and pDEST-DB vector. 

1919 pENTR-seq-r GTAACATCAGAGATTTTGAGACAC Sequencing for pENTR vector. 

1920 LacZ-ins-f GACCATGATTACGCCAAGCTCG 86bp to AscI, Sequencing for Binary vector and transgenic 
plants. 

1921 LacZ-ins-r GATTAAGTTGGGTAACGCCAGG 192bp to AscI, Sequencing for Binary vector and transgenic 
plants. 

Table 5-4: Specific primers 

# Primer Nucleotide-Sequence (5’->3’) Purpose 

108 Actin-f TGGGATGACATGGAGAAGAT RT-PCR 

109 Actin-r ATACCAATCATAGATGGCTGG RT-PCR 

216 abi1_XhoI_for AATTCCTCGAGGGAAGTATCTCCGG
C 

Genotyping of abi1-1 

219 abi1_XhoI_rev GTACTCGAGTCAGTTCAAGGGTTTGC Genotyping of abi1-1 

554 aba2-
1_DeCAPS_f 

GTTTTTGGCTAGCGATGACTCGCGGT
ACTTAA 

Genotyping of aba2-1 

555 aba2-
1_DeCAPS_r 

AGACATGATAAATTGGCGGACAATA
AAC 

Genotyping of aba2-1 

1922 AHR11-f1 CCGGAATTCATGTCTGGAAGCCAAG
AGCCTAG  

 AHR11 (At5g13590) cloning (EcoRI) 

1923 ctAHR11-f ctATGTCTGGAAGCCAAGAGCCTAG AHR11 sequencing 

1924 AHR11-r1 ATCCTACACTTTCCTTCTGTC  AHR11 sequencing 

1925 AHR11-f2 CTAGATCGCACAAGTGGTGC AHR11 sequencing 

1926 AHR11-r2 CCTCTAGCTCCTTACCAGGT  AHR11 sequencing 

1927 AHR11-f3 CGAAAGAACTCCCTTGTAATTC  AHR11 sequencing 

1928 AHR11-r3 ATTTAACCTTGGGCTTCTCATAATTC  AHR11 sequencing 

1929 AHR11-f4 TGCTTCAGGCAGCTTTGTG  AHR11 sequencing 

1930 AHR11-r4 GAAGATCTTTAAAAACCATCACCACC
GAGCT  

AHR11 cloning (BglII) 

1931 AHR11-nonstop-
r4 

GCGTCGACGCAAAACCATCACCACC
GAGCT  

AHR11 cloning (SalI) 

1932 Δahr11-r GAAGATCTTCAAACATCCATGGTAGT
ATTCAAATC  

Δahr11 cloning (BglII) 
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1933 Δahr11-nonstop-
r 

GCGTCGACGCAACATCCATGGTAGT
ATTCAAATC 

Δahr11 cloning (SalI) 

1934 ahr11-CAPS-f AAATTGGGATTTGAATACTACCATGG
ATGTCTG  

Genotyping of ahr11 (+ AHR11-r1) 

1935 pAHR11-f GGACTAGTGGAGAACCAGATTTCCT
AGAAC 

Promoter of AHR11 cloning (SpeI) 

1936 pAHR11-r CGGGATCCACTCTGCAGCAGCAACTT
TGC 

Promoter of AHR11 cloning (BamHI) 

1937 pAHR11-seq1-r CCAATCTCACTACCTGAAGGAACC pAHR11 sequencing 

1938 pAHR11-seq2-f CCTTATGGAGATGGAAGCTTTCG pAHR11 sequencing 

1039 pAHR11-seq3-r GACCAGTCAAATATCTCCTAC pAHR11 sequencing 

1940 AHR11-5UTR-f CCCCCCGGGGTTGCTGCTGCAGAGT
TGTG 

AHR11-5’UTR cloning (XmaI) 

1941 AHR11-5UTR-r CGGGATCCTAGTTGAACTTCGAGGG
TCCT 

AHR11-5’UTR cloning (BamHI) 

1942 AHR11-3UTR-r GCGTCGACGAATTGGAGCCCAACTA
CTTGC 

AHR11-3’UTR cloning (SalI) 

