
Hong Kong Baptist University

DOCTORAL THESIS

Regulation and molecular signaling during seed germination and seedling
establishment of arabidopsis in response to abiotic stresses
Liu, Rui

Date of Award:
2013

Link to publication

General rights
Copyright and intellectual property rights for the publications made accessible in HKBU Scholars are retained by the authors and/or other
copyright owners. In addition to the restrictions prescribed by the Copyright Ordinance of Hong Kong, all users and readers must also
observe the following terms of use:

            • Users may download and print one copy of any publication from HKBU Scholars for the purpose of private study or research
            • Users cannot further distribute the material or use it for any profit-making activity or commercial gain
            • To share publications in HKBU Scholars with others, users are welcome to freely distribute the permanent URL assigned to the
publication

Download date: 24 May, 2023

https://scholars.hkbu.edu.hk/en/studentTheses/a9a9a1db-6a2d-46d2-9b29-1e9e42729ad4


Regulation and molecular signaling during seed 

germination and seedling establishment of 

Arabidopsis in response to abiotic stresses 

 

                                                         LIU Rui 
 
 

A thesis submitted in partial fulfillment of the requirements 

for the degree of 

Doctor of Philosophy 

 
 
 

 

Principal Supervisor: Prof. ZHANG Jian hua 

Hong Kong Baptist University 

July 2013 

  
 



 

 i 

Declaration 

 
 

I hereby declare that this thesis represents my own work which has been done 

after registration for the degree of PhD at Hong Kong Baptist University, and has 

not been previously included in a thesis or dissertation submitted to this or any 

other institution for degree, diploma or other qualifications.   

  

 

 

 

                                                                                     Signature:  

                                                                                     Date: July 2013 

 

 

 

 

 

 

 

 

 

 



 

 ii

Abstract 

Plants regulate many physiological processes in response to adverse 

environmental stresses. This study focused on the seed germination and seedling 

establishment stage and investigated the molecular signaling events when abiotic 

stresses, such as osmotic, water and temperature, were applied. Seeds of 

Arabidopsis, mutants or wild type, were used to identify the signaling components.  

    Cold-pretreatment (stratification) is widely used to break seed dormancy and 

improve germination rate. Stratification at 4℃ significantly broke the seed 

dormancy of Arabidopsis in wild-type, cyp707a2, sleepy1 and sleepy1/cyp707a2, 

but not in ga3ox1. Stratification and exogenous ABA treatment strongly enhanced 

the expression and the activity of α-amylase in the freshly harvested seeds among 

the wild-type and those mutants, which have relatively high ABA content. 

Similarly, the expression of RGL2 and ABI5 were also substantially suppressed by 

stratification. These results suggest that stratification firstly leads to GA 

biosynthesis and unlocks the inhibition of RGL2 on the expression of α-amylase. 

Stratification also relieves the inhibition of ABA on the germination process but 

the inhibition of ABA on seedling development is not affected.  

    We have isolated an Arabidopsis mutant, dsptp1, which is hyposensitive to 

osmotic stress during seed germination and seedling establishment, indicated by 

exhibiting higher seed germination rate, lower inhibition in root elongation under 

osmotic stress, and more tolerance to drought compared with the wild type (Col0) 

plants. Osmotic stress and drought enhanced AtDsPTP1 expression in seed coats, 

the bases of rosette leaves and roots. Compared with the wild type, the dsptp1 

mutant increased proline accumulation, reduced MDA content and ion leakage, 
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and enhanced antioxidant enzyme activity under osmotic stress. AtDsPTP1 

regulated the transcript levels of various dehydration responsive genes, ABA 

biosynthesis and metabolic enzyme gene under osmotic stress, resulting in 

reduced accumulation of ABA in dsptp1 mutant plants than wild type in response 

to osmotic stress. AtDsPTP1 also mediated the ABA signaling pathway under 

osmotic stress by suppressing the expression of ABI1 and enhancing the 

expression of the positive regulators ABI3 and ABI5 in ABA signaling. These data 

suggest that AtDsPTP1 positively regulates ABA accumulation and signaling 

during seed germination and seedling establishment in Arabidopsis under osmotic 

stress. 

   To further investigate the regulation mechanism of DsPTP1 in osmotic stress 

and drought signaling, we analyzed the water holding capacity between wild type 

and dsptp1 mutant. The dsptp1 mutant exhibited enhanced water holding capacity 

compared to wild type under osmotic stress resulting from reduced water loss and 

increased relative water content, which shall contribute the osmotic and drought 

tolerance. To identify the signaling components, we investigated the activity of 

MAPKs under osmotic and drought stress and found that the DsPTP1 

differentially regulates the activities of MAPK6 and a p38 MAPK, which is 

inferred as MAPK12 according to its molecular weight in Arabidopsis under 

osmotic and salt stress. However, there is no direct interaction between DsPTP1 

and 20 MAPKs indicated by the results of the of specific interaction test. These 

results suggest that the differential regulation of MAPK6 and MAPK12 by 

DsPTP1 is indirect. In addition, we screened the interaction proteins of DsPTP1 

under abiotic stress. Seventeen positive clones were acquired from the sequencing 

results. More work need to be done to confirmed the positive interactions and the 
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signaling cascades.  

   In summary, seed germination and seedling growth are closely regulated by 

environmental cues. This should be the result of evolutionary selection since 

successful new growth from the seed embryo depends on the sensitive perception 

of environmental conditions and effective regulation of many physiological 

processes that are involved. We have demonstrated that plant hormones, 

especially ABA, play central regulative roles during such regulations. Many other 

signaling components, such as protein kinases and phosphatases, are also involved. 

Identifying the detailed signaling pathways should be the focus of further research.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 v

Acknowledgements 

 
This work was performed in the Plant Laboratory of Prof. Zhang Jianhua at the 

Hong Kong Baptist University. My deepest gratitude goes first and foremost to 

Professor Zhang Jianhua, my principal supervisor, who has offered the excellent 

working conditions, constant encouragement, guidance and many communicated 

opportunities with specialists from mainland in China during my PhD time.  

     I am grateful to my co-supervisor Dr. Xia Yiji for his supports, guidance and 

care in experiments and daily lectures and all the other professors who ever taught 

me in the past three years.  

     I want to thank Hong Kong Baptist University and the Research Grant Council 

for a studentship and financial for my Ph.D. study. I feel grateful to the 

Department and graduate school secretaries Ms. Lau Pui Ling, Ms. Fion Chan 

Kwan and Mr. Lo Kam Fai for their help in life and my study. I give my sincere 

thanks to the laboratory technician Ms. Olivia Chau Ching Wah and Ms. Lousie 

Ng Lai Ha for her help in technical support, ordering chemicals and experimental 

materials. I am also grateful to Mr. Ip Wang Kwong, Mr. Ma Kwok Keung, Mr. 

W.S. Chung, Ms. Lee, Eman Yee Man, Ms. Leung, Ka Wing for their patient 

technical assistance and help. I would like to express my gratitude to my friends 

and lab members who helped me during my Ph.D.  time: Liu Yinggao, Ye 

Nenghui, Zhu Guohui, Jia Liguo, Shi Lu, Zhi Hui and A N M Rubaiyath Bin 

Rahman. 

     Last, but not least, I wish to express my gratitude to my beloved parents and 

my dear sister for their love, support, care and encouragement. 

 



 

 vi 

Table of Contents 

Declaration ............................................................................................ i 

Abstract ................................................................................................ ii 

Acknowledgements .............................................................................. v 

Table of Contents ................................................................................ vi 

List of Tables ....................................................................................... xi 

List of Figures .................................................................................... xii 

List of Abbreviation .......................................................................... xv 

 
 

Chapter 1 General Introduction ........................................................ 1 

1.1 Seed germination ............................................................................................ 1 

1.1.1Development process of seed germination ................................................ 1 

1.1.2 Seed Germination and dormancy .............................................................. 4 

1.1.3 Antagonism between ABA and GA during seed dormancy ...................... 5 

1.1.4 ABA regulates the dormancy induction during seed maturation .............. 6 

1.2 Reversible protein phosphorylation ............................................................... 8 

1.2.1 Mitogen-activated protein kinase (MAPK) .............................................. 9 

1.2.2 Protein phosphatase ................................................................................ 13 

1.3 Phytohormone and stress signaling .............................................................. 16 

1.3.1 ABA ........................................................................................................ 16 

1.3.2 GA ........................................................................................................... 17 



 

 vii 

1.4 Second messenger ........................................................................................ 18 

1.4.1 ROS in abiotic stress ............................................................................... 18 

 ROS scavengers. ............................................................................................. 19 

1.4.2 Ca 2+ ........................................................................................................ 21 

1.4.3 IP3 ........................................................................................................... 22 

1.4.4 PA ............................................................................................................ 23 

1.5 Transcriptional factors and stress responsive genes ..................................... 24 

1.6 Abiotic stress ................................................................................................ 25 

1.6.1 Osmotic stress ......................................................................................... 25 

1.6.2 Salt stress ................................................................................................ 28 

1.6.3 Low temperature (freezing) .................................................................... 29 

1.6.4 Drought stress ......................................................................................... 30 

1.7 ABA signaling .............................................................................................. 31 

1.8 Summary and perspectives of research ........................................................ 34 

 
 

Chapter 2 Cold-pretreatment breaks seed dormancy by 

unblocking the negative regulations of RGL2 and ABA on α-

amylase ............................................................................................... 36 

2.1 Introduction .................................................................................................. 36 

2.2 Materials and Methods ................................................................................. 41 

2.2.1 Plant materials ......................................................................................... 41 

2.2.2 T-DNA insertion line ............................................................................... 42 

2.2.3 Generation of CPY707A2 over-expressing line and cyp707a2/sleepy1 

double mutant .................................................................................................. 44 

2.2.4 Germination assay ................................................................................... 44 



 

 viii

2.2.5 Extraction and determination of ABA .................................................... 44 

2.2.6 Real-time RT-PCR analysis .................................................................... 45 

2.2.7 Measurement of a-amylase activity ........................................................ 48 

2.2.8 Accession Numbers ................................................................................. 48 

2.3 Results .......................................................................................................... 48 

2.3.1 Cold-pretreatment decrease the inhibition of ABA on seed germination48 

2.3.2 GA biosynthesis is essential in stratification regulated seed dormancy 

breaking ........................................................................................................... 54 

2.3.3 Regulation of α-amylase by ABA and GA under Cold-pretreatment ..... 58 

2.3.4 The role of RGL2 in GA and cold regulated α-amylase ......................... 63 

2.3.5 The role of RGL2 in ABA regulated α-amylase ..................................... 66 

2.3.6 Cold pre-treatments block the regulation of RGL2 on α-amylase. ......... 68 

2.4 Discussion .................................................................................................... 74 

 
 

Chapter 3 AtDsPTP1 positively regulates abscisic acid signaling in 

response to osmotic stress during seed germination and seedling 

establishment of Arabidopsis ........................................................... 80 

3.1 Introduction .................................................................................................. 80 

3.2 Materials and Methods ................................................................................. 82 

3.2.1 Plant materials and growth conditions .................................................... 82 

3.2.2 Stress and ABA treatments ...................................................................... 83 

3.2.3 Seed germination assays ......................................................................... 83 

3.2.4 Root elongation measurements ............................................................... 83 

3.2.5 Histochemical analysis of GUS activity ................................................. 84 

3.2.6 Isolation of total RNA and quantitative real-time RT-PCR .................... 84 



 

 ix 

3.2.7 Antioxidant enzyme assays ..................................................................... 85 

3.2.8 Proline assays .......................................................................................... 86 

3.2.9 MDA measurements ............................................................................... 86 

3.2.10 Ion leakage measurement ...................................................................... 86 

3.2.11 ABA measurement ................................................................................ 87 

3.2.12 Accession numbers ............................................................................... 87 

3.3 Results .......................................................................................................... 88 

3.3.1 Phenotypic analyses of the dsptp1 mutant .............................................. 88 

3.3.2 Overexpression of DsPTP1 decreases osmotic tolerance in Arabidopsis

 ......................................................................................................................... 91 

3.3.4 Increased proline content and resistance to oxidative damage in dsptp1 

plants ................................................................................................................ 96 

3.3.5 dsptp1 enhances expression of osmotic responsive genes .................... 100 

Table 3.1  Primers Used for Real-Time PCR. ................................................ 102 

3.3.6 dsptp1 mutant reduces ABA content and suppresses ABA signaling 

pathway under osmotic stress ........................................................................ 103 

3.4 Discussion .................................................................................................. 108 

 
 

Chapter 4 Regulation mechanism of DsPTP1 in abiotic stress 

signaling ............................................................................................ 113 

4.1 Introduction ................................................................................................ 113 

4.2 Materials and Methods ............................................................................... 115 

4.2.1 Plant materials ....................................................................................... 115 

4.2.2 Water Loss assay ................................................................................... 115 

4.2.3 Relative water content assay ................................................................. 116 



 

 x

4.2.4 In - gel MAPK activity ......................................................................... 116 

4.2.5 Western-blot analysis ............................................................................ 117 

4.2.6 Testing Specific Two-Hybrid Interaction .............................................. 118 

4.2.7 Two-Hybrid Library Screening Using Yeast Mating ............................ 118 

4.3 Results ........................................................................................................ 118 

4.3.1 dsptp1 showed increased drought tolerance ......................................... 118 

4.3.2 dsptp1 exhibits increased water holding capacity ................................. 120 

4.3.3 DsPTP1 regulates the MAPKs activity in different patterns under 

osmotic and salt stress .................................................................................... 122 

4.3.4 Two MAPKs, p38, p44 MAPKs are differently activated by osmotic and 

salt stress ........................................................................................................ 124 

4.3.5 DsPTP1 has no direct interactions with 20 MAPKs ............................. 130 

4.3.6 Screen the interaction proteins of DsPTP1 under abiotic stress ........... 132 

4.4Discussion ................................................................................................... 136 

 
 

Chapter 5 General Discussion ........................................................ 141 

References ........................................................................................ 150 



 

 xi 

List of Tables 

Table 1.1 List of available mutants of MAPK components in Arabidopsis 

(Rodriguez MCS et al., 2010). ......................................................................... 12 

Table 1.2 Putative MAPK signaling modules identified in plants based on 

genetic and biochemical studies (Rodriguez MCS et al., 2010). ..................... 12 

Table 2.1 Primers for confirmation of T-DNA insertion mutants and Real time 

RT-PCR. ........................................................................................................... 43 

Table 2.2 Primers used for Real time RT-PCR. ............................................... 47 

Table 3.1  Primers Used for Real-Time PCR. ................................................ 102 

Table 4.1 Molecular Weight of 20 MAPKs in Arabidopsis. .......................... 128 

Table 4.2 Sequence blast result of the positive clone of the normal cDNA 

library. ............................................................................................................ 133 

Table 4.3 Sequence blast result of the positive clone of the ABA-induced 

cDNA library. ................................................................................................. 134 

Table 4.4 Sequence blast result of the positive clone of the drought-induced 

cDNA library. ................................................................................................. 135 



 

 xii 

List of Figures 

Fig.1.1 Comparison of morphological and physiological key processes during 

the germination of typical endospermic (e.g. Arabidopsis thaliana, Lepidium 

sativum, and tobacco) eudicot seeds. ................................................................. 3 

Fig.1.2 Scheme of Signaling Pathways in Seed Development. ......................... 4 

Fig.1.3 Pathway and Regulation of ABA Biosynthesis. .................................... 7 

Fig.1.4 Abiotic stressors cause the accumulation of reactive oxygen species 

(ROS) in plant cells. ......................................................................................... 10 

Fig.1.5 Sites of reactive oxygen species (ROS) production and enzymatic 

ROS scavengers. .............................................................................................. 19 

Fig.1.6 Relation tree of the SnRK2 family from Arabidopsis and rice. .......... 25 

Fig.1.7 Regulatory network of stress responses to drought, salt, and cold: 

specificity and cross-talk. ................................................................................. 26 

Fig.1.8 Under the drought stress, the gene products of the plant are separated 

into two groups. ............................................................................................... 31 

Fig.2.1 The effect of stratification on seed dormancy break and ABA content 

in Arabidopsis. ................................................................................................. 50 

Fig.2.2 The effect of stratification and different concentration of ABA on seed 

dormancy break. ............................................................................................... 52 

Fig.2.S1 Changes of the expressions of ABA biosynthesis and catabolism 

genes under stratification. ................................................................................ 53 

Fig.2.3 The effect of stratification and GA on seed dormancy break in wild 

type and different mutant seeds. ...................................................................... 56 

Fig.2.S2 Changes of the expressions of GA biosynthesis genes and response 



 

 xiii

genes under stratification. ................................................................................ 57 

Fig.2.4 The effect of stratification, ABA and GA on α-amylase activity and 

their genes expression. ..................................................................................... 60 

Fig.2.5 The relationship of ABA and GA in seed germination and gene 

expression. ....................................................................................................... 61 

Fig.2.S3 Changes of starch contents in Arabidopsis seeds. ............................. 62 

Fig.2.6 Stratification and GA treatment affected the genes expression and the 

activity of α-amylase. ....................................................................................... 65 

Fig.2.7 ABA affected the germination and gene expression in different 

mutants. ............................................................................................................ 67 

2.3.6 Cold pre-treatments block the regulation of RGL2 on α-amylase. ......... 68 

Fig.2.8 Phenotypic analysis of the wild-type, cyp707a2, sly1 and 

cyp707a2/sly1. ................................................................................................. 70 

Fig.2.9 The effect of stratification on the activity of α-amylase and the 

expression of Amy1,2,3 in WT and different mutants. ..................................... 71 

Fig.2.10 The effect of stratification on the genes expression and ABA content 

in WT and different mutants. ........................................................................... 73 

Fig.2.11 A Model for the Control of seed germination under cold-pretreatment 

condition. ......................................................................................................... 79 

Fig.3.1 dsptp1 mutant shows an increased germination percentage under 

osmotic stress. .................................................................................................. 89 

Fig.3.S2 RT-PCR analysis for ATDsPTP1 transcript in WT, dsptp1 mutant, OE 

and Com line. ................................................................................................... 90 

Fig.3.2 dsptp1 seedlings show reduced root elongation inhibition under 

osmotic stress. .................................................................................................. 92 



 

 xiv

Fig.3.3 Expression patterns of the DsPTP1 gene. ........................................... 94 

Fig.3.4 dsptp1 affects the physiological index under osmotic stress. .............. 98 

Fig.3.5 Effects of DsPTP1 on the activities of antioxidant enzymes in 

Arabidopsis seedlings exposed to mannitol treatment. .................................... 99 

Fig.3.6 dsptp1 shows altered expression of several dehydration-responsive 

genes after osmotic stress. ............................................................................. 101 

Fig.3.7 ABA is involved in the regulation of DsPTP1 to osmotic stress. ..... 105 

Fig.3.8 dsptp1 shows altered expressions of ABA-regulated genes under 

osmotic stress. ................................................................................................ 107 

Fig.4.1 dsptp1 shows increased tolerance to drought. ................................... 119 

Fig.4.2 Water holding capacity. ..................................................................... 121 

Fig.4.3 In-gel kinase activity assay. ............................................................... 123 

Fig.4.4 Osmotic-induced activation of two MAPKs is interdicted in dsptp1 

null plants. ...................................................................................................... 127 

Fig.4.5 DsPTP1 differentially regulates the expression of MAPK6 and 

MAPK12 under salt stress. ............................................................................. 129 

Fig.4.6 Specific interaction test between DsPTP1 and MAPKs. ................... 131 

Fig.5.1 Module of DsPTP1-mediated osmotic stress signaling (modified from 

Zhu, 2002). ..................................................................................................... 145 



 

 xv

List of Abbreviation 

AAO aldehyde oxidase 

ABA abscisic acid 

ABAR ABA receptor 

ABF ABRE-binding factor 

ABH1 ABA hypersensitive 1 

ABI ABA insensitive 

ABRE ABA-responsive element 

ACC 1-aminocyclopropane – 1 – carboxylic acid 

AOS active oxygen species 

AP2 apetala 2 

APX ascorbate peroxidase 

AsA Ascorbate 

ATP adenosine 5’- triphosphate 

bGLU β – 1,3 glucanase 

BSA bovine serum albumin 

bZIP basic – domain leucine – zipper 

CAT catalase 

CaMV Cauliflower mosaic virus 

CBL cap binding protein 

CDPK calcium – dependent protein kinase 

CIPK CBL – interacting protein kinase 

COR coldregulated 

CYP707A Cytochrome P450 707A 



 

 xvi

DBF DRE – binding factor 

DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid 

DOG Delay of germination 

DPA dihydrophaseic acid 

DPI diphenylene iodonium 

DRE dehydration – responsive element 

DTT dithiotreitol 

Ein2 ethylene insensitive 2 

ERA enhanced response to ABA 

Ert1 Ethylene resistant 1 

EXP Expansins 

FUS3 fusca 3 

GA2ox gibberellin 2 oxidase 

GA3ox gibberellin 3 oxidase 

GA20ox gibberellin 20 oxidase 

GAI Gibberellic acid insensitive 

GCR G – protein alpha subunit 

HD - Zip homeodomain leucine zipper 

H2O2 hydrogen peroxide 

H2DCF – DA 2’, 7’ – dichlorodihydrofluorescein diacetate 

HYL1 hyponastic leaves 1 

InsP3 inositol 1,4,5  trisphosphtate 

InsP6 myo-inositol hexakisphosphate 

LBA1 low beta-amylase 1, a UPF1 



 

 xvii 

LEC leafy cotyledon 

LOS4 low expression of osmotically responsive genes 4 

Lsm like – Sm 

MAPK Mitogen – activated Protein Kinase, MPK 

MAPKK MAPK kinase, MKK 

MAPKKK MAPKK kinase, MKKK 

NCED 9 – cis – epoxycarotenoid dioxygenase 

ND non-dormancy 

NO nitric oxide 

NOS nitric oxide synthase 

NR nitrate reductase 

NTF2 nuclear transport factor 2 

OST1 open stomata 1 

PA phoshpatidic acid 

P5C Δ1-pyrro-line-5-carboxylate 

P5CS P5C synthase 

P5CDH P5C dehydrogenase 

P5CR P5C reductase 

PDH proline dehydrogenase 

PIL5 phytochrome-interacting factor 3-like 5 

PKS3 protein kinase salt-sensitive 3 

PLC phospholipase C 

PLD phospholipase D 

PME pectin methylesterase 

PMSF phenylmehylsulfonyl fluoride 



 

 xviii 

PP2C protein phosphatase 2C 

RAB responsive to ABA 

RD responsive to dehydration 

RGA1 repressor of GA 1 – 3 1 

RGL1 (2,3) RGA – like 1 (2,3) 

RNA Pol II RNA polymerase II 

ROP RHO-like small G protein of plants 

ROS reactive oxygen species 

RT – PCR reverse transcription PCR 

SIP sphingosine -1-phosphate 

SAD1 Supersensitive to ABA and drought 1, Lsm protein 

SLY sleep 

SNF-1 sucrose non – fermenting protein – 1 

SNP Sodium nitroprusside 

SnRK SNF1 – related protein kinase 

SPH sphingosine 

SphK ABA – activated sphingosine kinase 

SPT spatula 

SRK2E SnRK2 – type protein kinase 

TF transcription factor 

Trion 1,2 – dihydroxy-benzene-3,5-disulfonic acid 

Tris Tris (hydroxymethyl) aminomethane 

ZEP zeaxanthin epoxidase 

 

 



 

 xix

 

Amino acids: 

       A, Ala Alanine                                 M, Met Methionine 

       C, Cys Cysteine                               N, Asn Asparagine 

       D, Asp Aspartic acid                        P, Pro Proline 

       E, Glu Glutamic acid                       Q, Gln Glutamine 

       F, Phe Phenylalanine                        R, Arg Arginine 

       G, Gly Glycine                                 S, Ser Serine 

       H, His Histidine                               T, Thr Threonine 

       I, Ile Isoleucine                                V, Val Valine 

       K, Lys Lysine                                  W, Trp Tryptophan 

       L, Leu Leucine                                Y, Tyr Tyrosine 

 

Bases: 

A: Adenine    C: Cytosine        G: Guanine      T: Thymine          U: Uracil 

 

             The genes are written in intalic capital letters, e.g. ABF1 

             The proteins are written in capital letters, e.g. ABF1 

             Mutants are written in italic lowercase letters, e.g. abf1 

 

 



 

 1

Chapter 1 General Introduction 

1.1 Seed germination 

Seeds are essential and determine where and when plants are established during 

the whole life cycle of most plants. The completion of seed germination 

determines when plants enter ecosystems, representing a critical agronomic and 

ecological trait (Bewley and Black, 1994; Wilkinson et al., 2002). Seeds 

germination is defined as the events from the imbibed water of the dry seed to 

complete the beginning of elongation of the embryonic root or radicle (Bewley 

and Black, 1994). Seed dormancy is defined as the incapacity of a viable seed to 

germinate under favorable conditions (Finch-Savage and Leubner-Metzger, 2006).  

 

1.1.1Development process of seed germination 

Recent studies have reviewed various aspects of seed dormancy and germination 

extensively (Bentsink & Koornneef, 2002; Kucera et al., 2005; Finch-Savage & 

Leubner-Metzger, 2006). There are three developmental processes associated with 

seed germination, including seed maturation, after-ripening and imbibition 

(Holdsworth MJ, Bentsink L, Scoppe WJJ, 2008). And there also exists two major 

phases during seed development in higher-plant, firstly the development of 

embryo and endosperm (also called morphogensis); then the maturation of seed 

(West & Harada, 1993; Gutierrez et al., 2007).  

   When the transition phase of switch from maternal control to filial control 

occurs, it means the seed maturation begins (Weber et al., 2005). Both embryo 

growth and filling occur in seed. During seed maturation, dormancy is initiated 
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early and increased until the seeds are fully developed (Raz et al., 2001). When 

storage compounds have accumulated, water content has decreased, ABA levels 

have increased, and desiccation tolerance and primary dormancy are established, 

seed maturation is completed (Holdsworth MJ, Bentsink L & Scoppe WJJ, 2008).  

    It is common to many higher plants which list water deficit as a normal 

component in seed development. As we know, when the seeds attain a state of 

dormancy during seed maturation, 90% of the original water is removed (Leprince 

et al., 1993). There are only within a few days seeds can withstand desiccation 

during late maturation prior to drying (Aldridge and Probert, 1992). A highly 

abundant set of proteins accumulate, which is so called the late embryogenesis 

abundant (LEA) proteins during the later stages of maturation.  

