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Apyrases (NTP-diphosphohydrolases, EC 3.6.1.5) are a family of enzymes that 

catalyze the hydrolysis of phosphoanhydride bonds of nucleoside tri- and di- phosphates 

in the presence of divalent cations. In Arabidopsis, AtAPY1 and AtAPY2 function in part 

as ectoapyrases and have been shown to play important roles in controlling the 

concentration of extracellular nucleotides, which, in turn, can regulate pollen germination 

and growth, and cell expansion in diverse plant tissues. We used an NCBI nucleotide 

blast keyed to Apyrase Conserved Regions (ACRs) to identify five other AtAPYs (3-7).  

To assess the biological function of each of these five AtAPY genes, the 

phenotypes of their T-DNA insertion mutants were analyzed. We did not observe any 

obvious phenotypes from the T-DNA insertion single knockout of any of these genes. 

However, double knockout mutants of AtAPY6 and 7 exhibited late anther dehiscence and 

low male fertility. Transmission and scanning electron microscopy revealed that the 

pollen grains of double knockout mutant of AtAPY6 and 7 are largely deformed in shape 

and in most cases, the cell walls of the pollen grains are interconnected. Using an 

AtAPY6-YFP fusion protein in transgenic Arabidopsis, AtAPY6 was localized to 



viii 
 

intracellular vesicles. Quantitative reverse transcription polymerase chain reaction (qRT-

PCR) assays and promoter:GUS fusion analysis demonstrated that the transcripts of both 

AtAPY6 and 7 are expressed in mature pollen grains, AtAPY6 is also expressed in the 

veins and hydathode regions of rosette leaves, and AtAPY7 is expressed in more diverse 

tissues such as roots, leaves, stems, pistils and sepals.  

The tissue specificity of AtAPYs 3, 4 and 5 expression was also determined 

using qRT-PCR assays and promoter:GUS fusion analysis. AtAPY3 and AtAPY4 were 

primarily expressed in roots but not in rosette leaves. AtAPY5 was expressed primarily in 

rosette leaves but only weakly in roots. AtAPY5 and AtAPY7 were upregulated when the 

rosette leaves are wounded or exposed to drought stress.  

RNA interference (RNAi) was performed to simultaneously suppress the gene 

expression of AtAPYs 3, 4, 5 to around 10% of that of the wild type. However, we did not 

observe any obviously altered phenotypes in the RNAi lines. The suppression of AtAPYs 

3, 4, 5 by RNAi in the background of AtAPY6 single knockout did not cause any 

phenotype either. A possible explanation for this lack of phenotype in the RNAi lines is 

that functional redundancy exists between AtAPYs 3-5 and AtAPYs 1-2 and/or AtAPYs 

6-7. 
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CHAPTER 1: INTRODUCTION 
 

Apyrases (NTP-diphosphohydrolases, EC 3.6.1.5) are enzymes that catalyze the 

hydrolysis of phosphoanhydride bonds of nucleoside tri- and diphosphates (NTPs and 

NDPs) in the presence of divalent cations. The name apyrase (adenylpyrophophatase) 

was first coined by Meyerhof (Meyerhof, 1945) to describe enzymes in yeast that can 

hydrolyze pyrophosphate bonds in NTPs and NDPs. Apyrases have been discovered in all 

the high eukaryotes and a few prokaryotes. In Arabidopsis, AtAPY1 and 2 have been 

shown to play important roles in physiological processes such as pollen germination 

(Steinebrunner et al., 2003) and seedling growth and development (Wolf et al., 2007, Wu 

et al., 2007). Their distribution is primarily in rapidly growing or actively secreting 

tissues. However, the functions and distributions of the other five apyrases in Arabidopsis 

(AtAPYs 3-7) were as yet unstudied prior to the research described in this dissertation.  

Thus the data provided here provide first-time information on the roles of AtAPYs 3-7 in 

plant growth and development. 

For the remainder of this dissertation the prefix “At” will be dropped before the 

apyrase gene and protein names. 

 

1.1 General characteristics of apyrases 
 

Differences between apyrases and ATPases 
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Many different types of enzymes are able to hydrolyze ATP. Apyrases are 

distinct from other phosphohydrolases in that they have broad nucleotide substrate 

specificity, broad divalent cation requirement, and insensitivity to known inhibitors of 

various ATPases, phosphatases, and adenylate kinase (Komoszynski and Wojtczak, 1996).  

Apyrases can hydrolyze both ATP and ADP with the efficiency of splitting ATP 

typically only 1-2 times as high as that for ADP. Most ATPases can only hydrolyze ATP. 

Some ATPases can use ADP as substrate, but their hydrolyzing efficiency of splitting ATP 

is usually ten times higher than that for ADP. Moreover, apyrases are capable of 

metabolizing other purine and pyrimidine tri- and diphosphates (Komoszynski and 

Wojtczak, 1996).   

A second distinguishing feature of apyrases is that their enzyme activities are 

dependent on diverse divalent cations such as Ca2+, Mg2+, Mn2+ and Zn2+. Different 

apyrases may have different preferences in the type of divalent cations (Guranowski et al., 

1991). ATPases usually use only Mg2+ as a co-factor (Komoszynski and Wojtczak, 1996). 

A third difference between apyrases and ATPases is that apyrases are typically 

insensitive to known inhibitors of various ATPases (P-, F- and V-type) such as azide and 

vanadate. Hence, apyrases have been termed E-type ATPases (Plesner, 1995). 

These unique biochemical characteristics of apyrases are reflected by unique 

protein sequence motifs. Almost all of the apyrase proteins contain five highly conserved 

sequences called Apyrase Conserved Regions (ACRs) (Handa and Guidotti, 1996; 

Vasconcelos et al., 1996), which are not found in other phosphohydrolases. Most ATPases 

share a Walker ATP binding domain (Walker et al., 1982) that is absent from apyrases.  
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Subcellular localization of apyrases 

Based on solubility, apyrases can be grouped into two major forms: soluble 

apyrases and membrane-bound apyrases. Soluble apyrases are found, for example, in 

some hematophagous arthropods in which the apyrases are secreted outside of the cells 

by the salivary glands (Valenzuela et al., 1996, Cheeseman 1998, Gayle et al., 1998, 

Mans et al., 2000). Membrane-bound apyrases are the more common type, and it is found 

in various eukaryotic organisms. In mammalian systems, membrane-bound apyrases are 

more commonly called ecto-nucleoside triphosphate diphosphohydrolases (E-NTPDases). 

There are 8 E-NTPDases discovered so far. NTPDases1-3 and 8 are localized on the 

plasma membrane with their catalytic site facing the extracellular milieu. NTPDases 4-7 

are reported to be localized on the membrane of the Golgi apparatus and endoplasmic 

reticulum (ER) with their active site facing the lumen of these organelles (Mulero et al., 

1999, Bigonnesse et al., 2004).  These Golgi/ER NTPDases can still be considered “ecto” 

because their active site faces away from the cytoplasm. However, in yeast, the Golgi/ER 

apyrases are considered endo-apyrases to distinguish them from plasma-membrane bound 

apyrases. Two yeast endo-apyrases,  GDA1 and YND1 (Abeijon et al., 1993, Gao et al., 

1999), are localized on the membrane of Golgi bodies with their active site facing the 

lumen (Abeijon et al., 1993; Xiao-Dong et al., 1999; Zhong & Guidotti, 1999). In plant 

systems, apyrases are found at more diverse locations such as the nuclei (Chen and Roux, 

1986), regions around the nucleus, cytoplasm (Yoneda et al., 2009), cytoskeleton (Yoneda 
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et al.,  2009), Golgi bodies, plasma membranes (Etzler et al., 1999) and apoplastic cell 

walls (Riewe et al., 2008a). 

 

Protein Structure characteristics of Apyrases 

All the apyrases have 1 or 2 transmembrane domains (TMDs). The relationship 

between TMDs and the protein function has been mostly studied with vertebrate cell-

surface apyrases NTPDase 1-3 and 8. For NTPDase1, solid evidences have been shown 

that the presence and the state of the 2 TMDs are important for the catalytic activities of 

the enzyme. Removal of either 1 or 2 TMDs or solubilization of NTPDase1 by detergent 

reduces the enzymatic activity to 10% (Grinthal and Guidotti, 2006). Modification of 

intramembrane cysteine residues by sulfhydryl reagents inhibits NTPDase2 and 3 

(Caldwell et al., 2001). 

Most Apyrases contain five Apyrase Conserved Regions (ACRs), whereas a few 

contain four ACRs. The importance of the amino acids in the ACRs has been studied 

extensively by mutagenesis. The sequences of the amino acids in the ACRs are: ACR1, 

DAGSSHT; ACR2, GATAGMRLL; ACR3, GQDEG; ACR4, DLGGASTQ; ACR5, 

WALG (Knowles, 2011). The DXG sequence in ACR1 and 4 found in many members of 

actin/hexokinase/hsp70 family are known as the phosphate binding motif 1 and 2 (Hurley 

1996).  Mutagenesis studies on the conserved amino acids in the ACRs of NTPDase3 are 

done by Kirley et al. (2006). The results show that aspartate and glycine in ACR1 and 4, 

glutamate in ACR3, and serine and glutamine in ACR4 are essential for enzyme activity. 
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Mutation of tryptophan in ACR5 resulted in lower protein expression but increased 

ATPase activity (Kirley et al., 2006). 

The first crystal structure of apyrase was solved with bacterially expressed rat 

NTPDase2 extracellular domain (Zebisch and Sträter, 2008). A second crystal structure 

was solved with the Legionella pneumophila Lpg1905 NTPDase (Vivian et al., 2010). 

Despite its low sequence identity with rat NTPDase2, the structure of Lpg1905 NTPDase 

is nearly superimposable with that of the rat NTPDase2. Both models confirm that: the 

NTPDase structure is homologous to the bacterial exopolyphosphatase; two lobes are 

present, each with an extended RNase H fold that is also seen in members of 

actin/hexokinase/hsp70 family; amino acid residues of ACRs 1-4 are located in the ATP 

binding site, etc (Vivian et al., 2010).   

All the vertebrate and plant apyrases fall into the actin/hexokinase/hsp70 super 

family. However, the apyrases found in the saliva of mosquitoes and other arthropods 

such as Triatomine bugs, belongs to the 5’-nucleotidases family (Champagne et al., 1995; 

Mathews et al., 1996, Faudry et al., 2004; Ribeiro et al., 2004; Santos et al., 2007; 

Assumpção et al., 2008). Apyrases from both families require either Ca2+ or Mg2+ for 

their activities. The third group of apyrases was identified in the saliva of the bed bug 

Cimex lectularius. This novel type of apyrase had homology with neither the actin/heat 

shock70/sugar kinase superfamily nor the 5’-nucleotidase family of apyrases, and its 

function is dependent on Ca2+ but not Mg2+, Mn2+ or Zn2+ (Valenzuela et al., 1998).  

Oligomerization is important for the function of cell-surface NTPDases. There 

is strong evidence of the existence of a stable dimer for the full-length human NTPDase3 
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and the conserved glutamine being responsible for NTPDase3 dimer formation via 

hydrogen bonding (Gaddie and Kirley, 2009).  

Glycosylation of vertebrate NTPDases is important for correct protein folding, 

membrane targeting, and activity (Smith and Kirley, 1999; Murphy and Kirley, 2003). 

Mutagenesis of cysteine C399 in NTPDase2 produced an inactive protein that had 

defective glycosylation and was retained in the ER (Mateo et al., 2003), supporting the 

importance of glycosylation in proper protein folding and targeting of the enzyme. 

Glycosylation appears to be more important to the cell-surface NTPDases than to 

intracellular NTPDases. The intracellular NTPDases normally has fewer potential 

glycosylation sites in the protein sequence than cell-surface NTPDases. The activity of 

cell-surface NTPDases is severely affected by inadequate glycosylation, whereas 

glycosylation is not required for the activity of the intracellular NTPDase5 and 6 

(Murphy-Piedmonte et al., 2005; Ivanenkov et al., 2003). 

The phosphorylation of apyrases has not been studied as much as the 

glycosylation. Wink et al. (2000) showed evidence for the phosphorylation of NTPDase1 

from rat brain. Hsieh et al. (2000) showed that pea apyrase PsNTP9 can be 

phosphorylated by human protein kinase CKII. Considering that apyrases are affected by 

many physiological conditions and that multiple consensus phosphorylation sites exist in 

the apyrase protein sequences, it is likely apyrases are regulated by phosphorylation. 

 

1.2 Functions of apyrases in animals, yeasts and prokaryotes 
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Apyrases in vertebrate systems  

Apyrases have been isolated in many different vertebrate organism including 

human, mouse, rat, chicken, frog, fish, etc (Kegal et al., 1997; Kirley 1997; Maliszewski 

et al., 1994; Lemmens et al., 2000; Rico et al., 2006). Mammalian apyrases especially 

human apyrases are the ones that are studied most intensively. There are eight apyrases 

identified in human and are named ecto-nucleoside triphosphate diphosphohydrolases (E-

NTPDases) 1-8. The nomenclature of homologous apyrases in other mammals and 

vertebrates follows the pattern of the nomenclature of human NTPDases (Zimmermann 

2001).  

NTPDases 1-3 and 8 are closely related and are expressed to the cell surface. 