1943 AHR11-A-f GCGTCGACATGTCTGGAAGCCAAGA
GCC 

Subcloning of AHR11 for Y2H (SalI) 

1944 AHR11-B-r CCGGAATTCTCAAACATCCATGGTAG
TATTCAAATC 

Subcloning of AHR11 for Y2H (EcoRI) 

1945 AHR11-B-f GCGTCGACTGGGAAGATGCTCTAGA
TCGC 

Subcloning of AHR11 for Y2H (SalI) 

1946 AHR11-C-r CCGGAATTCTCAAGTTCCACGAGAAT
TACAAGGG 

Subcloning of AHR11 for Y2H (EcoRI) 

1947 AHR11-C-f GCGTCGACCGTGGAACTGATGAACT
TTCCAG 

 Subcloning of AHR11 for Y2H (SalI) 

1948 AHR11-D-r CCGGAATTCTCAGCTTTCTGTGTTAT
CAGGTAATCTC 

Subcloning of AHR11 for Y2H (EcoRI) 

1949 AHR11-D-f GCGTCGACAATCTGCATGACCAGGA
CAC 

Subcloning of AHR11 for Y2H (SalI) 

1950 AHR11-E-r CCGGAATTCTTAAAAACCATCACCAC
CGAGC 

Subcloning of AHR11 for Y2H (EcoRI) 

1620 HB6LUC-Pos-f  GGCTAGCAAAACCTTAACTAAACCC Genotyping of the insertional pATHB6::LUC ABA-
reporter construct in the genome of Arabidopsis 

1621 HB6LUC-Pos-r  GCAACTACTGTTTGGGCTTTGAG  Genotyping of the insertional pATHB6::LUC ABA-
reporter construct in the genome of Arabidopsis 

1622 HB6LUC-InsChk-r  GTTCCGATTTAGTGCTTTACGGC  Genotyping of the insertional pATHB6::LUC ABA-
reporter construct in the genome of Arabidopsis 

1786 AIB-f GCGTCGACATGAATATGAGTGATTT
AGGTTGGG 

AIB/JAM1 (At2g46510) cloning (SalI) 

1787 AIB-r CCGGAATTCTTATATATCACCAGAGA
CCTGTG 

AIB/JAM1 cloning (EcoRI) 

1788 AIB.1-SpeI-f GGACTAGTATGAATATGAGTGATTT
AGGTTGGG 

AIB/JAM1 cloning (SpeI) 

1789 AIB-nostop-r GCGTCGACAGTATATCACCAGAGAC
CTGTG 

AIB/JAM1 cloning (SalI) 

1784 AIB-f2 GACTGGAGGGATTCACAAGC AIB/JAM1 sequencing 

1785 AIB-r2 CTTCCCAACTTTGAGGAGTG AIB/JAM1 sequencing 
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1779 bHLH13-f TCCCCCCGGGATGAATATTGGTCGCC
TAGTGTGG 

JAM2 (At1g01260) cloning (XmaI) 

1780 bHLH13-r GCGTCGACCTATCTACCTGATGATGT
TCTTG 

JAM2 cloning (SalI) 

1783 bHLH13-nostop-
r 

GCGTCGACAGTCTACCTGATGATGTT
CTTGACTG 

JAM2 cloning (SalI) 

1781 bHLH13-r2 CTCTTGGGAGCTCTATCATCC JAM2 sequencing 

1782 bHLH13-f2 CAACAACCACCGCAACAGCAAC JAM2 sequencing 

1777 bHLH13-check-f CCATGACATAATCTAAGGGGTTTTC Genotyping of JAM2 T-DNA knockout mutant 

1778 bHLH13-check-r CCAACAGAAAATGAGGAATTGAG Genotyping of JAM2 T-DNA knockout mutant 

1790 MYC2-f TCCCCCCGGGATGACTGATTACCGGC
TACAAC 

MYC2 (At1g32640) cloning (XmaI) 

1791 MYC2-r AACTGCAGTTAACCGATTTTTGAAAT
C 

MYC2 cloning (PstI) 