   There are at least four major regulators genetically control the Arabidopsis seed 

maturation and dormancy induction, including ABI3, FUS3, LEAFY 

COTYLEDON 1 (LEC1) and LEC2 (Raz et al., 2001). LEC1 encodes a HAP3 

subunit of the CCAAT-binding transcription factor (CBF, also called NF-Y; Lotan 

et al., 1998), while the other three ones, FUS3, LEC2 and ABI3 encode related 

plant-specific transcription factors containing the conserved B3-binding domain 

(Giraudat et al., 1992; Luerssen et al., 1998; Stone et al., 2001). In seed 

maturation, lec1, fus3, lec2 and abi3 mutants are severely affected, such as 

reduced expression of seed storage proteins (Gutierrez et al., 2007) and decreased 

dormancy at maturation (Raz et al., 2001).  
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Fig.1.1 Comparison of morphological and physiological key processes during the 
germination of typical endospermic (e.g. Arabidopsis thaliana, Lepidium sativum, 
and tobacco) eudicot seeds.  

(A) Morphology of a mature seed of A. thaliana with a single layer of endosperm 

between the testa (seed coat) and the embryo. (B) Typical moisture sorption 

isotherm of an oil-seed at room temperature. Region 1 represents strongly bound 

water (monolayer) which is unavailable for water-dependent biochemical 

reactions. Region 2 represents weakly bound, multilayered water, which leads to a 

limited availability for water-dependent biochemical reactions. Only water 

represented in region 3 is freely available and may allow molecular biochemical 

events that occur during seed imbibition. (C) Visible events during two-step 

germination: testa and endosperm rupture. Abscisic acid (ABA) inhibits 

endosperm rupture, but not testa rupture, of after-ripened seeds. The seed image is 

from Muller et al. (2006) with permission of the publisher. The moisture sorption 

isotherm diagram is based on quantitative data of Hay et al. (2003) and Manz et al. 

(2005). (Weitbrecht K et al., 2011) 
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Fig.1.2 Scheme of Signaling Pathways in Seed Development. 
Arrows represent promotion of processes or expression of the regulators. Bars 
represent inhibitors of the indicated processes. The positions of loci do not imply 
the order of gene action (Finkelstein RR et al., 2002). 
 

1.1.2 Seed Germination and dormancy 

The details of process of seed germination see Fig. 1.1. (Weitbrecht K et al., 2011). 

The single-cell aleurone (also called endosperm) layer and a testa surround the 

Arabidopsis embryo resulting from the double fertilization (Finch-Savage & 

Leubner-Metzger, 2006). The testa will be dead following seed maturation, which 

is derived maternally (Debeaujon & Koornneef, 2000; Debeaujon et al., 2000). 

Testa and testa pigmentation are required for correct aging of seeds and for 

primary dormancy. For the germination potential, endosperm is an important 

regulator in several systems, including tobacco, lettuce and tomato (Hilhorst & 

Karssen, 1992; Bewley, 1997a,b. Kucera et al., 2005). In order to complete the 

germination, the endosperm must be breached in these species. Also, endosperm is 

a very important regulator for germination potential in Arabidopsis. Testa rupture 

and endosperm rupture are the two sequential phases, constitute the Arabidopsis 
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germination (Mansfield & Briarty, 1996; Liu et al., 2005a; Muller et al., 2006; 

Carrear et al., 2007). It was reported that the primary determinant of seed 

dormancy in Arabidopsis is the endosperm (Bethke et al., 2007). Nitric oxide (NO) 

increased the germination potential and NO acts upstream of GA signaling 

indicated by the several hormones on endosperm-regulated dormancy.  

 

1.1.3 Antagonism between ABA and GA during seed dormancy  

Many agronomically important aspects of plant development are regulated by 

abscisic acid (ABA), including the inhibition of the phase transitions from 

embryonic to germinative growth, synthesis of seed storage proteins and lipids, 

the promotion of seed desiccation tolerance and dormancy, also with the phase 

transition from vegetative to reproductive growth (Leung and Giraudat, 1998; 

Rock, 2000; Rohde et al., 2000b). In the regulation of seed dormancy, the plant 

hormone abscisic acid (ABA) functions as a positive regulator. Whereas 

dormancy can be released by gibberellins (GA), which counteracts the effects of 

ABA, also the completion of germination can be promoted by GA (Bewley & 

Black, 1994). The endosperm weakening is controlled by the interaction between 

ABA and GA level, which can be contributed by a signal originating from the 

embryo. Exogenous GA application can replace this signal (Muller et al., 2006). 

GA biosynthesis plays a key role in the regulation of germination completion, 

which is mainly controlled by the enzyme gibberellin 3-oxidase (GA3OX), 

encoded by four genes (GA3OX1-4), and GA3OX1 and GA3OX2 have been shown 

to be important for GA-regulated germination (Yamauchi et al., 2004; Mitchum et 

al., 2006). Both GA3ox1 and GA3ox2 are the key GA biosynthesis genes, are 

strongly preferentially expressed in the axis of the imbibed embryo, and GA is 
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synthesized de novo in the embryo (Mitchum et al., 2006).     

1.1.4 ABA regulates the dormancy induction during seed 

maturation 

Both the induction of dormancy during seed maturation and the maintenance of 

the dormant state in imbibed seeds follow shedding. Abscisic acid acts as an 

essential positive regulator (Holdsworth MJ, Bentsink L & Scoppe WJJ, 2008). 

ABA regulates many physiological processes of seed dependent on active 

hormone levels, modulating through the rate of hormone catabolism, synthesis 

from precursors, or its translocation from or to other sites (Sauter A et al., 2001; 

Cutler AJ and Krochko JE, 1999). ABA content can be increased by over-

expression of ABA biosynthesis genes, which also can enhance seed dormancy or 

delay germination (e.g. Finkelstein et al., 2002; Nambara & Marion-Poll, 2003; 

Kushiro et al., 2004). A lasting dormancy can be imposed only by the abscisic 

acid produced by the seed itself, but not by ABA application or the maternal ABA 

during seed development (Karssen et al., 1983; Groot & Karssen, 1992; 

Koornneef & Karssen, 1994). There are many genes have been reported 

associated with the regulation of ABA biosynthesis in seed, including the 9-cis-

expoxycarotenoid dioxygenase (NCEDs), ABA1 and ABA2/GIN1/SDR1 (Nambara 

& Marion-Poll, 2003). ABA signal transduction pahtway associated with 

dormancy induction involves transcription factors (e.g. ABI3, ABI4 and ABI5), 

phosphatases (e.g. ABI1 and ABI2, and serine/theonine phosphatases) and protein 

kinases (e.g. ABA-activated protein kinase) indicated by the analyses of the 

abscisic acid response mutants (Finkelstein et al., 2002; Himmelbach et al., 2003).  
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Fig.1.3 Pathway and Regulation of ABA Biosynthesis. 
ABA is synthesized from a C40 precursor β-carotene via the oxidative cleavage of 
neoxanthin and a two-step conversion of xanthoxin to ABA via ABA-aldehyde. 
Environmental stress such as drought, salt and, to a lesser extent, cold stimulates 
the biosynthesis and accumulation of ABA by activating genes coding for ABA 
biosynthetic enzymes. Stress activation of ABA biosynthetic genes is probably 
mediated by a Ca2+-dependent phosphorelay cascade, as shown at left. In addition, 
ABA can feedback stimulate the expression of ABA biosynthetic genes, also 
likely through a Ca2+-dependent phosphoprotein cascade (Xiong et al., 2001a, 
2002; L. Xiong and J.K. Zhu, 2002). Also indicated is the breakdown of ABA to 
phaseic acid. AAO, ABA-aldehyde oxidase; MCSU, molybdenum cofactor 
sulfurase; NCED, 9-cis-epoxycarotenoid dioxygenase; ZEP, zeaxanthin epoxidase.  
 
  Both ABA-independent and dependent networks exist for endosperm-specific 

biochemical pathways in Arabidopsis. ABI5, as a positive regulator of ABA 

signaling, may be involved in aspects of ABA-regulated endosperm function 

indicating by it expresses in the micropylar endosperm, although not in the 

breakdown of stored lipid (Penfield et al., 2006b).  

  One of the best studied components in ABA signaling is the ABRE (Shen et al., 
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1996; Busk & Pages, 1998). bZIP transcription factors can recognize the ACGT 

nucleotide core motif contained in ABRE (Hobo et al., 1999; Choi et al., 2000; 

Finkelstein & Lynch, 2000; Uno et al., 2000). In the regulation of SSP genes, 

there are two bZIP transcription factors participate this process, including 

AtbZIP10 and AtbZIP25 (Lara et al., 2003). ABA-mediated transcription in seeds 

is activated via the binding of Arabidopsis ABI5 bZIP transcription factor to the 

ABRE. ABI5 contributes to the activation of ABRE-mediated transcription 

indicated by the over-representation of the ABRE caused by the genes down-

regulated in abi5 dry seeds (Nakabayashi et al., 2005). The physical interactions 

between ABI5 and ABI3, appears to be important for the synergistic activation of 

gene expression. ABI3, can activate RY element-mediated transcription (Hill et al., 

1996; Hobo et al., 1999; Nakamura et al., 2001). It was reported that the ABRE 

over-represents in the promoters of genes highly expressed in the dry seed 

transcriptome (Nakabayashi et al., 2005).  

  Besides the ABA and GA, completion of germination can be enhanced by 

ethylene (Kepczynski & Kepczynska, 1997; Beaudoin et al., 2000; Ghassenmian 

et al., 2000), also the roles of brassinosteriods and cytokinin have been proposed 

(Steber & McCourt, 2001; Riefler et al., 2006). Auxin, which is previously not 

thought of as an essential hormone for germination in Arabidopsis, is starting to 

emerge to be reported as the role in germination (Holdsworth MJ et al., 2008).  

 
 

1.2 Reversible protein phosphorylation  

As we known, the information concerning the environment change occurs outside 

of cells must be perceived and then transferred to the cellular devices which 
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function to adjust the environment. The protein phosphorylation is the major 

mechanisms for the transmission of signals (Zhu JK, 2002).  

1.2.1 Mitogen-activated protein kinase (MAPK) 

Great many number of MAPK isoforms may be involved in different signals 

pathways (Hare et al., 1997; Machida et al., 1997; Mizoguchi et al., 1997; Seo et 

al., 1997). Cellular functions, such as cell cycle events, growth factor response, 

hormone and other environmental stimuli, metabolic control and development 

processes, all require the reversible protein phosphorylation (Andreeva and 

Kutuzov, 1999; Den Hertog, 1999; Iten et al., 1999; Schillace and Scott, 1999; 

Luan, 2000).  

According to their phosphoryl amino acid substrate specificity, kinases fall into 

three kinds: some work at Tyr residues, some work at Ser/Thr residues, and others 

can work at both, which is named “dual-specificity” kinases (Kerk et al., 2002). 

All the protein kinases have common characteristic structural motifs and similar 

folded structures, though there is some difference as above (Hanks and Hunter, 

1995), suggesting a common mechanism of catalysis.  

In the response to environment stress, including salt, cold, pathogen, wounding, 

drought, hormonal, mechanical stimuli and developmental signals, a common and 

early step is the activation of MAPK (Stratmann and Ryan, 1997; Hare et al., 

1997; Machida et al., 1997; Seo et al., 1997). Usually, the regulation of activation 

of MAPK is the dephosphorylation by phosphatases. Plants may have the most 

genes involved in signaling than all other organisms. For instance, the PlantP 

database (http://plantsp.sdsc.edu/) have listed more than 1000 kinase genes, 

despite the bioinformatics analysis has not yet been completed. In contrast to 

plants, humans have 518, mouse have 561, and yeast only have 130 protein kinase 
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genes (Schweighofer et al., 2004; Bogre, L. et al., 2003).  

 

Fig.1.4 Abiotic stressors cause the accumulation of reactive oxygen species (ROS) 
in plant cells. MAPK cascades respond to the resulting oxidative burst and may 
regulate ROS accumulation. Such activation of MAPK components may be 
mediated by hormone-related pathways. The kinase modules depicted are 
supported by biochemical and in planta analyses in Arabidopsis thaliana 
(Rodriguez MCS et al., 2010). 
 

There are three-kinase modules that are evolutionarily conserved in Mitogen-

activated protein kinase (MAPK) cascades (MAPK group, 2002). Recently, some 

reports show that there are about 80 MAPKKKs (MKKK), 10 MAPKKs (MKK), 

and 20 MAPKs have been identified in the Arabidopsis genome (MAPK group, 

2002). MAPKs can be phosphorylated by MAPKKs on the threonine and tyrosine 

residues at a conserved T-X-Y motif, and MAPKKs can also be phosphorylated by 

MAPKKKs at a conserved S/T-X3-5-S/T motif specifically (Chang L et al., 2001). 

Tyrosine and serine/threonine-specific phosphatases can mediate the deactivation 

and regulation of MAPK activity (Luan S, 2003, Sun H et al., 1993).  

A great number of signals may activate downstream components in MAPK 

cascades due to the presence of a diverse group of MKKKs. Compare to that, 

signals from MKKKs could be integrated at the MKK level for the limited 
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number of MKKs (MAPK group, 2002). In both yeast and in animal cells, 

extracellular stimuli transduced by receptors/sensors can activate MAPK cascades 

(Widmann et al., 1999; Morrison and Davis, 2003). About the known mutants and 

corresponding functions of MAPK cascades see Table 1.1. 
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Table 1.1 List of available mutants of MAPK components in 

Arabidopsis (Rodriguez MCS et al., 2010).  

 
   In the intracellular signal transduction processes involving cell proliferation and 

stress responses in almost all eukaryotes, the mitogen-activated protein kinase 

(MAPK) cascade plays essential roles (for reviews see Ahn, 1993; Marshall, 1995; 

Nishida and Gotoh, 1993; Seger and Krebs, 1995; Waskiewicz and Cooper, 1995). 

In animals and yeast, the MAPK cascade has been investigated extensively. The 

mammal MAPKs are activated by phosphorylation on the Thr and Tyr residues  in 

the activation loop having the consensus motif of TXY, which is catalysed by the 

upstream dual-specificity enzyme MAPKKs. The details of putative functions of 

MAPK cascades see Table1.2.  

 

Table 1.2 Putative MAPK signaling modules identified in plants 

based on genetic and biochemical studies (Rodriguez MCS et al., 

2010).  
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1.2.2 Protein phosphatase 

In Arabidopsis, protein kinases greatly outnumber protein phosphatases, though 

both protein kinases and protein phosphatases exist as large protein families. So it 

gives rise a question that how the phosphorylation status of a cell can be 

maintained by such a limited number of protein phosphatases (Wang et al., 2007). 

Phosphatases show a more evolutionarily and structurally variety group 

compare to kinases. Based upon differential sensitivity to small molecule 

inhibitors, there are two subclasses in the Ser/Thr class phosphatase, including the 

protein phosphatase 1 (PP1) and protein phosphatase 2 (PP2) groups. According 

to metal ion requirements, PP2 protein phosphatases are further distinguished: 

protein phosphatases 2A (PP2As) have no ion requirement, whereas protein 

phosphatases 2B (PP2Bs) require Ca2+, and PP2Cs require Mg2+ (Cohen, 1989). 

The proteins of the PP1, PP2A, and PP2B groups comprise the PPP sequence 

family and have sequence similarity. PP2C sequences, with pyruvate 

dehydrogenase phosphatase and other Mg2+- dependent Ser/Thr phosphatases 

(STs), form the protein phosphatase M (PPM) sequence family, however, PP2C 

has no sequence similarity to the protein phosphatase P (PPP) family (Kerk et al., 

2002; Barford, 1996; Cohen, 1997). It is essential that some conserved acidic 

residues complex metal ions to protein phosphatase activity (Egloff et al., 1995; 

Goldberg et al., 1995; Griffith et al., 1995). 

In the same way as MAPK, based on their substrate specificity, protein 

phosphatases are also divided into three kinds: protein tyrosine phosphatase, 

protein serine/threonine phosphatase, dual-specificity protein phosphatase 

(DsPTP), which acts on both tyrosine and serine/threonine residues. In total, 112 

phosphatase catalytic subunit sequences of Arabidopsis genome have been 



 

 14

identified (Kerk, D. et al., 2002). Recently, emphasizing protein kinases role in 

reversible protein phosphorylation is the main interest. It seems that there is a 

general opinion that protein kinases are more septic than phosphatases for more 

concern on the kinases than phosphatases. However, it has been challenged by 

some reports. (Zhou，B. et al., 2002; Meskiene, I. et al., 2003). 

All PTPases contain an active site signature motif, (I/V) HCXAGXXR (S/T) G, 

which harbors the catalytic cysteinyl residue involved in the formation of a 

phosphoenzyme reaction intermediate (Guan and Dixon, 1990; Xu et al., 1998).  

The PTPases are fall into three subgroups: receptor-like PTPases, intracellular 

PTPases, and dual-specificity PTPases (Stone and Dixon, 1994). An extracellular 

domain of variable length and composition, a single membrane-spanning region, 

and one or two cytoplasmic catalytic domains are the common structural features 

of the receptor-like PTPases. A single catalytic domain and various N- and C-

terminal extensions are the intracellular PTPases typical structures. It seems that 

these extensions have targeting or regulatory functions (Mauro and Dixon, 1993). 

Dual-specificity PTPases are unique in their ability to hydrolyze both 

phosphotyrosine and phosphoserine/threonine residues, compose a special class of 

intracellular PTPases (Gupta R et al., 1998).PTP1 mediated the inactivation of 

Arabidopsis thaliana MPK4, whose activation is dependent on the threonine 

phosphorylation (Huang Y et al., 2000).  

DsPTPases is a key component for inactivation of MAPK that dephosphorylate 

both phosphothreonine and phosphotyrosine residues in yeast and mammalian 

systems. Both MPK3 and MPK6 can be inactivated by MKP2, and the 

hypersensitivity of plants to oxidative stress can be caused by the MKP2 silencing 

(Lee JS et al., 2007). The dual-specificity phosphatase PROPYZAMIDE 
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HYPERSENSITIVE 1(PHS1) works together with Arabidopsis MPK18 in 

microtubule stabilization indicated by the specific interaction between MPK18 

and PHS1 (Walia A et al., 2009).  

Gupta et al. aimed at identifying a DsPTPase homologue from a plant source in 

1998, which provides a stepping stone for revealing the molecular mechanism of 

regulation of MAPK pathways. They identified one expressed sequence tag (EST 

80F1T7), which showed significant sequence identity to DsPTPases from 

mammalian systems (Gupta et al., 1998). 

An easy, rapid, and accurate method for the quantification of protein 

phosphatase assay is dephosphorylation of pNPP, and it also permits an insight 

into reaction kinetics. DsPTP1 dephosphorylates both pNPP and phosphorylated 

MBP, is differentially regulated by CaM (Yoo JH et al., 2004).  

Previously known CaM-regulated protein phosphatases are different from 

regulation of DsPTP1 phosphatase activity. CaM regulated DsPTP1 activity on 

pNPP and phosphorylated MBP. In the presence of CaM, DsPTP1 activity on the 

phosphotyrosine residue of phosphorylated MBP is inhibited about 3-fold and on 

pNPP is stimulated about 5-fold. Most CaM-binding phosphatases are activated or 

inhibited by CaM. However, this type of differential regulation of phosphatase 

activity of substrates by CaM has not been observed in either plants or mammals 

expect for DsPTP1 (Yoo JH et al., 2004). In fact, in plants, it is remain unclear 

whether DsPTP1 activity is enhanced or inhibited by CaM. So, the real substrate 

of DsPTP1 needed to be confirmed the effect of CaM on the phosphatase in vivo. 
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1.3 Phytohormone and stress signaling 

1.3.1 ABA 

In many physiological processes, the phytohormone abscisic acid (ABA) plays an 

essential role, including regulates of several events during late seed development 

(Leung J et al., 1998; McCarty DR, 1995). In addition, in respond to 

environmental stresses, ABA is very crucial, including desiccation, cold and salt 

(Bray EA et al., 1993; Jensen AB et al., 1996).  

In response to dehydration and low temperature, a great number of genes have 

been reported (see reviews by Skriver and Mundy, 1990; Thomashow, 1990; Bray, 

1991). ABA can induce most of these genes (Mundy and Chua, 1988; Close et al., 

1989; Bartels et al., 1990; Hajela et al., 1990; Kurkela and Franck, 1990; Pla et al., 

1991; Lang and Palva, 1992). The production of ABA is triggered by dehydration 

or low temperature, in turn, the ABA also induces different responsive genes. 

During the development of seed, many genes are expressed at the late stages of 

embryogenesis to protect the cell from dehydration (Dure et al., 1989; Skriver and 

Mundy, 1990) which also respond to ABA (Skriver and Mundy, 1990). However, 

some genes are also reported to be no respond to exogenous ABA treatment, 

which are induced by dehydration (Guerrero et al., 1990; Yamaguchi-Shinozaki et 

al., 1992).  

Upstream and downstream of ROS production, ABA signal transduction has 

characterized genetic and biological mechanisms (Kwak JM et al., 2006). Both 

increase of cytosolic Ca2+ and stomatal closure can be induced by ABA 

(McAlinsh et al., 1996; Lee et al., 1999). Cellular ROS levels can be enhanced by 

ABA in vicia faba guard cells, in Arabidopsis guard cells, and in maize (Zea mays) 

embryos (Guan et al., 2000; Pei et al., 2000; Zhang et al., 2001c). During 
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stomatal responses to methyl jasmonate and ABA in Arabidopsis, cytoplasmic 

alkalization preceded ROS production (Suhita et al., 2004), and the cytosolic 

alkalization in Vicia guard cells can be induced by H2O2 (Zhang et al., 2001a). 

Also, after 30s treatment of ABA application, ROS was induced increase by initial 

ABA in V.faba guard cells (Zhang et al., 2001c).  

 

1.3.2 GA 

For studying cell biological and physiological functions of GA3 responses, barley 

aleurone cells offer a well-developed system, in which ROS functions a central 

role in PCD. ABA inhibits cell death, whereas GA3 initiates cell death of aleurone 

cells (Wang et al., 1996; Appleford and Lenton, 1997). In aleurone cells, H2O2 

cause cell death, which represents a major reactive oxygen (Bethke and Jones, 

2001). ABA caused increases in CAT2 mRNA and catalase activity, whereas GA3 

significantly down-regulates the transcript levels and activities of ROS-

scavenging enzymes, including catalase, superoxide dismutase, ascorbate 

peroxidase in aleurone cells, leading to these cells sensitive to oxidative damage 

and cell death (Fath et al., 2001). Chloroplasts are one of the ROS sources in plant 

cells, and aleurone cells are devoid of functional chloroplasts (Jones, 1969). Thus, 

glyoxysomes and mitochondria are major sources of ROS in aleurone cells (Fath 

et al., 2002).  

  Gibberellins biosynthesis must be down-regulated as dormancy is initiated 

during the later phases of plant embryogenesis, although Gibberellins are required 

for plant embryogenesis (Singh et al., 2002). In this regulation of GA biosynthesis, 

there is cross-talk with other plant hormone pathway, such as ABA, auxin or 

ethylene involved in (Curaba et al., 2004). Both FUS3 and LEC2 pathways are 
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reported to regulate the Gibberellin biosynthesis (Curaba et al., 2004). AtGA3ox2, 

encodes a key enzyme in the conversion of inactive GAs to be bioactive ones, 

which is mainly in epidermal cells of the embryo axis, its expression can be 

repressed by FUS3. There presents two RY cis-elements in the AtGA3ox2 

promoter, which can physically interacts with the FUS3 protein. Besides, the RY 

motif presents in seed-specific promoters, such as At2S3, can bind to both LEC2 

and FUS3 (Reidt et al., 2000; Kroj et al., 2003).  

 

1.4 Second messenger 

1.4.1 ROS in abiotic stress 

Second messengers, whose production was caused by signal perception at the 

plasma membrane, initiate cascades of signaling events. In stress response 

mechanism, water fluxes, ion and organic solute caused by hypo-osmotic stress 

may be additional elements. They may take part in oxidative burst and they are 

key elements of the osmoregulation process (Hallows and Knauf, 1994). 

Protection against oxidative stress improves the resistance to many abiotic stresses 

including salt (Zhu, 2001a). Arabidopsis transgenic plants which have been 

engineered to express antioxidant genes are more tolerant to high salinity (Van 

Camp et al., 1996), on the same way, mutants which are able to grow in high salt 

also showed superior antioxidant potential (Tsugane K et al., 1999). 

Reactive oxygen species (ROS) can be perceived directly by key signaling 

proteins like a tyrosine phosphatase through oxidation of conserved cysteine 

residues (reviewed by Xiong and Zhu, 2002), or via Ca2+  to activate downstream 

signal cascades (Price et al., 1994). After perception of ROS, the following 

signaling affects several downstream processes, which in turn lead to the 
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induction of stress responsive genes (Pareek et al., 2009).  

Protein phosphatases can regulate MAPKs. ROS can modify phosphatases by 

list them as targets (as exemplified earlier with ABI2). Therefore it is not 

surprising that ROS-associated MAPK signaling can be affected by the alterations 

in protein phosphate activity. Previous study reported that prolongated activation 

of AtMPK3 and 6 make the silencing plants MKP2 of Arabidopsis thaliana be 

hypersensitive to oxidative stress which was silenced of dual-specificity MAPK 

phosphatase (Lee and Ellis, 2007).  

  The function of the MAPK module is also essential in the regulation of ROS 

homeostasis, beside plays a role in the down-stream of ROS, such as the 

Arabidopsis thaliana MAP-KKK and MEKK1 (Nakagami et al., 2006). It is likely 

that MPK4 as a downstream target of MEKK1 because both of them integrate 

ROS homeostasis with development and hormone signaling. 

 

Fig.1.5 Sites of reactive oxygen species (ROS) production and enzymatic ROS 
scavengers. Scavengers are indicated by grey letters. Abbreviations: SOD – 
superoxide dismutase; APX – ascorbate peroxidase; MDAR – 
monodehydroascorbate reductase;  DHAR – dehydroascorbate reductase; GR – 
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glutathione reductase; CAT – catalase; AOX – alternative oxidase; PRX –  
peroxiredoxin; TRX – thioredoxin (Pareek et al. 2009). 
 

The antioxidant system includes non-enzymatic scavengers (AsA, GSH, 

tocopherols, carotenoids and phenolic compounds) and enzymatic antioxidants 

(SOD, APX, PRX, GPX, CAT, GRX and TRX). The different antioxidant agents 

possess partially over-lapping functions, and can functionally compensate for each 

other (Kanwischer et al., 2005).  