These four plasma-membrane localized apyrases all contain a predicted N-terminal and 

C-terminal transmembrane domain and five Apyrase Conserved Regions (ACRs) within 

the large extracellular loop. NTPDases 1-3 and 8 are involved in modulation of 

purinergic signaling in vertebrates. In addition to being important energy carriers and 

building blocks for cellular metabolism, NTPs and NDPs are also very essential signaling 

molecules in vertebrate systems. They regulate many physiological activities such as 

neurotransmission, inflammation, immunity and blood platelet aggregation (Burnstock 

1995, 2002, 2004). The role of plasma-membrane bound NTPDases, more specifically 

NTPDases 1-3 and 8, is to regulate the concentration of extracellular nucleotides and 

thereby modulate their biological effects, which are exerted by the activation of numerous 

purinoreceptors (P2 receptors). For example, NTPDase1 plays a key role in the ability of 



8 
 

the vascular endothelium to block platelet aggregation by clearing ADP from the blood 

(Kaczmarek et al., 1996, Miura et al., 1987, Pinsky et al., 2002). An opposing function to 

NTPDase1 has been demonstrated in vitro for NTPDase2. The latter ectonucleotidase 

facilitates platelet aggregation by generating ADP in the presence of ATP (Se´vigny et al., 

2002). Also of significant physiological importance is the final conversion of the 

NTPDase end product AMP to adenosine by ecto-5’-nucleotidase. Adenosine exerts 

various biological effects that often contrast with the functions of P2 receptors. For 

example, adenosine has anti-aggregation and anti-inflammatory properties (Klinger et al., 

2002).  Tissue specificity studies reveal that these NTPDases all have unique expression 

patterns amongst the tissues, which indicates their different physiological importance to 

the organisms though similar mechanism of function. For example, Northern blot 

analysis and/or Western blot analysis indicated that NTPDase1 transcript is abundant in 

human placenta, spleen, peripheral blood leukocytes and lung, NTPDase2 is highly 

expressed in brain, muscle and testis, but in very low amounts in the liver and lung. 

NTPDase3 was detected in the neurons of adult brain and is also highly expressed in the 

pancreas. NTPDase8 is highly expressed in the liver and is also localized to the bile 

canaliculi (Kaczmarek et al., 1996; Chadwick and Frischauf, 1998; Fausther et al., 2007). 

NTPDases 4-7 are intracellular integral membrane proteins. NTPDases 4 and 7 

are predicted to have 2 transmembrane domains at the N- and C-termini whereas 

NTPDases 5 and 6 have only one transmembrane domain at their N-termini. NTPDases 

4-7 have 2-3 potential N-glycosylation sites compared to six or more in the cell surface 

NTPDases. This is probably because glycosylation of the intracellular NTPDases is less 
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important for their enzymatic activities compared to the plasma membrane localized ones. 

Both NTPDase4 and 7 can hydrolyze NTP and NDP, but NTPDases5 and 6 are mostly 

GDPases and UDPases and do not hydrolyze NTPs well (Knowles, 2011). NTPDase4 is 

localized to the Golgi body and the localization can be disrupted by brefeldin (Wang and 

Guidotti, 1998). Because it is related to a yeast apyrase YND1 that functions in mediating 

glycosylation in Golgi, NTPDase4 has been thought to play similar roles in mammalian 

cells as in yeast cells. Both ER and secreted form of NTPDase5 have been reported. The 

amount of secreted form decreases after brefeldin treatment. The ER location and its 

UDPase activity suggested that NTPDase5 is involved in reglucosylation in glycoprotein 

folding in the ER (Mulero et al., 1999). The majority of NTPDase6 is associated with 

Golgi, but soluble form and some cell surface form has been found as well (Braun et al., 

2000). NTPDase7 is localized to intracellular vesicles (Shi et al., 2001).  

 

Apyrases in insects 

When the skin of vertebrates is punctured, ADP is released by injured cells and 

dense granules of activated platelets. The released ADP activates platelet purinergic 

receptors which initiate the recruitment and aggregation of platelets and the formation of 

plugs (Kunapuli, 2002; Benoit and Dogne´, 2003; Murugappan et al., 2004).  As a 

counter measure, in blood sucking arthropods, salivary apyrases have been evolved to 

metabolize the ADP signals when injected into the host and thus inhibiting the activation 
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of aggregation of host platelets and facilitating the feeding on blood (Ribeiro, 1995; 

Smith and Kirley, 2006).  

The search of Drosophila melanogaster genome only yielded one apyrase gene 

with four different transcripts, NTPase-RA, NTPase-RB, NTPase-RC and NTPase-RD 

(Knowles 2009).  NTPase-RC and RD are 271 amino acids long, lacking ACR1 and 

ACR2. NTPDase-RA and RB are 461 and 464 amino acids long and are related to human 

NTPDase6 (Chadwick and Frischauff, 1998). The expressed NTPDase-RA is an NDPase 

with GDP, IDP and UDP as best substrates. Fluorescence microscopy shows that the 

Drosophila NTPDase6 is located in the ER of the transfected S2 cells and is not found as 

soluble form outside the cells (Knowles 2009) . The fact that there is only one 

intracellular apyrase and the absence of P2 receptor genes in the Drosophilia genome 

(Littleton and Ganetzky, 2000) indicate purinergic signaling pathways do not exist in this 

organism.  

 

Apyrases in yeasts 

The two apyrases GDA1 and YND1 in yeast are both integral membrane 

proteins localized to the Golgi membrane. In Sacchromyces cerivisiae, the GDA1 is 518 

amino acids long, the YND1 is 630 amino acids long (Abeijon et al., 1993; Gao et al., 

1999). Both apyrases contain five Apyrase Conserved Regions (ACRs) and one 

transmembrane domain. Unlike the NTPDase6 type GDA1, the transmembrane domain 
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of YND1 is on the C-terminus side of the protein. A vertebrate homolog with similar 

topology to YND1 has not been reported (Knowles 2011).  

The major function of GDA1 is to hydrolyze GDP into GMP in the Golgi body, 

where the anti-port transportation of nucleotide sugar across the membrane into the Golgi 

body is coupled to the removal of GMP to the outside of the Golgi body. The nucleotide 

sugars are used as substrates by the glycosyltransferases reactions for adding 

polysaccharide moieties to the proteins and lipids. Compared to GDA1, YND1 has 

broader substrate specificity and can hydrolyze multiple types of NTPs and NDPs. The 

function of YND1 seems to be partially redundant to that of GDA1. Knockout of either 

GDA1 or YND1 does not affect cell viability but double knockout of both genes causes 

loss of N- and O- linked glycosylation and defects in cell-wall integrity and cell growth 

(Gao et al., 1999).  

More recently, YND1 in yeast has been reported to mediate viral protein E4orf4 

induced toxicity (Mittelman et al., 2010). E4orf4 is an adenovirus protein that has been 

shown to induce non-classical transformed cell-specific apoptosis in both mammalian and 

yeast cells. Through a genetic screen, the Golgi localized YND1 has been shown to 

associate with E4orf4 and interact with a previously identified binding partner of E4orf4, 

the heterotrimeric protein phosphatase 2A (PP2A) (Maoz et al., 2005; Mittelman et al., 

2010). The deletions of PP2A and YND1 confer additive partial resistance to E4orf4. By 

mutation analysis, the C-terminus cytosolic tail (113 amino acid residues) of YND1 is 

identified as the protein domain required for the mediation of E4orf4 induced cell toxicity.  
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In addition to the Golgi-localized endo apyrases, an ecto-apyrase has been 

reported in a pathogenic yeast Candida parapsilosis, the causative agent for serious 

nosocomial infections. This ecto-apyrase is Mg2+ stimulated and can best hydrolyze ATP, 

as well as ADP, ITP, CTP, GTP and UTP with less efficiency. The activity of the ecto-

apyrase is directly related with adhesion of the yeast cells to the host epithelial cells. The 

authors speculated the cell surface located apyrase in the pathogenic yeast functions to 

counter the ATP-mediated anti-pathogen immune responses from host cells (Kiffer-

Moreira et al., 2010).    

 

Apyrases in prokaryotes 

The expression of apyrases in prokaryotes is rare and has been mostly found in 

pathogenic bacteria. In Shigella flexneri and related enteroinvasive Escherichia coli 

(EIEC) strains, and in the thermoacidophilic archaeon Sulfolobus acidocaldarius (Amano 

et al., 1993; Berlutti et al., 1998; Bhargava et al., 1995), a periplasmic apyrase with 

molecular weight of around 27 kD has been isolated. This apyrase can hydrolyze both 

ATP and ADP. But compared to the CD39/GDA1 type apyrases in eukaryotes, it is much 

smaller in size and does not contain apyrase conserved regions (ACRs). The apyrase of 

Shigella and EIEC is encoded by the virulence plasmid encoded phoN2 gene (Buchrieser 

et al., 2000; Venkatesan et al.; 2001; Santapaola et al., 2002), and is secreted across the 

inner membrane through Sec machinery (Bhargava et al., 1995; Santapaola et al., 2002). 

The function of this apyrase has been postulated to be involved in pathogenesis related 
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processes such as mitochondrial damage, host cell death, or pathogen-induced actin 

polymerization (Bhargava et al., 1995; Mantis et al., 1996; Berlutti et al., 1998; 

Santapaola et al., 2002). 

Two apyrases, Lpg0971 and Lpg1905 (Chien et al., 2004), have been identified 

in Legionella pneumophilia, the main causative agent of Legionnaires disearse - a severe 

form of pneumonia. Lpg1905 is the first CD39/GDA1 type apyrase discovered in 

prokaryotes. It contains five ACRs and is able to hydrolyze nucleoside tri- and 

diphosphates including ATP, ADP, GTP and GDP, with similar efficiencies (Sansom et al., 

2008). Both Lpg0971 and Lpg1905 are shown to be secreted by the bacterium in vitro. 

Since Legionella is a parasite of protozoan amoebae and replicates in the host cells, the 

site of action for Lpg 0971 and Lpg1905 may be intracellular. Lpg1905 has been shown 

to be an important virulence factor for Legionella-host interaction. The defect form of 

Lpg1905 leads to deficient replication of Legionella within the amoebae cells, epithelial 

cell and macrophages (Sansom et al., 2007, Sansom et al., 2008).  

Since the apyrases Lpg0971 and Lpg1905 in the pathogenic bacteria share high 

homology to their eukaryotic hosts, it has been proposed that they originated from lateral 

gene transfer from eukaryotic hosts, or from bacterial genes that became eukaryotic-like 

by gradual adaptation to the intracellular environment of host cells (Lurie-Weinberger et 

al., 2010).   

 

1.3 Function of apyrases in plants 
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Apyrases have been found in a variety of plant species, including potato 

(Solanum tuberosum) (Handa and Guidotti, 1996), Arabidopsis (Steinebrunner et al., 

2000), cotton (Gossypium hirsutum) (Clark et al., 2010), and leguminous plants soybean 

(Glycine soja) (Day et al., 2000), pea (Pisum sativum) (Hsieh et al., 1996), Medicago 

truncatula (Cohn et al., 2001), Lotus japonicas (Roberts et al., 1999), Mimosa pudica 

(Ghosh et al., 1998) and Dolichos biflorus (Etzler et al., 1999). In this section, I will 

review the functional analyses performed on plant apyrases except for the Arabidopsis 

apyrases which will be the topic of the next section. 

The potato apyrase was the first plant apyrase studied. The potato apyrase was 

isolated biochemically about 60 years ago without cloning of the gene (Krishnan 1948). 

After then, multiple isoforms of potato apyrases have been isolated and characterized 

biochemically. The function of the potato apyrase in starch synthesis has been proposed 

(Traverso-Cori et al., 1970; Valenzuela et al., 1989). The potato apyrase is widely used in 

molecular biology research for elimination of ATP and is available through Sigma 

Company (Knowles, 2011).  Unlike most of the other plant apyrases which are reported 

to be localized on either plasma membranes or Golgi bodies, the potato-specific apyrase 

is reported to be soluble and does not seem to bind strongly to membranes. Three 

isoforms of the potato-specific apyrases have been cloned and termed StAPYs 1, 2 and 3. 

Silencing of these genes with RNA interference (RNAi) construct under the constitutive 

35S promoter caused a decrease in apyrase activity in the transgenic lines to less than 

10% of that of the wild type. The suppression of the potato-specific apyrases led to 

general slowed growth, an increase of tuber number and changes in tuber morphology. 
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DNA microarray studies revealed that decreased levels of apyrase expression in the RNAi 

lines led to upregulation of cell wall genes involved in growth and genes involved in 

energy transfer and starch synthesis. Through methods such as transient expression of 

apyrase-GFP fusion in Arabidopsis leaves and apoplastic apyrase activity measurement, 

the potato-specific apyrases were found to be localized in the apoplastic regions (Riewe 

et al., 2008a). Additionally, using intact potato tuber slices as an experimental system, it 

was shown that apoplastically localized potato-specific apyrases may function in 

cooperation with adenosine nucleosidases and participate in the salvage of extracellular 

ATP (Riewe et al., 2008b). 

Three apyrases, PsNTP9, PsAPY1and PsAPY2 (Chen and Roux, 1986; Shibata 

et al., 2001) were identified in pea. PsAPY1 is the same protein as PsNTP9 which is 

identified and cloned earlier. PsNTP9 was purified from etiolated pea plumule nuclei 

fractions. The purified PsNTP9 can hydrolyze ATP, GTP, CTP and UTP with an optimal 

pH of 7.5. The PsNTP9 is reported to be stimulated by red light and inhibited by far red 

light.  It can bind to calmodulin and can be phosphorylated by protein kinase CKII (Chen 

and Roux, 1986; Chen et al., 1987; Hsieh et al., 1996; Hsieh et al., 2000). PsNTP9 has 

been shown to be able to complement a yeast phosphate-transport mutant and to 

significantly increase phosphate uptake of transgenic plants when it is ectopically 

expressed in Arabidopsis (Thomas et al., 1999). Over-expression of PsNTP9 in wild-type 

Arabidopsis also improved the xenobiotic resistance of the transgenic plants which 

suggests that apyrase might play a role in toxin resistance (Thomas et al., 2000). A recent 

immunolocalization study using anti-PsAPY1 antibody shows that PsAPY1 is found on 
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the cytoplasm and around the nuclei in elongating and differentiating tissues but less in 

mature tissues, suggesting that the apyrase play important roles in growth and 

development of tissues (Yoneda and Davis, 2009). 