1792 MYC2-nostop-r CCGCTCGAGGTACCGATTTTTGAAAT
C 

MYC2 cloning (XhoI) 

1800 TOPLESS-f TCCCCCCGGGATGTCTTCTCTTAGTA
GAGA 

TPL (At1g15750) cloning (XmaI) 

1801 TOPLESS-r GCGTCGACTCATCTCTGAGGCTGATC
AG 

TPL cloning (SalI) 

1802 TOPLESS-f2 CCCACATCCAGCTGTCTCAGC TPL sequencing 

1803 TOPLESS-f3 GGGACGAGTAAAGATGGAGAG TPL sequencing 

1804 TOPLESS-r3 GCACAACACCTAGAGAACGC TPL sequencing 

1805 TOPLESS-r2 GAATCGTGCTATCATCCATCCC TPL sequencing 

1806 TPL-nostop-r GCGTCGACAGTCTCTGAGGCTGATC
AG 

TPL cloning (SalI) 

1796 tpl1-1-f GAACTCCTCCAACTAATGCTTC Genotyping of TPL T-DNA knockout mutant 

1797 tpl1-1-r GCAGGGTCTGTTTAATTGGATGG Genotyping of TPL T-DNA knockout mutant 

1798 tpl1-2-f GTTGAGTGGAATGAAAGCGAAGG Genotyping of TPL T-DNA knockout mutant 

1799 tpl1-2-f GGAGAGAGCCTTCCTTGTTG Genotyping of TPL T-DNA knockout mutant 

1811 TPR2-f TCCCCCCGGGATGTCGTCTTTGAGCA
GAGAG 

TPR2 (At3g16830) cloning (XmaI) 

1812 TPR2-r GCGTCGACTTACCTTTGAATCTGATC
CGAACTTG 

TPR2 cloning (SalI) 

1813 TPR2-f2 CAATCTAATCCTGCTCCGGC TPR2 sequencing 

1814 TPR2-f3 CGTCGAGTGGAATGAGAGTGAAG TPR2 sequencing 

1815 TPR2-r3 CAGCTGATTTCTTCCTAAAGCC TPR2 sequencing 

1816 TPR2-r2 GAGTCCTCCATCCCGATTGC TPR2 sequencing 

1817 TPR2-nostop-r GCGTCGACCAGCCTTTGAATCTGATC
CGAACTTG 

TPR2 cloning (SalI) 

1807 tpr2-1-f CTTAATGTTCGCTTTGCGACG Genotyping of TPR2  T-DNA knockout mutant 

1808 tpr2-1-r CAGATTCCTTGAACTTCTCCTC Genotyping of TPR2  T-DNA knockout mutant 

1809 tpr2-2-f CTTTGAAGGGCACGAGGCAC Genotyping of TPR2  T-DNA knockout mutant 

1810 tpr2-2-r CTTTCCATCAAGAGCGGTTGAG Genotyping of TPR2  T-DNA knockout mutant 
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1826 RING/Ubox-f TCCCCCCGGGATGGATTTGGATAGC
ATGGACTG 

At3g61790 cloning (XmaI) 

1827 RING/Ubox-r GCGTCGACTCAAGACAAGTTTGGGA
TACAAGC 

At3g61790 cloning (SalI) 

1828 RING/Ubox-
nostop-r 

GCGTCGACAGAGACAAGTTTGGGAT
ACAAGCTCC 

At3g61790 cloning (SalI) 

1793 DLCT1-f TCCCCCCGGGATGGAAGGAGTTGAG
CTAGAATTAG 

At1g23220 cloning (XmaI) 

1794 DLCT1-r GCGTCGACTCATTTTTGATCTAACGG
CTCCACG 

At1g23220 cloning (SalI) 

1795 DLCT1-nostop-r GCGTCGACAGTTTTTGATCTAACGGC
TCCACGG 

At1g23220 cloning (SalI) 

1822 At2g45260-f TCCCCCCGGGATGCTACCAAGTGGG
TTGAAAG 

At2g45260 cloning (XmaI) 

1823 At2g45260-r GCGTCGACTCACTCAAGGACCTTCAC
ACC 

At2g45260 cloning (SalI) 