According to their metal co-factor, SODs are classified as follows, Cu/ZnSOD, 

FeSOD and MnSOD and exist in specific sub-cellular compartments (Mittler et al., 

2004). As far as we know, the Halliwell-Asada-Foyer cycle, including the SOD 

dismutases •O2 
- into H2O2 , which is in turn detoxified by APX, PRX, GPX or 

CAT, meanwhile, APX is dependent on the AsA/GSH cycle, which shuttles 

reducing equivalents from NADPH via GSH to regenerate reduced AsA (Foyer 

and Noctor 2005). 

Activation of antioxidant enzymes and the biosynthesis of osmolytes acting as 

reactive oxygen species (ROS) scavengers can reduce the oxidative damage 

induced by osmotic stresses. Besides, ROS could also play a signaling role, as in 

response to biotic stresses in which ROS production in partly due to a plasma 

membrane NADPH oxidase. It was shown that H2O2 can mediate the catalase 

gene CAT1 induced by hyperosmotic (Guan et al., 2000). Also, in Arabidopsis cell 

suspensions, the osmotic-responsive MAPK AtMPK6 can be activated by H2O2 

(Yuasa et al., 2001).  

   Upstream and downstream of ROS production, ABA signal transduction has 

characterized genetic and biological mechanisms (Kwak JM et al., 2006). Both 

increase of cytosolic Ca2+ and stomatal closure can be induced by ABA 
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(McAlinsh et al., 1996; Lee et al., 1999).   

  For studying cell biological and physiological functions of GA3 responses, barley 

aleurone cells offer a well-developed system, in which ROS functions a central 

role in PCD. ABA inhibits cell death, whereas GA3 initiates cell death of aleurone 

cells (Wang et al., 1996; Appleford and Lenton, 1997). In aleurone cells, H2O2 

cause cell death, which represents an major reactive oxygen (Bethke and Jones, 

2001). ABA caused increases in CAT2 mRNA and catalase activity, whereas GA3 

significantly down-regulates the transcript levels and activities of ROS-

scavenging enzymes, including catalase, superoxide dismutase, ascorbate 

peroxidase in aleurone cells, leading to these cells sensitive to oxidative damage 

and cell death (Fath et al., 2001). Chloroplasts are one of the ROS sources in plant 

cells, and aleurone cells are devoid of functional chloroplasts (Jones, 1969). Thus, 

glyoxysomes and mitochondria are major sources of ROS in aleurone cells (Fath 

et al., 2002).  

   Cellular ROS levels can be enhanced by ABA in vicia faba guard cells, in 

Arabidopsis guard cells, and in maize (Zea mays) embryos (Guan et al., 2000; Pei 

et al., 2000; Zhang et al., 2001c). During stomatal responses to methyl jasmonate 

and ABA in Arabidopsis, cytoplasmic alkalization preceded ROS production 

(Suhita et al., 2004), and the cytosolic alkalization in Vicia guard cells can be 

induced by H2O2 (Zhang et al., 2001a). Also, after 30s treatment of ABA 

application, ROS was induced increase by initial ABA in V.faba guard cells 

(Zhang et al., 2001c).  

 

1.4.2 Ca 2+ 

The presence of repetitive Ca2+ transients is an important feature of the role of 
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Ca2+ as a signal (Zhu JK et al., 2002). Cytosolic Ca2+ can be transiently increased 

as one early response to drought, salinity stress and low temperature in plant cells, 

resulting from either influx from the internal stores or from the apoplastic space 

(Knight, 2000; Sanders et al., 1999). Ligand-sensitive Ca2+ channels control the 

internal Ca2+ release. In animal cells, the second messengers such as inositol 

polyphosphates, cyclic ADP ribose, and nicotinic acid adenine dinucleotide 

phosphate are these ligands. In particular, in plant guard cells, Ca2+ release can be 

induced by these second messenger moleculars (Schroeder et al., 2001). It has 

been reviewed that calcium involves in osmotic signaling, and it has been 

extensively studied (Chinnusamy et al., 2004). 

 

1.4.3 IP3 

As inferred from the established role of phosphatidylinositol signaling in the 

vesicle trafficking and resistance to abiotic stresses, intracellular vesicle 

trafficking can also affects the osmotic stress signal transduction (Levine, 2002; 

Zhu, 2002). It is a common early molecular response to both hyperosmotic and 

hyper-ionic stresses that rapid increase in accumulation and synthesis of 

phosphatidylinositol (4,5) P2 and (1,4,5)P3 (Pical et al., 1999; DeWald et al., 

2001; Meijer et al., 2001). IP3 and other phosphoinositols influence the release of 

calcium, which mediates the ionic or osmotic stress responses. It was widely 

reported that exogenous IP3 can releasing Ca2+ from cellular stores (Sanders et al., 

1999; Schroeder et al., 2001). And in response to hyperosmoitc stresses, calcium 

is released from intracellular stores as a result of the activation of the IP3-

dependent calcium channels (Boudsocq et al., 2005).  

Inositol 1,4,5-trisphosphata (IP3) was induced to increase by hyperosmotic 
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stresses, and it can be blocked by phospholipase C inhibitors (Takahashi et al., 

2001). In Arabidopsis, IP3 levels increased under salt stress, and its time curve is 

related to changes of cytosolic Ca2+ levels (DeWald et al., 2001). The osmotic 

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

and the transient IP3 increase was also eliminated if the PI-PLC activity was 

inhibited (Takahashi et al., 2001). In Arabidopsis seedlings, the IP3 levels is also 

transient increased induced by the stress hormone ABA (Sanchez and Chua, 2001; 

Xiong et al., 2001c).   

 

1.4.4 PA 

Besides IP3, PA (phosphatidic acid), as another phospholipids, seem to have 

important roles in osmotic signaling (Munnik and Meijer, 2001). In response to 

water deficit (Frank et al., 2000) and cold treatment (Ruelland et al., 2002), PA 

was reported to accumulate, which can be formed directly by phospholipase D or 

indirectly by phospholipase C after phosphorylation of diacyl-glycerol. In 

response to osmotic stresses, both pathways are involved in PA production, 

allowing a subtle regulation in PA concentration (Ruelland et al., 2002). It was 

reported that the stress-activated alfalfa MAPK (SAMK) was activated by PA in a 

dose-dependent manner (Lee et al., 2001). Meanwhile, there are several 

transduction proteins have been identified as potential PA targets using PA affinity 

chromatography, such as kinases, phosphatases, and 14-3-3 (Testerink et al., 

2004). It was proposed that PA plays an important role in osmotic transduction 

pathways.    
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1.5 Transcriptional factors and stress responsive genes 

In response to dehydration and low temperature, a great number of genes have 

been reported (see reviews by Skriver and Mundy, 1990; Thomashow, 1990; Bray, 

1991). ABA can induce most of these genes (Mundy and Chua, 1988; Close et al., 

1989; Bartels et al., 1990; Hajela et al., 1990; Kurkela and Franck, 1990; Pla et al., 

1991; Lang and Palva, 1992). The production of ABA is triggered by dehydration 

or low temperature, in turn, the ABA also induces different responsive genes. 

During the development of seed, many genes are expressed at the late stages of 

embryogenesis to protect the cell from dehydration (Dure et al., 1989; Skriver and 

Mundy, 1990) which also respond to ABA (Skriver and Mundy, 1990). However, 

some genes are also reported to be no respond to exogenous ABA treatment, 

which are induced by dehydration (Guerrero et al., 1990; Yamaguchi-Shinozaki et 

al., 1992).  

    There are two groups of genes induced by environmental stresses. One group 

includes effector proteins such as the enzymes of osmolyte biosynthesis, the other 

group like transcription factors, which the corresponding proteins involved in 

transduction pathways (Shinozaki K et al., 2003).  

During osmotic stress, there are two separate kinds of stress - responsive genes 

are induced, one is the “early response genes” and the other is “delayed - response 

genes” (Yamaguchi-Shinozaki and Shinozaki, 1994; Kiyosue et al., 1994). 

Expression of the early response genes is independent of protein synthesis and is 

often constant. They can be induced only few minutes. The early response genes 

encode transcription factors which activate downstream delayed-response genes. 

Majority of the stress-responsive genes consists of the latter, which often express 

sustainly and are activated by stress slowly. Under osmotic stress, ABA 
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accumulation starts after approximately 2 hour after the treatment in Arabidopsis 

(Kiyosue et al., 1994). 

In an ABA-independent way, the expression of the stress-responsive RD29A 

gene is rapidly induced, followed by a strong ABA-dependent induction phase 

(Yamaguchi-Shinozaki and Shinozaki, 1993, 1994).  

 

1.6 Abiotic stress 

1.6.1 Osmotic stress 

Protein phosphorylation can be induced by osmotic stress, which is one of the 

major mechanisms for the transmission of signals. Before the activation of gene 

transcription, there must be a more rapid and direct signaling as a primary 

response to osmotic stress, which evidently involves the osmotic stress-activated 

kinase activity.  

          

Fig.1.6 Relation tree of the SnRK2 family from Arabidopsis and rice.  
Arabidopsis SnRK2s are drawn with black lines and rice SAPKs are drawn with 
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gray lines. Based on transient expression assays, SnRK2 proteins activated by 
hyperosmotic conditions can be divided into three groups, depending on 
additional activation by ABA. Group 1 corresponds to kinases strongly activated 
by ABA, whereas in group 2, SnRK2s are not responsive to ABA. Group 3 
includes kinases poorly or not activated by ABA. The Arabidopsis SnRK2.9 does 
not fit into any of the groups due to the lack of activation by hyperosmolarity 
9(Boudsocq M and Lauriere C, 2005).  
 
  9 out of 10 family members of SnRK2 are activated upon osmotic stress 

(Boudsocq et al., 2004). SnRK2 family is divided into three classes based on 

phylogeny (Kobayashi et al., 2004), and the activation in response to the 

phytohormone ABA of SnRK2 members are different. SnRK2.2 (SnRK2D), 

SnRK2.3 (SnRK2I) and SnRK2.6 (OST1; SnRK2E), form the Arabidopsis class 3, 

which are strongly activated in the presence of ABA. And the class 2 members 

SnRK2.7 (SnRK2F) and SnRK2.8 (SnRK2C) are activated to a lesser extent. By 

contrast, SnRK2.1 (SnRK2G), SnRK2.4 (SnRK2A), SnRK2.5 (SnRK2H), 

SnRK2.9 (SnRK2J) and SnRK2.10 (SnRK2B) formed the class 1, which are not 

activated in response to ABA (Boudsocq et al., 2004; Boudsocq and Lauriere, 

2005; Umerzawa et al., 2004; Fionn M et al., 2012).  

 

Fig.1.7 Regulatory network of stress responses to drought, salt, and cold: 
specificity and cross-talk.  
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The common osmotic component of drought, salt, and cold leads to common 
signaling pathways mediated by several kinases like AtSK, SnRK2, SnRK3, 
MAPK, and CDPK proteins. Calcium was shown to be an upstream element in 
some SnRK3, CDPK, and MAPK activation, whereas PA, ABA, and H2O2 are 
presumed to be involved in SnRK2 and/or MAPK regulation. In addition to these 
common signaling events, some pathways are specific to one stress condition like 
the SOS pathway regulating sodium homeostasis in response to NaCl, and the 
SnRK2.6-mediated stomatal closure induced by ABA in response to drought. In 
major cases, downstream responses regulated by protein kinases are still unknown 
(Boudsocq M and Lauriere C, 2005).  
 
  Besides the SnRK2s, there are some other osmotic stress-activated protein 

kinases have been reported. Histidine kinases have been considered to be 

candidate osmosensors in plants resulting from the histidine kinases in yeast 

activate the Hog1 mitogen-activated protein kinase (MAPK) pathway and 

function as osmosensors (Hohmann S, 2002). Arabidopsis histidine kinase AHK1 

(ATHK1), AHK2, AHK3, or Cre1 can act as osmosensors in yeasts because these 

kinases can complement a yeast histidine kinase mutant (Urao T et al., 1999; 

Reiser V et al., 2003; Tran LS et al., 2007).  

    In Arabidopsis and yeasts, the osmosensing pathways are different. Arabidopsis 

ahk1 mutant is more sensitive to drought, whereas overexpression of AHK1 

increased the tolerance to drought (Tran LS et al., 2007). However, the AHK2, 

AHK3 and CRE1 histidine kinases are to be as negative regulators because the 

mutants of these three histidine kinases exhibits increased drought tolerance. Also, 

because ABA sensitivity is affected in these plants, AHK1 might work as a 

positive regulator of ABA signaling rather than as an osmosensor (Tran LS et al., 

2007).   

   Previous studies reported that hyperosmotic stress activate several MAPKs in 

plants, including a 46-kD MAP kinase named SIMK in alfalfa cells (Munnik T et 

al., 1999), SIPK in tobacco (Mikolajczyk M et al., 2000; Hoyos ME and Zhang S, 

2000), and MAPK4 and MAPK6 in Arabidopsis (Ichimura K et al., 2000). 
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AtMPK4 functions as a negative role in hyperosmotic signaling indicated by the 

hyperosmolarity-induced RAB18 expression is enhanced in the mpk4 mutant 

(Droillard MJ et al., 2004; Droillard M et al., 2002). It remains unclear that the 

relationship between these MAPKs and the histidine kinases. In tobacco, 

overexpression of maize ZmMKK4 or cotton GhMPK2 confers tolerance to 

osmotic stress (Ying S et al., 2011; Zhang L et al., 2011).  

In addition, some calcium-dependent protein kinases (CDPK) have been 

reported to be involved in osmotic stress. A stress-inducible promoter is activated 

by the constitutively active mutants of CDPK1a and CDPK1 (Sheen J, 1996). 

CPK21 negatively regulates osmotic stress signaling because it can be activated 

by osmotic stress and its mutant shows increased tolerance to hyperosmolarity 

(Franz S et al., 2011). Although there is no difference in osmotic stress tolerance 

between wild-type and a cpk6 mutant, overexpression of AtCPK6 in Arabidopsis 

or OsCDPK7 in rice increases drought tolerance (Xu J et al., 2010; Saijo Y et al., 

2000). In ABA signaling, there are some CDPKs and MAPKs involved in (Zhang 

A et al., 2006; Jammes F et al., 2009; Mori IC et al., 2006; Zhu SY et al., 2007; 

Yu XC et al., 2007; Ma SY et al., 2007; Geiger D et al., 2010), but the connection 

between them and the PYL-PP2C-SnRK2 pathway is still unclear.  

 

1.6.2 Salt stress 

Two stresses exerts on the plant cell, including ionic stress and osmotic stress 

caused by high salt concentration. The ionic stress leads to an influx of ions into 

the plant cell and an altered ion homeostasis, which is mainly caused by high Na+ 

and Cl- concentrations. And osmotic stress leads to a reduced water uptake caused 

by lowering of the soil water potential and eventually to cellular dehydration. 
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Several modes of tolerance to high salt concentrations have been adopted by salt 

tolerant plants (halophytes), including exclusion Na+ uptake, 

compartmentalization of Na+ in the vacuole and active exertion through special 

salt glands (Casas et al., 1991; Popp, 1995; Thomas and Bohnert, 1993). At the 

molecular level, halophytes are not tolerant to salt, and dependent on the 

avoidance of salt in the cytoplasm. In fact, halobacteria are the only organisms 

truly tolerant of salinity at the molecular level.  

 

1.6.3 Low temperature (freezing) 

Chilling stress including freezing stress at temperatures below 0℃ and non-

freezing temperatures are the two types of low temperature stress. Both in the 

intracellular and extracellular space, ice can be formed. It is always lethal to the 

plant cell caused by the formation of ice in intracellular, because it results in 

disruption of the cell structure. Therefore, plant tolerance to freezing is dependent 

on extracellular ice formation (Levitt, 1980; Sakai and Larcher, 1987). 

Extracellular ice is formed at cooling rates below 2°C per hour, which is normally 

the case in nature. The lower solute concentration of the water in the extracellular 

space and ice nucleators also promote this ice formation. Water moves from the 

cell to the growing ice crystal outside when ice forms, because the water potential 

of solid water (ice) is lower than that of liquid water (Levitt, 1980). So the cellular 

dehydration caused by freezing is similar to both drought and salt (osmotic) stress. 

Tolerance or avoidance is the two main strategies in plants to overcome freezing 

stress (Levitt, 1980). It is generally known that there are two methods to 

avoidance of freezing, one is supercooling, and the other one is absence of 
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freezable water (Levitt, 1980; Sakai and Larcher, 1987).  

 

1.6.4 Drought stress 

Drought stress is usually known as the water deficit stress. When desiccation 

occurs, the normal bilayer structure will be disrupts, thus the membrane becoming 

exceptionally porous caused by the removal of water from the membrane (Tuteja 

N and Mahajan S, 2005). There are several adaptations plants have evolved to 

avoid drought, such as leaf angle, spines and waxy coats, small and thick leaves to 

minimize water loss through evaporation. In crassulacean acid metabolism (CAM) 

and C4 photosynthetic pathways, metabolic adjustment to water stress is very 

obviously. Water loss without limiting photosynthesis is reduced by stomata 

closure in CAM plants during daytime and fixation of CO2 in dark (Zhu et al., 

2002). These mechanisms can not make the plants tolerant of desiccation though 

they allow plants to lessen the severity of drought stress. 

  The products of drought stress-inducible genes in stress are classified in to two 

groups. The first group includes proteins that probably function in stress tolerance, 

which is so-called functional proteins (Shinozaki K, Shinozaki YK, 2006). The 

second group contains the regulatory proteins, which are protein factors involved 

in further regulation of signal transduction and gene expression that probably 

function in stress response (Shinozaki K, Shinozaki YK, 2006).  
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Fig.1.8 Under the drought stress, the gene products of the plant are separated into 
two groups. The first group is functional protein. The second group is regulatory 
protein (Shinozaki et al., 2003). 
 

1.7 ABA signaling  

In response to environmental stresses, ABA mediates some physiological aspects, 

such as the induction resistance of water, salt, hypoxic, cold stress, and pathogen 

response or wound, osmotic and drought induced stomatal closure (Leung and 

Giraudat, 1998; Rock, 2000; Shinozaki and Yamaguchi-Shinozaki, 2000). In 

cellular osmotic regulation, plant hormone coordinates adaptive changes. And in 

response to plant growth and water deficit stress, abscisic acid (ABA) regulates 

various molecular events. S-type and R-type, which are two types of anion 

channels, are involved in controlling guard cell movements (Hedrich, 2012). ABA 

induces the activation of anion channels, such as SLAC1, which causes 

depolarization of the plasma membrane of guard cells under water deficit stress 

(Levchenko et al., 2005; Negi et al., 2008; Vahisalu et al., 2008; Geiger et al., 
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2009b).  

  SnRK2s are reported as the key signal transducers in the ABA pathway. 

PKABA1 is induced by ABA at the transcript level in wheat, which is the first 

report of SnRK2 involvement in the ABA pathway (Anderberg RJ et al., 1992). In 

guard cells of Vicia faba, ABA activated the SnRK2 member AAPK. The ABA-

induced stomatal closure was disrupted caused by the dominant negative form of 

AAPK (Li J et al., 2000), and the ABA-induced stomatal closure was also 

defected in the loss of function mutant snrk2.6 (ost1) in Arabidopsis (Mustilli AC 

et al., 2002, Yoshida R et al., 2002). SnRK2s are also reported to play important 

roles in ABA signaling associated with seed germination, besides they function in 

ABA signaling associated with stomatal regulation. The double-mutant 

snrk2.2/2.3 exhibited more insensitive to ABA than the snrk2.2 or snrk2.3 single 

mutant or wild-type (Fujii H et al., 2007). And the triple-mutant snrk2.2/2.3/2.6 

shows the eliminated response to ABA (Fujii H and Zhu JK, 2009, Nakashima K 

et al., 2009, Fujii H, Nakashima K, et al., 2009). In conclusion, ABA signaling in 

guard cell regulation, seed germination, and seedling growth, SnRK2.2, 2.3, and 

2.6 play essential roles.  

   SnRK2s are key transducers juts after ABA is perceived by cells resulting from 

the identification of ABA receptors of the PYR/PYL family (also known as 

RCAR). Protein phosphatase 2C (PP2C) are inhibited in an ABA-dependent 

manner by PYR/PYLs, which are START domain proteins binding to ABA (Park 

SY et al., 2009, Ma Y et al., 2009). In absence of ABA, ABA-responsive SnRKs 

are usually suppressed by PP2C, and the suppression of SnRK2s by PP2C can be 

released by the inhibition of PP2C by PYR/PYLs (Umezawa T et al., 2009, Vlad 

F et al., 2009, Fujii H et al., 2009). In PP2C recognition by SnRK2 and ABA-
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bound PYR/PYLs, marked similarity are revealed by the structural analysis 

(Burza AM et al., 2006). The ABF family of transcription factors as one kind of 

the substrate proteins of SnRKs, can be phosphorylated by active SnRK2s. And 

the recombinant experiment suggested that ABA, PYR/PYL, PP2C, SnRK2, and 

ABF are the major components that are sufficient for the pathway from the ABA 

perception to phosphorylation of a transcription factor. It indicated that although 

many other factors also affect the pathway, PYR-PP2C-SnRK2s are core signaling 

components (Fujii H et al., 2009). Besides the ABA-responsive SnRK2s 

(Boudsocq M et al., 2004), ABA-unresponsive SnRK2s can also be activated by 

osmotic stress, indicating by SnRK2.6 activated by osmotic stress not by ABA in 

the abi1-1 mutant (Yoshida R et al., 2006).  

    Members of the ABA-responsive element (ABRE)-binding factors (ABFs; also 

referred to as AREBs) family are well-characterized substrates of SnRK2s in the 

ABA pathway. ABFs, which are among the most important transcription factors in 

ABA signaling, bind to the ABRE, which is a conserved cis-element in the 

promoters of many ABA-induced genes, and activate transcription (Guiltinan MJ 

et al., 1990, Choi H et al., 2000, Uno Y et al., 2000, Yamaguchi-Shinozaki K et al., 

2006). Phosphorylation is required by the activation of ABFs (Uno Y et al., 2000, 

Lopez-Molina L et al., 2001, Furihata T et al., 2006). It was reported that ABFs 

can be directly phosphorylated by ABA-responsive SnRK2s. Rice TRABI can be 

phosphorylated by SAPK8, SAPK9 and SAPK10 (Kobayashi Y et al., 2005). And 

the wheat TaABF can be phosphorylated by PKABA1 (Johnson RR et al., 2002). 

In vivo, the seed germination is inhibited by the phosphorylation of ABI5 induced 

by the co-overexpression of PKABA1 and ABI5 (Piskurewicz U et al., 2008). 

And the GST-fused ABF2, ABF4 and ABI5 can be phosphorylated by the 
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SnRK2.2, SnRK2.3 and SnRK2.6 indicated by the in-gel kinase assay (Fujii H et 

al., Uno Y et al., 2000, Furihata T et al., 2006). Therefore, ABA-responsive gene 

transcription can be regulated by SnRK2s resulting from the phosphorylation of 

ABFs. Snf1-related protein kinase 2 (SRK2E/OST1/SnRK2.6), which is involved 

in the ABA signaling complex of the ABA receptor PYR family, and PP2Cs 

(Geiger et al., 2009b; Lee et al., 2009b) or by the calcium-dependent protein 

kinases, CPK3 and CPK6 (Brandt et al., 2012; Scherzer et al., 2012), and CPK21 

and CPK23 (Geiger et al., 2010), can directly activates SLAC1.  

 SnRK2s are also important regulators of ion channels, besides to be as the key 

regulators for transcription. SLAC1, which is an S-type anion channel, is another 

important substrate of SnRK2s in the ABA pathway. In response to various factors 

such as ABA and CO2, SLAC1 is expressed in guard cells (Vahisalu T et al., 2008, 

Negi J et al., 2008). In vitro, SLAC1 can be phosphorylated by SnRK2.6 (Geiger 

D et al., 2009, Lee SC et al., 2009). When SnRK2.6 is co-expressed with SLAC1, 

the ion channel activity of SLAC1 is activated. But when PP2C is expressed, the 

activation is canceled. Besides, KAT1, which is the K+ channel, is also another 

target of SnRK2.6 (Sato A et al., 2009). In the ABA response of guard cells, 

SnRK2.6 acts upstream of reactive oxygen species (Mustilli AC et al., 2002) and 

regulates NADPH oxidase through phosphorylation (Fujii H et al., 2012).  

 

1.8 Summary and perspectives of research 

The main mechanism of plant propagation is seed. So for the plant survival, the 

proper regulation between seed dormancy and germination plays a critical role. 

Under favorable environmental conditions, seeds fail to germinate. This 
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phenomenon is so called seed dormancy (Bewley and Black, 1994). As we known, 

cold-pretreatment (also known as stratification) can stimulate the germination of 

dormant seeds by breaking dormancy. However, there are some aspects of 

mechanism of stratification on dormancy broken is still unclear recently. Thus, we 

aim to clarify how the stratification involves in the interactions among ABA, GA 

and DELLA to regulate the hydrolase.  

  When plants face to environmental stresses, either abiotic or biotic stresses, they 

evolutionarily have the ability to cope with them, by quickly activating signaling 

machinery, resulted in gene expression, changing their physiological status as a 

defense mechanism. In response to external environmental stimuli, the mitogen-

activated protein kinase (MAPK) cascade is the one of the universal signaling 

module (Takahashi F et al., 2007). Although there are 20 MAPKs in the 

downstream of MAPK signaling cascades, only three MAPKs (MPK3, MPK4, 

MPK6) have been functionally reported. These MAPKs can be activated by 

numerous abiotic and biotic stresses (Nakagami et al., 2005), such as pathogen, 

oxidative stress, salt stress, cold stress and osmotic stress. Addition or removal of 

phosphate groups by protein kinases and phosphatases are essential on critical 

enzymes, regulatory proteins and transcription factors. DsPTP1, as one of the five 

members of DsPTPs in Arabidopsis, was only reported about its cDNA isolation 

and biochemistry property in vitro. However, there is no only available 

information about the biological function. So the other part of our work focus on 

the biological function of DsPTP1, and the regulation mechanism of the DsPTP1 

mediated osmotic stress signaling.  
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Chapter 2 Cold-pretreatment breaks seed 

dormancy by unblocking the negative regulations 

of RGL2 and ABA on α-amylase 

2.1 Introduction 

Seed germination is a complex process and incorporates events that commence 

with the uptake of water by the quiescent dry seed and terminate with the 

elongation of the embryonic axis (Bewley and Black, 1994; Holdsworth et al., 

2008). Many factors participate in regulating seed dormancy breaking and 

germination, including some plant hormones, such as ABA (Abscisic acid), GAs 

(gibberellins), and ethylene (Bewley 1997; Zhou et al. 1998; Ghassemian et al., 

2000; Nakajima et al., 2006; Carrera et al., 2008; Holdsworth et al., 2008; Linkies 

et al., 2009; Liu et al., 2010; Graeber et al., 2012), also including some small 

signaling compounds, such as NO and reactive oxygen species (ROS), and some 

environmental factors, such as light intensity and temperature (Bethke et al., 2004, 

2006; Finch-Savage and Leubner-Metzger, 2006; Sarath et al., 2007; Holdsworth 

et al., 2008; Liu et al., 2009, 2010).  