In Dolichos biflorus, a lectin called Lectin Nucleotide Phosphohydrase (LNP) 

that binds to Nod factors produced by nitrogen-fixing symbiotic rhizobial strains was 

isolated from root protein extract. LNP is found to have typical biochemical 

characteristics of apyrases and contain four apyrase conserved regions (ACRs) (Etzler et 

al., 1999). The LNP is activated by multiple oligosaccharide Nod factors. 

Immunolocalization studies reveal that LNP is located on root hair cell surface. Anti-LNP 

serum can inhibit root hair deformation and reduce the formation of nodules after 

inoculation of rhizobia. By these findings, the authors suggest that the LNP play an 

important role in mediating signal transduction in nodulation by root rhizobia (Etzler et 

al., 1999).   

In another nodule-forming leguminous plant - soybean, two apyrases, Gs50 and 

Gs52 were characterized (Day et al., 2000). Fractionation of cellular membranes and 

Western blot analysis reveal that Gs50 is associated with Golgi bodies and Gs52 is 

associated with plasma membrane. Both genes are found to be expressed in roots, stems 

and flowers, but only Gs52 is upregualted by noduation in the root. In agreement to the 

gene expression data, anti-Gs52 antiserum can block nodulation in root hairs. When Gs52 

is ectopically over-expressed in Lotus japonicus roots, it significantly increases root hair 

infection by rhizobia and root nodule numbers (McAlvin and Stacey, 2005). RNA 

interference-mediated gene silencing of the GS52 gene decreases the nodule numbers in 



17 
 

transgenic soybean roots (Govindarajulu et al., 2009). More recently, through 

computational modeling and mutagenesis study, amino acids important for the catalytic 

activity of Gs52 are identified. Mutant forms of Gs52 with less than 10% apyrase activity 

were isolated. When both mutant and wild-type forms of Gs52 were ectopically 

expressed in transgenic soybean and Medicago truncatula, a correlation between Gs52 

activity and nodulation in root has been discovered (Tanaka et al., 2011).  

In Medicago truncatula, six apyrase genes were identified, including MtAPY1;1, 

MtAPY1;2, MtAPY1;3, MtAPY1;4, MtAPY1;5, and MtAPY2 (Cohn et al., 2001, Navarro-

Gochicoa et al., 2003). MtAPY1;1 to MtAPY1;5 are very similar and belong to the 

legume-specific family, whereas MtAPY2 is more closely related to the Arabidopsis 

apyrases AtAPY1 and AtAPY2. Phylogenetic analysis shows both MtAPY1s and MtAPY2 

are related to yeast GDA1 and mammalian NTPDases 5 and 6. Northern blot analyses 

show that four of MtAPY1 are upregulated by stress response in root that seems to be 

ethylene independent. But unlike the soybean and Dolichos biflorus apyrase homologs, 

Neither MtAPY1 or MtAPY2 seems to be induced by nodulation (Navarro-Gochicoa et al., 

2003). 

In cotton (Gossypium hirsutum), two apyrases – GhAPY1 and GhAPY2 were 

cloned and found to have high similarity to Arabidopsis AtAPY1 and AtAPY2. Both 

GhAPY1 and 2 are up-regulated when the cotton fibers are at a fast elongation growth 

phase. It is shown that GhAPY1 and 2 may function to remove extracelluar ATP which is 

released by the cotton ovules and is inhibitory to the cotton fiber elongation likely 

through ethylene signaling (Clark et al., 2010).  
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1.4 Apyrases in Arabidopsis 
 

Two highly similar apyrases in Arabidopsis, APY1 and APY2, were identified 

(Steinebrunner et al., 2000). These two apyrases share 87% identity at the amino acid 

level. The transcripts of APY1 and APY2 are widely distributed; however, the expression 

patterns are not identical. Both apyrases contain five Apyrase Conserved Regions (ACRs), 

an ATP-binding motif and a hydrophobic segment at the N-terminus. However, only 

APY1 contains a calmodulin (CaM) -binding domain. The two cDNAs were 

overexpressed in bacteria, and the resulting proteins were biochemically analyzed. The 

purified proteins displayed enzymatic properties characteristic of apyrases, such as the 

hydrolysis of ATP and ADP, but not AMP, and an insensitivity to inhibitors of ATPases. 

Mutants of APY1 and APY2 were isolated in a reverse genetic approach. The 

single KO mutants lacked a discernible phenotype. The double KO mutants, however, 

exhibited a complete inhibition of pollen germination, and this correlated with positive 

GUS staining in the pollen of apyrase promoter:GUS fusion transgenic lines. The vast 

majority of the pollen grains of these mutants was identical to wild type in size, shape, 

and nuclear state and was viable as assayed by metabolic activity and plasma membrane 

integrity. Complementation with either APY1 or APY2 cDNA rescued pollen germination, 

confirming that the phenotype was apyrase specific (Steinebrunner et al., 2003). 

Apyrase promoter:GUS fusion transgenic lines provided other information 

about the tissue localization of APY1 and APY2. In etiolated seedlings the upper portion 
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of the hypocotyls is heavily stained with GUS, but no stain can be detected in cotyledons. 

The promoter:GUS staining is also high in root tips, including columella cells (Wu et al., 

2007). These data can give us hints about the relationship of apyrases with the growth 

and development of hypocotyls and roots.  

Due to the fact the APY1 and APY2 double knockout pollen is lethal, an RNAi 

approach has been used to study the loss-of-function effect of both apyrases. A steroid-

inducible RNAi line that is targeted to APY1 in the apy2 knockout background was 

generated. Upon induction by estradiol, APY1 gene expression is significantly knocked 

down. In correlation with the knockdown of APY1 expression, the hypocotyl elongation 

in dark and root elongation in light of the RNAi lines seedlings were significantly 

reduced as compared to wild type (Wu et al., 2007).  

Using the NCBI BlastP program, five more putative apyrase genes in the 

Arabidopsis genome were found. Their deduced amino acid sequences all contain the five 

ACRs. We named these five additional putative apyrases APYs 3-7. Their gene 

identification numbers are At1g14240, At1g14230, At1g14250, At2g02970 and 

At4g19180, respectively. APYs 3, 4, 5 and 6 show a high similarity (over 60%) in amino 

acid sequence with each other. APY7 is much larger in size than the other apyrases and its 

sequence is not very similar to that of APYs 3-6. The physiological role of the five 

additional putative apyrases is not known and has not been studied before. The research 

described in this dissertation was based on the understanding that these 5 putative 

apyrases are very likely true apyrases, and it aims to uncover their physiological role in 

Arabidopsis thaliana.  
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Experimental results presented in this dissertation show that T-DNA insertion 

single knockout of each of APYs 3-7 do not have any observable phenotypes. However, 

double knockout mutants of APY6 and 7 exhibit late anther dehiscence and low male 

fertility. Confocal microscope analysis of the APY6-YFP fusion protein in transgenic 

Arabidopsis demonstrated that APY6 was localized to intracellular vesicles, probably 

Golgi bodies, but additional studies would need to be done to confirm this finding. qRT-

PCR assays and promoter:GUS fusion analysis demonstrated that both APY6 and 7 are 

expressed in mature pollen grains. The tissue specific expression patterns of APY3, 4 and 

5 have also been studied using qRT-PCR assays and promoter:GUS fusion analysis. RNA 

interference (RNAi) based on a 431 bp conserved DNA sequence of APYs3, 4, 5 was 

performed to simultaneously suppress their gene expression for loss-of-function analysis 

of these genes. However, no obvious phenotypes have been observed from the RNAi 

lines. 
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CHAPTER 2: DOUBLE KNOCKOUT MUTANTS OF 
APYRASES 6 AND 7 EXHIBIT LATE ANTHER 

DEHISCENCE AND REDUCED FERTILITY 
 

2.1 Introduction 
 

To help evaluate the functions of APYs3, 4, 5, 6, and 7 we assayed the 

phenotypes of single knockouts of each of these genes as well as various combinations of 

double and triple knockouts. Among all these mutants the only one that had a phenotype 

obviously different from wild-type plants was the APY6 and 7 double knockout, which 

we will refer to here as apy6apy7 mutant. In this Chapter we describe this mutant and 

provide details on its phenotype, which is late anther dehiscence and reduced male 

fertility. As an introduction to this phenotype we will review the current understanding of 

pollen and anther development and anther dehiscence, which has been informed primarily 

by extensive studies on microsporogenesis and microgametogenesis in multiple model 

systems, including Arabidopsis, tobacco, and rice.  These studies have been of great 

importance both for a fundamental understanding of plant reproduction and for 

agricultural technologies that generate hybrid and transgenic crops (Ma, 2005).  

Floral and anther developmental stages  

The floral development in Arabidopsis has been divided into 12 stages based on 

morphological landmarks that were identified by scanning electron microscopy (Smyth et 
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al., 1990). Early stages include the initiation of the flower buttress and primordia, with 

sepal primordia arising at stage 3. Both stamen and petal primordia are initiated at stage 5.  

At stage 6, the sepal continues to develop and encloses the bud. At the stage 7, four long 

and two short stamens form with the differentiation of anther and filament tissue. Four 

locules appear in the anther of the long stamen at the end of stage 8. At stage 9, the petal 

primordia start at the base of the flower, and meiosis takes place in the anther locules. 

From stage 10 to 12, pollen continues to develop to maturity, stigmatic papillae appear 

and the petals grow to the length of long stamens.  This is followed by anther dehiscence 

and the opening of the flower. 

In order to specifically examine anther development, Sanders et al. (1999) used 

light microscopy sections to divide anther development into 14 stages based on tissue 

morphological and cellular features. At stage 1, the anther primordium forms as a result 

of cell divisions in the L1, L2 and L3 layers of the floral meristem. At stage 2, the 

epidermal cell layer forms by anticlinal divisions in the L1 layer, periclinal divisions in 

the four corners of the L2 layer give rise to archesporial cells, and anther primordia 

become oval-shaped. At stage 3, primary parietal and sporogenous layers are derived 

from archesporial cells. Secondary parietal and sporogenous layers form by further 

divisions of the primary layers. At stage 4, the outer secondary parietal layer further 

divides and differentiates into an endothecium layer and a middle layer, the inner 

secondary parietal layer divides and develops into the tapetum layer, a four-lobed pattern 

of the anther appears with the formation of a stomium region (notch between lobes), and 
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vascular and connective tissue initiates through cell division and differentiation in the 

original L3 layers in the center of the stamen. At stage 5, the four locules are more clearly 

defined. All anther cell types appear, including epidermis, endothecium, middle layer, 

tapetum and microspore mother cells (MMC). At stage 6, MMCs enter meiosis, the 

middle layer degenerates and becomes crushed, the tapetum becomes vacuolated and 

anther size is increased. At stage 7, meiosis is completed and haploid tetrads dissociate 

from the tapetum and become free within the locules. At stage 8, the callose wall around 

the tetrads is degraded and individual microspores become separated. At stage 9, the 

anther continues to grow in size, the stamen filaments start to elongate, the microspores 

develop an exine wall and become vacuolated, and septum cells appear more distinctive. 

At stage 10, the tapetum starts to degenerate. At stage 11, pollen mitotic divisions occur 

inside the pollen grain, the tapetum continue to degenerate, endothecial cells expand and 

develop secondary thickening on the cell wall, septum cells start to degenerate and 

stomium differentiation begins. At stage 12, haploid pollen grains become tricelluar 

through two mitotic divisions, anthers become bilocular after septum degeneration and 

the stomium starts to degenerate. At stage 13, the stomium degenerates and breaks, anther 

dehiscence occurs and pollen grains are released. At stage 14, anther senescence starts 

and anther cells shrink, followed by the abscission of stamens from senescing flowers.  

Regulation of pollen development 

Through molecular genetic analysis of male sterile mutants, many genes and 

regulatory networks controlling anther and pollen development have been uncovered. 
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AGAMOUS (AG) MADS box transcription factor, together with other homeotic genes, 

are responsible for the initiation of floral organs in the meristem according to the ABCDE 

model (Robles and Pelaz, 2005). In the L2 cell layer, AG induces the initiation of 

archesporial cells via activation of transcription factors NOZZLE/SPOROCYTELESS 

(NZZ/SPL) (Ito et al., 2004). The transcription factors JAGGED (JAG) and NUBBIN 

(NAB) also act redundantly to promote the growth of stamen structure (Dinneny et al., 

2006). Two leucine-rich repeat receptor-like protein kinases (LRR-RLKs), BARELY 

ANY MERISTEM1 (BAM1) and BAM2, act redundantly to regulate the cell fate of 

parietal cells that give rise to the endothecium, middle cell layer and tapetum. They 

negatively regulate the sporogenous cell number by promoting the differentiation of 

surrounding somatic cells. It is proposed that BAM1 and BAM2 act in a positive-

negative-regulatory loop with NZZ/SPL to balance the formation of somatic and 

sporogenous cells (Hord et al., 2006; Feng and Dickinson, 2010).  