1824 At2g45260-
nostop-r 

GCGTCGACCAGCTCAAGGACCTTCA
CACCAG 

At2g45260 cloning (SalI) 

1825 At2g45260m-r GTCTTCAACAAACTCTGCTGC Genotyping of At2g45260 T-DNA knockout mutant 

1834 At4g09060-f CCCCCCGGGATGCGGAGCGAGAGA
ATTGATTC 

At4g09060 cloning (XmaI) 

1835 At4g09060-r GCGTCGACTCAATTGTTGTTCATCTT
AGAATC 

At4g09060 cloning (SalI) 

1836 At4g09060-
nostop-r 

GCGTCGACGCATTGTTGTTCATCTTA
GAATCTGG 

At4g09060 cloning (SalI) 

5.1.3 Primers for Real Time-PCR 

Table 5-5: Primers for Real-Time PCR 

Primer Nucleotide-Sequence (5’->3’) Gene 

TIP41L-qPCR1-f GTGAAAACTGTTGGAGAGAAGCAA At4g34270 (Czechowski et al 2005) 

TIP41L-qPCR1-r TCAACTGGATACCCTTTCGCA At4g34270 (Czechowski et al 2005) 

UBC9-qPCR1-f TCACAATTTCCAAGGTGCTGC At4g27960 (Czechowski et al 2005) 

UBC9-qPCR1-r TCATCTGGGTTTGGATCCGT At4g27960 (Czechowski et al 2005) 

AHR11-qPCR1-f CTAGATCGCACAAGTGGTGC At5g13590 (same as AHR11-f2) 

AHR11-qPCR1-r ATCCTACACTTTCCTTCTGTC At5g13590 (same as AHR11-r1) 

AHR11-qPCR2-f GGTCGAGGTTATGGAAGAGATGG At5g13590 

AHR11-qPCR2-r GGATCCAAGTTATTCATGTTTCCATGG At5g13590 

RD29A-qPCR1-f CAACACACACCAGCAGCAC At5g52310 

RD29A-qPCR1-r TCATGCTCATTGCTTTGTCC At5g52310 

RD29B-qPCR1-f AGCAAGCAGAAGAACCAATCA At5g52300 

RD29B-qPCR1-r CTTTGGATGCTCCCTTCTCA At5g52300 

RD22-qPCR1-f TTTAACACCGGAGCGTTATTG At5g25610 

RD22-qPCR1-r TCCGCCTTTACCTACTTGGA At5g25610 

RAB18-qPCR1-f ACTGAAGGCTTTGGAACTGG At5g66400 

RAB18-qPCR1-r TCCTCCCTCCTTGTCCATC At5g66400 
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ERD1-qPCR1-f GACTGCCATTGCTGAAGGAC At5g51070 

ERD1-qPCR1-r CTCCAGCTCTCCCCTTTCTT At5g51070 

HB6-qPCR1-f TTCAGTGGGTGGTCTCATCTC At2g22430 

HB6-qPCR1-r CACCGTATCTCCTCGGACTC At2g22430 

NCED3-qPCR1-f ATGGCTTCTTTCACGGCAACGGC At3g14440 

NCED3-qPCR1-r GCTACAATAACTCAAGTCGGAGC At3g14440 

GFP-qPCR1-f CGTAAACGGCCACAAGTTCAG eGFP 

GFP-qPCR1-r GTGGTGCAGATGAACTTCAGG eGFP 

G40-qPCR1-f CACCAAGCGAGTAATAGTATGAG At1g15520 

G40-qPCR1-r GCTTCTTCATCGTCTTCTTCTC At1g15520 

G40-qPCR2-f CTGCTAGAGAGGCTCATCAAAG At1g15520 

G40-qPCR2-r GTTTCCAGAGGAGTTTCTCATGCTC At1g15520 

G25-qPCR1-f GTCCAGATTCATCTCCTCGTC At1g71960 

G25-qPCR1-r GAACTTGAGGGTGATTGGGAAAC At1g71960 

G25-qPCR2-f CTACAATCGTGACCGTGACAATG At1g71960 

G25-qPCR2-r CTTTGTTGACGTAGTAACCACCG At1g71960 

AIT1-qPCR1-f TCGTGCGATAGTCCCACATG At1g69850 (Kanno, Y. et al. 2012) 