  Temperature is a critical environmental determinant for seed dormancy and 

germination (Bewley and Black, 1982; Yamauchi et al., 2004). Cold-pretreatment, 

which is also called stratification, is widely used to break seed dormancy. It can 

improve both germination percentage and germination rate in Echinacea (Baskin 

et al., 1992), and other species such as Arabidopsis, Pyrus malus (apple), and 

Corylus avellana (hazel), (Shropshire et al., 1961; Ross and Bradbeer, 1971; 

Sinska et al., 1973; Williams et al., 1974; Cone and Spruit, 1983; Derkx et al., 

1994; Yamauchi et al., 2004; Saisho et al., 2011). Some plant hormones, 
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including ABA, GA and ethylene, are regarded being involved in the temperature-

regulated seed dormancy breaking and germination (Yamauchi et al., 2004; 

Argyris et al., 2008). Some genes including DOG1 and CBF are also reported 

playing a role in this process (Kendall et al., 2011). However, the molecular 

mechanism of the temperature-regulated seed dormancy break and germination 

remains unclear. 

   GA is an important plant hormone that can regulate many physiological 

processes, such as seed germination, stem elongation, leaf expansion, floral 

transition, and seed development (Davies 1993; Richards et al., 2001; Ogawa et 

al., 2003; Yamauchi et al., 2004). GA has been proposed to play two major roles 

in stimulating germination in Arabidopsis. The first role is inducing radicle 

protrusion apparently by weakening the tissue that surrounds the embryo. The 

second role is to increase the growth potential of the embryo, as indicated by the 

reduced growth rate of GA-deficient embryos (Groot and Karssen, 1987; Ogawa 

et al., 2003). While some researches indicate that GA treatment alone does not 

stimulate germination in all species or in fully dormant Arabidopsis seeds (Derkx 

1994; Finkelstein et al., 2008), such as in severe GA deficient–mutants, ga1-3 and 

ga2-1, both of which are defective in seed germination (Koornneef and  van der 

Veen, 1980). Inhibitors of GA biosynthesis, such as paclobutrazol (PAC) and 

uniconazole, reduce seed germination in Arabidopsis (Jacobsen and Olszewski, 

1993; Leon-Kloosterziel et al., 1996; Toh et al., 2008).  

   GA is also involved in temperature-determined seed dormancy and germination 

and cold pre-treatment which have been reported in altering the tissue sensitivity 

to GA in Arabidopsis seeds (Derkx and Karssen, 1993; Yang et al., 1995; 

Koornneef et al., 2002). In GA-deficient ga1 mutant seeds, a low concentration of 
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exogenous GA4 was sufficient for the mutant seeds to germinate without cold 

treatment (Derkx and Karssen, 1993). It was reported that AtGA3ox1 is required 

for cold-promoted synthesis of bioactive GAs and seed germination in 

Arabidopsis, and low temperature increases transcription of AtGA3ox1 (Yamauchi 

et al., 2004).  

  ABA is another important plant hormone that participates in a number of 

physiological processes such as seed maturation and growth, developmental 

regulation, and adaptive responses to environmental stresses (Zeevaart and 

Creelman, 1988; Hoffmann-Benning and Kende, 1992; Kuwabara et al., 2003; 

Nambara and Marion-Poll, 2005). ABA is a positive regulator both in the 

induction of dormancy during seed maturation and the maintenance of the 

dormant state of imbibed seeds (Finkelstein et al., 2008; Himmelbach et al., 2003). 

Dormancy is reduced in ABA-deficient seeds generated by mutations, chemical 

inhibition of ABA biosynthesis, or in ABA-insensitive mutants, whereas 

overexpression of ABA biosynthetic enzyme genes and decreasing ABA 

degradation lead to enhanced dormancy (Leon-Kloosterziel et al., 1996; 

Finkelstein et al., 2002, 2008; Himmelbach et al., 2003; Lin et al., 2007; Liu et al., 

2009). ABA is also involved in temperature regulated seed dormancy and 

germination. Germination of lettuce seeds is fully inhibited at 38 °C in darkness 

with a high ABA content, but not with GA content (Yoshioka et al., 1998; Gonai 

et al., 2004). But the effect of ABA on stratification-induced seed dormancy 

breaking remains to be elucidated. 

   DELLA proteins were designated based on their protein sequence, all which 

have a short stretch of amino acids (D-E-L-L-A) in their N-terminal region, 

tightly conserved among all plant species. In addition, there exist other conserved 
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motifs, such as two leucine heptads repeats, which function in protein-protein 

interactions; a poly (serine/threonine) stretch; the VHYNP domain; a putative 

nuclear localization signal; and a putative SH2 phosphotyrosine-binding domain 

(Locascio A et al., 2013). DELLA proteins are a subfamily of the GRAS (for GAI, 

RGA, and Scarecrow) family, which are putative nuclear-localized transcription 

factors negatively regulate GA signaling and act immediately downstream of the 

GA receptor to modulate all the aspects of GA-induced growth and development 

in plants (Peng et al., 1997; Pysh et al., 1999; Thomas and Sun 2004; Griffiths et 

al., 2006; Nakajima et al., 2006). GA relieves the inhibition effect of DELLA 

during seed germination, stem elongation, and transition to flowering by 

triggering DELLA protein destruction via the ubiquitin-proteasome pathway 

(Ariizumi and Steber, 2007; Feng et al., 2008). There are five DELLA proteins in 

Arabidopsis with partially overlapping functions in GA signaling, including GAI, 

RGA, RGL1, RGL2 and RGL3 (Peng et al., 1997; Silverstone et al., 1998; Lee et 

al., 2002; Wen and Chang 2002; Tyler et al., 2004). RGL2 plays a major role in 

regulating seed germination, whereas RGA, GAI, and RGL1 play less important 

roles (Lee et al., 2002; Tyler et al., 2004). In Arabidopsis and rice, GID1, which is 

a GA receptor, enhances the interaction between RGL2 with the F-box protein 

SLEEPY1 by binding to GA, leading to the ubiquitination of RGL2 and 

subsequent degradation during seed germination (Griffiths et al., 2006; Hartweck 

and Olszewski, 2006; Feng et al., 2008). Sleepy1 mutant exhibits strong dormancy, 

oppositely, the rgl2 mutant shows much less dormancy (Ariizumi and Steber, 

2007; Piskurewicz et al., 2008). Ariizumi and Steber (2007, 2011) found that the 

sleepy1 mutant, which is a GA insensitive mutant, accumulates high abundance of 

RGL2 protein both in dormant and after-ripened seeds. They hypothesize that the 
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RGL2 protein accumulated in the after-ripened sleepy1 mutant seeds is either 

inactive or controlled by other factors, and the degradation of RGL2 is not 

essential for seed germination. ABA is also involved in RGL2-regulated seed 

dormancy and germination. Stabilized RGL2 increases endogenous ABA content 

by stimulating the expression of XERICO, which promotes ABA accumulation in 

an unknown fashion (Ko et al., 2006; Zentella et al., 2007; Lee et al., 2010). ABA 

also increases the expression of RGL2 during imbibition (Piskurewicz et al., 

2008). 

  The antagonistic influence of GA and ABA on seed germination has been well 

investigated in seeds of many plant species (Seo et al., 2009; Nambara et al., 2010; 

Graeber et al., 2012). Several factors have been reported to be the node of 

hormone crosstalk between ABA and GA. During Arabidopsis seed development, 

FUSCA3 (FUS3), a B3-type transcription factor, functions to balance ABA and 

GA metabolism (Curaba et al., 2004; Gazzarrini et al., 2004). DAG1, a Dof-type 

transcription factor, represses GA biosynthesis (Gabriele et al., 2010). DAG1 also 

down-regulates the ABA biosynthesis genes, AtABA1, NCED6 and NCED9, and 

up-regulates an ABA catabolism gene, CYP707A2 (Gabriele et al., 2010). 

XERICO, encoding a RING-H2-type zinc-finger protein, is potentially a node for 

crosstalk between GA signaling and ABA metabolism (Ko et al., 2006; Zentella et 

al., 2007). RGL2, one of the DELLA proteins, is also reported as a node of 

crosstalk between ABA and GA. It responds to both ABA and GA (Penfield et al., 

2006) and may control the ABA content and ABI5 function. The amounts of both 

RGL2 and ABI5 proteins are positively regulated by ABA and negatively 

regulated by GA (Piskurewicz et al., 2008; Xi et al., 2010). ABI3 and ABA 

synthesis are also promoted by DELLA when far-red light inhibits the 
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germination (Piskurewicz et al., 2009). At the end of such signaling, α-amylase, 

which controls the starch hydrolysis, acts as the targeted gene product which may 

be regulated by RGL2 and GAMyb in the ABA and GA regulated seed 

germination (Apar and Ozbek, 2004; Weiss and Ori, 2007; Ishibashi et al., 2012). 

  This study aims to clarify how the stratification involves in the interactions 

among ABA, GA and DELLA to regulate the hydrolyases. We used GA 

biosynthesis mutant ga3ox1, GA insensitive mutant sleepy1, ABA catabolism 

mutant cyp707a2, and their double mutant sleepy1/cyp707a2 to study their 

responses under stratification. Activity of α-amylase, expressions of RGL2 and 

other components in GA and ABA signaling were analyzed in such treatments. 

Our results show that stratification leads to enhance GA biosynthesis and unlock 

the inhibition of RGL2 on the expressions of hydrolyase such as α-amylase. 

Stratification also relieves the inhibition of ABA on the germination process in 

terms of the starch hydrolysis. 

 

2.2 Materials and Methods 

2.2.1 Plant materials 

The Arabidopsis (Arabidopsis thaliana) (Col0 and some T-DNA inserted mutants 

from Col0) plants were grown in a growth chamber with a 16-h photoperiod at a 

protonflux density of c. 200 μmol m−2 s−1 at a day temperature of 23℃and a night 

temperature of 20℃. In order to minimize the effect of seed maturation and 

storage conditions, plants of each genotype tested were grown in different sections 

of the same pot and seeds were harvested at the same time. Seeds were harvested 

in bulk 30 d after the petals appeared on the first flowers. These seeds maintained 
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stronger dormancy. Only freshly harvested seeds were used to do the examination. 

The rest of seeds were stored at -80℃ Dormancy can be maintained for ＞1 yr at -

80℃ (Millar et al., 2006; Fujii et al., 2007). 

 

2.2.2 T-DNA insertion line 

The seeds of Arabidopsis thaliana cyp707a2, ga30x1, sleepy1 and rgl2 

(SALK_083966, SALK_098513C, SALK_097562, SALK_024532C) generated 

by Salk Institute Genomic Analysis Laboratory (http://signal.salk.edu/) were 

obtained from the Arabidopsis Biological Resource Center (ABRC) (Ohio State 

University, Columbus, OH, USA). The seeds were planted on agar plates 

containing kanamycin and the kanamycin-resistant plants were transferred to soil. 

Seeds were harvested separately from individual plants. Subsequently, to confirm 

the mutant line as homozygous, PCR was performed with the genomic DNA of 

cyp707a2, ga30x1, sleepy1 and rgl2 mutants using gene-specific oligonucleotides 

and LB primer (Table 2.1). 
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Table 2.1 Primers for confirmation of T-DNA insertion mutants 

and Real time RT-PCR. 

Gene Name Primer Sequence 

cyp707a2LP AATCCCAAATATGCCTTAGGC 

cyp707a2RP TATGTGGGGACTTTGATGGAC 

ga30x1LP GGGACTAACCAGCTTCGGTAC 

ga30x1RP AAGACGATCTCCTCTTCTCCG 

sleepy1LP ATTCCACATGAAGCGCAGTAC 

sleepy1RP TGGTTACGGCGATAATGATTC    
  

rgl2LP ACACAACAAGCCAGACGCTAC 

rgl2RP CATAGCCTACGAGACGTCCAC 

 

 

 

 

 

 

 

 

 

 

 

 



 

 44

2.2.3 Generation of CPY707A2 over-expressing line and 

cyp707a2/sleepy1 double mutant 

CPY707A2 over-expressing line was obtained with the methods described by Liu 

et al. (Liu et al., 2009). cyp707a2/sleepy1 double mutant was obtained by cross 

the mutant cyp707a2 and sleepy1, then selected the double mutant at F2 

generation. 

 

2.2.4 Germination assay 

Fifty seeds were placed in 55-mm-diameter Petri dishes with three Whatman No.1 

filter papers and 2.2 ml of sterile double-distilled water or treatment solutions. 

Plates were then placed in a 21℃ growth chamber without light for 24h and 

transfer to continuous light at 100μM m-2s-1 at 21℃ for 7 days, If do the 

stratification treatment, plates were then placed in a 4℃ growth chamber without 

light for 24h and transfer to continuous light at 100μM m-2s-1 at 21℃ for 7 days. 

The germination ratio was accounted after 7 days imbibition. The seeds were 

regarded as germination when radicle emerged. Experiments were performed in 

quadruple for each treatment. 

 

2.2.5 Extraction and determination of ABA 

The method of ABA extraction and determination was modified according to 

Dobrev et al. (2005). Plant samples were ground to fine powder in the presence 

of liquid nitrogen. Then, 0.5 g powdered were extracted at 4 ◦C for 12 h with 

either 5ml 80% methanol, and in both cases, before any extraction was performed, 
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2ng [3H]-ABA (Perkin Elmer, BLU007H500UC) were added as internal standard 

to percentage recovery. After distilling methanol on a rotary evaporator, lipids 

were removed by partitioning the aqueous concentrate twice with 5 ml hexanes. 

The pH of the aqueous phase was adjusted to 2.5 with 6 n HCl and extracted three 

times with 5 ml ethyl acetate. The acidic fraction was dried with Concentrator 

plus at 30 ℃ (Eppendorf, German) and dissolved in 5ml 50% methanol. Then the 

solution passed through a preconditioned Sep-Pak C18 column (Waters, American) 

and washed by 5ml 50% methanol. The solution was dried with Concentrator plus 

at 30 ℃ and resolved with 55% methanol for analysis. 

The method of LC/MSMS is according to Hou et al. and modified (Hou et al., 

2008). The mobile phases 0.05% (v/v) formic acid/ water (solvent A) and 0.05% 

(v/v) formic acid/methanol (solvent B) were used in a gradient mode with the 

following conditions: time/concentration (min/%) for B: 0.0/55; 2/55; 10/90; 

15/90; 22/55; 30/55. The chromatographic column we used is Agilent XDB-C18 

(1.8µm, 4.6×50mm, USA).  

The experiment was performed on a Finnigan LC–MS/MS system (Thermo 

Electron, San Jose, CA, USA) consisting of a surveryor autosampler, a surveyor 

MS pump and a Finnigan LTQ linear ion trap mass spectrometer equipped with an 

ESI source that was operated in negative mode. The SRM mode was used for the 

determination of the ABA, ABA were monitored at m/z transitions 263→153, 219. 

2.2.6 Real-time RT-PCR analysis 

Total RNA was isolated from seeds or leaves by RNeasy kit (Invitrogen). DNA 

impurities in the isolated RNA were digested before synthesizing the cDNA by 

adding DNase (Invitrogen) and incubated for 30 min at 37 oC. DNase was then 



 

 46

inactivated by incubating for 10 min at 65 oC. Then 2 µg of RNA was reversed to 

cDNA with SuperScriptIII RTS First-Strand cDNA Synthesis Kit (Invitrogen). 

After that, the cDNA was diluted for 10 times, and 4 μl cDNA was used to do the 

QRT-PCR. IQTM SYBR Green Supermix (Bio-Rad) was used to do the QRT-PCR. 

Actin2 acted as the intramural standard. The QRT-PCR was executed with iCycle 

(Bio-Rad). The primes that were used in QRT-PCR are listed in Table 2.2. 
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Table 2.2 Primers used for Real time RT-PCR. 

Gene Name Primer Sequence 

CYP707A1LP TTGGAAAGAGGAGACTAGAG 

CYP707A1RP GTGAACCACAAAAGAGGAAC 

CYP707A2LP AAATGGAGTGCACTCATGTC 

CYP707A2RP CCTTCTTCATCTCCAATCAC 

CYP707A3LP ATTCTTGTCCAGGCAATGAG 

CYP707A3RP ATAGGCAATCCATTCTGAGG 

CYP707A4LP GAAAGGAATACAGTACAGTC 

CYP707A4RP GGATTAGATTTGGCTAACTAC 

AAO3LP GAAGGTCTTGGAAACACGAAGAA 

AAO3RP GAAATACACATCCCTGGTGTACAAAAC 

NCED6LP TGAGAGACGAAGAGAAAGAC 

NCED6RP GTTCCTTCAACTGATTCTCG 

GA20ox1LP GCCTGTAAGAAGCACGGTTTCT 

GA20ox1RP CTCGTGTATTCATGAGCGTCTGA 

GA20ox3LP TCGTGGACAACAAATGGCA 

GA20ox3RP TGAAGGTGTCGCCTATGTTCAC 

GA3ox1LP TCCGAAGGTTTCACCATCACT 

GA3ox1RP TCGCAGTAGTTGAGGTGATGTTG 

GA3ox2LP GTTTCACCGTTATTGGCTCTCC 

GA3ox2RP TCACAGTATTTGAGGTGGTGGC 

XTH5LP CACGTCGATGGATGTGAAGCT 

XTH5RP CTTTCTGATCCCACCAACGTTT 

EXP2LP CCTCCAAACTTTGCCTTAGCT 

EXP2RP CGGCCAAGTCAAAGTGCTTAA 

Rgl2LP TTTACGAGTCTTGCCCTTACCTG 

Rgl2LP AAATCAATGACGTGAACTCTACGC 

ABI5LP TAGATATGGGAGGGCTAAGGGG 

ABI5LP CCGCCAATGCATGTTTTAGCT 

AMY1LP CTTTGGCTTCCTCCTCCTTCTCAA 

AMY1RP CTTTCCTCTCAGCTGTTCTGTGGT 

AMY2LP ATTGGTGGAGAAACTTGGATGGTAA 

AMY2RP TTGTATTGTTTCATCTTGCGCAGTA 

AMY3LP TGTTCAGCGAATCGAAAAGGC 

AMY3RP AATGCAAAATCCATTTTCCAGGT 
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2.2.7 Measurement of a-amylase activity  

Extracts were prepared by grinding tissues in the cold extraction buffer composed 

of 50 mM Tris-HC1 (pH 8.01, 5mM EDTA, 0.25 M SUC, and 10 mM DTT. The 

homogenate was centrifuged at 15000g for 10 min and the supernatant was used 

as the protein extract. Total amylase activity, measured as the increase in 

concentration of reducing sugars, was assayed with soluble starch as the substrate 

(Morita et al., 1975). 

2.2.8 Accession Numbers 

Sequence data from the article can be found in the GenBank data libraries or 

TIGR database (Arabidopsis thaliana Genome Project) under the following 

accession numbers: CYP707A1, At4g19230; CYP707A2, At2g29090; CYP707A3, 

At5g45340; CYP707A4, At3g19270; GA20ox1, At4g25420; GA20ox3, At5g07200; 

GA3ox1, At1g15550; GA3ox2, At1g80340; XTH5, At5g13870; EXP2, At5g05290; 

NCED6, At3g24220; Actin2, At3g18780; Sleepy1, AT4Gg24210; Rgl2, 

AT3g03450. 

 

2.3 Results 

2.3.1 Cold-pretreatment decrease the inhibition of ABA on seed 

germination 

Our previous research showed that CYP707A2 mediates ABA catabolism during 

seed germination and cyp707a2 mutant exhibits strong dormancy when imbibed 

with water under 21℃ (Liu et al., 2009). Here we found that the seed dormancy 

of freshly harvested cyp707a2 was effectively broken by cold-pretreatments 
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(stratification) (Fig.2.1b). Stratification also broke the dormancy of freshly 

harvested wild-type (WT) seeds completely after the treatment for more than 24h 

(Fig.2.1a). Stratification decreased the ABA contents in WT but did not change 

the ABA contents in cyp707a2 mutant and CYP707A2-OE after 24h imbibition 

(Fig.2.1c). The expressions of ABA biosynthesis and catabolism genes were also 

changed under stratification (Fig.2.S1). Results indicate that stratification 

increased the expressions of ABA biosynthesis gene NCED6 and ABA catabolism 

genes CYP707A1 and CYP707A2 at the first imbibition period. 

  The effect of stratification on ABA’s inhibition on seed germination was also 

investigated. Fig.2.2a shows that with the increase of ABA concentrations, seed 

germination could be inhibited completely. Such inhibition was reversed by 

stratification. Stratification also slightly reversed the inhibition exerted by low 

concentration of ABA on green cotyledon emergence (Fig.2.2b), but the inhibition 

by higher ABA concentration could not be reversed (Fig.2.2c). 
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Fig.2.1 The effect of stratification on seed dormancy break and ABA content in 

Arabidopsis. 

(a) Effect of different stratification time on seed dormancy break of freshly 

harvested wild type seeds. Seeds were pre-treated with different stratification 

time and the germination ratio was counted during 7 d. 

(b) Effect of stratification on seed dormancy break of freshly harvested mutant 
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seeds. Seeds were stratified for 24h before transferred to normal condition for 

germination test. 

(c) Effect of stratification on ABA content after 24h imbibition in wild type and 

different mutant seeds. The ABA content was accounted after 24h imbibition 

with or without stratification. 
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Fig.2.2 The effect of stratification and different concentration of ABA on seed 

dormancy break. 

(a) The effect of stratification and different concentration of ABA on seed 

germination. 

(b) The effect of stratification and different concentration of ABA on green 

cotyledon emergence. 

(c) The effect of stratification and 5 µMABA on seed germination after 7 days 

imbibition. NG: No germination. NGC: No green cotyledon.  
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Fig.2.S1 Changes of the expressions of ABA biosynthesis and catabolism genes 

under stratification. AAO3 and NCED6 are ABA biosynthesis genes. CYP707A1-4 

is ABA catabolism genes.  
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2.3.2 GA biosynthesis is essential in stratification regulated seed 

dormancy breaking    

It has been known that stratification triggers GA biosynthesis and promotes seed 

germination (Yamauchi et al., 2004). Our results show that stratification could 

break the dormancy of freshly harvested seeds but would not have effect if GA 

biosynthesis was inhibited by paclobutrazol (PAC). Exogenous GA reversed the 

function of PAC completely (Fig.2.3a). The similar results were obtained with the 

green cotyledon emergence (Fig.2.3b).  

  We also measured the expressions of GA biosynthesis genes and response genes 

during germination with or without cold treatments. As expected both GA 

biosynthesis genes and response genes were induced by stratifications (Fig.2.S2). 

To investigate the role of GA, we used some mutants, including ga3ox1, which 

has decreased GA biosynthesis under normal condition and stratification 

(Yamauchi et al., 2004); rgl2, which can confer the germination ratio 

corresponding to wild type on the GA deficiency mutant (Penfield et al., 2006); 

and sleepy1, which accumulates high level of RGL2 and blocks the signaling 

pathway of GA (Piskurewicz et al., 2008). As shown in Fig.2.3c, rgl2 mutant 

exhibited less dormancy in freshly harvested seed. Stratification treatment broke 

the seeds dormancy of WT, rgl2 and sleepy1, but could not break the dormancy of 

ga3ox1. While exogenous GA treatment broke the seed dormancy of WT, ga3ox1 

and rgl2, but it could not broke the seed dormancy of sleepy1 when compared 

with others (Fig.2.3c). These results indicate that GA biosynthesis is essential for 

the stratification to break dormancy and the degradation of RGL2 is needed in the 

GA-induced seed germination. It is possible to speculate that stratification blocks 

the inhibition of RGL2 on seed germination.  
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Fig.2.3 The effect of stratification and GA on seed dormancy break in wild type 

and different mutant seeds. 

(a) The effect of stratification, GA and GA’s synthesis inhibiter PAC on seed 

germination. 

(b) The effect of stratification, GA and GA’s synthesis inhibiter PAC on green 

cotyledon emergence. 

(c) The effect of stratification and GA on seed germination in wild type and 

different mutant seeds. 

The activity of α-amylase and the genes expression were accounted after 24h 

imbibition with or without stratification. 
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Fig.2.S2 Changes of the expressions of GA biosynthesis genes and response genes 

under stratification. Seeds were treated with or without cold (4 ℃ for 24h), 

labeled as Cold and CK respectively. 
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2.3.3 Regulation of α-amylase by ABA and GA under Cold-

pretreatment    

α-amylase is a pivotal enzyme in starch hydrolysis in plant (Apar and Ozbek, 

2004). It is induced by GA in aleurone during seed germination and initiates the 

degradation of starch granules in the non-living endosperm. (Bethke et al., 2007). 

If the GA biosynthesis genes are mutated or GA biosynthesis is inhibited by PAC, 

the seeds will not germination (Toh et al., 2008). So the activity of α-amylase was 

selected as the marker of starch hydrolysis and seed germination in this study. In 

order to evaluate the function of α-amylase activity on starch hydrolysis, we also 

measured the change of starch contents during germination under different 

treatments or mutants. Results indicate that if the α-amylase is inhibited by ABA 

or reduced by PAC treatment or in GA biosynthesis mutants, the starch hydrolysis 

decreased substantially (Fig.2.S3).  

  Previous researches indicate that GA3 promotes the expression of α-amylase in 

barley and rice, while ABA has the reversed effect (Loreti et al., 2000; Chen et al., 

2006; Li et al., 2007). As shown in Fig. 2.4, ABA treatment inhibited, while GA3
 

or stratifications increased, α-amylase gene expression and the activity of α-

amylase (Fig.2.4a, b, c, d). In addition, the inhibition by ABA could be overridden 

by stratifications (Fig.2.4a, b, c, d).  