Downstream of NZZ/SPL, archesporial cell number and tapetal cell fate are 

regulated by a leucine-rich repeat receptor kinase EXTRA SPOROGENOUS 

CELLS/EXCESS MICROSPOROCYTES1 (EXS/EMS1) (Canales et al., 2002; Zhao et 

al., 2002) and its ligand TAPETAL DETERMINANT1 (TPD1) (Jia et al., 2008). Two 

functionally redundant LRR-RLKs, Somatic Embryogenesis Receptor-like Kinase 1 

(SERK1) and SERK2, are suggested to form a receptor complex with EXS/EMS1 in the 

tapetal plasma membrane (Albrecht et al., 2005; Colcombet et al., 2005). In exs/ems1 and 

the serk1serk2 double mutant, additional L2 layers cells undergo archesporial 
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specification, but the tapetal and middle cell layers are missing. Interestingly, even 

though the resulting sporogenous cells go through meiosis, they eventually degenerate, 

indicating the tapetum is important for the completion of late meiotic events.    

After tapetal specification, several genes are identified to be required for normal 

tapetal function and production of viable pollen. A basic helix-loop-helix (bHLH) 

transcription factor, DYSFUNCTIONAL TAPETUM1 (DYT1) (Zhang et al., 2006) is 

one of the early genes associated with tapetum development, and it acts downstream of 

NZZ/SPL and EMS1/EXS. Transcription factors ABORTED MICROSPORES (AMS) 

and MALE STERILITY1 (MS1) (Wilson et al., 2001) are the regulatory targets of DYT1. 

Mutants of these genes have degenerated tapetum and non-viable pollen. 

Pollen wall development 

The pollen wall is composed of an outer exine layer and an inner intine layer. 

The exine can be further divided into an outer sculptured layer, sexine, which has 

column-like (baculae) and roof-like (tectum) structures, and an inner layer, nexine. The 

exine is formed primarily of sporopollenin, a biopolymer mainly composed of long-chain 

fatty acids, phenylpropanoids, and oxygenated aromatic rings, which are synthesized 

predominantly by the tapetum (Scott, 1994; Piffanelli et al., 1998). The intine layer is 

pecto-cellulosic and is synthesized primarily by the microspore.  

Prior to the meiosis at anther stage 6, a transient callose (β-1,3-glucan) wall is 

synthesized by the microsporocytes, and it continues to develop in meiosis and later 
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encases the hypoid tetrads.  Within this callose layer, microspores start to develop and 

form a primexine layer, a microfibrillar polysaccharide matrix that serves as a template 

for subsequent sporopollenin deposition and exine formation (Scott et al., 2004). The 

presence of the callose layer appears to be critical for exine formation but is not 

necessary for pollen viability (Nishikawa et al., 2005).  

After tetrads are formed, tapetum cells start to synthesize callases which break 

down the callose wall and release the microspores into the locules. The timing of callose 

breakdown is critical, as pollen viability is dramatically affected by premature dissolution 

of the callose wall (Worrall et al., 1992).  

The tapetum functions as a factory that produces and secretes wall components 

such as precursors for sporopollenin. The wall components for exine are deposited on the 

primexine template to form the ornate, protective outer wall (Owen and Makaroff, 1995). 

The pollen coat functions partly to help the pollen adhere to the stigma surface. As the 

exine wall formation enters the final stages when microspores are released, the tapetum 

goes through a programmed cell death (PCD) pathway to release the full complement of 

compounds for wall formation into the anther locule. Controlled tapetal PCD is critical as 

mutants that possess alterations in this process display reduced male fertility. For 

example, the rice mutant tapetal degeneration retardation (Ostdr) shows delayed tapetal 

breakdown and delayed PCD, causing abnormal wall formation and microspore 

degeneration (Li et al., 2006). Several genes that are found to be important for correct 
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exine formation include The RUPTURED POLLEN GRAIN1 (RPG1), faceless pollen-1 

(flp1), and NO EXINE FORMATION1 (NEF1) (Ariizumi et al., 2004). 

Anther dehiscence 

The timing of anther dehiscence is tightly regulated and synchronized with 

pollen development to insure either cross- or self-fertilization. Anther dehiscence 

involves coordinated occurrence of multiple steps, including localized cellular 

differentiation of septum and stomium, expansion of endothecium and the thickening of 

its secondary wall, degeneration and breakdown of septum and stomium, and changes in 

the structure and water status of the anther to facilitate complete anther opening and 

pollen release (Wilson et al., 2011). 

The differentiation of septum and stomium occur early in the anther stage 4 

before pollen mother cell meiosis when the endothecium cell layer is formed (Sanders et 

al., 1999). The endothecium undergoes expansion during anther stages 6–10 and develops 

a lignin-cellulose type secondary cell wall thickening during anther stage 11  (Sanders et 

al., 1999; Scott et al., 2004). Endothecium secondary thickening is essential for providing 

the mechanical force for anther dehiscence (Keijzer, 1987; Bonner and Dickinson, 1989). 

At anther stage 12, the septum and stomium go through a PCD-related process 

of degeneration (Kuriyama and Fukuda, 2002; Sanders et al., 2005). At this time, wall-

degrading hydrolytic enzymes are involved to break down pectin between cells (Roberts 

et al., 2002), a process that also occurs during silique dehiscence,. It is thought that 
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enzymes and proteins linked to cell wall loosening are involved, including 

polygalacturonases (PGs), β-1,4-glucanases, and expansins (Bonghi et al., 1993; Taylor 

et al., 1993, 1994; Lashbrook et al., 1994; del Campillo and Bennett, 1996; Cho and 

Cosgrove, 2000). The final stages of anther dehiscence involve the dehydration of 

endothecium and epidermal cells.  Factors that may be involved in the regulation of 

anther dehydration include stomatal control on the adaxial surface of anthers (Keijzer, 

1987). Also, AtSUC1, a H+-sucrose transporter, has been shown to regulate osmotic 

potential in localized tissues (Stadler et al., 1999), and localized accumulation of cations 

(Matsui et al., 2000), and thus induce dehydration of the surrounding tissues in the anther. 

After the breakdown of stomium and septum, anther dehydration, and the shrinkage of 

outer epidermal cells, there is a build-up of tension in the anther through endothecium 

expansion and the secondary thickening of its wall. Then pollen grains expand within the 

locules and push outward, causing the anther to dehisce. 

Hormonal regulation of pollen development and dehiscence 

Jasmonic acid (JA) has been shown to be an important phytohormone to 

regulate many aspects of flower and pollen development, including anther development 

and dehiscence, and flower opening. Many JA mutants (Sanders et al., 2000; Stintzi and 

Browse, 2000; Devoto et al., 2002) have reduced male fertility, due to short filaments, a 

lack of dehiscence, and reduced pollen viability (Mandaokar et al.,2006). Jasmonic acid 

is synthesized in the filament and is thought to act partly through regulation of water 
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transport in the stamens and petals, which, in turn, is important later for filament 

extension and anther dehiscence (Ishiguro et al., 2001). 

Auxin is another hormone that plays an important role during both early and late 

pollen development (Cheng et al., 2006; Cecchetti et al., 2008). Most of the auxin in 

anthers appears to be locally synthesized rather than transported into the anther, since the 

auxin biosynthesis genes YUC flavin monooxygenases (YUC2 and YUC6) are expressed 

within the anther. The inhibition of auxin transport in the anther does not seem to affect 

the expression of the auxin reporter DR5::GUS significantly, or alter anther development 

(Cecchetti et al., 2008). In the yuc2yuc6 double mutant, neither pollen grain formation 

nor stamen elongation occurs, and the flowers are male sterile (Cheng et al., 2006). In 

tobacco, targeted expression of root loci B (rolB, an Agrobacterium oncogene that 

increases Auxin sensitivity) in the anther causes a delay in anther dehiscence (Cecchetti 

et al., 2008). In the auxin receptor quadruple mutant tir1 afb1,2,3, pollen maturation, 

endothecial lignifications, septum and stomium breakdown and anther dehiscence occur 

prematurely.  

All the information reviewed above on the genes and hormones that regulate 

pollen and anther development has clarified the molecular mechanisms controlling these 

processes. However, the factors that synchronize the occurrence of pollen maturation, 

anther dehiscence, and flower opening are still unknown. 

Previous studies identified two apyrases (APY1 and APY2) that have high- 

level expression in mature pollen grains and in pollen tubes of Arabidopsis during the 
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post-pollination stage (Steinbrunner et al., 2003). These two apyrases share 87% identity 

at the amino acid level (Steinbrunner et al., 2000). When the apy1 and apy2 single 

knockout plants were obtained from a T-DNA insertional pool and tested for phenotypes 

under different conditions, neither apy1 nor apy2 single knockouts exhibited obvious 

phenotypes compared to wild-type controls. However, knockout mutants of both APY1 

and 2 completely suppressed pollen germination and seedling development.  

In this chapter we show that in addition to APY1 and APY2, APY6 and APY7 are 

also expressed in anthers and in pollen. Although neither APY6 nor 7 alone are critical for 

normal anther function, the double knockout of both genes results in a major delay in 

anther dehiscence and reduction in male fertility. 

 

2.2 Materials and Methods 
 

Plant materials and growth conditions 

Arabidopsis thaliana ecotype Columbia (Col-0) was used as wild type. T-DNA 

insertion mutants and transgenic plants used in this work are all in Columbia background. 

When grown on soil, Arabidopsis seeds were sown on soil directly, without sterilization, 

and stratified at 4 °C for 3 days before starting growth in a ventilated growth chamber at 

23 °C with continuous white light. When germinating seeds on petri dishes, the seeds 

were first surface sterilized by 20% bleach solution for 15 minutes then thoroughly rinsed 

with ddH2O. Seeds then were then sown on petri plates on agar containing sterile 
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Murashige and Skoog (MS) basal salts 4.3g/L, 1% sucrose, 0.8% or 1.5% agar (0.8% for 

horizontal plates, 1.5% for vertical plates), 5mM MES, pH 5.7).  

In silico analyses of Arabidopsis apyrase sequences 

The protein sequences of apyrases from different organisms other than 

Arabidopsis were obtained from GeneBank. The alignment of apyrases sequences was 

performed through the ClustalW2 program (Chenna R et al. 2003). A phylogenetic tree 

was built with the MEGA 4.0 program (Tamura et al., 2007) and the statistical Neighbor-

Joining method (Saitou and Nei, 1987). With MEGA 4.0 program, the bootstrap 

consensus tree inferred from 1000 replicates is taken to represent the evolutionary history 

of the taxa analyzed (Felsenstein, 1985). Branches corresponding to partitions reproduced 

in less than 50% bootstrap replicates are collapsed. The percentage of replicate trees in 

which the associated taxa clustered together in the bootstrap test (1000 replicates) are 

shown next to the branches (Felsenstein, 1985). The tree is drawn to scale, with branch 

lengths in the same units as those of the evolutionary distances used to infer the 

phylogenetic tree. The evolutionary distances were computed using the Poisson 

correction method (Zuckerlandl and Pauling, 1965) and are in the units of the number of 

amino acid substitutions per site. All positions containing alignment gaps and missing 

data were eliminated only in pairwise sequence comparisons (Pairwise deletion option). 

There were a total of 826 positions in the final dataset.  

RNA isolation and cDNA synthesis 
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100 mg of each type of plant tissue was collected in 1.5 ml eppendorf tubes and 

homogenized by electric pestle in liquid nitrogen. Total RNA was isolated with Spectrum 

Plant Total RNA Kit from Sigma following the protocols published by Sigma. 1 μg of 

total RNA was treated with DNase I and was reverse transcribed using SuperScript II 

Reverse Transcriptase (Invitrogen) with oligo(dT)22 primer using a thermocycler for 

incubations. 

qRT-PCR analysis of gene expression  

SYBR® Green based real-time qRT-PCR was used for its balanced specificity 

and cost. Power SYBR® Green PCR Master Mix was ordered from Applied Biosystems. 

Primers for APY6, 7 were manually designed based on their 3’UTR regions. Two 

internal control genes - protein phosphatase 2A subunit A3 (PDF2, At1g13320), 

glyceraldehyde-3-phosphate dehydrogenase C2 (GAPDH, Ag1g13440) were selected 

based on their reported superiority as control genes (Czechowski 2005). Primer 

sequences were as follows: 

APY6-3'UTR-F 5’TCT AAT GGA GTA GAG GTA AAG TAA 

APY6-3'UTR-R 5’CCA TGA CTC TCA AGC AAA TAG AA 

APY7-3'UTR-F 5’GAG AAA TTT TTG GTA CGG CTT TTG 

APY7-3'UTR-R 5’TTG CTC ATG AAG TTT TCC CAT TTT T 

SYBR-GAPDH-F 5’TTG GTG ACA ACA GGT CAA GCA 

SYBR-GAPDH-R 5’AAA CTT GTC GCT CAA TGC AAT C 

SYBR-PDF2-F 5’TAA CGT GGC CAA AAT GAT GC 
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SYBR-PDF2-R 5’GTT CTC CAC AAC CGC TTG GT 

 

The specificity of the above primers was first examined by RT-PCR and DNA 

gel electrophoresis. Single bands were observed for each of the primer sets. Then each 

single band was subcloned into PCR2.1 TOPO TA cloning kit (Invitrogen) and 

sequenced to confirm the correct identity of the sequences. In addition, dissociation 

curves were run on 7900HT Sequence Detector machine (Applied Biosystems) to further 

confirm the specificity of the primers.  