AIT1-qPCR1-r GGTACAACCCCACGAATAGCA At1g69850 (Kanno, Y. et al. 2012) 

5.2 Strains used in this work 

# Organism Strain Vector/Plasmid Resistance 

425 EC DH5α pSK AscI Amp 

625 AT GV3101 pMP90/pSOUP  Rif/Gent/Tet 

883 EC DH5α pSK 35SΩGUS Amp 

1110 EC DH5α pBI221 35S::ABI2 Amp 

1238 EC DH5α pSPYCE-35S/pUC-SPYCE Amp 

1240 EC DH5α pSPYNE-35S/pUC-SPYNE Amp 

1246 EC DH5α PEZS-CL (EGFP) Amp 

1337 EC DH5α pSK delta (HincII - SmaI)  Amp 

2970 EC DH5α empty strain for competent cells   

3041 EC DH5α pSK_pRD29B::LUC new Amp 

3331 Y AH109 empty strain for competent cells  

3333 EC DH5α empty strain for competent cells   

3340 EC XL1 blue empty strain for competent cells Tet 

4065 EC DH5α pSK 35S empty MCS Ter Amp 

4344 EC DH5α pSK-35s-CHC1 Amp 

4463 EC XL1 blue pSK 35S RRSC26* Amp 

4464 EC XL1 blue pSK 35S rrsc26 Amp 

4465 EC DH5α pEZS EGFP rrsc26 Amp 

4466 EC DH5α pART27 AscI 35S rrsc26 Kan 

4467 AT GV3101 pART27 AscI 35S rrsc26 kan/Rif 

4554 EC DH5α pGY-35S::rrsc26-EGFP Amp 

4555 EC DH5α PGAD424-rrsc26 Amp 

4556 EC DH5α pBridge-rrsc26 Amp 

4557 EC DH5α pART27 AscI-35S::EGFP-rrsc26 Kan 

4558 AT GV3101 pART27 AscI-35S::EGFP-rrsc26 kan/Rif 
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4581 EC DH5α pEZS-35S-EGFP::RRSC26 Amp 