   Antagonistic roles of ABA and GA have been well documented in seeds of 

many plant species (Seo et al., 2009). In order to investigate the antagonistic roles 

of GA and ABA on α-amylases, different concentrations of ABA and GA were 

applied. Results indicate that the inhibition on germination was caused by low 

concentration of ABA, not its high concentration, and this inhibition effect can be 

reversed by high concentration of GA (Fig.2.5a). ABA treatment enhanced the 
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expression of RGL2, conversely, GA treatment decreased the expression of RGL2 

(Fig.2.5b). Also the enhanced expression of RGL2 caused by low concentration of 

ABA could be reversed by GA (Fig.2.5b). In addition, the activity of α-amylase 

was also inhibited by ABA and induced by GA (Fig.2.5c). Similarly, the inhibition 

effect was caused by low concentration of ABA, not its high concentration, and it 

can be reversed by high concentration of GA substantially (Fig.2.5c). The similar 

results were also obtained from the expression analysis of the three α-amylase 

genes (Fig.2.5d, e, f). It should be noted that the expression of AMY3 was much 

higher than those of the other two genes. 
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Fig.2.4 The effect of stratification, ABA and GA on α-amylase activity and their 

genes expression. 

(a) The effect of stratification, ABA and GA on the activity of α -amylase. 

(b) The effect of stratification, ABA and GA on the expression of Amy1. 

(c) The effect of stratification, ABA and GA on the expression of Amy2. 

(d) The effect of stratification, ABA and GA on the expression of Amy3. 

The activity of a-amylase and the genes expression were accounted after 24h 

imbibition with or without stratification. 
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Fig.2.5 The relationship of ABA and GA in seed germination and gene expression. 

(a) The effect of different concentration of ABA and GA on seed germination. 

(b) The effect of different concentration of ABA and GA on the expression of 

Rgl2. 

(c) The effect of different concentration of ABA and GA on the activity of α-

amylase.  

(d) The effect of stratification, ABA and GA on the expression of Amy1. 

(e) The effect of stratification, ABA and GA on the expression of Amy2. 

(f) The effect of stratification, ABA and GA on the expression of Amy3. 

The activity of α-amylase and the genes expression were accounted after 24h 

imbibition with or without stratification. 
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Fig.2.S3 Changes of starch contents in Arabidopsis seeds. Wild type (WT) or GA 

biosynthesis mutant (ga3oxl) seeds were treated by ABA or PAC with or without 

cold (4 ℃ for 24h), labeled as Cold and CK respectively. 
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2.3.4 The role of RGL2 in GA and cold regulated α-amylase  

    Previous researches suggest that RGL2 plays an important role in GA regulated 

seed dormancy (Piskurewicz et al., 2008; Ariizumi et al., 2011). In this study, 

ga3ox1, sleep1, rgl2 mutants were used to investigate the role of RGL2 on GA 

and cold- regulated α-amylase activity. The expression of RGL2 was determined 

with or without stratifications and GA treatments. As shown in Fig.6a, ga3ox1 and 

sleep1 accumulated high levels of RGL2 mRNA. Stratifications decreased the 

expression of RGL2 in WT markedly (by 66%) and slightly in ga3ox1 and sleep1 

mutants (only 28.9% and 11.8% respectively). GA3 treatment decreased RGL2 

expression in WT and ga3ox1 obviously, but slightly in sleep1 mutants (Fig.2.6a).  

  The activity of α-amylase and the expression of AMY3 were also analysed. 

Results indicate that stratifications increased the activity of α-amylase in WT and 

sleep1 mutants substantially, but only slightly in ga3ox1 mutant (Fig.2.6b). GA 

treatment increased the activity of α-amylase in WT and ga3ox1 mutants 

obviously and slightly in sleep1 mutant (Fig.2.6b). The similar effects caused by 

stratification and GA treatment were also obtained from the expression analysis of 

AMY3 (Fig.2.6c). While the activity of α-amylase and the expression of AMY3 

was maintained at a higher level under all the conditions. 
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Fig.2.6 Stratification and GA treatment affected the genes expression and the 

activity of α-amylase. 

(a) Stratification and GA treatment affected the expression of Rgl2 in wild-type 

and different mutants. 

(b) Stratification and GA treatment affected the activity of α-amylase in wild-type 

and different mutants. 

(c) Stratification and GA treatment affected the expression of Amy3 in wild-type 

and different mutants. 

The activity of α-amylase and the genes expression were accounted after 24h 

imbibition with or without stratification. 
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2.3.5 The role of RGL2 in ABA regulated α-amylase   

Piskurewicz et al. (2008) reported that RGL2 stimulates ABA synthesis in ABA 

regulated seed germination. In this study, we used sleepy1and rgl2 to look at its 

effect. Results indicate that with the increasing of ABA concentration, the 

germination ratio of non-dormancy seeds decreased. With the treatment of 0.5µM 

ABA, the germination ratio decreased to less than 20%, when with the treatment 

of 5µM ABA, the germination ratio decreased to zero in WT (Fig.2.7a). rgl2 

mutant was much insensitive to ABA compared with WT. The germination ratio 

of rgl2 mutant maintained at 68% under the treatment of 0.5µM ABA, and even 

under the treatment of 5µM ABA, it still maintained at 8%. As a comparison, the 

sleepy1 mutant was much more sensitive to ABA, and 0.5µM ABA blocked the 

seed germination completely. The emergence of green cotyledon was also 

measured under the same condition. Results indicate that insensitivity of rgl2 to 

ABA was decreased. Under the treatment of 0.5µM ABA, the germination ratio of 

this mutant maintained at 68%, while only 25% of them exhibited green cotyledon 

after 7 days imbibition (Fig.2.7b). 

The activity of α-amylase and the expression of AMY3 were also determined. 

Results indicate that ABA treatment decreased the activity of α-amylase and the 

expression of AMY3. rgl2 mutant showed insensitivity, while sleepy1 showed 

sensitivity under the treatment with the same ABA concentration (Fig.2.7c, d).   
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Fig.2.7 ABA affected the germination and gene expression in different mutants. 

(a) The effect of different concentration of ABA on seed germination in wild-type, 

rgl2 and sly1. 

(b) The effect of different concentration of ABA on green cotyledon emergence in 

wild-type, rgl2 and sly1. 

(c) The effect of different concentration of ABA on the activity of α-amylase in 

wild-type, rgl2 and sly1. 

(d) The effect of different concentration of ABA on the expression of Amy3 in 

wild-type, rgl2 and sly1. 

The genes expressions were accounted after 24h imbibition under different 

concentration of ABA. NG: No germination. NGC: No green cotyledon.  
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2.3.6 Cold pre-treatments block the regulation of RGL2 on α-

amylase.    

In order to further elucidate the function of RGL2 on ABA and cold regulated 

dormancy break, cyp707a2、sleepy1 and their double mutant cyp707a2/sleepy1 

were selected and constructed (Fig.2.8a). Freshly harvested cyp707a2、sleepy1 

and cyp707a2/sleepy1 had strong dormancy compared with WT, and stratification 

broke the dormancy of WT 、 cyp707a2 、 sleepy1 and their double mutant 

cyp707a2/sleepy1 completely (Fig.2.8b, d). When the emergence of green 

cotyledon is concerned, stratification reversed the inhibition of WT, cyp707a2 and 

sleepy1 freshly harvest seeds, but could not reverse the inhibition of double 

mutant cyp707a2/sleepy1 on green cotyledon emergence completely (Fig.2.8c, d).  

  The activity of α-amylase and the expressions of AMY1-3 were also analyzed. As 

shown in Fig.2.9a, α-amylase was slightly decreased in cyp707a2 mutant and 

substantially decreased in sleepy1 and their double mutant cyp707a2/sleepy1 after 

24h imbibition. Stratification increased the activity of α-amylase in both WT and 

the three mutants (Fig.2.9a). The expressions of AMY1-3 were analyzed under the 

same condition, results indicate that the expression of all the three genes were 

slightly decreased in cyp707a2 and sharply decreased in sleepy1 and the double 

mutant cyp707a2/sleepy1. Conversely, stratification increased their expressions 

(Fig.2.9b, c, d). 

The expressions of RGL2 and ABI5 were also compared under same condition 

(Fig.2.10). Results indicate that sleepy1 and their double mutant cyp707a2/sleepy1 

exhibited much higher expression of RGL2 than WT and cyp707a2 mutant after 

24h imbibition at 21 ℃. Stratifications decreased the expression of RGL2 

substantially in WT and cyp707a2 mutant (55.3% and 42% respectively), while 
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only slightly in sleep1 and double mutant cyp707a2/sleepy1 (19.1% and 15.5% 

separately) (Fig.2.10a). The expression of ABI5 was different from RGL2. The 

expression of ABI5 was much higher in cyp707a2, sleepy1 and double mutant 

cyp707a2/sleepy1 than in WT. Stratifications decreased the expression of ABI5 in 

WT and sleepy1, but not in cyp707a2 and the double mutant cyp707a2/sleepy1 

(Fig.2.10b) after 24h imbibition. The ABA content in cyp707a2, sleepy1 and 

double mutant cyp707a2/sleepy1 was higher than WT after 24h imbibition. And 

stratifications decreased ABA content in WT and sleepy1, but not in cyp707a and 

double mutant cyp707a2/sleepy1 (Fig.2.10c). 
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Fig.2.8 Phenotypic analysis of the wild-type, cyp707a2, sly1 and cyp707a2/sly1. 

(a) Transcriptions of CYP707A2, SLY1 genes in WT and different mutants. 

(b) Germination of freshly harvested seeds in WT and different mutants.  

(c) Green cotyledon emergence of freshly harvested seeds in WT and different 

mutants. 

(d) Phenotype of WT and different mutants after 7 days imbibition. 

NG: No germination. NGC: No green cotyledon.  
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Fig.2.9 The effect of stratification on the activity of α-amylase and the expression 

of Amy1,2,3 in WT and different mutants. 

(a) The effect of stratification on the activity of α-amylase in WT and different 

mutants. 

(b) The effect of stratification on the expression of Amy1 in WT and different 

mutants. 

(c) The effect of stratification on the expression of Amy2 in WT and different 

mutants. 

(d) The effect of stratification on the expression of Amy3 in WT and different 

mutants. 

The activity of α-amylase and the genes expression were accounted after 24h 

imbibition with or without stratification. 
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Fig.2.10 The effect of stratification on the genes expression and ABA content in 

WT and different mutants. 

(a) The effect of stratification on the expression of Rgl2 in WT and different 

mutants. 

(b) The effect of stratification on the expression of ABi5 in WT and different 

mutants. 

(c) The effect of stratification on ABA content in WT and different mutants. 

The genes expression and ABA content were accounted after 24h imbibition with 

or without stratification. 
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2.4 Discussion    

Dormancy is a trait of considerable agronomical and ecological importance, which 

can enhance plant fitness by keeping the embryo protected and avoiding 

germination out of season (Lee et al., 2010). Freshly harvested seeds of 

Arabidopsis usually have strong dormancy. Previous works indicate that seed 

dormancy is regulated by plant hormones, small signaling compounds and 

environmental factors (Holdsworth et al., 2008; Nambara et al., 2010; Graeber et 

al., 2012). The dormancy also can be broken via an after-ripening period or upon 

a cold-pretreatment (stratification). In this study, our observations show that the 

GA biosynthesis, but not the GA signaling mediated by RGL2, is essential for the 

stratification-induced seed dormancy breaking (Fig.2.3). The GA-triggered 

expression and the activity of α-amylase are blocked in sleep1 mutant but this 

effect can be reversed by stratification (Fig.2.6). ABA strongly inhibits seed 

germination, but this inhibition is also reversed by stratification completely, 

although the inhibition of ABA on seedling development can not be reversed by 

stratification (Figs.2.2, 2.8, 2.10). The expression and activity of α-amylase are 

inhibited by ABA via RGL2-mediated pathway, but stratification also blocked the 

inhibition of ABA on α-amylase (Figs. 2.7, 2.8, 2.10). RGL2, was reported as a 

node of crosstalk between ABA and GA regulated seed germination (Piskurewicz 

et al., 2008). Our results also show that the regulation of ABA and GA via RGL2 

is blocked by stratification. Such mechanisms are summarized in the hypothetical 

working model in Fig.2.11. 

   Stratification is widely used to break seed dormancy and improve the frequency 

of germination (Saisho et al., 2011; Graeber et al., 2012). Our results show that 

under moist conditions, stratification for 24h can break the dormancy of freshly 
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harvested Arabidopsis seeds (Col0) completely (Fig.2.1a). Our previous results 

indicated that cyp707a2 mutant seeds accumulate ABA after imbibition and 

maintain strong dormancy (Liu et al., 2009). In this study, we found that although 

cyp707a2 mutant seeds accumulate higher ABA level under both 21℃  and 

stratification, their dormancy is broken by stratification (Fig.2.1b,c). When higher 

exogenous ABA (5µM) was applied, the seed germination was inhibited 

completely under 21℃, while stratification also overrode the inhibition effect 

(Fig.2.2a,c), although the emergence of green cotyledon was still inhibited by 

ABA even after stratification (Fig.2.2c). These results show that stratification 

blocks the inhibition of ABA on seed germination but not on seedling 

development. 

    GA acts an antagonistic role to ABA in seed germination in many plant species 

(Weiss and Ori, 2007; Seo et al., 2009). Does stratification reverse the inhibition 

of ABA on seed germination through the antagonistic role of GA? It was reported 

that stratification triggers GA biosynthesis to promote seed germination 

(Yamauchi et al., 2004). We tested this hypothesis using PAC, which is the 

inhibitor of GA biosynthesis. Results showed that the seeds treated with PAC 

maintained dormancy even after stratification (Fig.2.3a), indicating that GA 

biosynthesis is needed for the effect of stratification. PAC treatment also inhibited 

seed germination at normal growth temperature of Arabidopsis.  

   RGL2 is a conserved repressor of GA signaling that acts immediately 

downstream of the GA receptor to modulate seed development in Arabidopsis 

(Thomas and Sun, 2004; Nakajima et al., 2006; Zentella et al., 2007). RGL2 is 

reported to be responsive to GA-induced degradation via the ubiquitin-proteasome 

pathway (Patton et al., 1998; Strader et al., 2004; Cao et al., 2006; Ariizumi and 
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steber, 2007). Here, we explored its relevance to stratification using three mutants. 

Mutant rgl2, lacking of RGL2, exhibits comparable germination rate as wild-type 

when the GA is deficient (Penfield et al., 2006; Zentella et al., 2007), sleepy1, 

accumulating higher level of RGL2, can block the signaling pathway of GA 

(Piskurewicz et al., 2008), and ga3ox1, with decreased GA biosynthesis under 

normal condition or stratification, is required for cold-stimulated seed germination 

(Yamaguchi et al., 2004; Finch-Savage and Leubner-Metzger, 2006). Stratification 

could break the seed dormancy of rgl2 and sleepy1, but could not break the 

dormancy of ga3ox1. Exogenous GA treatment broke the seed dormancy of 

ga3ox1 and rgl2, but could not break the dormancy of sleepy1 under normal 

temperature (Fig.2.3c, d), a higher mRNA level of RGL2 accumulated in sleepy1 

(Fig.2.6a, 2.10a). These results suggest that RGL2 itself is not needed for the 

action of stratification.  

   RGL2, one of the DELLA proteins, is also reported as a node of crosstalk 

between ABA and GA (Nambrara et al., 2010). The amounts of both RGL2 and 

ABI5 proteins are positively regulated by ABA and negatively regulated by GA 

(Piskurewicz et al., 2008; Nambrara et al., 2010). XERICO, a RING-H2-type 

zinc-finger protein, which can affect ABA metabolism, is a direct target of 

DELLA repressors, and it is also essential for GA signaling (Zentella et al., 2007; 

Nambrara et al., 2010). In this study, we also found that seeds of sleepy1 

exhibited more sensitivity to ABA, while the seeds of rgl2 exhibited less 

sensitivity to ABA during imbibition (Fig.2.7a, b). Higher endogenous ABA 

content was accumulated in cyp707a2 mutant, also accompanied with higher 

mRNA level of RGL2 during imbibition (Fig.2.10a, c). Stratification can break the 

dormancy exerted by high level ABA in both exogenous and endogenous sources 
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(Fig.2.7a, 2.8b, 2.8d, 2.10a), but stratification can not affect on the expression of 

RGL2 at the same time (Fig.2.8b, d, 2.10a, c). Stratification could not override the 

inhibition of ABA on green cotyledon emergence (Fig.2.2b, 2.8d), and inhibit the 

expressions of RGL2 and ABI5 (Fig.2.10a, b), which are relatively high in 

cyp707a2, sleepy1 and double mutant cyp707a2/sleepy1 (Xi et al., 2010; Nambara 

et al., 2010). These results indicate that ABA inhibits seed germination via RGL2 

pathway, while ABA-inhibited seedling development is via different pathways.  

  So what is the target gene regulated by RGL2 and involved in ABA and GA 

regulated seed dormancy? It is well known that during cereal seed germination 

some hydrolytic enzymes, including α-amylase, are secreted to the endosperm and 

hydrolyze starch and proteins to supply nutrients to the developing embryo (Weiss 

and Ori, 2007). Enzyme α-amylase is known to be activated by GA and 

suppressed by ABA, which can be used as a marker for starch hydrolysis (Rogers 

and Rogers, 1992; Apar and Ozbek, 2004). We also saw that GA and stratification 

increased the starch hydrolysis by increasing the genes expression of AMY1,2,3 

and enhancing the activity α-amylase, while ABA did the opposite (Fig.2.4 and 

Fig.2.S3) effect. Interestingly, such effects by ABA are overridden by 

stratification (Fig.2.4). Activity of α-amylase also negatively correlated with 

expression of RGL2 in sleepy1 (Fig.2.6a, 2.7a, c) and rgl2 mutants (Fig.2.6a, 2.7a, 

c). These results indicate that ABA regulates the activity of α-amylase and the 

expression of AMY1,2,3 via RGL2 regulated pathway under normal temperature.  

   Under cold-pretreatment, cyp707a2, sleepy1 and their double mutant 

cyp707a2/sleepy1 exhibited comparably high ABA content and expression levels 

of RGL2 and ABI5 when compared to control. On the contrary, all these three 

mutants showed increased starch hydrolysis by increasing the activity of α-
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amylase and the expression levels of AMY1,2,3 when compared to normal 

temperature (Fig.2.9, 2.10). These data suggested that stratification can unlock the 

inhibitions completely caused by ABA and RGL2 on the starch hydrolysis 

(Fig.2.11).  

We propose a hypothetical model for the control of seed germination under 

cold-pretreatment (Fig.2.11). RGL2 acts as a node involving in both GA and ABA 

regulated seed dormancy. GA triggers seed germination via two different 

pathways, RGL2-dependent and RGL2-independent pathways. Both of them are 

essential in germination at normal temperature, but only the RGL2-dependent 

pathway is blocked by cold-pretreatment. ABA inhibits seed germination by 

suppressing the activity of α-amylase and the expressions of AMY1,2,3 via RGL2-

dependent pathway and ABI5 pathway at normal temperature, but cold-

pretreatment blocks both of them. The inhibition of ABA to seedling development 

through ABI5 pathway can not be blocked by cold treatment.  
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Fig.2.11 A Model for the Control of seed germination under cold-pretreatment 

condition. 
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Chapter 3 AtDsPTP1 positively regulates abscisic 

acid signaling in response to osmotic stress during 

seed germination and seedling establishment of 

Arabidopsis  

   

3.1 Introduction 

The signaling pathways of plants under osmotic stress have been intensively 

studied during the last two decades (Hasegawa et al., 2000; Xiong et al., 2002; 

Xiong and Zhu, 2002; Fujii and Zhu, 2012). Different protein kinases and 

transcription factors reportedly minimize damages caused by osmotic stress 

(Droillard et al., 2004; Gilmour et al., 2004). Abscisic acid (ABA) synthesis is 

significantly induced by the stress and its signaling has a crucial function in 

abiotic stresses response (Agarwal and Jha, 2010; Fujita et al., 2011). The core 

module of the ABA signaling pathway in response to osmotic stress, and other 

abiotic stresses, has been elucidated (Ye et al., 2012). However, many 

components in the signaling network of osmotic stress remain unknown (Cutler et 

al., 2010). Further analysis is needed to determine the exact functions and 

connections among the components involved in the regulation of plant responses 

to osmotic stress. 

Similar to protein kinases, protein phosphatases (PPs) are also indispensable in 

stress signaling. According to their dephosphorylation targets, PPs can be divided 

into two groups, namely serine/threonine phosphatases and protein tyrosine 

phosphatases (PTP), both of which have key functions in plant growth regulation 

and abiotic stresses responses (Schweighofer et al., 2004; Schweighofer and 
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Meskiene, 2008; Bartels et al., 2010). Dual-specificity protein phosphatases 

(DsPTPs) can target both tyrosine and serine/threonine (Keyse, 1995). Except for 

the active site motif, DsPTPs do not share sequence similarity with PTP. DsPTPs 

often have strict substrate specificity, and each member usually acts on only one 

or a limited number of target proteins (Keyse, 1995). In Arabidopsis, different 

DsPTPs and their associated protein kinases control plant growth and 

development under stress conditions. For example, mutation of the MKP1 gene 

results in plant hypersensitivity to stresses imposed by ultraviolet light and methyl 

methanesulfonate (Ulm et al., 2001). By contrast, mkp1 plants show 

hyposensitivity to salt stress (Ulm et al., 2002). PHS1, a DsPTP, controls 

microtubule organization and embryonic development (Naoi and Hashimoto, 

2004). Furthermore, AtPTEN1, which encodes another DsPTP, is expressed 

exclusively in pollen and is essential for pollen development (Gupta et al., 2002). 

These studies suggest that DsPTPs have diverse functions in different biological 

processes. 

   Increasing evidence has shown that many protein kinases have positive 

functions in the osmotic stress-signaling pathway (Fujii and Zhu, 2012). However, 

PPs are also involved in the signaling process. In alfalfa, MP2C, a PP2C, 

suppresses the lethal phenotype induced by STE11, which is involved in the 

hyperosmotic HOG1 cascade (Meskiene et al., 1998). Furthermore, MP2C 

dephosphorylates and inactivates the stress-activated SIMK (Meskiene et al., 

2003). In Arabidopsis, AtPTP1 dephosphorylates AtMAPK4 and AtMAPK6 in 

vitro, leading to the inactivation of these kinases that participate in osmotic stress 

signaling (Huang et al., 2000; Gupta and Luan, 2003). Two Arabidopsis PP2Cs, 

ABI1 and ABI2, negatively regulate ABA signaling in drought-induced stomatal 
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closure (Schweighofer et al., 2004). However, the function of DsPTPs in 

osmoregulation is still unknown. One report on the identification of the mkp1 

mutant, which exhibits enhanced salt stress tolerance, indicates that the DsPTPs 

have critical functions in osmoregulation (Droillard et al., 2004). Investigation on 

the functions of AtDsPTPs in response to osmotic stress is of great significance. 

   The AtDsPTP1 gene of Arabidopsis has been identified for more than one 

decade. AtDsPTP1 can inactivate AtMPK4 protein in vitro (Gupta et al., 1998). 

However, little is known about its biological functions under osmotic stress. In 

this study, the dsptp1 mutant shows enhanced tolerance to osmotic stress during 

seed germination and seedling establishment. This PP positively regulates ABA 

accumulation and its signaling pathway in response to osmotic stress. 

 

3.2 Materials and Methods 

3.2.1 Plant materials and growth conditions 

The T-DNA insertion mutant dsptp1 (SALK_092811) was obtained from the 

Arabidopsis Biological Resource Center (http://www.arabidopsis.org/). It was 

grown and screened for homozygosity. All seeds, mutant or WT, were Columbia 

ecotype. Arabidopsis thaliana (L.) plants were kept in a growth chamber with a 

16 h photoperiod at a photon flux density of approximately 200 µmol m-2s-1 at a 

day temperature of 23 °C and a night temperature of 20 °C, and a relative 

humidity of 90%. 
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3.2.2 Stress and ABA treatments 

Two-week-old Arabidopsis seedlings on MS plates were transferred to filter 

papers saturated with mannitol or ABA solutions and incubated for indicated 

times.  

 

3.2.3 Seed germination assays 

WT and dsptp1 seeds (>100 seeds for each replicate) were surface sterilized. The 

seeds were sown on MS medium (Murashige and Skoog, 1962; 1 × MS salts, 

10g/L sucrose, and 10g/L agar, pH 5.7) with or without either different osmotic 

stress generator solutions or ABA solutions and then incubated at 23 °C with a 16 

h light photoperiod. The number of planted and germinated seeds was recorded 7 

d after being sown on the medium. Radicle emergence of over 1mm indicates seed 

germination. Three replicate plates were used for each treatment.  

 

3.2.4 Root elongation measurements 

Arabidopsis seeds were sown onto MS agar medium (Murashige and Skoog, 1962; 

1 × MS salts, 10g/L sucrose, and 10g/L agar, pH 5.7), stratified for 3d, and then 

incubated at 23 °C for 5 d. For root elongation measurements, 15 seeds were used 

per replicate, and three replicates were made for each treatment. Five-day-old 

seedlings with roots 1 cm to 1.5 cm long were transferred from vertical agar plates 

containing MS medium onto a second agar medium supplemented with different 

concentrations of osmotic stress generator. Increases in root length were measured 

after 3 d of treatment (Rosado et al., 2006).  
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3.2.5 Histochemical analysis of GUS activity 

A DNA fragment containing 1139 bp of the upstream region of the ATDsPTP1 

gene was amplified by PCR using oligonucleotides incorporating XbaI or BamHI 

sites at the 5′ ends [5′-TGTCTAGACCTTGGTTTCTGTTACTTGGCTC-3′ (the 

XbaI site is underlined) and 5′-

AAGGATCCGAAGGAATACGAATTCGCCAAAG-3′ (the BamHI site is 

underlined)]. The PCR fragments were digested with XbaI and BamHI and then 

cloned into the XbaI-BamHI site of a promoterless GUS expression vector, 

pBI101.3 (Clontech). The resulting construct ATDsPTP1pro-GUS, was transferred 

from Escherichia coli DH5α into Agrobacterium tumerfaciens GV3101. 

Arabidopsis was transformed by vacuum infiltration with Agrobacterium 

containing ATDsPTP1pro-GUS. Following the methods described by Bechtold et 

al. (1993), histochemical localization of independent transgenic lines was 

performed in 5-bromo-4-chloro-3-indolyl glucuronide (X-gluc) buffer (50 mM 

sodium phosphate buffer, pH 7.0, 10 mM EDTA, 0.1% Triton X-100, 2% DMSO, 

0.5 mM potassium ferrocyanide, 2 mg mL -1 X-gluc) at 37 °C for 6 h to 12 h. The 

stained plants were washed for 30 min with 50% to 100% ethanol to remove the 

chlorophyll.  