At least three independent biological replicates were done to confirm the 

statistical significance of the data. qRT-PCR reactions were carried out as triplexes on a 

single plate. Reactions were carried out on a 7900HT Sequence Detector machine 

(Applied Biosystems) as absolute quantification runs. Polypropylene regular microplates 

(96-well) were used for the reactions. The reactions contained per well 20 μL total 

volume, 70nM of appropriate gene-specific primers and the equivalent of 10 ng of 

reverse transcribed cDNA and 10μL SYBR® Green master mix. Reaction conditions 

used were: 50°C for 2 min.; 95°C for 10 min.; 40 cycles of 95°C for 15 s; 60°C for 60 s, 

followed by the software’s default dissociation curve analysis. 

For data analysis, ∆∆CT relative quantification method was used since the 

amplification efficiencies of the previously described primers sets were very close to each 

other.  

T-DNA insertion single mutants and double mutants 
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SALK T-DNA insertion lines were ordered from ABRC (Arabidopsis 

Biological Resource Center) through TAIR (The Arabidopsis Information Resource, 

www.arabidopsis.org) as mixtures of heterozygous, homozygous T-DNA insertion lines 

and wild type lines. PCR genotyping was carried out to screen for homozygous T-DNA 

insertion mutants. Genotyping primers were designed using SIGnAL iSect Primer Design 

software on SALK website (http://signal.salk.edu/isectprimers.html). Locations of T-

DNA insertions in the genes were summarized in Fig. 2.3. 

Homozygous T-DNA insertion lines selected for APY6:  

SALK_050872, SALK_073618 

Homozygous T-DNA insertion lines selected for APY7:  

SALK_124009, GK_032_G03 

Genotyping primers are as follows: 

SALK_050872 LP: 5'- ACG TTT CTG CGT GTG AGA ATG -3' 

SALK_050872 RP: 5'- ATG ACA CAC TCG CTC CAT CAG -3' 

SALK_073618 LP: 5'- TTT TTC CCG TGT AGG TTC CAC -3' 

SALK_073618 RP: 5'- GTT TCG AGA TGA ATG GGC TTC -3' 

SALK_124009 LP: 5'- ACC ATG GGT TTG ATC CTG AAG -3' 

SALK_124009 RP: 5'- CAT TAA GAC CAT ATC CGG CAA G -3' 

GK_032_G03 LP: 5’- GACCATATCCGGCAAGAGAA-3’ 

GK_032_G03 RP: 5’- TCACCGGATGTAGGAACCTC-3’ 

SALK_LBb1: 5'- GCG TGG ACC GCT TGC TGC AAC T -3' 

GK-LB: 5’- ATATTGACCATCATACTCATTGC -3’ 



35 
 

SALK_LBb1 is the primer on T-DNA insertion left border for SALK lines. GK-

LB primer is on the left border of GK lines. The LP and RP primers are gene specific 

primers that span the T-DNA insertions. 

APY6 and 7 double-knockout mutants were generated by crossing 

SALK_050872 with SALK_124009 or crossing SALK_073618 with SALK_124009 

followed by PCR screening for homozygous lines for both T-DNA insertions in APY6 

and APY7 gene.  

Phenotypic analysis of T-DNA insertion mutants 

After homozygous T-DNA insertion mutants were selected by screening. The 

mRNA levels for apyrases of the corresponding T-DNA homozygous lines were checked 

by RT-PCR using cDNA libraries that include samples prepared from tissues of light-

grown and etiolated 3.5-d-old seedlings, adult plant roots, shoots and flowers. Only T-

DNA lines that were confirmed as true knockout mutants were used for later phenotypic 

analysis. 

Phenotypic analyses were carried out in the seedling (etiolated and light grown), 

and adult stages after the following treatments: high salinity (150 mM NaCl), Gibberellic 

acid GA3 (0.1, 1, 10 µM) Auxin 2-4D (0.1, 1, 10 µM), Jasmonic acid (10, 100 µM), 

drought treatment of non-irrigation of 5 or 10 days followed by resuscitation with water, 

and wounding of rosette leaves by mechanical puncturing with syringe needles at density 

of 10 holes per cm2.  
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Construction of promoter:GUS plasmids for APY6 and 7 

A 2.5 kb promoter region upstream of APY6 or 7 coding sequence was 

amplified directly from genomic DNA from Columbia wild type. The promoter region 

was cloned into pENTR D/TOPO vector using Invitrogen’s Gateway technology. Then, 

by LR recombination reaction, the promoter region was cloned into the expression vector 

pKGWFS7 which contains a promoterless GUS-GFP gene. pKGWFS7 was kindly 

provided by Dr. Enamul Huq. The expression binary vector created was pAPY:GUS-GFP.  

The primers used to amplify the promoter regions were: 

pApy6F: 5’-CACC ATATTGGCGTGAACTACCAT-3’ 

pApy6R:  5’-ACGAAGAACAAGGAACCATAAGATCT-3’ 

pApy7F: 5’-CACCTCATACTTCTTTGGCACAGT-3’ 

pApy7F: 5’-AACTCAACACAACCTTCTCCGTTG-3’ 

 

Construction of the plasmid for the 35S:APY6-YFP fusion protein  

APY6 coding sequences were amplified from cDNA samples from Columbia 

wild type. The purified PCR products were cloned into pENTR D/TOPO vector using 

Invitrogen’s Gateway technology. Then, by LR reaction, the coding sequences were 

cloned into the expression vector pK7YWG2. pK7YWG2 was kindly provided by Dr. 

Enamul Huq. The expression binary vector created was 35S: APY6-YFP.  

Agrobacterium-mediated transformation of Arabidopsis thaliana and selection of 

transgenic lines 
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Healthy Arabidopsis plants were grown in continuous light until they are 

flowering. The first bolts were clipped to encourage proliferation of secondary bolts. 

Roughly 4-6 days after clipping, plants that have many immature flower clusters and not 

many fertilized siliques were selected for transformation. Agrobacterium tumefaciens 

strain Gv3101 carrying gene of interest on a binary vector was grown in a 300 ml liquid 

LB culture at 28oC until they reach mid-log growth stage. The Agrobacterium was 

spinned down and resuspend to OD600 = 0.8 in 5% Sucrose solution. Silwet L-77 was 

added to the resuspended Agrobacteium to a concentration of 0.05% (500 ul/L) and 

mixed well. The above-ground parts of the plants were dipped in Agrobacterium solution 

for 2 to 3 seconds, with gentle agitation. The transformed plants were laid on their side 

then placed under a cover overnight. The plants were watered and grown normally as 

other plants after transformation.  

After the seeds of transformed plants were harvested and after-ripened, they 

were selected for transformants using antibiotics or herbicides on plates with MS media. 

The T1 generation transformants were selected and transferred to soil after two true 

leaves appeared. Homozygous lines of transgenic plants were selected in T3 generation 

through segregation analysis.  

Histochemical GUS staining 

Transgenic pAPY:GUS-GFP plants were grown on regular MS medium for root 

and cotyledon staining. For staining of stems, flowers, siliques and rosette leaves, soil 

grown plants were used. GUS staining was performed according to Jefferson et al. (1987). 
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In brief, Arabidopsis plants were vacuum infiltrated at 400 mm Hg for 5 min in GUS 

staining buffer.  The GUS staining buffer contained 1 mM 5-bromo-4-chloro-3-indolyl-β-

D glucuronic acid [X-Gluc, SIGMA], 100 mM sodium phosphate, 10 mM EDTA, 0.5 

mM K4Fe(CN)6, 0.5 mM K3Fe(CN)6, 1% Triton X-100, pH 7.0. Staining was performed 

1-4 hours at 37oC with constant monitoring until a desired staining intensity was reached. 

For cross sectioning of GUS-stained plants, pApy:GUS-GFP seedlings were 

embedded in 1% agarose in 0.1M sodium phosphate buffer. Then the embedded seedling 

blocks were GUS stained as described above. The stained blocks were fixed in 4% 

freshly made paraformaldehyde at 4oC overnight followed by serial alcohol dehydration. 

The dehydrated blocks were infiltrated with LR White resin and cured at 65oC over night 

in an oven. The resin blocks were then sectioned using an ultramicrotome with glass 

knives.  

Confocal and wide field fluorescence microscopy 

35S:APY6-YFP transgenic plants were grown on MS medium plate under 

continuous light for 7 days. The roots and cotyledons were examined under a Leica SP2 

AOBS Confocal Microscope or under the wide-field fluorescence microscope Zeiss 

Axiovert 200 M. Columbia wild-type plants were used as controls. 

Scanning electron microscopy 

For examination of pollen samples, fully open flowers were picked from the 

plants and dried on the bench at room temperature for 24 hours. Dried pollen grains were 
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dipped onto stubs covered by carbon adhesive tapes. Pollen grains were sputter coated 

with Platinum/Palladium. Images were taken with a Zeiss Supra 40 VP Scanning 

Electron Microscope at an accelerating voltage of 5 kV. 

For examination of whole flowers, fully open flowers were fixed in 0.1 M 

phosphate buffer solution (pH 7.4) containing 1% paraformaldehyde and 2% 

glutaraldehyde. Samples were infiltrated under vacuum for 15 min and incubated at 4ºC 

overnight. Seedlings were then washed three times in phosphate buffered saline (pH 7.4), 

followed by two times in distilled water for 10 min. Samples were dehydrated at room 

temperature in an ethanol series for 30 min at each step as follows: 15%, 30%, 50%, 70%, 

90%, 95%, absolute ethanol (2 times). Dehydrated specimens were further dried by 

critical point drying and mounted onto the stubs using carbon adhesive tapes. Dry flowers 

were sputter coated with Platinum/Palladium. Images were taken with a Zeiss Supra 40 

VP Scanning Electron Microscope at an accelerating voltage of 5 kV. 

Transmission electron microscopy  

For examination of whole flowers, fully open flowers were fixed in 0.1 M 

phosphate buffer solution (pH 7.4) containing 1% paraformaldehyde and 2% 

glutaraldehyde. Samples were infiltrated under vacuum for 15 min and incubated at 4ºC 

overnight. Seedlings were then washed three times in phosphate buffered saline (pH 7.4), 

followed by two washes in distilled water for 10 min. Samples were then fixed in 4% 

osmium tetroxide and later in 2% uranyl acetate. 
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Samples were dehydrated at room temperature in an ethanol series for 30 min at 

each step as follows: 15%, 30%, 50%, 70%, 90%, 95%, absolute ethanol (2 times). 

Dehydrated specimens were put in to transitional 100% acetone for 15 min twice. Then 

the flowers were infiltrated with 25%, 50%, 75%, 100% epoxy resin for 15 min each. The 

infiltrated samples were placed into silica molds and cured in the oven at 60oC for 2 days.  

The samples were later thin sectioned with a diamond knife and observed under 

a transmission electron microscope Tecnai Spirit BioTwin T12. 

Anti-APY6 antibody  

A 25 amino acid long sequence from the C-terminus of APY6 protein was 

selected as the antigen. This sequence shares no similarity to other Arabidopsis APYs.  

The 25-mer was synthesized in the core facility at the University of Texas at Austin. The 

purified oligopeptide (99%) was sent to Pocono Rabbit Farm and Laboratory Inc. for 

production of anti-APY6 antiserum in Guinea pigs. Antisera were purified using protein-

A immunoaffinity purification kit. 

The sequence of the 25 amino acid oligopeptide is:  

YLVTKWRKPQLKT IYDLEKGRYIVT 

 

 

2.3 Results 
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Basic information of APY6 and 7 

APY6 is localized on chromosome 2 with Arabidopsis gene number AT2g02970. 

APY7 is localized on chromosome 4 with gene number AT4g19180. Both apyrases are 

predicted to have two transmembrane domains and five Apyrase Conserved Regions 

(ACRs) (Fig. 2.1). APY6 is 555 amino acids long, 61 kD. APY7 is significantly longer 

with 740 amino acids, 82 kD. Except for the ACRs, APY6 and 7 have low similarity in 

amino acid sequence. Phylogenetic analysis shows that the divergence of APY6 and 7 

occurred early in evolution. APY6 is more closely related with APYs 3, 4 and 5 than with 

APY7. Neither APY6 nor 7 is grouped closely with APY1 and 2 (Fig. 2.2). 

Single T-DNA insertion knockouts of APY6 and 7 do not show any obvious 

phenotypes. 

Two independent T-DNA insertion single knockouts were selected for APY6 

and APY7. Fig. 2.3A shows an overview of the locations of T-DNA insertions in the 

genes for the T-DNA knockout lines selected. SALK_050872 and SALK_073618 are 

single knockout mutants of APY6. For the remainder of the dissertation, SALK_050872 is 

referred as apy6-1 and SALK_073618 is referred as apy6-2. SALK_124009 and 

GK_032_G03 are single knockout mutants of APY7. For the remainder of the dissertation, 

SALK_124009 is referred to as apy7-1 and GK_032_G03 is referred to as apy7-2. Semi 

quantitative RT-PCR has been used to confirm that each of these mutant lines is truly a 

knockout. Fig. 2.3B shows RT-PCR evidence that APY6 and APY7 transcripts are 

knocked out in apy6-1, apy6-2 and apy7-1, apy7-2, respectively. When we analyzed their 
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phenotypes as described in the Materials and Methods section, we did not see any 

obvious phenotypic differences between mutants and Columbia wild type. 

T-DNA insertion double knockouts display late anther dehiscence and low male 

fertility. 

The two independent single knockout mutants of APY6, apy6-1 and apy6-2, 

were both crossed with APY7 single knockout line apy7-1 in order to generate two 

independent double knockout lines: apy6-1apy7-1, apy6-2apy7-1. The phenotypic 

analyses for both double knockout lines were carried out similarly to the analyses for the 

single knockouts as described in the Materials and Methods section. 

