
 
ROLE OF ARABIDOPSIS NUDIX HYDROLASE 7   

(ATNUDT7) IN SEED AFTER-RIPENING  

& EXPLORING THE SWITCHGRASS   

TRANSCRIPTOME USING SECOND-GENERATION 

SEQUENCING TECHNOLOGY 

 

 
   By 

XIN ZENG 

   Bachelor of Science in Biotechnology  

  Sichuan University 

   Chengdu, Sichuan, China 

   July, 2007 

 

    

 

   Submitted to the Faculty of the 

   Graduate College of the 

   Oklahoma State University 

   in partial fulfillment of 

   the requirements for 

   the Degree of 

   DOCTOR OF PHILOSOPHY 

   December, 2012  
 

 



ii 

 

 

ROLE OF ARABIDOPSIS NUDIX HYDROLASE 7 

(ATNUDT7) IN SEED AFTER-RIPENING 

& EXPLORING THE SWITCHGRASS 

TRANSCRIPTOME USING SECOND-GENERATION 

SEQUENCING TECHNOLOGY 

 

 

   Dissertation Approved:  

 

    

  Dr. Ramamurthy Mahalingam (Advisor & Chair) 

    

Dr. Andrew Mort (Committee Member) 

    

Dr. Peter Hoyt (Committee Member) 

    

  Dr. Yanqi Wu (Outside Committee Member) 

 

   Dr. Sheryl Tucker (Dean of the Graduate College 



 

 

                                                                                            iii 

 

 

TABLE OF CONTENTS 

 

CHAPTER          Page 

 

I. INTRODUCTION ......................................................................................................9 

 

II. Role of Arabidopsis Nudix Hydrolase 7 (Atnudt7) in Seed After-Ripening ..........15 

 

 Materials and Methods ...........................................................................................15 

 Results ....................................................................................................................23 

 Discussion ..............................................................................................................45 

 

III. REFERENCES ......................................................................................................51 

 

IV. Exploring the Switchgrass Transcriptome Using Second-Generation Sequencing 

Technology…………………………………………………………………….....60 

 

V.  APPENDIX………………………………………………………………………60  

 

 

 



iv 

 

    LIST OF FIGURES 

 

Figure           Page 

 

   FIGURE 1 .................................................................................................................24 

   FIGURE 2 .................................................................................................................26 

   FIGURE 3 .................................................................................................................28 

   FIGURE 4 .................................................................................................................30 

   FIGURE 5 .................................................................................................................31 

   FIGURE 6 .................................................................................................................33 

   FIGURE 7 .................................................................................................................35 

   FIGURE 8 .................................................................................................................38 

   FIGURE 9 .................................................................................................................40 

   FIGURE 10 ...............................................................................................................41 

   FIGURE 11 ...............................................................................................................43 

   FIGURE 12 ...............................................................................................................47 

    

 

 

 

 

 

 

 

 



v 

 

LIST OF ABBREVIATIONS 

 

 

ABA: Abscisic Acid 

ADP: Adenosine Diphosphate 

ADPR: Adenosine Diphosphate Ribose 

CRC: Catabolic Redox Charge 

DAI: Days After Imbibitions 

EMSA: Electrophoretic Mobility Shift Assay 

ERFs: Ethylene Response Element Binding Factors 

EST: Expressed Sequence Tags 

GAs: Gibberellins 

GO: Gene Ontology 

IAA: Indole-3-Acetic Acid 

JA: Jasmonic Acid 

JA-Ile: Jasmonate- Isoleucine 

MBP: Maltose Binding Protein 

NAD (P): Nicotinamide Adenine Dinucleotide (Phosphate) 

NADH: Nicotinamide Adenine Dinucleotide, Reduced Form 

NGS: Next Generation Sequencing 

NMN: Nicotinamide Mononucleotide 

NMNH:  Nicotinamide Mononucleotide, Reduced Form 

OPDA: 12-Oxo-Phytodienoic Acid 

PAR: Poly Adenosine Diphosphate –Ribose 



vi 

 

 

PN: Pyridine Nucleotide 

RFU: Relative Fluorescence Units 

ROS: Reactive Oxygen Species 

RPKM: Reads Per Kilobase Per Million Mapped Reads 

SA: Salicylic Acid 

SSRs: Simple Sequence Repeats 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                       



 

 

                                                                                               

 

                                                                CHAPTER I 

                                 

                                                              INTRODUCTION 

 

ROLE OF ARABIDOPSIS NUDIX HYDROLASE 7 (ATNUDT7) IN SEED AFTER-

RIPENING 

 

Seed dormancy is usually defined as failure of a viable seed to complete germination in 

conditions favorable for germination to proceed (Bewley, 1997). Seed dormancy is an important 

developmental checkpoint, allowing plants to regulate when and where they grow. In nature, 

germination of dormant seeds is triggered by environmental signals such as changes in 

temperature, light, soil hydration, that allow plants to restrict the timing of their establishment to 

certain seasons. One interesting feature of seed dormancy is that plants have evolved different 

mechanisms for inducing dormancy (Bentsink et al., 2006; Finch-Savage & Leubner-Metzger, 

2006). 

             In the laboratory conditions numerous chemical and physical treatments have been 

described that can reduce seed dormancy. For example, a period of dry after-ripening (several 

weeks to months), moist-chilling or cold stratification (for few days in dark) or application of 

gibberellic acid (GA), nitrate and nitric oxide reduce seed dormancy level (Debeaujon & 

Koornneef, 2000; Debeaujon et al., 2000). Environmental factors such as high or low 

temperatures and water levels, and the hormone abscisic acid (ABA) are known to promote seed 

dormancy (Penfield & King, 2009).  
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 One of the early biochemical events following seed imbibition are the changes in 

pyridine nucleotide (PNs) levels (Gallais et al., 1998). In the embryos of non-dormant caryopses 

of Avena sativa significant increases in NADH levels were observed within six hours of 

imbibition (absorption of water) while in the dormant caryopses their levels remained unchanged 

(Gallais et al., 1998). In the highly dormant Cape Verdes Island (Cvi) ecotype of Arabidopsis, 

levels of NAD were high and NADP levels were low when compared with Ws (Wassilewskija, 

Russia) ecotype that has intermediate dormancy or Col-0 (Columbia, USA) ecotype with least or 

no dormancy (Hunt & Gray, 2009). Measurement of PNs in fresh and after-ripened seeds of Cvi 

showed that breaking of dormancy was associated with a reduction in NAD levels, but not with 

an increase in NADP levels (Hunt & Gray, 2009).  In Arabidopsis seeds that have reduced 

nicotinamidase activity (nic2-1), levels of NAD were high, and this was associated with increase 

in seed dormancy (Hunt et al., 2007). These studies clearly show that PNs homeostasis plays an 

important role in seed dormancy. 

 The majority of dormancy or germination related mutants identified to date are associated 

with hormone biosynthesis or hormone signaling (Koornneef et al., 2002).  These include the 

well-characterized ABA mutants (Kucera et al., 2005), GA mutants (Steber et al., 1998; Russell 

et al., 2000) and ethylene mutants  (Beaudoin et al., 2000; Ghassemian et al., 2000). Another 

class of dormancy or germination associated mutants is structural mutants wherein the seed coat 

or testa were shown to have an important role in regulating germination (Debeaujon et al., 2000). 