4582 EC DH5α PGY-35S::RRSC26-EGFP Amp 

4583 EC DH5α pGAD424-RRSC26 Amp 

4584 EC DH5α pBridge-RRSC26 Amp 

4585 EC DH5α pBI AscI Bar-RRSC26 Kan 

4586 AT GV3101 pBI AscI Bar-RRSC26 kan/Rif 

4615 EC DH10B T6I14(BAC) Cam 

4616 EC NS3529 MISH12(BAC) Kan (25µg/ml) 

4619 EC DH5α pEZS-NLS1-EGFP Amp 

4620 EC DH5α pEZS-NLS2-EGFP Amp 

4621 EC DH5α pEZS-PYNLS-EGFP Amp 

4622 EC DH5α pNIGEL18 Amp 

4623 Y AH109 pBridge-RRSC26 -Trp 

4624 Y AH109 pBridge-rrsc26 -Trp 

4625 Y AH109 pGAD424-RRSC26 -Leu 

4626 Y AH109 PGAD424-rrsc26 -Leu 

5115 EC DH5α pENTR1A_AHR11_a Kan 

5116 EC DH5α pENTR1A_AHR11_ab Kan 

5117 EC DH5α pENTR1A_AHR11_abc Kan 

5118 EC DH5α pENTR1A_AHR11_abcd Kan 

5119 EC DH5α pENTR1A_AHR11_b Kan 

5120 EC DH5α pENTR1A_AHR11_bc Kan 

5121 EC DH5α pENTR1A_AHR11_bcd Kan 

5122 EC DH5α pENTR1A_AHR11_c Kan 

5123 EC DH5α pENTR1A_AHR11_cd Kan 

5124 EC DH5α pENTR1A_AHR11_d Kan 

5125 EC XL1blue pDESTAD_AHR11_a Amp 

5126 EC XL1blue pDESTAD_AHR11_ab Amp 

5127 EC XL1blue pDESTAD_AHR11_abc Amp 

5128 EC XL1blue pDESTAD_AHR11_abcd Amp 

5129 EC XL1blue pDESTAD_AHR11_b Amp 

5130 EC XL1blue pDESTAD_AHR11_bc Amp 

5131 EC XL1blue pDESTAD_AHR11_bcd Amp 

5132 EC XL1blue pDESTAD_AHR11_c Amp 

5133 EC XL1blue pDESTAD_AHR11_cd Amp 

5134 EC XL1blue pDESTAD_AHR11_d Amp 

5135 EC XL1blue pDESTDB_AHR11_a Amp 

5136 EC XL1blue pDESTDB_AHR11_ab Amp 

5137 EC XL1blue pDESTDB_AHR11_abc Amp 

5138 EC XL1blue pDESTDB_AHR11_abcd Amp 

5139 EC XL1blue pDESTDB_AHR11_b Amp 

5140 EC XL1blue pDESTDB_AHR11_bc Amp 

5141 EC XL1blue pDESTDB_AHR11_bcd Amp 

5142 EC XL1blue pDESTDB_AHR11_c Amp 

5143 EC XL1blue pDESTDB_AHR11_cd Amp 

5144 EC XL1blue pDESTDB_AHR11_d Amp 

5236 EC XL1Blue pGreenII0179 AscI Hygromycin Kan 

5345 EC DH5α psk-AscI-endgAHR11 Amp 

5346 EC DH5α psk-AscI-endgAHR11-EGFP Amp 

5347 EC DH5α pGreenII1079-AscI-Hygro-emp Kan 

5348 EC DH5α pGreenII1079-AscI-Hygro-endgAHR11 Kan 

5349 EC DH5α pGreenII1079-AscI-Hygro-endgAHR11-EGFP Kan 

5350 AT GV 3101 pMP90/pSOUP  pGreenII1079-AscI-Hygro-emp kan/Rif/Gent 
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5351 AT GV 3101 pMP90/pSOUP  pGreenII1079-AscI-Hygro-endgAHR11 kan/Rif/Gent 

5352 AT GV 3101 pMP90/pSOUP  pGreenII1079-AscI-Hygro-endgAHR11-EGFP kan/Rif/Gent 

5353 EC DH5α psk-AscI-35S-AHR11-p90-GFP Amp 

5354 EC DH5α psk-AscI-35S-AHR11-p600-GFP Amp 

5355 EC DH5α psk-AscI-35S-gAHR11-3UTR Amp 

5356 EC DH5α psk-AscI-35S-gAHR11 Amp 

5357 EC DH5α psk-AscI-pAHR11 Amp 

5358 EC DH5α psk-AscI-pAHR11-5UTR Amp 

5359 EC DH5α psk-AscI-pAHR11-LUC Amp 

5360 EC DH5α psk-AscI-pAHR11-5UTR-LUC Amp 

5621 EC DH5α pENTR-AIB kan 

5622 EC DH5α pENTR-AIB.2 kan 

5624 EC  pDESTAD Amp 

5625 EC  pDESTDB Amp 

5627 EC DH5α pGreenII1079-AscI-HygroI-35s-AHR11-CDS kan 

5628 EC DH5α 
pGreenII1079-AscI-Hygro-35s-gAHR11-

3UTR 
kan 

5629 EC DH5α pGreenII1079-AscI-Hygro-35s-delta-ahr11 kan 

5630 AT GV 3101 pMP90/pSOUP  pGreenII1079-AscI-Hygro-35s-AHR11-CDS kan/Rif/Gent 

5631 AT GV 3101 pMP90/pSOUP  
pGreenII1079-AscI-Hygro-35s-gAHR11-

3UTR 
kan/Rif/Gent 

5632 AT GV 3101 pMP90/pSOUP  pGreenII1079-AscI-Hygro-35s-delta-ahr11 kan/Rif/Gent 

5854 EC DH5α pSK-AscI-35S-MYC2 Amp 

5855 EC DH5α pSK-AscI-35S-bHLH13 Amp 

5856 EC DH5α pSK-AscI-35S-DLCT1 Amp 

5890 EC DH5α psk-AscI-35S-RING Amp 

5891 EC DH5α psk-AscI-35S-AIB.1 Amp 

5892 EC DH5α psk-AscI-35S-AIB.2 Amp 

*RRSC26 is the old lab-working name of AHR11 (At5g13590). 
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5.3 Genotyping of mutants and transformants of Arabidopsis thaliana 