In all the phenotypic analyses described in the dissertation, both double 

knockout lines apy6-1apy7-1 and apy6-2apy7-1 showed identical phenotypes of late 

anther dehiscence (Fig. 2.7), reduced male fertility (Fig. 2.5B, Fig. 2.6) and reduced seed 

set (Fig. 2.4). In the remainder of the document, the APY6 and 7 double knockout mutant 

is simply referred to as the apy6apy7 mutant.  

To verify the late anther dehiscence phenotype, the flowers of the double 

knockouts were hand dissected and compared to those of the wild type and single 

knockout mutants. For both wild type and apy6apy7 mutant, anthers from 20 flowers 

were examined under microscope for dehiscence. The release of pollen was used to judge 

whether an anther has dehisced. This analysis showed that in double knockout mutants, 

the anthers dehisce on average 7 days later than wild type. The stigmatic papillae of the 
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double knockout wilt and shrink at a much later stage, about 12 to 14 days later than the 

wild type, possibly as a direct result of the delayed and reduced pollination. It is clear that 

the reduced pollination is not a result of short anther filaments since they have normal 

length (Fig. 2.5.A). In the double knockout mutant flowers, very little or no pollen was 

found on the papillae or the style even when the flowers were fully open (Fig. 2.5A). As 

tested through cross pollination, both wild-type pollen or single knockout pollen (data not 

shown) were able to fertilize the double knockout female gametes and initiate the 

elongation of the siliques and eventually produce viable seeds (Fig. 2.5B). To investigate 

whether pollen germination of the apy6apy7 mutant is disrupted, aniline blue staining 

was performed on flowers with dehisced anthers. Compared with Columbia wild type, the 

apy6apy7 mutant has much less pollen deposited on the stigmatic papillae, and the 

deposited pollen rarely germinated (Fig. 2.6). 

Transmission and scanning electron microscopy analyses revealed that, 

compared to wild-type or single knockouts, the double knockout pollen grains were 

deformed at a high frequency (Fig. 2.8F, Fig. 2.9B). Moreover, the majority of double 

knockout pollen grains were interconnected by their cell wall (Fig. 2.9B). apy6apy7 

mutant pollen appeared to have abnormal exine structure compared to wild type (Fig. 2.9 

C, D). For each of both double mutant and wild type pollen 130 pollen grains from 12 

anthers were examined by light microscopy. In dehisced apy6apy7 mutant anthers, 57% 

of pollen grains were deformed, but in wild type, 100% of pollen grains had the normal 
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round shape. The pollen yield per anther from the apy6apy7 mutant appeared to be 

similar to that of wild type as judged by light microscopy sections (data not shown).  

After the anthers dehisce in apy6apy7 mutants, the pollen grains tend to stick to 

the anther and are difficult to brush off the anthers. When preparing pollen samples for 

SEM, anthers were dipped on the adhesive carbon tape on the sample holder. With 

Columbia wild type, the pollen grains were brushed off very easily and were observed in 

large quantities on the holder. With the apy6apy7 mutant, only a small number of pollen 

grains fall out of anthers after repeated brushing (Fig. 2.8C, D). Additionally, apy6apy7 

mutant pollen grains have pieces of debris sticking on the cell wall (Fig. 2.8F). When 

manually removed from the anthers and placed on the papillae, the double knockout 

pollen was still unable to fertilize the female gametes. This indicates that the majority of 

the double knockout pollen grains were not fertile (data not shown).   

Tissue specificity of APY6 and 7 

To study the expression profiles of APY6 and 7, two independent methods were 

used. First, real-time qRT-PCR was carried out to study the relative expression of these 

genes in various tissues, at different growth stages or under various treatments. The 

second method was promoter:GUS analysis. The results from these two methods largely 

agreed with each other.  Both APY6 and 7 had a high level of expression in the mature 

pollen (Fig. 2.11G,H, Fig. 2.13,). APY7 was also expressed strongly in fast-growing 

tissues such as cotyledons, roots and hypocotyls in young seedlings, and, in adult plants, 

expanding rosette leaves, sepals in the flower, developing pistil, and the valves (outer 
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wall) of young siliques. (Fig. 2.10, Fig. 2.11). Notably, in these organs, vascular tissues 

have higher expression than the surrounding tissues. Analysis of cross sections of light-

grown roots of promoter APY7:GUS plants revealed that indeed the vascular bundle 

displayed more staining than the outer cell layers. Within the vascular bundle, the 

protophloem cells were stained more heavily than other cell types such as the pericycle 

and protoxylem cells (Fig. 2.12). 

Promoter:GUS analysis showed that APY6 is also expressed in the veins and 

hydathode regions of the rosette leaves (Fig. 2.10). Since most of the above mentioned 

tissues or cell types are regions where high auxin levels accumulate, we hypothesize that 

APY6 and 7 expression may be largely linked with activities of auxin. Indeed, auxin-

responsive cis elements were found in the promoter region of APY6 and APY7 (Chapter 3, 

Table 3.2).  

Subcellular localization of APY6 

To study the subcellular localization of APY6, 35S:APY6-EYFP transgenic 

plants were generated. Confocal microscopy showed that the YFP fluorescence was 

mainly found in intracellular vesicles (Fig. 2.14), some of which apparently moved (data 

not shown). Further experiments need to be done to clarify in which subcellular 

compartment these vesicles are located. It is interesting to note that the 35S:APY6-YFP 

transgenic plants did not have YFP fluorescence in all cell types. For example, in the 

rosette leaves, strong fluorescence was only observed in the guard cells. In the root, 

strong fluorescence was more pronounced in the mature root hairs and vascular bundles. 
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This may indicate that abnormal quantities of mis- and over-expression of APY6 could 

not be tolerated in many tissues and post transcriptional or post translational modulation 

occurred in those transgenic lines. 

Western blot of pollen protein using polyclonal anti-APY6 antibodies 

A unique 25 amino acid sequence in the C-terminus of APY6 was used as 

antigen to produce APY6 antiserum from Guinea pigs. This polyclonal antiserum was 

purified by protein-A immunoaffinity kit and was used in a Western blot analysis of 

protein extracted from mature pollen of Arabidopsis to show that APY6 is expressed in 

the pollen of Columbia wild type but is not expressed in the pollen of apy6 mutants (Fig. 

2.15). On the Western blot, the bands recognized by anti-APY6 antibody were shown as 

double bands and appear to have sizes around 50-55 kD, which is smaller than the 

predicted size of APY6 protein of 61 kD. A possible explanation for this is that APY6 

may have a post-translational modification such as phosphorylation and exist in two 

differently modified states. 

 

2.4 Discussion 
 

APY 1 and 2 were first characterized by Steinebrunner et al. (2000). Since then 

research in the Roux and Steinebrunner labs has revealed that these two apyrases play 

very important roles in pollen germination and other aspects of plant growth and 

development (Roux and Steinebrunner, 2007). These findings have raised the question of 
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whether any other members of the apyrase family play key roles in Arabidopsis. The 

novel results described this chapter answer this question in the affirmative for two of the 

other five genes, APY6 and 7. 

Our loss-of-function analysis has shown that double knockout mutants of APY6 

and 7 are affected severely in the important processes of anther dehiscence and male 

fertility. To substantiate these findings I created two independent double-knockout lines 

and found that they showed identical phenotypes, which supports the conclusion that the 

phenotypes are due to the mutation of APY6 and 7. The presence of the mutant phenotype 

only in the double knockouts but not in the single knockouts further strengthens the 

likelihood the phenotypes are truly caused by the mutation of APY6 and 7. Another 

approach to further verify this conclusion would be to complement the phenotype by a 

wild-type allele. In fact, I have tried to use a 35S:APY6-EYFP construct to rescue the 

apy6apy7 mutant phenotype without success. The reason is probably that the CaMV 35S 

promoter does not promote gene expression effectively in the pollen of Arabidopsis 

species (Wilkinson et al., 1997). Consequently, in transgenic plants expressing 

35S:APY6-EYFP in the Columbia wild-type background, I did not see fluorescence in 

pollen, either. I have also attempted to use the native promoter of APY6 for 

complementation. A pAPY6:APY6-GFP line was constructed. However this vector did 

not support pollen expression of APY6-GFP. The promoter region of APY6 I chose was a 

2500 bp sequence upstream of the APY6 coding sequence and may have not included 

necessary cis-acting regulatory elements for pollen expression. This notion is supported 
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by the fact that pAPY6:GUS did not have staining in the mature pollen, even though 

APY6 expression was verified by both qRT-PCR of pollen cDNA and Western blot of 

pollen protein extract using anti-APY6 antibody. An alternative future strategy for 

complementation would be to use APY7 wild-type allele.  

The underlying biochemical and molecular mechanisms by which the double 

knockout of APY6 and 7 proteins causes the phenotypes of late anther dehiscence and 

reduced male fertility are not yet revealed by the research described in this dissertation. It 

is possible that the delayed anther dehiscence phenotype is a secondary phenotype caused 

by abnormal pollen development in the double mutant, but additional studies would be 

needed to test this hypothesis.  

At floral stage 12, right after the flower opening, wild-type anthers have already 

dehisced. But in the apy6apy7 mutants, dehiscence has not occurred. Interestingly, at this 

stage, the stomium seems to have gone through programmed cell death and breakdown, 

which is evidenced by the groove between the two locules of each theca (Fig. 2.7F). The 

septum has also broken down and is not visible at this stage, as revealed by light 

microscopy of the double knockout anthers. The middle layer and tapetum are not visible 

either, just like in wild type anthers. However, I did see some adherent material coating 

the surface of pollen grains in the locules, and some of the pollen grains are attached to 

the inner wall of the locules (data not shown). The adherent material may be cellular 

content from incomplete tapetum breakdown, or a result of incomplete deposition of wall 

components on the pollen grains, or even dissoluted pollen coat from collapsed and 
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degenerating pollen gains. More experiments are needed to identify the adherent 

substance. The shrunken appearance of pollen grains in the apy6apy7 mutant is indicative 

of imperfect exine wall deposition. Recently, Wan et al. (2008), isolated a male sterile 

mutant sgc with a similar phenotype to that of apy6apy7 mutant. In sgc, the pollen grains 

are small, glued-together and collapsed. SGC is identified to be a lectin receptor-like 

kinase. It is speculated by the author that the collapse of pollen grain is due to a 

sporophytic defect, likely defective exine deposition. Transmission electron microscopy 

analyses showed that the pollen walls of apy6apy7 mutants indeed are not as thick as wild 

type and do not contain the many bacula or tectum structures that are seen in abundance 

in wild-type pollen (Fig. 2.9 C, D). But more data need to be collected to confirm this 

phenomenon.  

Preliminary data show that apy6apy7 mutant anthers at stage 1 – 12, when the 

flowers are still closed, appeared to have normally-shaped pollen and otherwise nearly 

identical to the wild-type anthers, except that the double-mutant pollen at stage 12 have 

some adhesive-looking substance around their walls (data not shown). This suggests that 

the pollen defect occurred at stage 13 – 14. This agrees with the promoter: GUS analyses 

for APY7. In anthers from closed floral buds of pAPY7:GUS plants, there was no GUS 

staining (Fig. 2.11F), whereas in the anthers from open flowers, there is GUS staining 

(Fig. 2.11G).  

Analyses of anther sections at more time points need to be done in apy6apy7 

mutants to accurately stage the anther age and determine how the mutant phenotypes 
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differ from wild-type. In the apy6apy7 mutant, the correlation of anther stage and floral 

stage may be different from that of wild type, so it would be important to have a parallel 

documentation of both wild type and mutant flowers and anthers according to the floral 

stages and the timeline of their development. Comparison of anther stages and pollen 

development can be made on anthers from wild type and mutants that are initiated at the 

same time. To identify the adhering substance on the apy6apy7 mutant, histological 

staining could be done. Multiple staining and florescence visualization methods for 

callose, lignin and other wall components are available.    

The late dehiscence is normally seen in mutants altered in auxin or jasmonic 

acid (JA) signaling (Scott et al., 2004). However, those mutants usually display short 

anther filaments, which are not seen in apy6apy7 mutants. This suggests that the late 

dehiscence is not a direct result of disruption of auxin and JA signaling. Since the timing 

of dehiscence is tightly linked to pollen development, it is possible that the late 

dehiscence results from mutated pollen development. Nonetheless, exogenous treatment 

of auxin or JA could be done to see if they can rescue the late dehiscence phenotype.  

The expansion of endothecium and thickening of its secondary wall are critical 

for generating the necessary force for anther dehiscence (Sanders et al., 1999; Scott et al., 

2004). The apy6apy7 mutant can be examined on these two aspects. The ligno-cellulosic 

secondary thickening can be visualized under UV light by florescence microscopy. The 

water status of anthers is another factor that affects anther dehiscence (Keijzer 1987) and 

this should be examined as well.  
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Suppression of APY6 and APY7 does not completely abolish male fertility. A 

small fraction of apy6apy7 mutant pollen can still pollinate the ovules and lead to a 

reduced seed set. However the fertility level of pollen is not uniform in all the flowers of 

the double mutant. About 95% of the flowers do not produce any seeds at all. In the 

siliques that do bear seeds, the seed number varied within a range of 1 to 10 seeds. This 

indicates the possibility of gene redundancy and ability of other apyrases to partially 

complement APY6 and 7. It is also possible that the detrimental effects of the double 

knockout of APY6 and 7 on pollen fertility are not 100% penetrant due to other unknown 

reasons. 

To study APY6 and 7 gene expression patterns, two independent methods were 

used that yielded similar results. Both APY6 and 7 are expressed highly in mature pollen. 