Recently, mutants associated with redox metabolism have been shown to play a key role in seed 

dormancy and includes mutants of the NADPH oxidase (AtrbohB) (Muller et al., 2009), 

nicotinamidase (Hunt et al., 2007).   
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             Nudix (Nucleoside diphosphates linked to moiety X) hydrolases are 

pyrophosphohydrolases that work on a wide range of metabolites including PNs, ADP-ribose, 

coenzyme A, dinucleoside polyphosphates, ribo and deoxyribo-nucleoside triphosphates (Dunn 

et al., 1999). In a proteomics based analysis of seed dormancy, a nudix hydrolase, AtNUDT3 

was shown to vary between dormant and nondormant seeds (Chibani et al., 2006).  We and 

several other researchers have reported that Arabidopsis Nudix hydrolase 7 (AtNUDT7) is a 

NADH pyrophosphatase and also an ADP-ribose pyrophosphatase (Ogawa et al., 2005; Olejnik 

& Kraszewska, 2005; Jambunathan & Mahalingam, 2006; Ge & Xia, 2008; Ishikawa et al., 

2009). Loss-of-function of AtNudt7 leads to stunted plant growth, increased levels of ROS and 

NADH, and constitutive activation of stress response genes (Jambunathan & Mahalingam, 2006; 

Jambunathan et al., 2010). In addition, previous study from our group has shown that AtNudt7 

transcript is very rapidly induced in response to biotic and abiotic stresses. Using polyclonal 

antibodies raised against recombinant AtNUDT7, rapid accumulation of the protein was seen in 

response to ozone, bacterial pathogens and hydrogen peroxide (Jambunathan et al., 2010) Rapid 

induction of AtNUDT7 transcript and protein levels during stress indicates this protein is 

important for oxidative signaling (Jambunathan & Mahalingam, 2006; Jambunathan et al., 2010). 

             In this study we report a reduced germination potential phenotype in the after-ripened 

Atnudt7 mutant seeds.  We examine the AtNUDT7 protein levels during germination and in 

ecotypes and mutants with varying levels of dormancy.  We analyzed the changes in 

phytohormone levels, NADH and ADP-ribose pyrophosphohydrolase activity as well as ROS in 

WT and Atnudt7.  Based on these observations we propose a model showing the inter 

connections between AtNUDT7, PNs, ROS, and phytohormones in regulating seed dormancy in 

Arabidopsis. We have identified a 16-bp unique sequence with GCC-box in the promoter region 
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of AtNUDT7 that is known to be a binding site for the ethylene responsive transcription factors.  

Using a combination of data mining and traditional enzyme mobility shift assays we demonstrate 

that ERF1(Ethylene-Responsive Element Binding Factors 1)  is the transcription factor that binds 

to this site and may be one of the important TFs for regulating AtNUDT7 levels during stress 

and development.  

 

EXPLORING THE SWITCHGRASS TRANSCRIPTOME USING SECOND-GENERATION 

SEQUENCING TECHNOLOGY 

 

             Even though genome sequencing technologies have become progressively efficient over 

the last few years, complete sequencing of complex genomes is still expensive. Identification of 

transcribed portions of the genome using expressed sequence tags (ESTs) technology provides a 

viable alternative for analyzing non-model systems and organisms with large genome sizes. 

ESTs have large amount of functional information and have been proven to be valuable for gene 

annotation and gene discovery (Andersen & Lubberstedt, 2003; Emrich et al., 2007; Kaur et al., 

2011). ESTs have been useful for development of molecular markers (Mahalingam et al., 2003; 

Barbazuk et al., 2007; Novaes et al., 2008; Puckette et al., 2009; Sun et al., 2010), comparative 

genomics (Tobias, 2008; Vera et al., 2008) and for genetic analysis of adaptive traits (Namroud 

et al., 2008; Parchman et al., 2010) . Genes are expressed in particular tissues or cell types, 

developmental stages and vary in their expression levels by several orders of magnitude. 

Traditional EST projects require substantial investments in terms of library construction and 

sequencing, especially if the goal is to capture rare transcripts (Wall et al., 2009). 
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             Next generation sequencing technologies such as pyrosequencing, bypass lengthy 

cloning steps involved in Sanger sequencing and provide rapid and economical technologies for 

transcriptomics (Margulies et al., 2005; Chi, 2008; Mardis, 2008; Morozova & Marra, 2008; 

Schuster, 2008; Wang et al., 2009; Wang et al., 2010). To date, the massively parallel DNA 

sequencing developed by Roche life Sciences called 454 pyrosequencing is the most widely used 

next-generation technology for de novo sequencing and analysis of transcriptomes of non-model 

systems. The first commercial NGS, 454 GS20 produced 200,000 reads with an average read of 

100 bases per run (Chi, 2008; Schuster, 2008). Rapid improvements in emulsion PCR and 

sequencing chemistry have greatly improved the throughput, read-length and accuracy of 454 

sequencing technology (Metzker, 2010). The newest 454-sequencing platform, GS FLX 

Titanium, can generate a million reads with an average read of 700 bases at 99.5% accuracy per 

run. 

 

             Switchgrass is a C4 ( C4 carbon fixation) perennial grass that was selected in 1991 by 

the department of energy as a model herbaceous energy crop for the development of renewable 

feed stock resource to produce transportation fuel (Bouton, 2007). This choice has been 

attributed to several features of this plant native to North America. 1. Biomass – Switchgrass 

plants can grow 3-8 feet tall depending on ecotype 2. Low input – Switchgrass can thrive in 

marginal lands with minimal input of nutrients and water 3. Carbon sink – the large and fibrous 

root system of Switchgrass serves as a major reservoir of captured carbon (Bouton, 2007; 

Schmer et al., 2008; Keshwani & Cheng, 2009). To further accelerate the pace of switchgrass 

breeding several groups have embarked on developing genomic resources including SSR 
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markers (Tobias CM, 2006; Okada et al., 2010; Wang et al., 2011; Zalapa et al., 2012), ESTs 

(Tobias, 2008; Palmer NA, 2011) and miRNAs (Matts et al., 2010).  

 

             In this study we describe 454 based transcriptome analysis in four different switchgrass 

tissues – dormant seeds, germinating seedlings, tillers and flowers. We describe the de novo 

assembly of these ESTs, and assembly and annotation of EST sequences using the foxtail millet 

genome as the reference. Second, we discuss the transcriptome coverage using proxy methods in 

the absence of the switchgrass genome sequence. Thirdly, we assessed the overlap in expression 

profiles from these four tissue samples using the reads per kilobase of million reads analysis. 

Fourthly, we utilize these ESTs for predicting more than 2000 SSRs that can be very useful for 

mapping and population genomic studies in switchgrass. 
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                                                                 CHAPTER II 

 

ROLE OF ARABIDOPSIS NUDIX HYDROLASE 7 (ATNUDT7) IN SEED AFTER-

RIPENING 

 

Material and methods: 

Plant materials: 

Seeds of Arabidopsis thaliana ecotypes Col-0, WS, Cvi, mutants Atnudt7-1 and aba 2-1, 

Atnudt7-2 and AtNUDT7t complementation transgenic plants in the Atnudt7-1 background were 

used in this study. After-ripening was accomplished by storing the seeds for 4-6 months at room 

temperature. Dry after-ripened Arabidopsis seeds were placed on top of wet double layer 

whatman paper in petri-dish plates, sealed with parafilm and placed under light for 10 hours at 

22 °C in a plant growth chamber. Samples were collected before placing the seeds in petri plates 

(0 days) and 1-, 2-, and 3-days after imbibition (DAI), frozen in liquid nitrogen and stored at -

80°C for future experimental use. The Atnudt7-2 seeds were generously provided by Dr. Jane 

Parker (Max-Planck Institute Of Plant Breeding Research, Cologne, Germany).  

 

AtNudt7-1 Complementation: 

To establish the AtNUDT7t complementation transgenic lines, primers with Kpn I and Hin dIII 

restriction enzyme sites were designed to amplify about 2355bp that included the full length 

AtNudt7 gene sequence along with the promoter region. The PCR product was ligated into the 
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pGEM-T easy vector. And restriction enzyme Kpn I and Hind III were used to digest the target 

clone, and release the insert from pGEM-T easy vector. Then it was fused into PZP121 vector. 