 

3.2.6 Isolation of total RNA and quantitative real-time RT-PCR  

Two-week-old plants were transferred from MS agar plates to Petri dishes and 

placed over a filter paper soaked with 6% mannitol solution osmotic treatments. 

Total RNA was isolated from Arabidopsis seeds or leaves using an RNeasy Plant 

mini kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s 
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instructions. A 2 μg aliquot of RNA was reverse transcribed to cDNA with a 

SuperScript Ⅲ RTS First-Strand cDNA Synthesis Kit (Invitrogen, Carlsbad, CA, 

USA). Transcript levels of each gene were measured by qRT-PCR using an 

iCycler (Bio-Rad, Hercules, CA, USA) with iQ SYBR Green Supermix (Bio-Rad, 

Hercules, CA, USA). To standardize the results, the amplification of AtACTIN 

was also determined and used as the internal standard. The data were normalized 

to the amplification of an Arabidopsis actin gene. For each sample, the mean 

value from three qRT-PCRs was adopted to calculate for the transcript abundance. 

The mean values were then plotted with their standard error. The primers that 

were used in qRT-PCR are summarized in Supplementary Table 1.  

 

3.2.7 Antioxidant enzyme assays 

Frozen leaf segments (0.3 g) were homogenized in 1 mL of 50 mM potassium 

phosphate buffer (pH 7.0), containing 1 mM EDTA and 1% polyvinylpyrrolidone. 

The buffer was added with 1 mM ascorbate for the APX assay. The homogenate 

was centrifuged at 15,000 g for 20 min at 4 ℃ and the supernatant was 

immediately used for the following antioxidant enzyme assays. The total activities 

of antioxidant enzymes were determined as described previously (Jiang and 

Zhang, 2001). Total SOD (EC 1.15.1.1) activity was assayed by monitoring the 

inhibition of photochemical reduction of nitroblue tetrazolium. One unit of SOD 

activity was defined as the amount of enzyme required to cause 50% inhibition of 

the reduction of nitroblue tetrazolium as monitored at 560 nm. Total CAT (EC 

1.11.1.6) activity was assayed by measuring the decomposition rate of H2O2 at 

240 nm. Total APX (EC 1.11.1.11) activity was measured by monitoring the 
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decrease in absorbance at 290 nm as ascorbate was oxidized. Total GR (EC 

1.6.4.2) activity was measured by following the change in A340 as oxidized 

glutathione-dependent oxidation of NADPH.  

 

3.2.8 Proline assays 

Four-week-old dsptp1 and WT (Col0) seedlings grown on soil were soaked with 

6% mannitol or 400mM sorbitol solution for indicated time, respectively. After 

treatment, the samples were frozen in liquid nitrogen and kept at -80 °C for 

proline assay. Proline concentration was determined following the methods 

described by Bates (1973).  

 

3.2.9 MDA measurements  

According to the method of Heath and Packer (1968) with slight modification, 

lipid peroxidation was evaluated by measuring the MDA content from 0.5 g of 

two-week-old Arabidopsis seedlings. The results are expressed as μmol g-1 FW of 

seedlings and correspond to means of measurements carried out with four extracts.  

 

3.2.10 Ion leakage measurement 

To measure ion leakage in seedlings induced by mannitol treatment, two-week-old 

WT and dsptp1 seedlings grown on MS agar plates were carefully removed from 

the plate, rinsed briefly with distilled water, and placed in solutions containing 

10% mannitol for indicated time. After the treatment, seedlings were rinsed 

briefly with distilled water and placed immediately in a tube with 5 mL of water. 



 

 87

The tube was agitated gently for 3 h before the electrolyte content was measured. 

Three repetitions of each treatment were conducted.  

 

3.2.11 ABA measurement  

For the measurement of endogenous ABA contents, Arabidopsis leaves were 

ground in liquid nitrogen, with the addition of 1 mL of distilled water per 0.2 g of 

frozen ground tissue, and then shaken at 4 °C overnight. The homogenates were 

centrifuged at 12, 000 ×g for 20 min at 4 °C and the supernatant was used directly 

for ABA assay. ABA analysis was carried out using RIA, as described by Quarrie 

et al. (1988). The reaction mixture (450 μL) contained 200 μL of phosphate buffer 

(pH 6.0), 100 μL of diluted antibody (Mac 252) solution, 100 μL of [3H] ABA 

(approximately 8000 cpm) solution and 50 μL of crude extract. The mixture was 

incubated at 4 °C for 45 min and bound radioactivity was measured in 50% 

saturated (NH4)2SO4-precipitated pellets with a liquid scintillation counter (Ye et 

al., 2011).  

 

3.2.12 Accession numbers 

Sequence data from this article can be found in the Arabidopsis Genome Initiative 

or GenBank/EMBL databases under the following accession numbers:  DsPTP1, 

At3g23610; DREB2A, At5g05410; RD22, At5g25610; RD29A, At5g52310; ICK1, 

At2g23430; ABF1, At1g49720; COR15A, At2g42540; ERD1, At5g51070; ERD3, 

At4g19120; NCED3,  At3g14440; CYP707A4, At3g19270; ABI1, At4g26080; 

ABI3, At3g24650; ABI4, At2g40220; and ABI5, At2g36270.  
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3.3 Results 

3.3.1 Phenotypic analyses of the dsptp1 mutant 

To identify additional osmotic signaling components during seed germination, we 

obtained Arabidopsis T-DNA insertion mutants for the genes encoding various 

protein phosphatases. We also performed screening to identify any mutation that 

can lead to alteration in resistance to osmotic stress during seed germination. As 

shown in Fig.3.1. dsptp1 shows enhanced tolerance to osmotic stress. The dsptp1 

mutant carries a T-DNA insertion in the At3g23610 of the AtDsPTP1 gene. The 

results of real - time PCR show that dsptp1 is a loss-of-function mutant because 

the AtDsPTP1 transcript level was hardly detected in the mutant, but it was 

obviously enhanced in the over-expression (OE) line compared to the wild-type 

(WT), and it returned to the level similar to the WT in complemented (Com) line 

(Fig.3.1a, b, Fig.3.S2). Under normal growth conditions in Murashige and Skoog 

(MS) medium, no difference in germination percentage was observed among the 

WT, dsptp1 mutant, OE line and Com line seeds. However, the dsptp1 mutant 

seeds exhibited a significantly higher seed germination percentage than WT, while 

the OE line exhibited a lower seed germination percentage than WT (Fig.3.1c). 

The Com line rescued seed germination percentage to the level similar to WT 

seeds when compared with OE line seeds in MS medium supplemented with 

mannitol.  

To determine the sensitivity of the dsptp1 mutant to osmotic stress during 

seed germination, different concentrations of mannitol (6%, 7%, and 8%) and 

sorbitol (300mM, 350mM, and 400mM) were supplied in the medium. The results 

show that the dsptp1 mutant exhibited an obviously higher seed germination 

percentage than the WT, whereas OE line exhibited the lowest seed germination 
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percentage with the increasing mannitol and sorbitol concentrations (Fig. 3.1d). 

 

 

 

Fig.3.1 dsptp1 mutant shows an increased germination percentage under osmotic 

stress.  

(a) Structure of the AtDsPTP1 gene. The insertion of T-DNA in the dsptp1 mutant 

is shown as a triangle. Exons are shown as black boxes and introns as thin lines. 

(b) Real-time RT PCR analysis for AtDsPTP1 transcript. The AtDsPTP1 transcript 

was present in total RNA from the WT Arabidopsis plants but absent in the dsptp1 

mutant plants. Relative expression levels of AtDsPTP1 normalized to AtACTIN2 
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transcript levels. Values are presented means ± SE of three different experiments. 

(c) Germination of WT (Col0) and dsptp1 Arabidopsis seeds in normal and 

mannitol-containing media. 

(d) Seed germination rates of the dsptp1 mutant plants with and without different 

osmotic treatments.  Arabidopsis seeds of WT (Col0) and DsPTP1 mutant are 

sown in MS medium with or without osmotic treatments including 6%, 7%, and 

8% mannitol (Left) as well as 300, 350, and 400mM sorbitol.  

                     

 

 

Fig.3.S2 RT-PCR analysis for ATDsPTP1 transcript in WT, dsptp1 mutant, OE 

and Com line.  

The AtDsPTP1 transcript was present in total RNA from the WT, OE and Com 

Arabidopsis plants but absent in the dsptp1 mutant plants. As a control, Actin2 

primers amplify a 500 bp product in each PCR reaction.  
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3.3.2 Overexpression of DsPTP1 decreases osmotic tolerance in 

Arabidopsis 

We generated AtDsPTP1 overexpression (OE) lines, which showed an increase in 

At3g23610 at the AtDsPTP1 transcript level than the WT plants (Fig.3.1b). The 

seedlings of the OE lines, dsptp1 mutant, and WT (Col-0) were grown under 

osmotic stress. Their primary root growth was measured. The root growth of the 

dsptp1 mutant plants showed hyposensitive to mannitol (Fig.3.2a, b) and sucrose 

(Fig.3.2c) compared with that of the WT plants (Col-0). By contrast, the OE line 

was relatively more sensitive to osmotic agents than WT (Fig.3.2a, b, c). These 

data indicate that AtDsPTP1 decreases osmotic stress tolerance in Arabidopsis.  
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Fig.3.2 dsptp1 seedlings show reduced root elongation inhibition under osmotic 

stress.  

(a) Root growth phenotypes of Arabidopsis root length of WT (Col0), dsptp1 and 

OE line. Left bar = 5.8mm, right bar = 4.57mm. dsptp1 seedlings show reduced 

root elongation inhibition under osmotic stress.  

(b, c) Root lengths of Col-0, dsptp1 and OE line seedlings grown for 7 d on MS 

plates with mannitol (b) and sucrose (c) were measured to quantify their 

sensitivities to mannitol or sucrose. Seedlings were grown in MS agar medium for 

1 week and then transferred to MS medium with or without various concentrations 

of mannitol (b) and sucrose (c). Root elongation (i.e. increase in length after 

transfer) was determined after 7d in Col0, dsptp1 and OE. Error bars indicate SES 

(n=15). The experiments were repeated at least thrice with similar results. Graphs 

correspond to one representative experiment.  
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3.3.3 Expression patterns of AtDsPTP1  

We constructed a chimeric gene consisting of the ATDsPTP1 promoter fused to a 

β-glucuronidase (GUS) reporter gene (ATDsPTP1pro-GUS) to analyze the 

expression patterns of GUS activity driven by the ATDsPTP1 promoter in 

transgenic Arabidopsis plants. Spatiotemporal expression analysis showed GUS 

expression in endosperm seeds (Fig.3.3b), pollen grains (Fig.3.3c, g), and 

abscission zone of siliques (Fig.3.3i), but not in mature embryo (Fig.3.3a), rosette, 

and cauline leaf (Fig.3.3e,f). Strong GUS activity was detected in leaf petioles and 

roots of rosette plants when the transgenic plants were exposed to high osmolarity 

solutions (Fig.3.3i, j). Similarly, strong GUS stain was observed in the seed coat 

(Fig.3.3q, s, t), but not in the embryo (Fig.3.3m, o, p) of dry and three-day 

germinating seeds that were exposed to both hyperosmotic solutions. These results 

suggest that the expression of the AtDsPTP1 gene is up-regulated in response to 

external osmotic changes.  

We also assayed the transcript level of DsPTP1 in germinating Arabidopsis 

seeds from 3 h to 12 h after imbibing and in 1 d and 2 d seedlings under different 

treatments using quantitative RT-PCR (qRT-PCR). In accordance with the results 

of GUS staining, the AtDsPTP1 expression in WT seeds was sharply induced by 

mannitol (Fig.3.3u), sorbitol (Fig.3.3v), and polyethylene glycol (PEG) (Fig.3.3w) 

solutions. The transcript level of AtDsPTP1 in WT seedlings was also induced at 

48h after mannitol (Fig.3.3k) and PEG (Fig.3.3l) treatments. These results indicate 

that AtDsPTP1 is induced by osmotic stress. 
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Fig.3.3 Expression patterns of the DsPTP1 gene.  

(a-j, m-t) The AtDsPTP1 promoter-GUS activity was observed at various growth 
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stages. (a) Embryo of dry seed. (b) Seed coat. (c) Pollens in anther. (d) Stems. (e) 

Mature rosette leaves. (f) Cauline leaves. (g) Flowers. (h) Siliques, five 

independent lines were tested and repeated at least thrice. (i) Twelve-day-old 

seedling. (j) Enlargement of (i).  Two independent lines were tested and repeated 

at least thrice. (m) and (q) Dry seed.  (n) to (o) Three-day embryo. (r) to (t)  Seed 

coat under different treatment conditions. Two independent lines were tested and 

repeated twice. (a, b, c) Bar = 20 µm, (e, f) Bar = 1 cm, (d, g, h) Bar = 1 mm, (i, j) 

Bar = 1 mm, (m, n, o, p, q, r, s, t) Bar = 20 µm.  

(k to l) Time course of (k) mannitol- and (l) PEG-induced gene expression of 

AtDsPTP1 in Arabidopsis seedlings. WT seedlings were treated with 8% mannitol 

(k) and 10% PEG (l) for various times. 

(u-w) Time course of (u) mannitol-, (v) sorbitol- and (w) PEG-induced gene 

expression of AtDsPTP1 in Arabidopsis seeds. The WT Col-0 seeds were treated 

with (u) 6% mannitol, (v) 400mM sorbitol and (w) 8% PEG for various times. All 

seeds and seedlings treated with distilled water under the same conditions during 

the entire period served as controls. Relative expression levels of AtDsPTP1 were 

analyzed by qRT-PCR and were normalized to Atactin2 transcript levels. Values 

are presented means ± SE of three different experiments. 
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3.3.4 Increased proline content and resistance to oxidative damage 

in dsptp1 plants 

Proline accumulation has adaptive functions in plant stress tolerance, acting as a 

compatible osmolyte that stores carbon and nitrogen (Hare et al., 1997).  Previous 

in vitro studies showed that proline can be a reactive oxygen species (ROS) 

scavenger (Smirnoff and Cumbes, 1989), and a molecular chaperone that 

stabilizes protein structure. Proline accumulation can buffer cytosolic pH and 

balance cell redox status; it is also part of the stress signal that influences adaptive 

responses (Maggio et al., 2002). Proline accumulation in the dsptp1 mutant and 

WT plants treated with mannitol and sorbitol were measured. As shown in Fig. 3.4, 

the proline content in both dsptp1 mutant and WT plants increased in response to 

6% mannitol treatment. However, the increase in the dsptp1 mutant plants was 

more remarkable than that in the WT plants at 48 h after mannitol treatment 

(Fig.3.4a). A similar trend in proline content was observed between the dsptp1 

mutant and WT plants treated with 400 mM sorbitol for 36 h (Fig.3.4b). 

   Malonaldehyde (MDA) is produced by lipid peroxidation because of the effect 

of ROS (Halliwell and Chirico, 1993). As the most known product of lipid 

peroxidation, MDA is often used as a biomarker to measure cell membrane injury 

and cell and tissue oxidative damage (Esterbauer et al., 1991). To determine the 

degree of cellular injury, we determined the MDA content in the dsptp1 mutant 

and WT plants with 10% mannitol treatment. The MDA content increased in both 

dsptp1 mutant and WT plants after the treatment. However, the increase in the 

dsptp1 mutant seedlings was less than half of that in the WT seedlings after the 

treatment. Although the dsptp1 mutant seedlings had slightly lower MDA content 

than the WT seedlings even without stress treatment, the increase in the MDA 
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level was significantly lower in the mutant than in the WT plants after 12 and 24 h 

of mannitol treatment (Fig.3.4c).  

   After the dsptp1 mutant and WT seedlings were treated with 10% mannitol, ion 

leakage was measured as an indicator of osmotic-induced cellular damage. 

Although the dsptp1 mutant seedlings had no obvious differences in ion leakage 

compared with the WT plants without stress treatment, mannitol treatment 

resulted in a sharper increase in electrolyte leakage in the WT plants than in the 

dsptp1 mutant plants (Fig.3.4d). These data indicate that the dsptp1 mutant plants 

are less sensitive to osmotic stress.  

   To investigate the effects of AtDsPTP1 on the activities of antioxidant enzymes, 

we determined the total activities of antioxidant enzymes, including ascorbate 

peroxidase (APX), superoxide dismutase (SOD), glutathione reductase (GR), and 

catalase (CAT). Fig.3.5 shows that the induced (Fig.3.5a), SOD (Fig.3.5b), GR 

(Fig.3.5c) and CAT (Fig.3.5d) activities of the dsptp1 mutant plants are 

significantly higher than those of the WT plants after osmotic stress. These 

findings suggest that dsptp1 has an enhanced ability to scavenge the extra ROS 

under osmotic stress to maintain the equilibrium between ROS production and 

scavenging. These data indicate that the dsptp1 mutant plants can attenuate cell 

damage caused by osmotic stress. 
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Fig.3.4 dsptp1 affects the physiological index under osmotic stress. 

Proline content was determined in WT and dsptp1 under (a) mannitol treatment. 

(b)  sorbitol treatment. (c) MDA content and (d) Ion leakage. Values are presented 

means ± SE of three different experiments. Means denoted by the same letter do 

not significantly differ at P < 0.05 according to Duncan’s multiple range test.  
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Fig.3.5 Effects of DsPTP1 on the activities of antioxidant enzymes in Arabidopsis 

seedlings exposed to mannitol treatment.  

(a-d) Total activities of antioxidant enzymes. (a) APX. (b) SOD. (c) GR. (d) CAT. 

Seedlings were treated with mannitol for indicated times. Values are presented 

means ± SE of three different experiments. Means denoted by the same letter do 

not significantly differ at P < 0.05 according to Duncan’s multiple range test.  
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3.3.5 dsptp1 enhances expression of osmotic responsive genes 

To determine the function of AtDsPTP1 in signaling pathways in response to 

osmotic stress, we analyzed the expression of genes regulated by abiotic stress in 

the WT, dsptp1 mutant and OE line plants (Rosado et al., 2006) with and without 

mannitol treatment. Primers used for Real-time RT-PCR see Table 3.S1. As shown 

in the real-time PCR results in Fig. 3.6b,d,e, significant differences in the 

expression of general stress-responsive genes (e.g. RD22 and ICK1) and specific 

genes (e.g. ABF1) were found among the WT, dsptp1 mutant and OE line plants. 

In addition, osmotic stress-induced expression was different in the dsptp1 mutant, 

WT and OE line seedlings for ERD1 (early response to dehydration 1) (Fig.3.6g), 

COR15A (Fig.3.6f), DREB2A (Fig.3.6a), and ERD3 (Fig.3.6h).  The first encodes 

a chloroplast-targeted chaperonin possibly involved in proteolysis (Weaver et al., 

1998), the second encodes a chloroplast-targeted LEA protein (Artus et al., 1996), 

the third encodes a transcription factor activated in the early stages of the osmotic 

stress response, and the fourth encodes a protein with unknown function in 

dehydration stress (Kiyosue et al., 1994).  

    After osmotic treatment, DREB2A, RD22, and RD29A were induced at lowest 

levels in the dsptp1 mutant plants, medium in the WT plants and highest in the OE 

line plants (Fig.3.6a, b, c). By contrast, the induction of ICK1, ABF1, COR15A, 

ERD1, and ERD3 expressions was highest in the dsptp1 mutant plants, 

intermediate in the WT and lowest in OE line plants after osmotic treatment 

(Fig.3.6d, e, f, g, h). The compromised induction of different dehydration-

responsive genes together with the reduced sensitivity to osmotic stress in dsptp1 

indicated that DsPTP1 is possibly a node in the dehydration signaling pathway.  
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Fig.3.6 dsptp1 shows altered expression of several dehydration-responsive genes 

after osmotic stress.  

(a-h) Induced expression of dehydration-responsive genes under osmotic stress. (a) 

DREB2A (b) RD22 (c) RD29A (d) ICK (e) ABF (f) COR15A (g) ERD1 and (h) 

ERD3. The expression level of these genes in response to stress was analyzed by 

qRT-PCR. Total RNA was isolated from 15-day-old WT Col0 and dsptp1 

seedlings treated with 6% mannitol for 0h, 2h, 8h, and 12h. In all experiments, the 

expression of the constitutive Actin2 gene was used as the control. Three 

replicates were made for each treatment with similar results.  
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Table 3.1  Primers Used for Real-Time PCR.  

 
Primer Name  Sequence 
AtActin2-FP GTGAAGGCTGGATTTGCAGGA 
AtActin2-RP AACCTCCGATCCAGACACTGT 
DsPTP1-FP GTGTTCTTGTTCATTGCTTTGTTGG 
DsPTP1-RP GTCACTCACTTGCATAGACTTCTCG 
NCED3-FP GGTTTCTGGGAGATGGCTTGGT 
NCED3-RP ATGGCGGGAGAGTTTGATGATTG 
CYP707A4-FP GAAAGGAATACAGTACAGTC 
CYP707A4-RP GGATTAGATTTGGCTAACTAC 
DREB2A-FP GCAGACTATGGCTTAAATCAGGAC 
DREB2A-RP CTGAAACGGAGGTATTCCGTAGT 
RD29A-FP ATGCACCAGGCGTAACAGGTA 
RD29A-RP GGTGTAATCGGAAGACACGACAG 
ICK1-FP GATTGTTGTTGTAGCGGGAGG 
ICK1-RP TTCGTAACGTCCTTCTAATGGC 
ABF1-FP TTTCTTACTCCGTGCTGGCGT 
ABF1-RP GCTGTTTTGATTCGGCTGACC 
COR15A-FP TTCTTTCCACAGCGGAGCC 
COR15A-RP TGTTGCCGTCACCTTTAGCG 
ERD1-FP GCAGGCAAAAGCAGGATGAC 
ERD1-RP ATCAGGTCCCACCAGTATAGGC 
ERD3-FP AATGTTGGTACAGGAATGTGCC 
ERD3-RP TCCATGTGGAAACATTGTACCC 
ABI1-FP GGTTCGATGTTAGATGGTCGG 
ABI1-RP GAGCATCGGTTTCTCCTTAGCT 
ABI3-FP ACATCTCCAGCTCCTGTCAACG 
ABI3-RP TGCACCAGAAGAGTCGTCACAG 
ABI4-FP AATCCGATTCCACCACCGAC 
ABI4-RP ACTTGCGAGTGCGCTTACGT 
ABI5-FP ATCAAGAACCGCGAGTCTGC 
ABI5-RP TCCAACTCCGCCAATGCA 
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3.3.6 dsptp1 mutant reduces ABA content and suppresses ABA 

signaling pathway under osmotic stress  

To test the sensitivity of the dsptp1 mutant to ABA, we determined the effect of 

ABA on the germination, cotyledon expansion, and root elongation of dsptp1. The 

radicle emergence of seeds was observed after 7 d of sowing on MS medium 

supplemented with the indicated ABA concentrations (Fig.3.7a). The inhibition of 

ABA to seed germination in the dsptp1 mutant plants was less obvious than that in 

the WT plants, whereas the OE line seed was more sensitive to ABA than WT, 

also the inhibition effect on seed germination was rescued to the level similar to 

WT seeds in Com line seeds. The effects of ABA on root elongation were also 

observed among dsptp1, WT, and OE line. Root elongation was measured 7 d 

after 7-day-old seedlings were transferred to MS medium supplemented with the 

indicated ABA concentration (Fig.3.7b). The inhibition of ABA to root elongation 

was weakened in the dsptp1 mutant plants than in the WT plants, whereas the 

overexpression of DsPTP1 resulted in the enhanced inhibition of root elongation 

compared with the WT plants. 

   The ABA contents in the dsptp1 mutant and WT plants were also measured 

using radioimmunoassay (RIA) method. In the absence of stress treatment, WT 

and dsptp1 leaves had similar ABA contents (Fig.3.7c, d, e). When the plants were 

treated with 10% mannitol, 600mM sorbitol, or 30% PEG (6000) for the indicated 

time, the endogenous ABA level in the WT plants was higher than that in the 

dsptp1 mutant plants.  

   To investigate the function of DsPTP1 in ABA accumulation in response to 

osmotic stress, we analyzed the expression of genes encoding enzymes for ABA 

biosynthesis and catabolism in the WT and dsptp1 mutant plants (Nambara & 
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Marion-Poll, 2005). The qRT-PCR results showed that the expression level of all 

the assayed genes for ABA biosynthesis and catabolism increased after osmotic 

stress treatment. However, the magnitudes of the increases varied. The expression 

level of the biosynthesis gene NCED3 increased to a higher level in the WT plants 

than that in the dsptp1 mutant plants (Fig.3.7f). By contrast, the catabolic gene 

CYP707A4 was expressed at a lower level in the WT plants than that in the dsptp1 

mutant (Fig.3.7f). This result indicates that DsPTP1 affects the endogenous ABA 

content by regulating the genes for ABA biosynthesis and catabolism after 

osmotic stress treatment.  

   To explore the function of AtDsPTP1 in ABA signaling pathways in response to 

osmotic stress, we analyzed the expression of genes regulated by ABA in the WT, 

dsptp1 mutant and OE line plants (Rosado A et al., 2006) both before and after 

mannitol treatment. The results of real-time PCR showed significant differences 

among the WT, dsptp1 mutant and OE line plants in terms of the expressions of 

ABA-regulated genes, such as ABI1, ABI3, and ABI5 genes (Fig.3.8). This result 

indicates that AtDsPTP1 likely acts in the upstream of these genes in the ABA 

pathways. The induction of ABI3 (Fig.3.8b) and ABI5 (Fig.3.8d) expression was 

significantly lower in the dsptp1 mutant plants than that in the WT plants, also 

their expressions  were lower in the WT plants than that in the OE line plants with 

mannitol treatment. By contrast, the induction of ABI1 increased in the dsptp1 

mutant plants than that in the WT plants, and the expression of ABI1 also 

increased in the WT than in the OE line plants after osmotic stress (Fig.3.8a).  
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Fig.3.7 ABA is involved in the regulation of DsPTP1 to osmotic stress. 

(a) Seed germination ratio of Arabidopsis seeds of WT, dsptp1 and OE line (OE) 

in MS medium supplemented with or without 0.5, 1, and 2 μM ABA. 