5.3.1 EMS-induced mutant ahr11 

According to the EMS-induced C-to-T mutation in AHR11 gene (At5g13590), the novel EMS-mutant 

ahr11 was genotyped by using designed CAPS-marker (primers: #1931 + #1924). The polymerase chain 

reaction (PCR: annealing temperature 53°C) was performed basically. The DNA fragment amplified 

from ahr11 mutant has one restriction site (DdeI: 5’-C^TNAG-3’) and is digested into two fragments 

138 bp and 32 bp, whereas the DNA fragment amplified from wild type genomic DNA has no 

restriction site (Figure 5-1). The products were separated by 2% (w/v) agarose gel electrophoresis 

after digestion by restriction enzyme DdeI (NEB). 

 

Figure 5-1: Genotyping of EMS-induced mutant ahr11 

Genomic DNA was isolated from seedlings of mutant ahr11 and wild type pATHB6::LUC. The CAPS-marker: 
AHR11-CAPS-f + AHR11-r1 (sequence information in Appendix 5.1.2) were employed to select homozygous 
ahr11 mutant. After the amplification from ahr11 and pATHB6::LUC, the DNA fragments were digested by 
the restriction enzyme DdeI (NEB), resulting in two fragments 138 bp and 32 bp (only the big fragment was 
visible in gel electrophoresis) in ahr11, as well as 170 bp fragment in wild type. The 1 kb DNA ladder was used 
in 2% (w/v) agarose gel electrophoresis. 
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5.3.2 ABA-reporter line pATHB6::LUC 

The pATHB6::LUC ABA-reporter construct was inserted into the promoter region of MYB15 

(At3g23250) in the genome of Arabidopsis thaliana Col-0, monitoring the active ABA in vivo 

(Christmann et al., 2005). Therefore, three primers were designed to select the homozygous ABA-

reporter line pATHB6::LUC, of which the primers HB6LUC-Pos-f (#1620) and HB6LUC-Pos-r (#1621) are 

located up- and down-stream of the construct insertion point (8.308 Mb on Chromosome III), 

respectively, and the primer HB6LUC-InsChk-r (#1622) is on the insertional pATHB6::LUC construct. 

The primer secquence information is listed in Appedix 5.1.2. As shown in Figure 5-2, a 550 bp genomic 

DNA fragment was amplified from wild type Col-0 using the primer combination (#1620 + #1621; 

annealing temperature 55°C), and a 700 bp DNA fragment containing part of insertion construct was 

amplified from the homozygous ABA-reporter line pATHB6::LUC using the primer combination (#1620 

+ #1622; annealing temperature 55°C). The PCR products were separated by 1% (w/v) agarose gel 

electrophoresis. 

 

Figure 5-2: Genotyping of ABA-reporter line pATHB6::LUC harboring the pATHB6::LUC ABA-
reporter construct 

Genomic DNA was isolated from seedlings of Col-0 and ABA-reporter line pATHB6::LUC. Two PCR reactions 
were performed following the indicated primer combinations (sequence information in Appendix 5.1.2), and 
the products were analyzed by using 1% (w/v) agarose gel electrophoresis. The 100 bp ladder was employed 
in the gel analysis. 
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5.3.3 ABA-deficient mutant aba2-1 

The ABA-deficient mutant aba2-1 was isolated by selection for geminating seeds on the GA inhibitor 

paclobutrazol (Leon-Kloosterziel et al., 1996). For the osmotic stress resistance phenotype resulted 

from the Ser262-to-Asn substitution in ABA2, the aba2-1 was preselected on high sucrose medium (MS 

medium with 0.3 M sucrose).  As a result, only the seeds of homozygous aba2-1 mutant survived on 

low water potential medium. Furthermore, a designed CAPS marker (primers: #554 + #555) was used 

to recheck the genotype of aba2-1 lines. The PCR reaction (annealing temperature 56°C) was 

performed basically. The DNA fragment amplified from wild type has one restriction site (AflII: 5’-

C^TTAAG-3’) and is digested into two fragments 124 bp and 32 bp, whereas the DNA fragment 

amplified from aba2-1 mutant is 156 bp and has no restriction site (Figure 5-3). The products were 

separated by 2% (w/v) agarose gel electrophoresis after digestion by restriction enzyme AflII (NEB). 