Then the AtNudt7 gene was transformed into DH5 alpha cells and the purified plasmid was 

obtained. This plasmid was then transfected into Agrobacterium and Atnudt7-1 plants were 

transformed using the floral dip method (Clough & Bent, 1998; Clough, 2005). The plants are 

then allowed to set seeds and the seeds were screened, on MS agar plates containing 25 ug/mL of 

the antibiotic kanamycin. The screening and growing was repeated until a T3 generation and 

fresh seeds were collected from the mature T3 plants. 

 

Germination Assays: 

Dry Arabidopsis seeds were plated as described above. The numbers of seeds that germinated or 

that were dormant were recorded at each day for seven days.  

GUS Staining: 

GUS (beta-glucuronidase) reporter gene fusion system (Jefferson, 1989) with the full length 

AtNudt7 promoter clone was constructed. Primers with Bam HI and HindIII restriction enzyme 

sites were designed to amplify full-length AtNudt7 promoter, the PCR product was ligated into 

the pGEM-T easy vector. The same enzymes were used to digest the clone to release the insert 

from pGEM-T vector and released insert was fused into a GUS reporter gene in the pBI101 

binary vector. Then the GUS reporter containing fusion construct was transformed into DH5 

alpha cells and the purified plasmid was obtained. This plasmid was then transfected into 

Agrobacterium and WT Col-0 plants were transformed using the floral dip method (Clough & 
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Bent, 1998; Clough, 2005). The plants were then allowed to set seeds. After screening, T3 seeds 

were used for experiments. 

Transgenic dry seeds and the seeds on wet whatman paper in petri-dish after 24 hours at 22°C 

under light were collected and used for the GUS expression analysis. Seed coat was separated 

from each seed and submerged in 100 mmol NaPO4 buffer (pH 7.0) containing 10 mmol EDTA, 

0.01% Triton X-100, 0.5 mmol Potassium ferricyanide, 0.5 mmol Potassium ferrocyanide and 1 

mg/ml 5-bromo-4-chloro-3-indolyl glucuronide (X-Gluc).  Then the seeds were incubated 

overnight at 37 °C in dark .  Seeds were destained overnight by replacing GUS staining solution 

with 70% EtOH at 37 °C in dark.  Microscopic analysis was performed on a Nikon eclipse 

TE2000-e epifluorescence microscope (Nikon Belux, Brussels, Belgium) coupled with a 

standard Nikon CCD camera. 

 

Reverse-Transcription PCR: 

Total RNA was isolated from Col-0 and Atnudt7-1 0, 1, 2 and 3 days seeds sample using RNeasy 

kit (Qiagen, Valencia, CA) and was diluted to 200ng/µL. Two µg of this total RNA was used for 

cDNA synthesis, using Superscript reverse transcriptase (Invitrogen), carried out according to 

the manufacturer’s instructions. As a positive control, gene specific primers of constitutively 

active Actin 2 gene (Actin 2 F: ACAACAGCAGAGCGGGAAATTGT; Actin 2 R: 

TCTTCATGCTGCTTGGTGCAAGT) were used; For amplifying AtNudt2, gene specific 

primers (AtNudt2 F: AGAGATTGAGGCAGCTCAGTGGAT; AtNudt2 R: 

GAGAGGCAGCAAAGAAACCAGCTT) were used; For amplifying AtNudt6, gene specific 

primers (AtNudt6 F: CGTAAACCAACCCTGGAACCAGAA; 
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AtNudt6 R: TTTCAACCAGAGGTGGAGGCTAGG) were used; For amplifying AtNudt10, 

gene specific primers (AtNudt10 F: AGGCGAGATTAAGCCATCGGTACT; 

AtNudt10 R: ACTGAGAGTACCGGTTCGATGCTA) were used; For amplifying AtNudt7, gene 

specific primers (AtNudt7 F: AATGGGCGAGGATATATGGAC; AtNudt7 R: 

GCGAATCCCAAGTATTCTTCC) were used. PCR was conducted for 25 cycles using an 

annealing temperature of 60 °C. 

 

Western Analysis 

Total protein was extracted from seed samples with protein extraction buffer. Protein 

concentration was determined using Bradford assay (Bio-Rad). Fifteen µg of each sample was 

used for the western blot and hybridizations were conducted using the Atnudt7 polyclonal 

antibodies as described earlier (Jambunathan et al., 2010) 

 

ADP-Ribose and NADH pyrophosphohydrolase activity assays 

The seed samples (0.2 g) of Arabidopsis were homogenized with 0.5 mL of 100 mM Tris-HCl 

(pH 8.0) containing 20% glycerol (Ishikawa et al., 2009). After centrifugation (20,000g) for 20 

min at 4°C, the supernatant was used for analysis of enzymatic activity. ADP-Ribose and NADH 

pyrophosphohydrolase activities were assayed by coupling to alkaline phosphatase and 

measuring colorimetrically the amount of inorganic phosphate formed at 37°C (Ames, 1966; 

Ribeiro et al., 2001). The standard assay mixture contained, in a volume of 0.1 mL, 50 mM Tris-

HCl (pH 8.0), 5 mM MgCl2, 0.1 mM substrates, 0.7 units of alkaline phosphatase, 1 mg/mL21 
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bovine serum albumin, and crude extract (approximately 10.0 mg of protein). The solution was 

incubated at 37°C for 15 min (Jambunathan & Mahalingam, 2006) and the reaction was stopped 

and color was developed by addition of 1 mL of standard inorganic phosphate reagent (6 

volumes of 3.4 mM ammonium molybdate in 0.5 M H2SO4, 1 volume of 570 mM AsA, and 1 

volume of 130 mM SDS) (Ribeiro et al., 2001). After 20 min incubation at 45°C, Absorbance at 

820um was measured. Blanks without enzyme and/or substrate were run in parallel. Enzyme 

activities were linear with time and amount of enzyme. 

 

Pyridine Nucleotide Extraction and Measurement 

Glycyl Glycine Method was used to measure the NAD and NADH levels in seeds (Hayashi et al., 

2005) (Jambunathan et al., 2010). Seed tissues collected from Col-0 wild-type and Atnudt7-1 

mutant (0,1,2, and 3 days samples) were used. At least six technical replicates and three 

biological replicates of each sample were analyzed. 

 

ABA treatment  

Seeds of Col-0 and Atnudt7-1 mutant were placed on MS plates containing 1 uM ABA. Plates 

were placed vertically in the growth chamber under light for 10 hours at 22 °C and were 

photographed after 13 days. 

 

Reactive Oxygen Species (ROS) analysis 
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Seeds of Col-0 and Atnudt7-1 mutant were set up on petriplates as described above and samples 

were collected 0-,1-,2-, and 3-days after transfer to plates. After-ripened dry seeds of Col, Ws, 

Cvi, aba2-1 and aba3-1 were ground to a fine powder with liquid nitrogen.  ROS measurement 

was done using the H2-DCFDA (Sigma) as described previously (Joo et al., 2005). The average 

fluorescence value obtained from three measurements was divided by the protein content and 

expressed as relative fluorescence units per milligram of protein.  The analysis was repeated with 

three biological replicates. 

 

PolyADP-ribose immunoassay 

Levels of PAR in Col-0 and Atnudt7-1 seeds during the course of germination (0, 1 ,2 and 3 days 

after imbibition) were measured by dot blotting three different concentrations of total protein 

extract (1, 1.5 and 2ug) and detected using polyclonal antibody to PAR (BD BioSciences)  The 

autoradiograms were scanned using the ImageMaster Pro software to measure intensity and 

volume of signals.  The experiment was replicated twice. 

 

Phytohormone analysis 

Seeds of Col-0 and Atnudt7-1 mutant were set up on petriplates as described above and samples 

were collected 0-,1-,2-, and 3-days after transfer to plates.  About 100 mg seed tissue from each 

sample were collected and the hormone extraction, LC-MS/MS analysis were conducted at 

Donald Danforth Plant Science Center Proteomics and Mass Spectrometry Facility using 

previously described methods (Chen et al., 2009).  