(b) Seedlings were grown in MS agar medium for 1 week and then transferred to 

MS medium with or without 5, 10, 20, and 50 μM ABA. Root elongation 

(increase in length after transfer) was determined after 7d. Error bars indicate SES 
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(n=15 for root elongation, n=100 for germination). Three replicates were made for 

each treatment with similar results, and graphs correspond to one representative 

experiment. 

Determination of endogenous ABA level in WT and dsptp1 seedlings after (c) 

mannitol (d) sorbitol and (e) PEG treatments. 

(e) Expression differences of the ABA biosynthesis key gene NCED3 and 

catabolic gene CYP707A4 in WT and dsptp1 were analyzed under osmotic 

stress. Values are means ± SE of three different experiments. Means denoted 

by the same letter do not significantly differ at P < 0.05 according to 

Duncan’s multiple range test.  
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Fig.3.8 dsptp1 shows altered expressions of ABA-regulated genes under osmotic 

stress. (a-d) Expression level of several genes in response to ABA signaling was 

analyzed by qRT-PCR. (a) ABI1 (b) ABI3 (c) ABI4 and (d) ABI5. Total RNA was 

isolated from 15-day-old WT and dsptp1 seedlings treated with 6% mannitol for 

indicated times. In all experiments, the expression of the constitutive Actin2 gene 

was used as the control. Three replicates were made for each treatment with 

similar results. 
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3.4 Discussion 

Increasing evidences shows that protein kinases and PPs have critical functions in 

plant development and stress responses (Fujii & Zhu, 2012). Members from 

different sub-families of PPs were studied for their biological functions 

(Schweighofer et al., 2004; Schweighofer & Meskiene, 2008; Bartels et al., 2010). 

As a member of the unique group that is capable of dephosphorylating both 

serine/threonine and tyrosine, DsPTP1 is possibly more important than the protein 

phosphatases of other groups. However, little is known about this special group of 

protein phosphatases, especially in plant stress responses. Thus, we isolated a 

dsptp1 mutant that is hyposensitive to osmotic stress during seed germination and 

root elongation of seedlings (Fig.3.1, 3.2). With the genetic evidence, we studied 

the biological function of the DsPTP1 gene in response to stress conditions. The 

expression of the DsPTP1 gene is induced by drought and osmotic stresses both in 

seedlings (Fig.3.3k, l) and seeds (Fig.3.3u, w). Knockout of the AtDsPTP1 gene 

results in enhanced tolerance, whereas over-expression of the AtDsPTP1 gene 

results in an attenuated tolerance to these stress conditions compared with wild 

type (Fig.3.1, 3.2). Our results indicate that the AtDsPTP1 gene is involved in 

osmotic stress response and possibly has a negative regulatory function.  

The tissue expression pattern of the DsPTP1 gene was analyzed by GUS 

reporter gene fused with DsPTP1 promoter. The results indicate that DsPTP1 was 

strongly expressed in the endosperm layer in the seed coat of dry seeds (Fig.3.3b), 

which disappeared after imbibition (Fig.3.3r). Seed coats have a key function in 

keeping seed dormancy (Holdsworth et al., 2008), suggesting that DsPTP1 is 

involved in seed dormancy by preventing the seed from germination. In 

Arabidopsis seedlings, the induced expression of DsPTP1 occurs at the base and 
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roots of rosette, both of which are important for the maintenance of root 

elongation under stress conditions (Beemster & Baskin, 1998). These results 

further prove that AtDsPTP1 is a negative regulator in plant growth and 

development under stress conditions, such as seed germination and root 

elongation. 

Although most protein phosphatases have negative functions in controlling 

plant growth and development, the pathways they are involved in can vary. We 

studied the physiological and biochemical responses of the dsptp1 mutant to 

osmotic stress. As shown in Fig.3.4, all physiological indexes, such as ion leakage, 

suggest a better performance of the dsptp1 mutant under osmotic stress than WT. 

Proline accumulates largely in cells as an osmolyte to help in osmotic adjustment 

under stress. The dsptp1 mutant plants had higher proline accumulation than the 

WT plants under osmotic stress. Proline accumulation modulates pH changes and 

reduces cell damage by osmotic stress (Zhu, 2002). The levels of MDA, a 

biomarker of cell membrane injury, and ion leakage, an indicator of osmotic-

induced cellular damage, increase less under osmotic stress in the dsptp1 mutant 

than that in WT.  

ROS is an important signal molecule that accumulates under many stress 

conditions. However, high ROS concentrations can be highly toxic to plants (Apel 

& Hirt, 2004; Ye et al., 2011). Thus, we detected the antioxidant enzyme activities 

in the dsptp1 mutant and WT plants (Fig.3.5). Increased proline content reduces 

the inhibitory effects of osmotic stress on enzyme activity, increases the thermal 

stability of enzymes, and prevents the dissociation of enzyme complexes (Hayashi 

et al., 1997). Therefore, we suspect that proline accumulation causes the enhanced 

activity of all the four antioxidant enzymes in the dsptp1 mutant than that in the 
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WT plants, which can explain why the MDA content in the mutant plant is lower 

than that in the WT plants.  

The results demonstrate that DsPTP1 is induced by osmotic stress in the WT 

plants, thereby suppressing the accumulation of many metabolites that are against 

osmotic stress and changing the expression pattern of a subset of dehydration-

responsive genes (Fig.3.6). The knockout of the AtDsPTP1 gene in the dsptp1 

mutant plants results in better adaption to osmotic stress than in the WT plants. 

As a stress phytohormone, ABA has a pivotal regulatory function in numerous 

stress responses, including osmotic stress (Boudsocq & Lauriere, 2005; Cutler et 

al., 2010; Rosado et al., 2006). To study how the DsPTP1 gene controls the 

responses of plant to osmotic stress, we studied the relationship between the 

DsPTP1 gene and ABA using the dsptp1 mutant plants. The inhibitory effects of 

ABA on seed germination and root elongation were suppressed by the mutation of 

the AtDsPTP1 gene but enhanced by the over-expression of the AtDsPTP1 gene 

(Fig.3.7a, b). Meanwhile, the seed germination percentage (Fig. 3.7a) and root 

elongation (see Fig.3.S1c) were rescued to the level similar to wild type by 

complementing the corresponding gene in dsptp1 mutant. Similar effects were 

noted in osmotic stress treatment (Fig.3.1, 3.2, Fig.3.S1a, b). These results 

strongly suggest that the AtDsPTP1 gene is involved in the ABA signaling 

pathway by mediating the inhibitory effect of ABA in Arabidopsis plants under 

osmotic stress.  

To study the relationship between AtDsPTP1 and the ABA pathway, we 

determined the ABA contents in the dsptp1 mutant and WT plants. Knockout of 

the DsPTP1 gene decreased the ABA content in the dsptp1 mutant plants than that 

in the WT plants. This finding may be attributed to the down-regulated expression 
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of the rate-limiting ABA biosynthesis enzyme gene NCED3, and the significantly 

up-regulated expression of the ABA catabolic enzyme gene CYP707A4 (Fig.3.7). 

These results indicate that AtDsPTP1 can also promote the ABA production under 

osmotic stress condition. Thus, down-regulation of AtDsPTP1 gene expression 

can decrease ABA content by suppressing ABA biosynthesis and increasing ABA 

catabolism. Aside from its effect on ABA accumulation, the AtDsPTP1 gene also 

regulates the genes expression of the ABA pathway (Fig.3.8). In ABA signaling, 

down-regulation of DsPTP1 can decrease the gene expression of the positive 

regulators in ABA signaling, such as ABI3 and ABI5 and increase the expression 

of the negative regulator ABI1 under osmotic stress conditions, and over-

expression of DsPTP1 has the opposite effect of dsptp1 mutant. This phenomenon 

explains why the mutant plants are less sensitive to osmotic stress and ABA 

treatment. These results suggest that mutation of the DsPTP1 gene not only results 

in moderate ABA production under osmotic stress by suppressing the NCED3 

gene and promoting the CYP707A4 gene, but also decreases the gene expression 

of several regulators in the ABA signaling pathway. These findings suggest that 

the dsptp1 mutant plants are more tolerance to osmotic stress treatment than the 

WT plants.  

    We isolated a dsptp1 mutant of Arabidopsis. The DsPTP1 gene is induced 

significantly by osmotic stress and has a negative regulatory function during seed 

germination and seedling establishment. Its mutation results in better performance 

in the dsptp1 mutant than WT plants under osmotic stress. The dsptp1 mutant 

plants accumulated more proline than that in WT plants under osmotic stress, 

which shall function as osmotic adjustment in cells. The dsptp1 mutant plants 

exhibit attenuated sensitivity to osmotic stress damage than the WT plants, 
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resulting in reduced MDA content, reduced ion leakage, and enhanced antioxidant 

enzyme (APX, SOD, GR and CAT) activities. The accumulation of ABA in 

response to osmotic stress is also controlled by down-regulation of DsPTP1 gene 

expression, which reduces the expression of the ABA biosynthesis key gene and 

increases the expression of the ABA catabolism gene. The DsPTP1 gene is also 

involved in the ABA signaling pathway by regulating the expression of ABI genes, 

such as ABI1, ABI3 and ABI5. In addition, DsPTP1 regulates the expression of a 

series of dehydration-responsive genes under osmotic stress. The aforementioned 

results show that AtDsPTP1 has a negative function in osmotic stress signaling 

during seed germination and seedling establishment of Arabidopsis and positively 

regulates the ABA signaling pathway during this process.  
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Chapter 4 Regulation mechanism of DsPTP1 in 

abiotic stress signaling 

 

4.1 Introduction 

MAPK cascades consist of MAPKKKs, MAPKKs and MAPKs. Two large 

subfamilies are included in the MAPKKKs (also called MAP3Ks) family. RAF-

like kinases show more similarity to mammalian RAF1, while the MEKK like 

subfamily members show similarity to yeast STE11 and BCK1 and mammalian 

MEKK1 (Group M et al., 2002).  

   The MAP2Ks (also called MAPKKs and MEKs) constitute a diverse family of 

kinases are divides into four groups (A to D) (Hamel LP et al., 2006). MKK1, 

MKK2 and MKK6 in Arabidopsis belong to group A. Both MKK1 and MKK2 

function upstream of the MAPK MPK4 (Ichimura K et al., 1998) and regulate 

innate immunity responses. Besides, MKK2 also mediates cold and salinity 

response (Meszaros T et al., 2006; Qiu JL et al., 2008; Teige M et al., 2004). 

MKK6 is found to act upstream of the MAPK13 (Melikant B et al., 2004). 

Arabidopsis MKK2 belongs to group B MKKs, which has corresponding 

homologs in Selainella, rice, Physcomitrella, and Chalmydomonas. Group C 

members are distinguished by a nuclear transfer factor (NTF) domain (Hamel LP 

et al., 2006), which can enhance the nuclear import of cargo proteins (Steggerda 

SM et al., 2002), indicated that NTF domain included MAP2Ks are involved in 

cytoplasmic-nuclear trafficking. And MKK3 participates in the jasmonic acid 

(JA)-dependent pathogens signaling (Doczi R et al., 2007; Takahashi F et al., 

2007). It is not clear which downstream MAPK may be activated by MKK3. 
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MKK4 and MKK5 belong to group C, and all the rest MKK7, MKK8, MKK9 and 

MKK10 belong to group D. Related pairs of plant MAP2Ks play similar roles 

indicated by genetic analyses in Arabidopsis (Rodriguez MCS et al., 2010). In an 

redundant manner, MKK4 and MKK5 function upstream of MPK3 and MPK6 

(Asai T et al., 2002).  

In the activation loops of plant MAPKs (also named MPKs), there exist TEY or 

TDY phosphorylation motifs, similar to animal ERK kinases. It was reported that 

there is no plant MAPK with a TGY similar to p38 and yeast Hog1, or a TPY, 

similar to JNK MAPKs (Group M et al., 2002). Similarly, MPKs in Arabidopsis 

are also divided into four groups (A to D; Group M et al., 2002). Group A, B and 

C comprise of TEY MAPK, while TDY MAPKs constitute group D. Arabidopsis 

MPK3 and MPK4 belong to group A, can be activated by abiotic and biotic stress 

and mediate the developmental processes (Kiegerl S et al., 2000; Seo S et al., 

2007; Zhang S et al., 2001). MPK4 related to group B, which is involved in 

abiotic stress and pathogen defense (Anderasson E et al., 2005; Brodersen P et al., 

2006; Droillard MJ et al., 2004; Petersen M et al., 2000; Qiu JL et al., 2008). 

Most group D MAPKs are characterized by a C-terminal common docking 

domain, indicating that they may function as a docking site for MAP2Ks (Yoo SD 

et al., 2008). It is likely that in order to adapt to new environments, plant MAPKs 

may be derived from early land plants and ERK-related lineages with a set of 8 to 

10 MAPKs (Rodriguez MCS et al., 2010).  

    Compared to a number of DsPTPases from various organisms including human, 

rat, Drosophila, yeast and Chlamydomonas eugametos, the amino acid sequence 

of the AtDsPTP1 protein exhibited significant homology (25%-35% identical). 

And in these blast DsPTPases sequences from various organisms, the active site 
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signature motif was highly conserved (Gupta R et al., 1998).  

It was reported that the MAPKs is an important family of substrates for 

DsPTPases (Keyse, 1995). As we known, the DsPTPases can dephosphorylate 

both phosphothreonine and phosphotyrosine residues, which is a key component 

for inactivation of MAPK in yeast and mammalian systems (Gupta R et al., 1998). 

The expression of some DsPTPases members in the green algae Chlamydomonas 

eugametos and animal systems, had been shown to respond to extracellular signals 

including stress factors (Haring et al., 1995; Keyse and Emslie, 1992; Sun and 

Tonks, 1994). DsPTP1 is one member of the only five DsPTPases in Arabidopsis. 

We found it positively regulates ABA signaling in response to osmotic stress 

during seed germination and seedling establishment of Arabidospis. However, the 

signaling pathway of DsPTP1 in abiotic stress signaling is still unknown. This 

study aimed to find whether MAPKs can be regulated by the DsPTP1 under 

osmotic stress and the possible substrates of DsPTP1. 

 

4.2 Materials and Methods 

 

4.2.1 Plant materials 

Refer to Chapter 3. 

 

4.2.2 Water Loss assay 

To determine the drought resistance in a quantitative manner, the leaf water loss 

was assayed as follows: after cultivation in the soil for 8 weeks, six leaves were 
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detached from each plant and placed in a weighing dish. Dishes were kept at 40% 

humidity in a growth chamber, and the loss of FW was determined at the indicated 

time points. This stress assay was performed at least in duplicate.  

 

4.2.3 Relative water content assay 

First of all, the leaf has to be weight for getting the fresh weight ( FW ). After that, 

the sample need to placed with deionized water and keep weighting it until the 

weight of the leaf haven’t change in order to get the turgid weight of the sample 

( TW ). Finally, the leaf sample needs to be placed at the oven in order to get the 

dry weight of the sample (DW). The relative water content can be calculated by 

RWC = (FW-DW)/(TW-DW) x 100%. 

 

4.2.4 In - gel MAPK activity 

Protein was extracted from leaves with an extraction buffer (100 mM HEPES, pH 

7.5, 5 mM EDTA, 5 mM EGTA, 10 mM dithiothreitol [DTT], 10 mM Na3VO4, 10 

mM NaF, 1 mM PMSF, 5 μg/ml leupeptin, 5 μg/ml aprotinin, 5% glycerol, 50 mM 

β-glycerophosphate) using the method of Zhang and Klessig (1997) with minor 

modifications. After centrifugation at 15,000g for 30 min at 4 , the super℃ natants 

were transferred into clean tubes, immediately frozen with liquid N2, and stored at 

-80℃. Protein content was determined according to the method of Bradford (1976) 

with bovine serum albumin as standard. 

In-gel kinase activity assays were performed using the method as described by 

Zhang and Klessing (1997). Extracts containing 20 μg of protein were 

electrophoresed on 10% SDS-polyacrylamide gels embedded with 0.25 mg/ml 
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MBP in the separating gel as a kinase substrate. After electrophoresis, SDS was 

removed by washing the gel with a washing buffer (25 mM Tris, pH7.5, 0.5 mM 

DTT, 0.1 mM Na3VO4, 5 mM NaF, 0.5 mg/ml bovine serum albumin, and 0.1% 

Triton X-100) three times for 30min each at room temperature. The kinases were 

allowed to renature in 25 mM Tris, pH7.5, 1mM DTT, 0.1 mM Na3VO4, and 5 

mM NaF at 4℃ overnight with three changes of buffer. The gel was then 

incubated at room temperature in 30 ml of reaction buffer (25 mM Tris, pH 7.5, 2 

mM EGTA, 12 mM MgCl2, 1 mM DTT, and 0.1 mM Na3VO4) with 200 nM ATP 

plus 50 μCi [γ-32P]ATP (3,000 Ci/mM) for 60min. The reaction was stopped by 

transferring the gel into 5% trichloroacetic acid (w/v)/1% sodium pyrophosphate 

(w/v). The unincorporated [γ-32P]ATP was removed by washing with the same 

solution for at least 3h with three changes. The gel was dried onto Whatman 3 

MM paper and exposed to Kodak XAR-5 film. Prestained size markers (Bio-Rad) 

were used to calculate the size of the kinases.  

 

4.2.5 Western-blot analysis 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was 

performed as described by Laemmli (1970). Total protein (50μg) was separated by 

12% SDS-PAGE then transferred to a nitrocellulose membrane, the membrane 

was blocked for 60 min with 5% (w:v) nonfat milk in 0.05% (w:v) Tween 20, 10 

mM Tris (pH8.0) and 150 mM NaCl. The antibody (Anti-Erk1/2(p44/p42), 05-

1152, Millipore) was added and incubated at 4℃ overnight. After washing, the 

alkaline horseradish peroxidase (HRP)-coupled secondary antibody was added 

and incubated at room temperature for 1.5 h. The color was developed with a 

solution containing H2O2.  
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4.2.6 Testing Specific Two-Hybrid Interaction 

Refer to the Invitrogen ProQuest Two-Hybrid System. 

 

4.2.7 Two-Hybrid Library Screening Using Yeast Mating 

Refer to the Clontech Matchmaker Gold Yeast Two-Hybrid System User Manual. 

 

4.3 Results 

4.3.1 dsptp1 showed increased drought tolerance 

We assayed the drought tolerance of dsptp1 mutant and wild type. Watering good 

4-week-old seedlings of Arabidopsis (Fig.4.1) are stopped to be watered for 7 

days. We can find that the most of the wild type seedlings dead. By contrast, more 

dsptp1 mutant seedlings survived after drought for 7 days.  
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Fig.4.1 dsptp1 shows increased tolerance to drought. 

(a) 4-week-old Arabidopsis seedling grown in one tray. 

(b) 4-week-old Arabidopsis seedling grown in separated pots.  
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4.3.2 dsptp1 exhibits increased water holding capacity 

In order investigate the differences between dsptp1 mutant and wild type, the 

water loss (Fig.4.2a) and relative water content (Fig.4.2b) are analyzed. The 

relative water content between the wild type and dsptp1 were recorded for the 

comparison. The samples were collected at 0-hour, 4-hour, 12-hour, 24-hour and 

48-hour intervals. Results showed that the relative water content of dsptp1 is 

higher than that of the wild type plant during the time period.  

  Relative water content (RWC) is probably the most appropriate measure of plant 

water status in terms of the physiological consequence of cellular water deficit. 

Leaf water content expresses the relative amount of water present on the plant 

tissues, so it is regarded as a useful indicator of plant water balance (Simone Y et 

al., 1999). Results showed that there is no obviously difference between dsptp1 

mutant and wild type under the normal condition. However, the dsptp1 mutant 

exhibited higher relative water content than wild type after osmotic stress, 

especially at the 12, 24 h intervals after mannitol treatment.   
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Fig.4.2 Water holding capacity. 

(a) Comparison of leaf transpirational water loss of wild-type (WT), dsptp1 plants 

at indicated times after detachment. Error bars indicate SD, n=6. 

(b) Relative water content of wild type (Col0) and dsptp1 treated with 10% 

mannitol solution. 
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4.3.3 DsPTP1 regulates the MAPKs activity in different patterns 

under osmotic and salt stress 

MAPK is activated by phosphorylation of threonine and tyrosine residues in the T-

loop of the MAP kinase by its upstream kinase (Theodosiou A and Ashworth A, 

2002). Both the duration and magnitude of MAPK activation is crucial in 

determining the physiological outcome in cells, not a simple switch (Marshall C, 

1995). For the control of MAP kinases, the dephosphorylation is vital. Removal of 

phosphate groups from either the threonine residue or the tyrosine residue, or both 

can dephosphorylate the MAP kinases. It has been reported that two kinds of 

phosphatases, protein serine/threonine phosphatases and protein tyrosine 

phosphatases can dephosphorylate MAP kinases. Another phosphatase, dual-

specificity phosphatases (DsPTPs or DSPs) have been recognized as key players 

for inactivating different MAP kinase isoforms. And this kind of phosphatases is 

designated MAP kinase phosphatases (MKPs) (Theodosiou A and Ashworth A, 

2002). DsPTP1 as one member of the limited MKPs, we determined the MAPKs 

activity between wild type (Col0) and dsptp1 to study the relationship between 

DsPTP1 and MAPKs using in-gel MAPK activity assay under different osmotic 

stress at the 6h (Fig.4.3.a) and 24h (Fig.4.3.b) intervals. The pictures show that the 

dsptp1 mutant exhibited higher MAPKs activity than wild type plants on the 

normal condition. mannitol, or PEG induced the higher MAPKs activity than that 

in wild type at the 6h time intervals. Interestingly, the MAPKs activity was 

induced to a lower level in dsptp1 mutant plants than that in wild type plants 

under the NaCl or KCl treatment both at the 6h and 24h intervals, which is 

opposite to the that with or without mannitol and PEG treatment.  
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Fig.4.3 In-gel kinase activity assay.  

Kinase activity is in response to osmotic stress. Leaves of 4-week-old Col-0 and 

dsptp1 plants were treated with different osmotic solutions for 6h (a) and 24h (b), 

and protein extracts prepared from samples harvested at the indicated times. 

Kinase activity was monitored with an in-gel kinase assay using MBP as the 

substrate. These experiments were independently performed twice with two 

control and two dsptp1 lines; similar results were observed.  
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4.3.4 Two MAPKs, p38, p44 MAPKs are differently activated by 

osmotic and salt stress  

p38 MAP kinase (MAPK), also called RK (1) or CSBP (2), is the mammalian 

orthologue of the yeast HOG kinase that participates in a signaling cascade 

controlling cellular responses to cytokines and stress (Rouse et al., 1994; Han et 

al., 1994; Lee et al., 1994; Freshney et al., 1994). Four isoforms of p38 MAPK, 

p38α, β, γ (also known as Erk6 or SAPK3), and δ (also known as SAPK4) have 

been identified. MKK3, MKK6, and SEK activate p38 MAPK by phosphorylation 

at Thr180 and Tyr182. Activated p38 MAPK has been shown to phosphorylate 

and activate MAPKAP kinase 2 (Lee et al., 1994) and to phosphorylate the 

transcription factors ATF-2 (Raingeaud et al., 1995), Max (Zervos et al., 1995), 

and MEF2 (Raingeaud et al., 1995; Zervos et al., 1995; Zhao et al., 1999; Yang et 

al., 1999).SB203580 (4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-

pyridyl)-imidazole) is a selective inhibitor of p38 MAPK. This compound inhibits 

the activation of MAPKAPK-2 by p38 MAPK and subsequent phosphorylation of 

HSP27 (Cuenda et al., 1995). SB203580 inhibits p38 MAPK catalytic activity by 

binding to the ATP-binding pocket, but does not inhibit phosphorylation of p38 

MAPK by upstream kinases (Kumar et al., 1999).  

   Mitogen-activated protein kinases (MAPKs) are a widely conserved family of 

serine/threonine protein kinases involved in many cellular programs such as cell 

proliferation, differentiation, motility, and death. The p44/42 MAPK (Erk1/2) 

signaling pathway can be activated in response to a diverse range of extracellular 

stimuli including mitogens, growth factors, and cytokines (Roux and Blenis, 2004; 

Baccarini, 2004; Meloche and Pouyssegur, 2007) and is an important target in the 

diagnosis and treatment of cancer (Roberts and Der, 2007). Upon stimulation, a 
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sequential three-part protein kinase cascade is initiated, consisting of a MAP 

kinase kinase kinase (MAPKKK or MAP3K), a MAP kinase kinase (MAPKK or 

MAP2K), and a MAP kinase (MAPK). Multiple p44/42 MAP3Ks have been 

identified, including members of the Raf family as well as Mos and Tpl2/Cot. 

MEK1 and MEK2 are the primary MAPKKs in this pathway (Rubinfeld and 

Seger, 2005; Murphy and Blenis, 2006). MEK1 and MEK2 activate p44 and p42 

through phosphorylation of activation loop residues Thr202/Tyr204 and 

Thr185/Tyr187, respectively. Several downstream targets of p44/42 have been 

identified, including p90RSK (Dalby et al., 1998) and the transcription factor Elk-

1 (Marais et al., 1993; Kortenjann et al., 1994). Western-blot result using the 

Phospho-p38 MAPK (Thr180/Tyr182) antibody (Fig.4.4.a) show that there 

accumulated a little more activated p38 MAPK in the dsptp1 mutant than that in 

wild type under the treatment with the mannitol and PEG at the 24h intervals, 

whose molecular weight is about 38KD, but NaCl or KCl induced a obviously 

more accumulation of activated p38 MAPK in dsptp1 mutant than that in wild 

type plants at the 24h intervals. This 38KD MAPK is suspected to be AtMAPK12 

according to the molecular weight of 20 MAPKs (Table 4.1).   

 Meanwhile, the result using the Phospho-p44/42 MAPK (ErK1/2) antibody 

(Fig.4.4b) suggested that there is no obviously difference between dsptp1 mutant 

and wild type under the mannitol and PEG treatment. Whereas, the KCl induced 

the accumulation of activated ErK1/2 MAPK, whose molecular weight is about 44 

KD, is marked lower in dsptp1 mutant than that in wild type. The salt induced 

pattern of ErK1/2 is similar with the result of in-gel MAPKs activity (Fig.4.3). 