APY7 is more widely distributed in various other tissues, while APY6 is more limited in a 

few types of tissues. In an attempt to use promoter:GUS analysis for APY6, I constructed 

two different plasmids. With one of them, I selected the 2.5 kb promoter region upstream 

of APY6 coding sequence. With the other, I selected the 2.5 kb promoter region plus all 

the introns of APY6. However, neither construct yielded any GUS staining in the pollen. 

The expression of APY6 in the pollen tissue was, instead, confirmed by qRT-PCR and 

Western blot using anti-APY6 antibodies. This may indicate that cis regulatory elements 

necessary for promotion of APY6 expression in pollen lie further upstream of 2.5 kb 

region or further downstream of the coding sequence. 
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Subcellular localization is very important information to understand how 

proteins function. To study where APY6 is targeted at a subcellular level, I have 

generated a 35S:APY6-YFP line. Confocal microscopy indicates AtAPY6 may be 

targeted to intracellular membrane systems. The punctuate YFP pattern in the cells 

resembles the fluorescence pattern of Golgi body localization markers observed in many 

published reports (for example, Brandizzi et al., 2004). However, co-localization studies 

are required to further elucidate this question.  

I made multiple attempts to express APY6 and 7 heterologously for biochemical 

and enzymatic assays. However these attempts were not successful. First, I tried to 

express APY6 and 7 in a prokaryotic system (E. coli). However, the overexpression of 

APYs seemed to be toxic to the bacterial cells. When using a leaky inducible lac 

promoter, APYs cannot be correctly cloned into E. coli. All the bacteria clones with APY 

inserts were found to have incorrect APY sequences. When using a strict T7 promoter-

based inducible vector system, I could successfully clone APYs with correct sequences 

into E. coli. But IPTG induction of APY expression immediately stopped the bacteria 

growth and seemed to kill the bacterial cells. Subsequently, transient expression of APY6 

with a polyhistidine (HisX6) tag in tobacco leaves was carried out, but the expression 

level was too low to be detected. Immunopurification of APY6 from Arabidopsis pollen 

extracts was attempted without a positive result possibly due to insufficient quantities of 

pollen material, or low efficiency of the immunoaffinity column used. Future studies on 

this project may benefit from switching to other heterologous expression systems such as 
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in insect or mammalian cells, or even stable expression in the native host Arabidopsis in 

the background of single APY knockouts. 

Based on the pollen phenotype of apy6apy7 and localization of APY6 on Golgi-

like vesicles, one can hypothesize that APY6 and 7 could influence pollen wall structure 

the way two Golgi apyrases in yeast regulate cell wall structure in that organism, and a 

speculative model consistent with this hypothesis is proposed (Fig. 2.16). In yeast two 

members of the apyrase superfamily, GDA1p and Ynd1p, function in Golgi, where they 

play a key role in the maintenance of cell wall integrity by controlling the glycosylation 

of wall proteins needed for cell wall biosynthesis (Gao et al. 1999). In animals, almost all 

of the intracellular apyrases have been proposed to regulate glycolsylation in Golgi or ER 

in a similar manner to yeast apyrases. And, importantly, up to today, all the NDPases of 

the Golgi glycosylation model have been identified to be apyrases. To the extent that 

APY6 has a Golgi function similar to the yeast members of the apyrase family, they 

could help cell wall polysaccharide biosynthesis or glycosylation of wall proteins or 

lipids.
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Fig. 2.1.  Alignment of deduced amino acid sequences for Arabidopsis apyrase 1-7 

(AtAPYs 1-7) with Schizosaccharomyces pombe GDA1 and Homo sapiens 

NTPDase1. 
The alignment was performed with the ClustalW2 program. The conserved apyrase domains (ACRs) are 
labeled and represented in the boxes. The predicted transmembrane helices are underlined. Conserved 
cysteine residues are in bold face in black boxes. Identical and similar sites are shown with asterisks (*) and 
dots (. or :), respectively. 
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Fig. 2.2. Phylogenetic tree of 28 apyrases from different organisms.  

This tree was constructed using the MEGA 4.0 phylogeny program, excluding positions with gaps in the 
alignment (by ClustalW2). The evolutionary history was inferred using the Neighbor-Joining method. 
Numbers at the branch nodes represent the confidence levels of 1000 bootstrap replications. The degree of 
divergence is represented by the length of branches, with 0.2 representing 20% change. GeneBank 
Accession numbers of the sequences are: Arabidopsis thaliana AtAPYs 1-7; Homo sapiens NTPDase1, 
NP_001767; Homo sapiens NTPDase2, NP_982293; Homo sapiens NTPDase3, NP_001239; Homo 
sapiens NTPDase4, NP_004892; Homo sapiens NTPDase5, NP_001240; Homo sapiens NTPDase6, 
AAP92131; Homo sapiens NTPDase7, NP_065087; Homo sapiens NTPDase8, AAR04374; Anopheles 
gambiae apyrase, XP_320057; Leishmania braziliensis NDPase, CAM42020; Schizosaccharomyces pombe 
YND1, NP_588201; Schizosaccharomyces pombe GDA1, NP_593447; Solanum tuberosum apyrase, 
P80595; Glycine soja apyrase GS50, AAG32959; Glycine soja apyrase GS52, AAG32960; Pisum sativum 
PsAPY1, BAB85977; Pisum sativum PsAPY2, BAB85978; Oryza sativa apyrase, AAX94975; Oryza 
sativa putative apyrase, AAL82534; Ostreococcus tauri apyrase, CAL51527; Legionella longbeachae  
apyrase, CBJ11606. 
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Fig. 2.3 Schematic representation of SALK T-DNA insertions for Arabidopsis APY6 

and 7 and RT-PCR experiment to demonstrate the transcripts are knocked out in 

the T-DNA insertion lines.  

A, an overview of the locations of T-DNA insertions in the genome of the available T-

DNA insertion lines. B, RT-PCR shows that APY6 and 7 are knocked out in the T-DNA 

insertion lines. Both T-DNA lines and Col WT cDNA were synthesized from the tissues 

of young rosette leaves. Primers were designed to amplify full-length coding sequences. 

Upper lanes from left to right are:  apy6-1 cDNA with APY6 primers, apy6-2 cDNA with 

APY6 primers, apy7-1 cDNA with APY7 primers, apy7-2 cDNA with APY7 primers, 1kb 

DNA marker (NEB N3232), Columbia wild type cDNA with APY6 primers, Columbia 

wild type cDNA with APY7 primers. The bottom lanes are actin controls to show equal 

amount of cDNA were used for each lanes and the quality of cDNAs are good.
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Fig. 2.4. apy6apy7 mutant has reduced fertility and seed set number.  

A, Most of the siliques of apy6apy7 mutant are short and infertile. Only a small fraction 
of the siliques bears seeds, and the seed number in these siliques is reduced. B, Close-up 
of apy6apy7 and Columbia wild type (Col) inflorescence. C, Comparison of the seed 
number produced per plant from apy6apy7 mutants and Columbia wild type (Col WT). 
apy6apy7 mutants produce an average of 150 seeds per plant, while Columbia wild type 
produces an average of 5000 seeds per plant. For the experiment, plants were grown at a 
density of 4 plants per one 3-inch pot under continuous light.
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Fig. 2.5. apy6apy7 mutant has decreased male fertility compared to Columbia wild 

type. 

A, Comparison of a Columbia wild-type flower (Col) and apy6apy7 mutant (DKO) 
flower at the same age. Both flowers were taken at 2 days after anthesis. The apy6apy7 
mutant maintains the stigmatic papillae for an extended time, while the papillae of 
Columbia wild-type flowers wilt shortly after they emerge and are pollinated. Arrows 
point to the stigmatic papillae of the flowers. B, Pollination of wild-type pollen can 
promote the growth of apy6apy7 mutant pistils. Flowers 1, 2 and 3 are all from apy6apy7  
plants.  Flower 1 is an unpollinated DKO control.  Flower 2 is pollinated with dehisced 
DKO anthers. Flower 3 is pollinated with dehisced Columbia wild-type anthers. This 
picture is taken 2 days after pollination.  
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Fig. 2.6. Aniline blue staining of apy6apy7 mutant and Columbia pollen tubes. 

A, Columbia wild-type (Col) pistil. B, apy6apy7 mutant pistil. On Columbia wild- type 

pistil there are many pollen grains and many pollen tubes are stained in the transmitting 

tract. On the apy6apy7 mutant pistil, there are only a few pollen grains and no pollen 

tubes are stained in the style.  Images were taken on a confocal microscope.
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Fig. 2.7 apy6apy7 mutant flowers show late anther dehiscence compared to wild-type 

flowers.  

A, SEM images of wild-type anthers from closed flower buds. B, SEM image of DKO 

anthers from closed flower buds. A and B show Col WT and DKO have a similar anther 

morphology at this stage. C, SEM image of wild-type anthers. D, SEM image of DKO 

anther. E, A magnified anther from wild-type flower. F, A magnified anther from DKO 

flower.  In C), D), E) and F), all images were taken at 1d after anthesis.
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Fig. 2.8. Pollen grains from apy6apy7 mutants have abnormal morphology.  
A, SEM image of a dehisced anther from wild-type flower. B, SEM image of a dehisced anther from 

apy6apy7 mutant flower. C, Pollen grains from wild-type flowers. D, Pollen grains from apy6apy7 mutant 

flowers. In C and D, dehisced anthers were brushed against the surface of the SEM sample holder to 

deposit the pollen on the holder. Far fewer pollen grains dropped on the sample holder from apy6apy7 

mutant flowers than from Columbia wild-type flowers. E, A magnified image of pollen from wild-type 

flower. F, A magnified image of pollen from a apy6apy7 mutant flower showing double-mutant pollen 

grains are deformed in shape, often glued to each other. Pollen from wild-type flowers was collected 2 days 

after anthesis, but was collected 7 days after anthesis from apy6apy7 flowers, since the anthers dehisce later 

than wild-type. 
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Fig. 2.9. Pollen from apy6apy7 plants has abnormal morphology and cell wall 

structures. 

A, TEM image of pollen grains from Columbia wild type. B, TEM images of pollen 

grains from apy6apy7 flowers. Pollen grains “a” through “f” are labeled. Pollen grains 

are interconnected at the cell walls. Pollen “a”, “c”, “d” and “f” are severely deformed in 

shape. C, and D, Close-up of Columbia wild type and apy6apy7 mutant pollen cell walls. 

Arrows point to the inner and outer boundaries of the cell walls. 
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Fig. 2.10. Promoter:GUS analyses for APY6 expression. 

A, pApy6:GUS shows staining in cotyledons and upper hypocotyls of a 5-day-old 

etiolated seedling. B, pApy6:GUS shows weak staining in the cotyledon of 5-day-old 

light-grown seedling. Staining in the veins is stronger than that of the mesophyll cells. C, 

pApy6:GUS shows staining in light-grown 20-day-old rosette leaves, particularly  in the 

veins and hydathodes (black arrows). Root is stained with less intensity (red arrow). D, 

DR5:GUS staining in a leaf, showing that a hydathode is a site where higher levels of 

 auxin accumulate.
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Fig. 2.11. Promoter:GUS analyses of APY7 expression. 

A, GUS staining in the cotyledons, hypocotyls and roots of 5-day-old etiolated seedlings. 
B, GUS staining in the root and cotyledons of 7-day-old soil-grown seedlings. C, GUS 
staining in 1-day-old light-grown seedling. D, GUS staining in 3-day-old light-grown 
seedling. E, GUS staining in the roots and shoots of 14-day-old light-grown seedling. F, 
GUS staining in the pistil and sepals of a closed flower bud, but not in the anthers (arrows) 
at this stage G, GUS staining in the pedicel, sepals, stigma, anther filaments and anthers 
of an open flower. H, A magnified anther shows GUS staining in pollen grains. I, GUS 
staining in the silique wall and pedicel.
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Fig. 2.12. Promoter:GUS analysis of APY7 expression in cross section of root.  

The GUS-stained root is sectioned at 3 mm above the root tip. 
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Fig. 2.13. Real time qRT-PCR analysis of the expression pattern of APY6 and 7 in 

different tissues.  

PDF2 was used as the internal reference gene for normalization of APY expression. 
Experiments were repeated three times, each with 3 technical repeats.   
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Fig. 2.14. Confocal microscopy of 35S:Apy6-YFP showing that APY6 is likely to be 

localized on intracellular vesicles.  

A, Confocal image of APY6-YFP in root hairs of 14-day-old seedling. B, Confocal image 
of root hairs of wild type control. C, APY6-YFP fluorescence in guard cells in the leaf of 
a 14-day-old plant. D, Confocal image of the leaf of a wild-type control. E, Magnified 
image of APY6-YFP fluorescence in a guard cell. F, A wide-field fluorescent microscope 
image of APY6-YFP in root hairs near the shoot and root junction of a 14-day-old 
seedling. Red arrows points to the vesicles that were observed to be moving.
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Fig 2.15. Immunoblot analysis of total protein extracts from Arabidopsis pollen.  

Lanes 1,  Molecular weight standards; Lane 2, Immunostain using polyclonal anti-APY6 
antibody on Columbia wild-type pollen protein. Arrow shows immunostain of double 
band at ca. 50 kD; Lane 3, Immunostain using pre-immune serum on Columbia wild-type 
pollen protein. Lane 4, Immunoestain using polyclonal anti-APY6 antibody on apy6-1 
knockout pollen protein. Lane 5, Immunostain using pre-immune serum on apy6-1 
knockout pollen protein. The total protein loaded per lane in lanes 2, 3, 4 and 5 was 20 
µg. 
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Fig. 2.16. Speculative mechanism of APY6 and 7 function in Arabidopsis. 