Seed samples from each time points were analyzed for plant hormone concentration including 

acid hormones: Abscisic acid (ABA), IAA-Asp (Indole-3-acetyl-aspartic acid), Indole-3-acetic 
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acid (IAA), Jasmonic acid (JA), JA-Ile (jasmonoyl-isoleucine), OPDA (12-oxo-phytodienoic 

acid), and Salicyclic acid (SA). The data was normalized based on the internal standards: D4SA, 

D6ABA, D5IAA and H2JA. For the analysis of the GA the method described in (Zhang et al., 

2011) was followed.  

 

 

Electrophoretic Mobility Shift Assay 

The coding region of AtERF1 was cloned into the pMBP vector (provided by Dr. Junpeng Deng, 

Oklahoma State University) and expressed in Escherichia coli BL21 cells. Maltose binding 

protein (MBP)-AtERF1 fusion proteins were purified using nickel resin, as specified by the 

manufacturer. Both strands of the following oligonucleotides were synthesized, biotin labeled 

and annealed: AtNUDT7 promoter with the unique 16bp sequence: 

(5’GCCGTTAGGCGTTGCCGCCTGTAGTAAT 3’); control from AtNUDT7 promoter without 

the 11bp unique sequence (5’AGAGTTTGCTGCTGCCGTTAGGCGTAAT 3’).   

Binding buffer contained 12 mM Tris–HCl (pH 7.5), 50 mM KCl, 2.5 mM MgCl2, 1 mg of 

poly(dA-dT), 1 mM DL-dithiothreitol (DTT), 0.5 mM EDTA, 5% glycerol, 0.05% NP-40 and 

200 pmol biotin-labeled probes (Fujimoto et al., 2000; Shen et al., 2012). The samples were 

loaded and run on a 6% DNA retardant gel after the reactions had been incubated at room 

temperature for 20 min. The DNA was transferred onto nylon membranes and signal detected 

with a LightShift-Chemiluminescent EMSA Kit (Thermo Fisher Scientific Inc., Rockford, IL, 

USA) using standard protocols. 
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Statistical Analysis  

Microsoft Excel was used for conducting student’s t-test for determining the statistical 

significance of results comparing WT and Atnudt7-1 mutant for differences in germination rates, 

gene expression, pyridine nucleotide levels, ROS levels and phytohormones. 
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                                                                 RESULTS 

 

Loss of AtNUDT7 slows down germination pace and lowers germination potential of 

Arabidopsis seeds 

In our previous studies we have shown that 3-week old Arabidopsis nudix hydrolase 7 mutant 

plants (Atnudt7-1) are significantly smaller compared to age matched wild type plants 

(Jambunathan & Mahalingam, 2006; Jambunathan et al., 2010). We examined if the differences 

in the size between the Atnudt7-1 mutant and WT manifest at much earlier stages of 

development.  We examined the developmental progression of after- ripened seeds of WT and 

Atnudt7-1 mutants on petri-plates.  As expected we saw that the Atnudt7-1 seedlings were much 

smaller in size when compared with WT, as early as 3 days after imbibition (Fig. 1a).  More 

interestingly, we observed that the germination potential of the Atnudt7-1 seeds were 

significantly lower compared with WT plants （p< 0.001） (Fig. 1b).    We also examined the 

germination potential of seeds of a second insertion line Atnudt7-2 using the same method. It 

also showed the similar germination potential as Atnudt7-1, and was significantly lower 

compared with WT seeds (p<0.001) (Fig. 1b). Atnudt7t complementation lines in Atnudt7-1 

background carrying the WT version of the AtNudt7 gene including the promoter region showed 

germination potentials, which was close to 100%, similar to WT seeds (Fig.1b) confirming that a 

functional AtNUDT7 is important for ensuring high germinability of the seeds. 
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Furthermore, cold-stratification treatment in 0.15% phytagel at 4°C for 3 days could not restore 

the germination rate of Atnudt7-1 seeds (Fig.1c). These results suggest that AtNUDT7 gene may 

play an important role during seed after-ripening in Arabidopsis. 
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Fig. 1 Seed germination phenotype associated with Atnudt7 mutant. (a) Col-0 and Atnudt7-1 

seeds on wet whatman paper in petri-dish during 7 days at 22°C. (b) Germination potential of 

after-ripened seeds of Arabidopsis Col-0, Atnudt7-1, Atnudt7-2 knock-out mutant and AtNudt7t 

complemented line. (c) Germination potential of cold-stratified seeds of Arabidopsis Col-0 and 

Atnudt7-1. There seeds samples were kept in 0.15% phytagel at 4°C for 3 days before the 

germination assays. Percentage germination was assessed by radicle emergence each day during 

the 7 days at 22°C. Ten independent experiments with approximately 100 seeds for each 

experiment were used. Bars represent standard error (p<0.001).  
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Fig. 2 ADP-ribose and NADH pyrophosphohydrolase activity was measured during 0 (dry 

seeds), 1, 2, 3 days after imbibition in Col-0 and Atnudt7-1 mutant. (a): NADH 

pyrophosphohydrolase activity; (b): ADP-Ribose pyrophosphohydrolase activity. The data 

shown are means of three replicates for each sample. Bars represent standard error. (P<0.05) 

 

AtNUDT7 pyrophosphohydrolase activity is important for seed germination   

The enzyme assays were done to measure the ADP-ribose and NADH pyrophosphohydrolase 

activities during the first 3 days after imbibition in Col-0 and Atnudt7-1 seeds. The NADH 
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pyrophosphohydrolase activity in Col-0 was significantly higher than in Atnudt7-1 mutant in dry 

seeds and one day following imbibition (p<0.001) (Fig.2 a). The enzyme activities correlated 

well with the protein expression profile of AtNUDT7 in Col-0 sample during 0 and 1 day after 

imbibition. All these results once again confirmed the presence of NADH pyrophosphohydrolase 

activity of AtNUDT7 was very important for dry seeds and during 24 hrs of imbibition. On the 

other hand, the ADP-ribose pyrophosphohydrolase activity (Fig. 2 b) was not that dramatically 

different between Col-0 and Atnudt7-1 mutant in 0 and 1 day sample. This might indicate again 

that NADH is the preferred substrate for AtNUDT7 rather than ADP-ribose during the early 

stages following imbibition. 

In addition, the relatively high activity of both ADP-ribose and NADH pyrophosphohydrolase in 

both Col-0 and Atnudt7-1 mutant in 2 and 3 days sample (Fig.2 a & b) indicates there might be 

some other AtNUDT enzymes playing a role here. Previous study has shown that AtNudt6 and 

AtNudt10 also utilize NADH and ADP-ribose as primary substrates (Dobrzanska et al., 2002; 

Kraszewska, 2008). This prompted us to examine the gene expression level of AtNudt 6, 7 and 10 

during the 0, 1, 2 , 3 days in Col-0 as well as Atnudt7-1 mutant. RT-PCR was done to examine 

the differences in steady-state levels of these transcripts.  It turned out that the expression levels 

of AtNudt6 and AtNudt10 were higher in 2 and 3 day samples compared to in the dry seeds and 1 

day following imbibition in both Col-0 and Atnudt7-1 mutant (Fig. 3). On the other hand, the 

AtNudt7 expression level in Col-0 during the 0, 1, 2, 3 days were nearly opposite to AtNudt6 and 

AtNudt10, the AtNudt7 expression level in 0 and 1 day was higher than observed in the 2 and 3 

day samples (Fig. 3), which is very similar to the protein expression pattern shown in Fig 4 a. 