This 44KD MAPK is inferred as to be AtMAPK6 according to the molecular 

weight of 20 MAPKs (Table 4.1).   
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   Based on above data, we detected the expression level of MAPK6 and 

MAPK12 between wild type and dsptp1 mutant under salt stress (Fig.4.5). Results 

showed that the induction expression of MAPK6 was decreased in dsptp1 mutant 

than that in wild type under salt stress (Fig.4.5a). Meanwhile, the expression of 

MAPK12 was induced to a higher level in dsptp1 mutant than that in wild type 

under salt stress (Fig.4.5b).  
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Fig.4.4 Osmotic-induced activation of two MAPKs is interdicted in dsptp1 null 

plants. 

Extracted proteins (20 μg) from different osmotic treatment seedlings (Mannitol, 

NaCl, KCl, PEG), four-week-old seedlings of wild type (Col0) and dsptp1were 

fractionated by 10% SDS-PAGE, and transferred onto PVDF membranes. The 

resulting PVDF membrane was incubated using (a) Phospho-p38 MAPK 

(Thr180/Tyr182) antibody, (b) Phospho-p44/42 MAPK (ErK1/2) (Thr202/Tyr204) 

antibodies, which have been shown to identify only the fully active forms of 

Arabidopsis MAPKs, MPK3 and MPK6. The dsptp1 null line showed a reduction 

in the activation of MPK6 (top band) at 4h treatment time.  
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Table 4.1 Molecular Weight of 20 MAPKs in Arabidopsis. 

Presumed MAPKs from the western-blot results using P-p38 MAPK antibody and 

P-p44/42 MAPK antibody induced by osmotic stress according to their protein 

Molecular Weight of the corresponding MAPKs.   
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Fig.4.5 DsPTP1 differentially regulates the expression of MAPK6 and MAPK12 

under salt stress.  

(a) Induced expression of MAPK6 under salt stress. 
(b) Induced expression of MAPK12 under salt stress. 
 



 

 130

 

4.3.5 DsPTP1 has no direct interactions with 20 MAPKs 

To investigate if there are direct interactions between DsPTP1 and MAPKs, we 

constructed the bait plasmid with DsPTP1-pDEST32, and the prey plasmid with 

20 MAPKs – pDEST22 respectively using the yeast two-hybrid system. And the 

three independent reporter genes HIS3, URA3 and LacZ can indicate the 

interaction between the bait plasmid and prey plasmid.  

  Results showed that the monoclone transformed with strong interaction between 

pEXP32/krev1 and pEXP 22/Ral GDS-wt can grow better on the SD/-Leu-Trp-

His+50mM 3AT medium, the monoclone transformed with weak interaction 

between pEXP32/krev1 and pEXP22/Ral GDS-m1 can grow weak on the SD/-

Leu-Trp-His+50mM 3AT medium. And the monoclones transformed with 

interaction between pEXP32/krev1 and pEXP22/Ral GDS-m2, pEXP32/krev 1 

and pEXP32/krev1, pDEST32 and pDEST22 can not growth on the SD/-Leu-Trp-

His+50mM 3AT medium (Fig. 4.6a). And the monoclones of cotransformation 

with DsPTP1-pDEST32 and 20 MAPKs-pDEST22 can not grow on the medium 

with SD/-Leu-Trp-His+50mM 3AT (Fig. 4.6b). These results suggest there is no 

substrate of DsPTP1 among 20 AtMAPKs. It indicated that there is no direct 

interaction between DsPTP1 and 20 MAPKs in Arabidopsis.  
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Fig.4.6 Specific interaction test between DsPTP1 and MAPKs. 

(a) Two-hybrid control based on the interaction of Krev1 with RalGDs.  

(b) DsPTP1 showed no interaction with 20 MAPKs. 
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4.3.6 Screen the interaction proteins of DsPTP1 under abiotic 

stress 

In order to find the interaction proteins of DsPTP1 under normal condition, 

osmotic stress and drought, we did the experiment of two-hybrid screening using 

Yeast Mating system. We screened 3 cDNA library, including normal library, 

ABA-induced library and drought-induced library. All positive clones grown on 

QDO/X/A medium plates were sequenced. The sequence blast results see the 

Table 4.2, Table 4.3, Table 4.4.    
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Table 4.2 Sequence blast result of the positive clone of the normal 

cDNA library. 
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Table 4.3 Sequence blast result of the positive clone of the ABA-

induced cDNA library. 
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Table 4.4 Sequence blast result of the positive clone of the 

drought-induced cDNA library. 
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4.4Discussion 

The dsptp1 mutant not only exhibited less sensitive to osmotic stress during seed 

germination and seedling establishment, but also exhibited more tolerance to 

drought compared to wild type resulting from the drought tolerance assay 

(Fig.4.1). More seedlings of dsptp1 mutant survived than wild type after drought 

for 7days.To investigate the reason why the dsptp1 mutant has more tolerance to 

osmotic stress and drought stress, we compared the water holding capacity 

between wild type and dsptp1 mutant. Results of water loss (Fig.4.2a) showed that 

the water loss increased in both wild type and dsptp1 mutant with the increasing 

of the hours after detachment, but the water loss reduced in dsptp1 mutant than 

that in wild type plants at the same time indicated. For the relative water content 

(Fig.4.2b), it represents the ability of the plant cells to regulate the osmotic 

potential inside the cell in order to keep more water inside the plant cells, however, 

under the stress condition, the plants cell will get damage, so the water content 

should be decreased due to the damage of the cells. Thus, the higher water content 

indicates the lower damage of cell injury of the cells. At the 48-hour intervals, we 

can see that the relative water content of the dsptp1 is higher than that of the wild 

type, indicated that the cell injury of dsptp1 mutant is less compared to the wild 

type under stress condition. These results suggested that dsptp1 mutant has 

enhanced water holding capacity than wild type under stresses. This result is 

consistent with the osmotic (Fig.3.1, 3.2) and drought tolerance assay (Fig.4.1).  

  Crude protein extracts, from both wild type and dsptp1 mutant plants, were 

obtained from rosette leaf tissue as previously described. Western blot analysis (50 

μg) was performed using mammalian protein kinases (anti-pERK1&2), which 

have been successfully used to detect the presence of homologous proteins in 
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plants (Miles GP et al., 2002; Miles GP et al., 2005; Samuel MA et al., 2002). 

These antibodies recognize only the doubly phosphorylated (-TxY-) epitope that 

confers activation of MAPKs such as MPK3 and MPK6, thus providing a 

convenient method to monitor the activation of ERK1&2 homologous MAPKs in 

plants. In Arabidopsis, the only the phosphorylated proteins recognized with anti-

pERK antibodies are, MPK3 and MPK6 (Miles GP et al., 2009). Our results 

showed that DsPTP1 enhanced the activity of MPK6 (Fig.4.4b), but not the 

MPK3 after 4h treated with the NaCl, KCl and PEG treatment.  

  Similar to the SAPK/JNK pathway, p38 MAPK is activated by a variety of 

cellular stresses including osmotic shock, inflammatory cytokines, 

lipopolysaccharide (LPS), UV light, and growth factors Rouse et al., 1994; Han et 

al., 1994; Lee et al., 1994; Freshney et al., 1994; Raingeaud et al., 1995). Result 

of western blot using Phospho-p38 MAPK (Thr180/Tyr182) Mouse mAb showed 

that DsPTP1 also markedly reduced the activity with a 38 KD molecular weight 

after 24h treatment with NaCl and KCl (Fig.4.4a). We suspect it is MAPK12 

according to its molecular weight (Table 4.1), although previous studies reported 

there in no annotated plant MAPK with a TGY similar to animal p38 MAPKs 

(Group M et al., 2002; Rodriguez MCS et al., 2010).  Based on the result of 

MAPK activities, we detected the expression level of MAPK6 and MAPK12 

between wild type and dsptp1 mutant induced by salt stress (Fig.4.5). DsPTP1 

enhanced the expression level of MAPK6 under salt stress (Fig.4.5a), and 

decreased the induction expression of MAPK12 under salt stress (Fig.4.5b). These 

results were consistent with the analysis of MAPK activity under salt stress. These 

data suggested that DsPTP1 not only regulates the activities of MAPK6 and 

inferred MAPK12, but also regulates the induced expression of these two MAPKs 
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under salt stress on the transcription level.  

    In addition, result of In-gel MAPK activity assay showed that DsPTP1 inhibited 

total activities of MAPKs after 6h induction of mannitol or PEG. Interestingly, 

DsPTP1 enhanced the total MAPK activities after 6h (Fig.4.3a) and 24h (Fig.4.3b) 

treatment with NaCl or KCl. The induction of total MAPK activities by NaCl or 

KCl consistent with earlier activated ERK1&2 MAPK assays (Fig.4.4b). These 

results suggested that the signaling pathways of DsPTP1 involved in under 

drought and salt stresses are different.  

   In order to investigate the regulation mechanism of DsPTP1 to MAPKs under 

osmotic stress, we performed the specific Two-Hybrid interaction assay between 

DsPTP1 and 20 MAPKs. Results showed that the co-transformation, which 

containing DsPTP1-pDEST32 and 20 MAPKs-pDEST22, can not grow on the 

SC-Leu-Trp-His plates supplemented with a series of different concentrations of 

3AT (Fig.4.6). This result indicated that DsPTP1 have no direct interaction with 

20 MAPKs. Thus, regulation of DsPTP1 to the MAPK activities must be indirect. 

   To further explore the real substrate of DsPTP1 in osmotic signaling, we 

operated the Two-Hybrid library screening using yeast mating. We used three 

libraries (cDNA library), including the normal library, drought induced library and 

ABA induced library. There are 40 positive clones are selected in normal library, 

144 positive clones are selected in drought-induced library, and 73 positive clones 

are selected in ABA-induced library. We blast the result of sequencing of positive 

clones. Results as follows, for the normal library (Table 4.2), there are 7 positive 

clones have been blast, including Myb, which is a HTH transcriptional regulator, 

localized in nucleus; peroxisomal membrane 22 kDa (Mpv17/PMP22) family 

protein, with unknown function, localized in chloroplast; unknown protein, which 
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is located in mitochondrion; ATRABH1B/ATRAB6A, encodes a GTP-binding 

protein with similarity to yeast YPT6, RAB6 can complement the yeast YTP 

mutant, localized in Golgi apparatus and cytosol; VAP27-1, may be involved in 

vesicular transport to or from the ER, localized in cytosol, ER, nucleus, plasma 

membrane and protein storage vacuole; NAD(P)-linked oxidoreductase 

superfamily protein, involved in oxidation reduction, localized in chloroplast 

thylakoid membrane; GDSL-like lipase/Acylhydrolase superfamily protein, 

involved in lipid metabolic process, localized in extracellular region and vacuole. 

   For the ABA library (Table 4.3), there are 6 positive clones are blast, including 

ribosomal protein S7e family protein, structural constitution of ribosome, 

involved in translation, localized in cytosolic ribosome, plasma membrane, cell 

wall, chloroplast, intracellular, ribosome, cytosol; Z inc ion binding protein, 

localized in nucleus; LHCA2, 2 repeats, encoding a component of the light 

harvesting antenna complex of photosystem I, localized in chloroplast thylakoid 

membrane. 

   For the drought library (Table 4.4), there are 4 positive clones are blast, 

including DHS2, encoding a enzyme catalyzing the first committed step in 

aromatic amino acid biosynthesis, localized in chloroplast thylakoid; AtIDD14, 

encodes the shorter of two splice variants of a transcription factor, the variant that 

lacks a functional DNA binding domain and acts as a competitive inhibitor in 

regulating starch metabolism, localized in nucleus; IQD24, contains InterPro 

domain/s: IQ calmodulin-binding region, best Arabidopsis thaliana protein match 

is: IQ-domain23, localized in nucleus; RPS4, chloroplast encoded ribosomal 

protein S4, localized in membrane, chloroplast, intracellular, small ribosomal 

subunit, chloroplast stroma.  
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   All these positive interactions need to be further confirmed combined with the 

subcellular localization of DsPTP1. So there are still some works to be done to 

find the insightful regulation mechanism of DsPTP1 in abiotic stress signaling.  
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Chapter 5 General Discussion 

Strong dormancy often occurs in freshly harvested seeds in Arabidopsis. Many 

factors regulate the seed dormancy, including phytohormone, small signaling 

compounds and environmental factors (Holdworth et al., 2008; Nambara et al., 

2010; Graeber et al., 2012). Both after-ripening and a cold-pretreatment 

(stratification) can break seed dormancy. Our study revealed that GA biosynthesis, 

but not the GA signaling mediated by RGL2, functions in the stratification-

induced seed dormancy breaking (Fig.2.3). Stratification not only reversed the 

block of the GA-triggered expression and activity of α-amylase in sleep1 mutant 

(Fig.2.6), but also reversed the inhibition of ABA to seed germination completely, 

not to the seedling development (Fig.2.2, 2.8, 2.10). The inhibition of ABA to the 

expression and activity of α-amylase is via RGL2-mediated pathway, and 

stratification blocked this inhibition effect (Fig.2.7, 2.8, 2.10). It was reported that 

RGL2 functions as a node of crosstalk between ABA and GA regulated seed 

germination (Piskurewicz et al., 2008). Our study suggested that stratification 

blocked the regulation of ABA and GA via RGL2. Details of the hypothetical 

working model see Fig.2.11. 

    Stratification for 24h can completely break the dormancy of freshly harvested 

Arabidospis seeds (Col0) under moist conditions (Fig.2.1.a). Seeds of cyp707a2, 

which is a mutant of ABA catabolic gene CYP707A2, accumulated high level of 

ABA under both 21  and stratification, ℃ its dormancy can be broken by 

stratification (Fig.2.1b, c). Stratification overrode the inhibition of exogenous 

ABA to the seed germination, but not on the emergence of green cotyledon 

(Fig.2.2c). These results indicated that stratification blocks the inhibition of ABA 

on seed germination but not on seedling development.  
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    As we known, during the seed germination in many plant species, GA acts as an 

antagonist to ABA (Weiss, Ori, 2007; Seo et al., 2009). Seeds treated with PAC, 

which is the inhibitor of GA biosynthesis, maintained dormancy even with or 

without stratification (Fig.2.3a), indicating that GA biosynthesis is required for the 

stratification. We used three mutants to investigate the relevance of GA to 

stratification, rgl2, which is lacking of the negative regulator of GA action RGL2; 

sleepy1, a GA insensitive mutant, accumulates higher level of RGL2, can block 

the signaling pathway of GA (Pishurewicz et al., 2008), ga3ox1, a mutant of GA 

biosynthesis gene GA3OX1, decreased GA biosynthesis (Yamaguchi et al., 2004; 

Finch-Savage, Leubner-Metzger, 2006). Stratification only broke the seed 

dormancy of rgl2 and sleep1, but not ga3ox1. When GA applied, the seed 

dormancy of ga3ox1 and rgl2, but not the sleep1, which accumulated high mRNA 

level of RGL2 (Fig.2.6a, 2.10a), were broken under normal temperature (Fig.2.3c, 

d). These results suggested that RGL2 itself is not required for the effect of 

stratification.  

   RGL2, which is a negative regulator of GA action, ABI5, which is a positive 

regulator of ABA signaling pathway, the protein amounts of both are positively 

regulated by ABA and negatively regulated by GA (Piskurewicz et al., 2008; 

Nambrara et al., 2010). Results showed that the sleep1 seeds exhibited more 

sensitivity to ABA, whereas the rgl2 seeds exhibited less sensitive to ABA during 

imbibition (Fig.2.7a, b). The cyp707a2 mutant accumulated higher endogenous 

ABA content, accompanied with higher mRNA level of RGL2 during imbibition 

(Fig.2.10a, c). Stratification can not effect on the expression of RGL2 (Fig.2.8b, d, 

2.10a, c), but break the dormancy exerted by both high level of exogenous and 

endogenous ABA (Fig. 2.7a, 2.8b, d, 2.10a). Stratification can not override the 
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inhibition of ABA on green cotyledon emergence (Fig.2.2b, 2.8d), and inhibited 

the expressions of RGL2 and ABI5 (Fig.2.10a, b), which are relatively high in 

cyp707a2, sleep1 and the double mutant cyp707a2/sleepy1 (Xi et al., 2010; 

Nambara et al., 2010). These data indicated that ABA inhibited seed germination 

via RGL2 pathway, whereas ABA-inhibited seedling development is via different 

pathways.  

    Some hydrolyze enzymes, including α-amylase, are secreted to the endosperm 

and hydrolyzed starch and proteins to supply nutrients to the developing embryo 

during cereal seed germination (Weiss and Ori, 2007). As we know, α-amylase can 

be used as a marker for starch hydrolysis, activated by GA and suppressed by 

ABA (Rogers and Rogers, 1992; Apar and Ozbek, 2004). Results showed that GA 

and stratification increased the starch hydrolysis by increasing the genes 

expression of AMY1, 2, 3 and enhancing the activity of α-amylase, while ABA has 

the opposite effect of GA (Fig.2.4, Fig. 2.S3). Interesting, such effects imposed by 

ABA are overridden by stratification (Fig.2.4). Meanwhile, the activity of α-

amylase also negatively correlated with expression of RGL2 in sleepy1 (Fig.2.6a, 

2.7a, c) and rgl2 mutants (Fig.2.6a, 2.7a, c). These results suggested that ABA 

regulates the expression of AMY1,2,3 and the activity of α-amylase via RGL2 

mediated pathway under normal temperature.  

    Stratification can unlock the inhibitions completely caused by ABA and RGL2 

on the starch hydrolysis (Fig.2.11) indicating by cyp707a2, sleepy1 and the double 

mutant cyp707a2/sleepy1 accumulating higher ABA content and increasing the 

expression of RGL2 and ABI5, increasing starch hydrolysis resulting from 

increased the activity of α-amylase and the expression of AMY1, 2, 3 compared to 

the control (Fig.2.9, 2.10). 
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    According to the above data, we proposed a hypothesis for the control of seed 

germination under cold-pretreatment (Fig.2.11). There existed two different seed 

germination pathways triggered by GA, RGL2-dependent and RGL2-independent 

pathways. Only the RGL2-dependent pathway can be blocked by stratification, 

although both of them are essential to the germination at normal temperature. In 

addition, stratification can block the ABA - inhibited seed germination caused by 

decreased the expression of AMY1,2,3 and suppressed the activity of α-amylase 

via RGL2-dependent pathway and ABI5 pathway at normal temperature, but can 

not block the ABA - inhibited seedling development via ABI5 pathway.  

Our other work screened a T-DNA insertion mutant of DsPTP1, which is a loss-

of-function mutant. DsPTP1 inhibited the seed germination and root elongation 

under osmotic stress indicated by seed germination test and root elongation test 

(Fig.3.1, 3.2). We constructed the overexpression (OE) line and complemented 

(Com) line of DsPTP1. Results showed that the OE line exhibited the lowest seed 

germination ratio and the most inhibition of root elongation, dsptp1 mutant 

exhibited the highest seed germination ratio and the lowest inhibition of root 

elongation among the wild type, dsptp1 mutant, OE line and Com line under the 

osmotic stress. The Com line rescued the seed germination ratio and root 

elongation to the level similar to wild type. Although all of these seeds have same 

seed germination ratio and root elongation level under the normal condition. 

These results suggested that it is indeed of the DsPTP1 inhibiting the seed 

germination and root elongation under osmotic stress.  
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Fig.5.1 Module of DsPTP1-mediated osmotic stress signaling (modified from Zhu, 

2002). 

   AtDsPTP1 is a negative regulator in seed germination and root elongation under 

stress conditions. DsPTP1 is involved in seed dormancy by preventing the seed 

from germination indicated by the tissue expression pattern analyses of DsPTP1 

(Fig.3.3). Seed coats functions a very important role in keeping seed dormancy 

(Holdsworth et al., 2008), DsPTP1 was strongly expressed in the endosperm layer 

in the seed coat of dry seeds (Fig.3.3b), which disappeared after imbibition 

(Fig.3.3r). Also, the DsPTP1 was induced expressed at the base and roots of 

rosette (Fig.3.3i, j), both of which are important for the maintenance of root 

elongation under stress conditions (Beemster and Baskin, 1998). The DsPTP1 was 

induced by osmotic stress and drought stress in seedling (Fig.3.3j, k, l) and in 

seeds (Fig.3.3s, t, u, v, w).  

    We propose a model of DsPTP-mediated osmotic regulation signaling (Fig.5.1).  

DsPTP1 inhibited the accumulation of proline (Fig.3.4a, b) under osmotic stress, 

which accumulates largely in cells as an osmolyte to help in osmotic adjustment, 
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modulates pH changes and reduces cell damage under stress (Zhu, 2002). Under 

osmotic stress, DsPTP1 increased the MDA content (Fig.3.4c), which is usually as 

to be a biomarker of cell membrane injury, and increased the ion leakage 

(Fig.3.4d), which is indicative of increased membrane permeability, is often used 

as the indicator of osmotic - induced cellular damage. Oxidative damage caused 

by osmotic stresses can be reduced by the biosynthesis of osmolytes acting as 

reactive oxygen species (ROS) scavengers and the activation of antioxidant 

enzymes (Boudsocq M and Lauriere C, 2005). DsPTP1 attenuated the ability to 

scavenge the extra ROS under osmotic stress to maintain the equilibrium between 

ROS production and scavenging indicated by the decreased the antioxidant 

enzyme activities in wild type under osmotic stress, including APX (Fig.3.5a), 

which is involved in converting H2O2 into water by using ascorbic acid as the 

electron donor; SOD (Fig.3.5b), which provides the first line of defense against 

the increasing levels of ROS, can convert O2
-.to H2O2; GR (Fig.3.5c), which is an 

enzyme of the ASH-GSH cycle and plays an important role in defense system 

against ROS and CAT (Fig.3.5d), which can converts H2O2 into water and 

molecular oxygen (Gill and Tuteja, 2010; Ahmad et al., 2010). These data 

suggested that DsPTP1 induced - decreased proline accumulation caused the 

reduced activities of all the four antioxidant enzymes in wild type, which can 

explain why the MDA content and ion leakage in wild type increased under 

osmotic stress. 

   Induction of DsPTP1 in wild type plants by osmotic stress suppressed the 

accumulation of many metabolites that are against osmotic stress and changed the 

expression of a subset of dehydration-responsive genes (Fig.3.6). The knockout of 

the AtDsPTP1 gene in the dsptp1 mutant plants results in better adaption to 
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osmotic stress than in the wild type plants.  

   AtDsPTP1 gene is involved in the ABA signaling pathway by mediating the 

inhibitory effect of ABA in Arabidopsis plants under osmotic stress indicated by 

the reduced seed germination ratio (Fig.3.7a) and root elongation (Fig.3.7b) in 

wild type than dsptp1 mutant when treated with ABA. Meanwhile, DsPTP1 

increased the ABA accumulation (Fig.3.7c, d) under osmotic stress by up-

regulating the expression of NCED3 (Fig.3.7f), which is the key enzyme gene in 

ABA biosynthesis process, and down - regulating the expression of CYP707A4, 

which encodes an ABA metabolic gene (Fig.3.7f).  

   Besides, DsPTP1 also regulates the genes expression of the ABA signaling 

pathway (Fig.3.8). DsPTP1 increased the expression of ABI3 (Fig.3.8b) and ABI5 

(Fig.3.8d), both which are positive regulators in ABA signaling pathway, and 

decreased the ABI1 (Fig.3.8a) expression level, which is a negative regulator in 

ABA signaling pathway under osmotic stress. These results explain why the wild 

type plants are more sensitive than dsptp1 mutant to osmotic stress and ABA 

treatment. All above data indicated that DsPTP1 positively regulates ABA 

signaling in response to osmotic stress during seed germination and seedling 

establishment of Arabidopsis. The details of the module of DsPTP1-mediated 

osmotic stress signaling see Fig.5.1. 

   In addition, Drought tolerance assay showed that dsptp1 mutant exhibited more 

drought tolerance than wild type seedlings (Fig.4.1). The dsptp1 mutant has 

enhanced water holding capacity compared to wild type under osmotic stress 

resulting from the water loss (Fig.4.2a) and relative water content assay (Fig.4.2b), 

which contributes to the abiotic stress resistance. 

   It was reported that low temperature, touch, or salinity stress can transient 
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increase in transcript for the genes encoding the AtMEKK1 (MAPKKK) and 

AtMPK3 (MAPK) levels after a few minutes for stimulations in Arabidopsis. 

Whereas the stress can not activate the AtMPK3 (Mizoguchi T et al., 1996).  

DsPTP1 differentially regulates the total MAPKs activities under drought and salt 

stresses suggested by the enhanced the total MAPKs activities in dsptp1 mutant 

than that in wild type induced by PEG (Fig.4.3a) and decreased the total MAPKs 

activities in dsptp1 mutant that that in wild type induced by NaCl or KCl (Fig.4.3a, 

b). When exposed to hyperosmotic and salt solution, activation of a p38 MAPK, 

which was inferred to be the MPK12, was markedly increased in dsptp1 mutant 

than that in wild type (Fig.4.4a). p44/42 are negatively regulated by a family of 

dual-specificity (Thr/Tyr) MAPK phosphatases, known as DUSPs or MKPs 

(Owens et al., 2007), along with MEK inhibitors such as U0126 and PD98059. 

However, different from the regulation of the dual-specificity MAPK 

phosphatases, the activation of MPK6 was obviously reduced in dsptp1 mutant 

compared to wild type when exposed to salt solution (Fig.4.4b). Meanwhile, the 

DsPTP1 also regulates the transcription levels of MAPK6 and MAPK12 indicated 

by the decreased expression of MAPK6 and enhanced the induction of MAPK12 in 

dsptp1 mutant than that in wild type under salt stress. The reduced activation of 

MPK6 in dsptp1 mutant induced by salt is consistent with the assay of total 

MAPKs activation. These data showed that DsPTP1 inhibited the activation of 

inferred MPK12 after osmotic and salt stress, whereas DsPTP1 enhanced the 

activation of MPK6 after salt stress, indicating that DsPTP1 differently regulated 

the activation of MPK6 and MPK12 under osmotic stress and salt stress. And the 

regulation of DsPTP1 on MAPK6 and inferred MAPK12 is both on MAPK 

activities and gene expressions.  
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    DsPTPases is a major group of protein phosphatases that target MAPK in many 

systems (Gupta R et al., 1998). Result of specific Two-Hybrid Interaction showed 

that there is no direct interaction relationship between DsPTP1 and 20 MAPKs 

(Fig.4.6). These results together with the assay of MAPK activation indicated that 

the regulation of DsPTP1 to MAPKs induced by osmotic and salt stress is indirect.   

Besides, we performed the screening of the interaction proteins of DsPTP1 under 

abiotic stress. Seventeen positive clones we got from the sequencing results. The 

real interaction should be still further confirmed. To uncover the further regulation 

mechanism, more works have to be done.  
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