 

Figure 5-3: Genotyping of ABA-deficient mutant aba2-1 

Genomic DNA was isolated from seedlings of mutant aba2-1 and wild type Col-0. The deCAPS-marker of aba2-
1 locus (primers: #554 + #555; sequence information in Appedix 5.1.2) was employed to select homozygous 
aba2-1. After the amplification from aba2-1 and wild type Col-0, the DNA fragments were digested by the 
restriction enzyme AflII (NEB), resulting in two fragments 124 bp and 32 bp (only the big fragment was visible 
in gel electrophoresis) in Col-0, as well as 156 bp fragment in aba2-1. The 100 bp DNA ladder was used in 2% 
(w/v) agarose gel electrophoresis. 
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5.3.4 ABA-insensitive mutant abi1-1 

The abi1-1 mutant is (semi)dominantly insensitive to ABA (Koornneef et al., 1984). The converting 

Gly180-to-Asp of ABI1 in abi1-1 was selected using CAPS marker (primers: #216 + #219). The PCR 

reaction (annealing temperature 54°C) was performed basically. The DNA fragment amplified from 

wild type has one restriction site (NcoI: 5’-C^CATGG-3’) and is digested into two fragments 1081 bp 

and 536 bp, whereas the DNA fragment amplified from abi1-1 mutant is 1617 bp and has no restriction 

site (Figure 5-4). The products were separated by 1% (w/v) agarose gel electrophoresis after digestion 

by restriction enzyme NcoI (NEB). 

 

Figure 5-4: Genotyping of ABA-deficient mutant abi1-1 

Genomic DNA was isolated from seedlings of mutant abi1-1 and wild type Col-0. The CAPS-marker of abi1-1 
locus (primers: #216 + #219; sequence information in Appedix 5.1.2) was employed to select homozygous 
abi1-1.  After the amplification from abi1-1 and wild type Col-0, the DNA fragments were digested by the 
restriction enzyme NcoI (NEB), resulting in two fragments 1081 bp and 536 bp in Col-0, as well as 1617 bp 
fragment in abi1-1. The 1 kb DNA ladder was used in 1% (w/v) agarose gel electrophoresis. 
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5.4 AHR11-intereacting candidates in yeast two-hybrid screen 

AT1G01260 AT2G07696 AT2G37090 AT3G49310 AT4G25660 AT5G22210 

AT1G06460 AT2G17570 AT2G37240 AT3G53020 AT4G27650 AT5G24360 

AT1G08710 AT2G18670 AT2G45260  AT3G55700 AT4G27880 AT5G38410 

AT1G13540 AT2G21080 AT2G45680 AT3G58680 AT4G29780 AT5G38420  

AT1G15750 AT2G21820 AT2G47920 AT3G61790 AT4G31240 AT5G38430 

AT1G22920 AT2G23290 AT3G01090 AT3G61930 AT4G31340 AT5G42180 

AT1G23220 AT2G23420 AT3G06035 AT4G01920 AT4G33320  AT5G42480 

AT1G29920 AT2G26100 AT3G06640 AT4G03415 AT4G34080 AT5G47890 

AT1G58470 AT2G28660 AT3G09880 AT4G09060 AT4G36250 AT5G57900 

AT1G71230 AT2G30930 AT3G13672 AT4G16146 AT5G01720 AT5G58960 

AT1G72150 AT2G31060 AT3G16830 AT4G20170 AT5G09770   

AT1G76850 AT2G32600 AT3G25800 AT4G20870 AT5G18460   

AT2G05230 AT2G33860 AT3G26030 AT4G22710 AT5G19690   
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