Higher expression of AtNudt6 and AtNudt10 could confer the higher ADP-Ribose and NADH 

pyrophosphohydrolase activity observed in both the Col-0 and Atnudt7-1 mutant. 
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Fig. 3 RT-PCR analysis of Arabidopsis NUDT6 and 10. Primers were designed for: Actin 2 

control; AtNUDT6; AtNUDT10 and AtNUDT7. Each lane represents amplifications from  

cDNA reverse-transcribed from Col-0 and Atnudt7-1 RNA samples: 0= dry seeds, 1= 1 day, 2= 2 

day, 3= 3 day after imbibition. 

 

AtNUDT7 protein levels are down regulated during germination 

Changes in the AtNUDT7 protein levels during germination were analyzed using AtNUDT7 

polyclonal antibodies. AtNUDT7 protein levels were reduced to nearly 50% within 24 h after 

imbibition when compared with their levels in dry seeds, (Fig. 4a).  Protein levels at the 2-day 

time point was extremely low and at the 3-day time point AtNUDT7 levels were not detectable.   
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A finer time-course experiment was conducted wherein samples were taken at 6-12 h intervals.  

Western analysis indicated that reduction in AtNUDT7 levels was apparent as early as six hours 

after imbibition and continued to decline steadily up to 36 hours and was completely phased out 

by 48 h (Fig. 4a, bottom panel). 

We examined the AtNudt7 gene promoter activity during the early days of imbibition by testing 

GUS activity in the transgenic seeds with AtNudt7 full length promoter GUS reporter transgenic 

lines. Based on the AtNUDT7 protein profile during the first 3 days after imbibitions, we 

examined the 0 and 1 day sample of the GUS reporter harboring transgenic seeds. As indicated 

in Fig.5, the significant darker staining color in the GUS stained samples compared to the water 

controls reflected the AtNudt7 promoter is active in the dry seeds and one day after imbibition. 

And this result confirmed the protein pattern we have observed in Col-0 seeds during the 0 and 1 

day imbibition. In addition, it also proved the AtNUDT7 expression is transcriptionally regulated 

during the early stages of seed imbibition. 
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Fig. 4 Protein expression profile of AtNUDT7 during seed germination in Arabidopsis. (a) 

Western blot analysis of Col-0 wild-type seeds. Fifteen micrograms of total protein extracts from 

Col-0 loaded in each lane; In the top panel, proteins were extracted from dry seeds (0), 1, 2 and 3 

days after imbibition.  For the bottom panel, proteins were extracted from dry seeds (0), 6, 12, 24, 

36 and 48 hours after imbibition. (b) Fifteen micrograms of total protein extracts from WS, Cvi 

and aba2-1 mutant samples were loaded. Proteins were extracted from dry seeds (0), 1, 2 and 3 

days after imbibition. 
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Fig. 5 GUS expression analysis pattern of AtNudt7 promoter in Col-0 seeds. a: Dry seeds; b: 

Seeds in water after 24 hours imbibition as control; c: Dry seeds after GUS staining; d: GUS 

staining in seeds after  24 hours imbibition. 

 

Significant differences in AtNUDT7 protein levels in Arabidopsis lines with different levels 

of seed dormancy 

Arabidopsis ecotype Cvi exhibit high levels of dormancy, while Ws ecotype has intermediate 

levels of seed dormancy when compared with Col-0 ecotype that has low levels of dormancy 

(Hunt & Gray, 2009). We examined the changes in AtNUDT7 protein over a three-day time 

period in these two ecotypes with varying levels of dormancy.  AtNUDT7 levels in dry after-
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ripened seeds of Cvi and Ws were much lower compared with Col-0 (Fig. 4b). Furthermore, the 

protein profiles in these two ecotypes were completely different when compared with Col-0 over 

the three-day time period following imbibition.   In the Cvi ecotype, levels of AtNUDT7 

increased more than 8-fold within 1-day after imbibition.  At the end of day-2, levels of 

AtNUDT7 in Cvi showed a decline compared to the 1-day time point, but was still 4-5 fold 

higher compared to the fresh seeds.  At the end of the third day, levels of AtNUDT7 were 

comparable to the dry seed sample.  On the contrary, in Ws ecotype, levels of AtNUDT7 

increased by 2-fold at the end of day-1 and were slightly reduced on days-2 and -3.   

We also examined expression of AtNUDT7 in aba 2-1, an ABA deficient mutant that has 

reduced seed dormancy (Leon-Kloosterziel et al., 1996). Similar to the WT, AtNUDT7 protein 

levels in the aba2-1 mutant were not detectable within 48 h after imbibition (Fig. 4b).  

These observations showed significant intrinsic differences in AtNUDT7 protein levels in 

Arabidopsis ecotypes and mutants under experimental conditions.  These innate differences in 

AtNUDT7 may play an important role during the early hours following imbibition that may aid 

in overcoming seed dormancy.  Lack of AtNUDT7 as in the Atnudt7-1 mutant, or presence of 

this protein during later stages of imbibition was associated with lower seed germination 

potential. 

 

 Atnudt7-1 mutant is hyper-sensitive to ABA 

The plant hormone abscisic acid (ABA) is a positive regulator of dormancy, while gibberellins 

(GAs) release dormancy and promote the completion of germination, counteracting the effects of 
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ABA (Sarath et al., 2007; Holdsworth et al., 2008). We observed that 1uM of exogenous ABA, 

in Atnudt7-1 strongly inhibited germination and normal seedling development (Fig. 6a), while 

the WT plants appeared normal under these treatment conditions. This result suggested that 

AtNudt7-1 mutants may have higher amount of endogenous ABA and this may be responsible for 

its lower germination potential. 
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Fig. 6 (a) Growth of Atnudt7-1 mutant and wildtype in the presence of ABA. Representative 

plate of Col-0 and Atnudt7-1 mutant plants after 13 days with exogenous 1uM ABA added in the 

MS medium. ABA and GA levels as measured by LC-MS/MS during 0 (dry seeds), 1, 2, and 3 

days after imbibition in Col-0 and Atnudt7-1 mutant. (b) ABA (c) GA1 (d) GA4 (e) GA8 and (f) 
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GA29. The data shown are means of three replicates for each sample. Bars represent standard 

error. 

 

ABA and GA levels are significantly altered in Atnudt7-1 mutant  

The ABA hypersensitive phenotype of Atnudt7-1 prompted us to examine the phytohormone 

levels in the dry seeds and during the course of germination. We observed more than 2-fold 

higher levels of ABA in dry seeds of Atnudt7-1 mutant than Col-0 seeds (p < 0.02). ABA levels 

were hardly detectable in both WT and Atnudt7-1 mutant at 1, 2 and 3-days after imbibition (Fig. 

6b).  

GA1 was found in higher levels in dry seeds of WT compared with Atnudt7-1 (Fig. 6c). Levels 

of GA1 decreased by about 4-fold within 24 h after imbibition in WT (p<0.01) and in the 

Atnudt7-1 it was not detectable.  GA4 is one of the major active GAs that stimulate seed 

germination (Ogawa et al., 2003). GA4 levels were undetectable in the dry seeds of WT while 

the mutant contained low levels of this bioactive GA (Fig. 6d).  Within 24 h after imbibition the 

levels of GA4 surged by a nearly 1000-fold in WT, while in the mutant the increase was a 

modest 2.5 fold (p< 0.05). GA8 that usually is formed by the oxidation of the GA1 leading to the 

inactivation of the latter was indeed found to increase 2 and 3 DAI, when the levels of GA1 were 

not detectable in both WT and Atnudt7-1 mutant (Fig. 6e).  Furthermore, the levels of GA29, the 

inactive form of GA was about 2-fold higher in the Atnudt7-1 seeds compared with the WT 

(p<0.02) (Fig. 6e).  Though the levels of this inactive form of GA dropped by nearly 60% 

following imbibition in the Atnudt7-1, these levels were still nearly 2-3-fold higher compared 

with the WT (p<0.03) at the corresponding time points (Fig. 6f).  These results suggest that the 
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higher levels of ABA and inactive forms of GA in the Atnudt7-1 may be lowering its 

germination potential.  
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Fig. 7 Other endogenous plant horomones as measured by LC-MS/MS during 0 (dry seeds), 1, 2, 

and 3 days after imbibition in Col-0 and Atnudt7-1 mutant.  (a) Salicylic acid (b) Jasmonic acid-

conjugated with amino acid Isoleucine (c) 12-Oxo-phytodienoic acid. The data shown are means 

of three replicates for each sample. Bars represent standard error. 

 

Loss of AtNudt7 also alters the levels of several other plant hormones 
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In the Atnudt7-1 rosette leaves the levels of SA was reported to be 4-5 fold higher when 

compared with WT plants (Bartsch et al., 2006). Interestingly, we found that levels of SA in the 

dry seeds of Atnudt7-1 were lower than the WT plants (Fig. 7a).  SA levels significantly reduced 

following imbibition. JA-Ile, which is the functional JA derivative needed for JA signaling 

(Katsir et al., 2008) follows the pattern of SA profile (Fig. 7b). Interestingly, oxophytodieonic 

acid (OPDA) - the important upstream hormone needed for JA biosynthesis (Katsir et al., 2008) 

showed totally different pattern from any other hormones (Fig. 7c).  It started with relative low 

level in dry seeds in both mutant and WT. But in Col-0 3-day sample, the OPDA level showed a 

10-fold increase when compared to the day-0 sample (p< 0.04), while in the mutant the changes 

in OPDA levels were not significant (Fig. 7c). These analyses demonstrate the changes in 

various phytohormones during the imbibition and germination phases.  More importantly these 

results demonstrate that loss of AtNUDT7 gene function perturbs the phytohormone balance in 

dry seeds and during germination, and the differences in phytohormone levels could contribute to 

the observed defects in seed after-ripening and germination potential. 

 

Rapid changes in NAD and NADH levels during seed germination 

AtNUDT7 has been shown to hydrolyze NADH by several independent groups (Ogawa et al., 

2005; Olejnik & Kraszewska, 2005; Jambunathan & Mahalingam, 2006; Ge & Xia, 2008; 

Ishikawa et al., 2009). A relationship between pyridine nucleotides and seed dormancy was 

reported recently (Hunt & Gray, 2009).  The NADH levels in WT seeds (0 day samples) were 

nearly 60% higher than Atnudt7-1 mutant seeds (p<0.002) (Fig. 8a). Within 24 h after imbibition 

levels of NADH were lowered by more than 60% in both WT and Atnudt7-1 (p<0.001) (Fig 8a) 
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On the contrary, NAD
+
 levels remained stable in WT while their levels in Atnudt7-1 seeds were 

lowered by nearly 50%, 24 h after imbibition.  Interestingly, on day-2 and -3 the levels of NAD
+
 

increased by nearly 30% in both WT and Atnudt7-1 mutant compared with the 1-day seed 

sample (Col-0: p<0.001, Atnudt7-1: p< 0.00001) (Fig. 8b).  These rapid changes in NAD
+
 and 

NADH levels leads to significant changes in the seed redox levels during the course of seed 

germination (Fig. 8c). Catabolic redox charge (CRC) defined as NADH/NAD
+
+NADH, showed 

significant differences in the dry seeds of WT and Atnudt7-1 with the values for the latter being 

lower (p<0.05).  CRC values were at their lowest levels in WT within 48 h after imbibition.  We 

speculate these intrinsic differences in CRC contribute to the reduced seed germination potential 

in Atnudt7-1.  Changes in redox brought about during the imbibition phase will impact the 

biochemical milieu for the seeds to transition from quiescence phase to germination phase, and 

NADH pyrophosphohydrolase activity of AtNUDT7 may play a crucial role in this phase 

transition.  
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Fig. 8 Pyridine nucleotide analysis during 0 (dry seeds), 1, 2, 3 days after imbibition in Col-0 

and Atnudt7-1 mutant. (a) NADH; (b) NAD
+
; (c) Catabolic redox charge which is defined as 

ratio of NADH to NAD
+
+NADH. Values shown are the means of eight independent experiments. 

Bars represent standard errors.  
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ROS profiles of Atnudt7-1 and WT during imbibition and germination are very different 

Several studies have highlighted the importance of ROS in breaking dormancy and during seed 

germination (Sarath et al., 2007; El-Maarouf-Boteau & Bailly, 2008). In the Atnudt7-1 mutant 

leaves, 2-3 fold higher levels of ROS have been reported (Jambunathan & Mahalingam, 2006).  

In contrast to the ROS levels in the leaves, we found that in the dry seeds levels of ROS in the 

Atnudt7-1 were 6-8 fold lower compared with the WT seeds (p<0.02)  (Fig. 9a).  Interestingly, 

within 24 hours following imbibition levels of ROS increased more than 20-fold in the Atnudt7-1 

mutant compared to WT (p<0.02)  (Fig. 9a).  On day-2, ROS levels in the mutant were lowered 

by about 50% compared to their levels on day-1.  These levels were still about 4-fold higher than 

in the dry seeds (p<0.05).  ROS levels in WT showed a second peak of slightly higher magnitude 

at the 3-day time point. 
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Fig. 9 Analysis of total reactive oxygen species during Arabidopsis seed germination.  (a) ROS 

measurement in Col-0 and Atnudt7-1 mutant 0 (dry seeds), 1, 2, 3 days after imbibition. Data 

represents average of three independent experiments with standard error. On the Y-axis, RFU/mg 

represents relative fluorescence units per mg of protein extract. (b) ROS analysis in after-ripened 

seeds of Arabidopsis ecotypes Ws and Cvi and mutants deficient in ABA biosynthesis - aba2-1 

and aba3-1. Average of three independent experiments are shown with standard errors. 

 

 The significant differences in the seed ROS levels of WT and Atnudt7-1 prompted us to 

examine the levels of ROS in seeds of other ecotypes and mutants with differing levels of seed 

dormancy.  ROS levels in the highly dormant Cvi seeds and moderately dormant Ws ecotypes 



33 

 

were 4-5 fold lower than the WT and were comparable to the levels seen in the Atnudt7-1 mutant 

(p<0.02) (Fig. 9b).  In seeds of aba2-1 and aba3-1 with low levels of dormancy, ROS levels 

were 2-3 fold higher than that in Atnudt7-1 (p<0.01), but still lower than the WT.  These results 

suggest that seed ROS levels may be a useful biochemical marker for predicting seed 

germination potential.   

 

 

Fig. 10 Analysis of poly (ADP-ribose) (PAR) levels during Arabidopsis seed germination. 

Protein extracts (three concentrations) from Col-0 and Atnudt7-1 mutant collected from 0 (dry 

seeds), 1, 2, and 3 days after imbibition were used for making dot-blots.  PolyADP ribosylation 

levels were assayed with anti-PAR antibodies. Hybridization intensities were extracted using the 

Imagene software.  Data from two independent experiments were averaged and bars represent 

standard error. 

 

PAR levels are altered during seed germination 

Previously a link between seed dormancy, NAD and PAR levels were demonstrated using the 

null mutant of nicotinamidase (nic2-1) expressed in seeds (Hunt et al., 2007). Furthermore, 
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Atnudt7-1 mutant plants were shown to have lower levels of PAR (Ishikawa et al., 2009). We 

observed that PAR levels in the Atnudt7-1 seeds were comparable with the levels in WT (Fig. 

10). PAR levels increased on days-2 and -3 by 4-fold in the WT (p<0.02). In Atnudt7-1 mutant 

PAR levels steadily increased by 2 (p<0.01), 4 (p<0.02) and 8-fold (p<0.005) on day-1, -2 and -

3, respectively, compared to their levels in dry seeds.  Significant increases in the PAR levels 

during day-2 and -3 are consistent with the observed increase in NAD
+
 levels in both WT and 

Atnudt7-1 mutant, since it is well established that increased PARP activity leads to NAD
+
  

depletion (Mahalingam et al., 2007; Ishikawa et al., 2009).  It is also possible that higher PAR 

levels in Atnudt7-1 mutant may be triggered by higher ROS levels 1, 2 and 3 days after 

imbibition that could lead to oxidative damage to DNA.   

 

ERF1 is the putative transcription factor that regulates AtNudt7 gene expression 

Comparing the AtNudt7 promoter sequences between Ws and Col-0, we have identified a 16-bp 

unique sequence (GGCGTTGCCGCCTGTA) with GCC-box in the WS promoter sequence (Fig. 

11a). And GCC box is known to be a binding site for the ethylene response element binding 

factors (Fujimoto et al., 2000). Genevestigator analysis indicated that ethylene response element 

binding factor 1, AtERF1 expression level significantly decreased in the Atnudt7-1 knock-out 

mutant (Sup Fig. 1). These information together prompted us to test the in vitro binding of 

AtERF1 protein to the unique 16 bp sequence in AtNUDT7 promoter region, thus to prove that 

AtERF1 is the transcription factor that binds and regulates the AtNudt7 gene expression during 

development and under stress. 
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To test if AtERF1 could bind to the 16 bp unique AtNudt7 promoter sequence with GCC-box, 

we overexpressed the entire coding region of AtERF1 as a maltose binding protein (MBP) fusion 

in Escherichia coli and performed electrophoretic mobility shift assays (EMSA). As shown in 

Fig. 11b, AtERF1-MBP fusion protein could bind 16 bp unique AtNudt7 promoter sequence 

with GCC-box and showed the gel shift on the top of the gel. While the oligos without the 16bp 

unique sequence from the AtNudt7 promoter do not exhibit any binding to AtERF1 fusion 

protein. This result confirmed our hypothesis that AtERF1could be the transcriptional factor that 

binds and regulates the AtNudt7 gene expression during development and under stress. 

 

(a) 

 
Ws     361  ACTTCAACAATATGCGGTAGAGTTTGCTGCTGCCGTTAGGCGTTGCCGCCTGTAGTAATG  420 

            ||||||||||||||||||||||||||||||||||||||      |  | |    |||||| 

Col-0  361  ACTTCAACAATATGCGGTAGAGTTTGCTGCTGCCGTTA------G--G-C----GTAATG  407 

 

(b) 

MBP-AtERF1       -- 0.5     2.5      5       2.5         -- 0.5      2.5      5     2.5   (ug)  

Labeled probes      +       +        +        +        +          -- +         +        +        +

Unlabeled probes     -- -- -- -- +          -- -- -- -- + 

Non-unique sequence       Unique sequence

Bound

Free
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Fig. 11 AtERF1 binds to the 16 bp unique AtNudt7 promoter sequence with GCC-box. (a) The 

sequence alignment of Ws and Col-0 AtNudt7 promoter region showing the 16 bp unique 

sequence, red color indicates the GCC box element; (b)Electrophoretic mobility shift assays was 

performed using MBP–AtERF1 fusion protein and biotin labeled double stranded specific 

oligonucleotides as a probe.  
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                                                            DISCUSSION 

 

We have identified a reduced seed germination phenotype in the Arabidopsis Atnudt7-1 mutant 

(Fig. 1). The reduced germination potential, slower germination rates and hypersensitivity to 

ABA of Atnudt7-1 mutant are very similar to the characteristics described for the nicotinamidase 

deficient nic2-1 mutant (Hunt et al., 2007). Unlike nic2-1 mutant, moist-chilling of Atnudt7-1 

seeds failed to restore the germination potential to WT levels indicating that a functional 

AtNUDT7 protein is important for normal seed after-ripening in Arabidopsis.  

 It has been suggested that germination potential is programmed during the seed 

maturation phase (Holdsworth et al., 2008). Based on the information in the Arabidopsis eFP 

browser (http://bbc.botany.utoronto.ca/efp/cg 

ibin/efpWeb.cgi?primaryGene=AT4G12720&modeInput=Absolute)  (Winter et al., 2007) AtNudt7 

gene is expressed during the early stages of embryo development, from the globular to the 

walking-stick stage (Supplementary Figure 2). It has been shown that stored proteins and 

translation of pre-existing mRNAs are key players during the germination process (Rajjou et al., 

2004).  Analysis of the AtNUDT7 protein levels in after-ripened dry seeds over a three-day 

period following imbibition showed significant variation in Arabidopsis ecotypes (Fig. 4). Based 

on the reduced germination potential observed in Atnudt7-1 mutant, gene expression data during 

seed imbibition, and our observations of AtNUDT7 protein levels in different ecotypes (Fig 4), 

we speculate that this is an important stored protein that aids in normal seed after-ripening. 

http://bbc.botany.utoronto.ca/efp/cgibin/efpWeb.cgi?primaryGene=AT4G12720&modeInput=Absolute
http://bbc.botany.utoronto.ca/efp/cgibin/efpWeb.cgi?primaryGene=AT4G12720&modeInput=Absolute
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 What is the role of AtNUDT7 in seed after-ripening? After-ripening of the severely 

dormant Cvi ecotype showed a significant flux of NMN derived from NAD that may be 

catalyzed by nudix hydrolases (Hunt & Gray, 2009). Furthermore, majority of the NADH 

pyrophosphohydrolase activity (53.1%) in Arabidopsis is attributed to AtNUDT7 (Ishikawa et al., 

2009) and our results indicate that AtNUDT7 is the nudix hydrolase which could be involved in 

this process.  The NAD
+
:NADH ratio showed significant reduction during after-ripening in Cvi 

(Hunt & Gray, 2009) and in the Col-0 seeds in our studies (Fig. 8).  This suggests that the high 

levels of NADH in seeds lead to activation of the AtNUDT7’s NADH pyrophosphatase activity 

following imbibition, and this activity is vital in order to maintain NAD
+
:NADH redox 

homeostasis.  

 This begs the question what processes could lead to NADH buildup during seed 

germination? Upon imbibition the quiescent dry seed rapidly absorbs water but the resumption of 

metabolic activity is more gradual.  One of the earliest changes is the resumption of energy 

metabolism, especially respiration that can be detected within minutes (Bewley, 1997; Nonogaki 

et al., 2010). Glycolytic and oxidative pentose phosphate pathway resume during the imbibition 

phase (Aldasoro & Nicolas, 1979; Salon et al., 1988) and these processes can lead to NADH 

accumulation. Secondly, following imbibition many seeds experience temporary anaerobic 

conditions leading to ethanol production (Kennedy et al., 1992). This ethanol is converted to 

acetaldehyde by alcohol dehydrogenase.  The highly reactive acetaldehyde is further converted 

to acetate by aldehyde dehydrogenase.  Each of these reactions also leads to production of 

NADH.  The low oxygen availability in imbibed seeds could restrict mitochondrial ATP 

production and favor the glycolytic pathway that in turn leads to an increase in the NADH levels.   
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 The high levels of NADH leads to higher catabolic redox charge that favors the 

accumulation of ROS.  We have developed a model where to prevent an excessive buildup of 

NADH in the cytosol, AtNUDT7 is maintained in the dry seeds and during the early stages of 

imbibition. The observed increase in the NAD
+
:NADH ratio favoring the oxidant by 48 h after 

imbibition and the concomitant disappearance of AtNUDT7 may be important phase transition 

markers for the imbibed seeds to move from phase II (senso stricto germination) to phase III 

stages of germination (Nonogaki et al., 2010).  

 

 

Fig. 12 Proposed model for AtNUDT7 in the process of seed germination.  AtNUDT7 regulates 

NAD: NADH balance in after-ripened seeds and during early stages of seed imbibition.  

Imbalance in NAD
+
 or NADH favors ABA biosynthesis that in turn suppresses ROS, SA and 

GA and eventually promotes dormancy.  Lack of AtNUDT7 also leads to excess ROS that leads 

to oxidative stress as evidenced by increased PAR activity that eventually reduces germination 

potential of the seeds.    

NMN: nicotinamide mononucleotide: NMNH:  nicotinamide mononucleotide, reduced form;  
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 Apart from their traditional roles as redox carriers, recent studies have shown that 

pyridine nucleotides participate in the biosynthesis of phytohormones such as ABA (Gonzalez-

Guzman et al., 2002) and SA (Zhang & Mou, 2009). SA has been shown to be important for 

priming seed metabolism, synthesis of antioxidant enzymes, and mobilization of seed storage 

proteins (Rajjou et al., 2006). SA also has been shown to be important in a feed-forward self-

amplifying loop resulting in the production of ROS that in turn could lead to oxidative stress and 

growth retardation (Rao et al., 1997; Ruef et al., 1997; Overmyer et al., 2003). We speculate that 

the higher levels of SA in the dry seeds of WT (Fig. 7) could prime the higher ROS levels (Fig. 9) 

and this may be responsible for lowering the levels of ABA (Fig. 6), since SA and ABA 

antagonism during seed germination has been reported earlier (Kanno et al., 2010). On the same 

grounds, in the Atnudt7-1 seeds the lower levels of SA (Fig. 7) and in turn ROS (Fig. 9) could 

lead to a higher level of ABA (Fig 6) and this in turn leads to the higher level of dormancy. SA 

also has been shown to stimulate GA biosynthesis especially in seeds under salt stress (Rajjou et 

al., 2006; Alonso-Ramirez et al., 2009a; Alonso-Ramirez et al., 2009b) and this may also 

contribute to the higher germination rates of WT compared to Atnudt7-1 with lower levels of GA.    

 The significantly higher levels of ROS within 24 h after imbibition in Atnudt7-1 suggests 

a functional AtNUDT7 may be involved in maintaining ROS homeostasis during seed 

maturation and early phases of seed imbibition. Higher levels of ABA have been shown to 

inhibit ROS and enhance the antioxidant enzyme activity (El-Maarouf-Boteau & Bailly, 2008).  

ROS, especially H2O2 has been shown to break dormancy in several different plant systems and 

this was attributed to a decrease in the ABA levels (Wang et al., 1995; Naredo et al., 1998) 

Consistent with these reports, the higher ABA levels of Atnudt7-1 in fresh seeds are 

accompanied by lower levels of ROS when compared with the WT seeds. Removal of ABA 
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during the early hours of imbibition (approximately 6 hours) (Preston et al., 2009) may 

negatively impact the antioxidant enzyme activity leading to massive increase in ROS levels in 

the Atnudt7-1 mutant by 24 h. The lack of NADH pyrophosphohydrolase activity of AtNUDT7 

may lead to superoxide generation by the sequential actions of NADH kinase and NADPH 

oxidase (Torres et al., 1998; Murata et al., 2001; Kwak et al., 2003; Hunt et al., 2004). This vast 

excess of ROS will cause an oxidative stress as evidenced by the significant increases in the PAR 

levels (Fig. 10) and eventually lead to growth retardation phenotype observed in the slowly 

germinating Atnudt7-1 mutant.  In fact, AtNUDT7 was shown to have a significant impact on the 

DNA repair pathways via modulation of PAR reaction under oxidative stress conditions 

(Ishikawa et al., 2009). 

 PNs, especially NAD that can participate in hydride transfer as well as ADP-ribose 

transfer reactions serves as a vital link connecting cellular metabolism and signaling (Ziegler, 

2000; Hunt et al., 2004). Our study shows that AtNUDT7 protein plays a very important role 

during seed after-ripening and early stages of imbibition by regulating PN homeostasis that in 

turn impacts hormone biosynthesis and ROS metabolism (Fig. 12). The fine balance of SA, ABA, 

GA and ROS in seeds and during early phases of imbibition plays a key role in determining the 

seed germination potential.    

            Understanding the regulation of AtNUDT7 gene will further aid in dissecting the 

complex interplay between redox homeostasis, phytohormones and seed germination. AtERF1 

(Arabidopsis Ethylene Response Factor1) are triggered by stress signals such as: salt stress, SA 

and viral pathogen infection (Guo & Ecker, 2004). AtERF genes may be up regulated via an 

ethylene-dependent pathway or an ethylene-independent pathway (Fujimoto et al., 2000). 
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AtERF1 was induced by ethylene and can interact with GCC box–containing stress response 

genes (Solano et al., 1998). GCC box has been reported to act as a cis-regulatory element for 

biotic and abiotic stress signal transduction in upregulating the expression of GCC box–

containing stress responsive genes dependent on or independent of the ethylene signal (Solano et 

al., 1998). In beech seeds ERF1 expression was undetectable in dormant seeds but accumulated 

in non-dormant seeds during germination (Jiminez et al., 2005) Several other studies have shown 

the participation of ERF in the regulation of germination (Leubner-Metzger et al., 1998; Song et 

al., 2005; Pirrello et al., 2006) Besides ethylene, jasmonate signaling pathways could also 

regulate AtERF1 expression (Lorenzo et al., 2003). The higher levels of jasmonates observed in 

the dry arabidopsis seeds could be a potent inducer of AtERF1 and in turn AtNudt7. ROS 

generating compounds such as cyanide and methyl viologen have been shown to induce the ERF 

expression in the seeds (Oracz et al., 2009). Thus a complex interaction involving 

phytohormones and ROS may be involved in regulating ERF1.  Identifying other trans-acting 

factors that are important for AtNUDT7 regulation will provide a better understanding of the 

early changes occurring in the seed following imbibition. 
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Scope and Method of Study:  

 

In this study the role of Arabidopsis nudix hydrolase 7 in seed after-ripening was analyzed.  

Techniques include cloning, transgenics, seed physiology assays, enzyme cycling assays, 

fluorometry, spectophotometry, mass spectrometry, GUS staining, microscopy, real-time PCR, 

western analysis, recombinant proteins, and electrophoretic mobility shift assay. 

In another study 454 sequencing was used to examine switchgrass transcriptome.  Techniques 

include RNA isolations, affinity depletion, cDNA library preparation, 454 pyrosequencing, de 

novo and reference genome based sequence assembly, comparative genomics, reverse 

transcription PCR, in silico prediction of EST-SSRs, proxy methods for estimating transcriptome 

coverage.   

 

Findings and Conclusions:   

 

Loss of Arabidopsis nudix hydrolase 7 (AtNudt7-1) reduces seed germination potential.  

AtNUDT7 protein levels are required in dry seeds and during early hours following imbibition to 

realize maximum seed germination potential.  Loss of AtNUDT7 impairs seed after-ripening 

mainly through pertubations in NAD:NADH balance, that in turn affect phytohormones and 

oxidative signaling pathways. Manipulating levels of NUDT7 will provide a novel avenue for 

overcoming seed dormancy and maximizing germination potential of seeds. 

Approximtely 980,000 EST sequences averaging 367 bp were generated from dormant seeds, 

seedlings, tillers and flowers of switchgrass using 454 based pyrosequencing. Using foxtail 

millet genome as a reference, greatly improved the assembly and annotation of switchgrass ESTs. 

It is estimated that nearly 90% of the gene space of switchgrass was identified based on ESTcalc, 

coverage of ultraconserved orthologs and planttribes, and genes in C4 photosynthesis pathway. 

This study more than doubles the current publicly available switchgrass ESTs. Next generation 

sequencing technologies provides a viable alternative to whole genome sequencing of polyploids 

like switchgrass. 
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