This model is a modification of the Golgi glycosylation model on Dr. Paul Dupree’s 
website (http://www.bioc.cam.ac.uk/uto/dupree.html).  
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CHAPTER 3: FUNCTIONAL STUDIES OF APYRASES 3, 4 
AND 5 

 

3.1 Introduction 
 

As noted in the Introduction, previous studies identified two apyrases, APY1 

and APY2, that have high-level expression in mature pollen grains and in pollen tubes 

and other rapidly-growing tissues (Wu et al., 2007). We have identified five other 

apyrases in Arabidopsis by a nucleotide Blast keyed to the apyrase conserved regions. In 

the previous chapter, I described the functional analyses of APY6 and 7. In this chapter I 

will discuss the research done to try to uncover the functions of the remaining 

Arabidopsis apyrases –APYs 3, 4 and 5. The two key findings we will report are that the 

single knockouts of APYs3, 4, 5 do not exhibit any altered phenotype compared to wild-

type plants, and that the expression of these genes is highest in tissues known to 

accumulate auxins. 

Auxins are an important class of plant hormones that have been implicated in 

the control of almost all aspects of plant growth and development. Among all auxins, 

indole-3-acetic acid (IAA) is the predominant naturally-occurring form (Arteca, 1996). 

The physiological processes that auxin is known to regulate include: meristem 

maintenance, phototropism, gravitropism, root elongation, lateral root initiation, 

differentiation of vascular tissues in normal growth and in response to wounding, apical 
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dominance, inhibition of ethylene synthesis, fruit growth, delay of senescence and 

abscission, anther development and dehiscence, etc. 

On the cellular level, auxin is essential for both cell division and cellular 

expansion. Auxin concentration together with other local factors also contributes to cell 

differentiation and specifies cell fate. For cell division, there is much evidence suggesting 

that auxin acts as a permissive signal allowing cells to enter into the cell cycle. In fact, 

many cell cycle genes contain auxin responsive cis-acting regulatory elements and may 

be under direct transcriptional regulation by auxin. The effect of auxin on cell expansion 

is thought to be due to the activation of a H+-ATPases at the plasma membrane, inducing 

the extrusion of protons and acidification of cell wall, which in turn, activatates wall 

loosening proteins such as expansions and xyloglucan endotransglycosylase/hydrolases 

(XTH) (reviewed by Perrot-Rechenmann, 2010). 

In plant, all the cells have the potential to synthesize auxin. But under normal 

growth conditions, auxins are preferentially synthesized in the following tissues: young 

seedlings, shoot and root meristematic tissues, leaf stipules, hydathodes at the margin of 

leaves, mesophyll cells in the young leaves, developing flowers, developing embryos. 

(Aloni et al., 2003; Ljung et al. 2001; Bhalerao et al. 2002).  The concentration gradient 

and differential distribution of auxin are critical for many aspects of auxin action. Besides 

local biosynthesis of auxin, the major reason for differential auxin distribution is its 

directional transport between cells by two distinct pathways. Throughout the plant, in 

long distance, most auxin is transported from the source tissues such as young leaves and 
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young flowers to the sink tissue such as root by an unregulated bulk flow in the phloem 

of vascular bundle. In short distance, auxin is transported through polar auxin transport 

(PAT) system, which is slower and regulated. The PAT occurs both in the vascular 

cambium from the shoot towards the root apex (Goldsmith, 1977), and also in the short 

range of cell-to-cell auxin movement in different tissues. Active transporters of auxin 

involved in PAT include the AUX1/LAX family of auxin influx carriers and efflux 

carriers including PIN family and several members of the ABCB (PGP) transporter 

family (Bennett et al., 1996; Petraek et al., 2006; Blakeslee et al., 2007). 

Because APYs3, 4, and 5 are expressed strongly in tissues where auxins 

accumulate, these genes may help regulate auxin homeostasis/distribution, or their 

expression may be regulated by auxin. In this Chapter we discuss these two potential 

roles for these apyrases. 

 

3.2 Materials and Methods. 
 

Plant materials and growth conditions 

Arabidopsis thaliana ecotype Columbia was used as wild type. T-DNA 

insertion mutants and transgenic plants used in this work are all in Columbia background. 

When grown on soil, Arabidopsis seeds were sown directly onto the soil, without 

sterilization, and stratified at 4 °C for 3 days before starting growth in a ventilated growth 

chamber at 23 °C with continuous white light. When grown on petri dishes, the seeds 
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were surface sterilized by 20% bleach solution for 15 minutes then thoroughly rinsed 

with ddH2O. Seeds then were then sown on petri plates on agar containing sterile 

Murashige and Skoog (MS) basal salts 4.3g/L, 1% sucrose, 0.8% or 1.5% agar (0.8% for 

horizontal plates, 1.5% for vertical plates), 5mM MES, pH 5.7). 

cis-acting regulatory elements of Arabidopsis apyrases promoters 

A 1000bp DNA sequence before the coding sequence of each apyrase gene was 

selected as the promoter query region. The promoter queries were entered into both 

PLACE (Higo K et al., 1999) and PlantCARE (Lescot M et al., 2002) database and 

scanned for reported cis-acting regulatory elements. All cis elements then were compiled 

into table 3.2.   

RNA isolation and cDNA synthesis 

100 mg of each type of plant tissue was collected in 1.5 ml eppendorf tubes and 

homogenized by electric pestle in liquid nitrogen. Total RNA was isolated with Spectrum 

Plant Total RNA Kit from Sigma following Sigma’s published protocols. One μg of total 

RNA was treated with DNase I and was reverse transcribed using SuperScript II Reverse 

Transcriptase (Invitrogen) with oligo(dT)22 primer using a thermocycler for incubations. 

qRT-PCR analysis of gene expression  

SYBR® Green based real-time qRT-PCR was used for its balanced specificity 

and cost. Power SYBR® Green PCR Master Mix was ordered from Applied Biosystems. 

Primers for APY3, 4, 5 were manually designed based on their 3’UTR regions. Two 
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internal control genes PDF2, GAPDH were selected based on reported superiority as 

control genes (Czechowski 2005). Primer sequences were as follows: 

APY3-3'UTR-F 5’ACA AAA TAT GAA ATC ATA GTT TTG TAT T 

APY3-3'UTR-R 5’ATG CAG GGG AAG ATA CAC ACC T 

APY4-3'UTR-F 5’TTG TTA CTA TAT AAA ACA AAA TTG TTT C 

APY5-3'UTR-R 5’ACA TGA TTA ATA ATT TAC TTG TTT TAT C 

APY5-3'UTR-F 5’TAT GAT ATG ATC GTA ATT TTG TAT TCT 

APY5-3'UTR-R 5’CTT ATT CCA CAA AAG GAA ACG AC 

SYBR-GAPDH-F 5’TTG GTG ACA ACA GGT CAA GCA 

SYBR-GAPDH-R 5’AAA CTT GTC GCT CAA TGC AAT C 

SYBR-PDF2-F 5’TAA CGT GGC CAA AAT GAT GC 

SYBR-PDF2-R 5’GTT CTC CAC AAC CGC TTG GT 

 

The specificity of the above primers was first examined by RT-PCR and DNA 

gel electrophoresis. Single bands were observed for each of the primers set. Then each 

single band was subcloned into PCR2.1 TOPO TA cloning kit (Invitrogen) and 

sequenced to confirm the correct identity of the sequences. In addition, dissociation curve 

was run on 7900HT Sequence Detector machine (Applied Biosystems) to double confirm 

specificity of the primers.  

At least three independent biological replicates were done to demonstrate the 

reproducibility of the data. qRT-PCR reactions were carried out as triplexes on a single 

plate. Reactions were run on a 7900HT Sequence Detector machine (Applied Biosystems) 
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as absolute quantification runs. 96-well polypropylene regular microplates were used for 

the reactions. The reactions contained per well 20 μL total volume, 70 nM of appropriate 

gene-specific primers and the equivalent of 10 ng of reverse transcribed cDNA and 10 μL 

SYBR green master mix. Reaction conditions used were: 50°C for 2 min.; 95°C for 10 

min.; 40 cycles of 95°C for 15 s, 60°C for 60 s, followed by the software’s default 

dissociation curve analysis. 

For data analysis, ∆∆CT relative quantification method was used since the 

amplification efficiencies of the previously described primers sets were very close to each 

other.  

T-DNA insertion single mutants and double mutants 

SALK-TDNA insertion lines were ordered from ABRC through TAIR as 

mixtures of heterozygous, homozygous T-DNA insertion lines and wild type lines. PCR 

genotyping was carried out to screen for homozygous T-DNA insertion mutants. 

Genotyping primers were designed using SIGnAL iSect Primer Design software on 

SALK website (http://signal.salk.edu/isectprimers.html).  

Homozygous T-DNA insertion lines selected for APY3:  

SALK_033186 

Homozygous T-DNA insertion lines selected for APY4:  

SALK_043181, SAIL_910_F01 

Homozygous T-DNA insertion lines selected for APY5:  

SALK_049209, SALK_097863 
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Genotyping primers are as follows: 

SALK_033186 LP: 5'- ATT GTT CAA GTC GGA TTT CGG -3' 

SALK_033186 RP: 5'- CCC TCC GGA TTA TCA GCA TAC -3' 

SALK_043181 LP: 5'- AAC TGC TTG AAC TCC AAA GAG C -3' 

SALK_043181 RP: 5'- CTG GGT TTG ATT TTC GAG ACG -3' 

SAIL_910_F01 LP: 5'- CAGGGGAAGGAATAGTTCCTG -3'  

SAIL_910_F01 RP: 5'- GACTGAAGCTCCAAACACGAG -3'  

SALK_049209 LP: 5'- TTC TGA TTT TGA TTA TGG ACA CG -3' 

SALK_049209 RP: 5'- CCC TCC GGA TTA TCA GCA TAC -3' 

SALK_097863 LP: 5’- CAA TGA TTG TAA GCC ATT TTC TG-3’ 

SALK_097863 RP: 5’- CGA CCA ACA TGA AAT TCA AAG G-3’ 

SALK_LBb1: 5'- GCG TGG ACC GCT TGC TGC AAC T -3' 

SAIL_LB: 5'- TAG CAT CTG AAT TTC ATA ACC AAT CTC GAT ACA C -3' 

SALK_LBb1 is the primer on T-DNA insertion left border for SALK lines. 

SAIL_LB is the primer on T-DNA insertion left border for SAIL lines. The LP and RP 

primers are gene specific primers that span the T-DNA insertions. 



77 
 

Double knockout mutant of APY3 and 6 is generated by crossing 

SALK_033186 with SALK_050872. Double knockout mutants of APY5 and 7 are 

generated by crossing SALK_049209 with SALK_124009, or SALK_097863 with 

SALK_124009.  

Phenotypic analysis of T-DNA insertion mutants 

After homozygous T-DNA insertion mutants were selected by screening. The 

mRNA levels for apyrases of the corresponding T-DNA homozygous lines were checked 

by RT-PCR using cDNA libraries that include samples prepared from tissues of light-

grown and etiolated 3.5-d-old seedlings, adult plant roots, shoots and flowers. Only T-

DNA lines that were confirmed as true knockout mutants were used for later phenotypic 

analysis. 

Phenotypic analyses were carried out in the seedling (etiolated and light grown), 

and adult stages after the following treatments: high salinity (150 mM NaCl), Gibberellic 

acid GA3 (0.1, 1, 10 µM) Auxin 2-4D (0.1, 1, 10 µM), Jasmonic acid (10, 100 µM), 

drought treatment of non-irrigation of 5 or 10 days followed by resuscitation with water, 

and wounding of rosette leaves by mechanical puncturing with syringe needles at density 

of 10 holes per cm2.  

Construction of promoter:GUS plasmids for APY3, 4 and 5  

For APY4 and 5, a 2.5 kb promoter region upstream of APY4 and 5 coding 

sequence was amplified directly from genomic DNA from Columbia wild type. The 
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promoter region was cloned into pENTR D/TOPO vector using Invitrogen’s Gateway 

technology. Then, by LR reaction, the promoter region was cloned into the expression 

vector pKGWFS7 which contains a promoterless GUS gene. pKGWFS7 was kindly 

provided by Dr. Enamul Huq. The expression binary vector created is pApy: GUS-GFP.  

pApy3: GUS construct was made and kindly given to me by Dr. Jian Wu. I 

transformed it into Arabidopsis and analyzed its GUS staining patterns. The method that 

Dr. Jian Wu used was: A 2.2 kb region upstream of APY3 coding sequence was amplied 

from genomic DNA from Columbia wild type. Adaptor sequences containing HindIII and 

BamHI restriction sites were added to the forward and reverse primer, respectively. Then 

the amplified and purified PCR fragment was restriction digested with HindIII and 

BamHI and inserted into vector PB101.1, which contained a promoterless GUS cassette 

(CLONETECH).  

The primers used to amplify the promoter regions are: 

pApy3F: 5’- ATA AAG CTT AAA ATA ATT GCT CTT TGG AGT TCA AGC AGT 
TG -3’ 

pApy3R:  5’- ATA GGA TCC CGT TGC ATT AAC GTC TAA AGA ACC GTA ACG 
A -3’ 

pApy4F: 5’- CACC CAC CTG TCA AAA AGA ATG AAT AAA ATG A-3’ 

pApy4F: 5’- AAA GCG GAT AAG GGA TCA TGG AGA T -3’ 

pApy5F: 5’- CAC CTT GTT TGG AAA CGT ATT AAT CG -3’ 

pApy5F: 5’- TTT TTC CAA CCT GGA ACG TAT ACA AA -3’ 
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Construction of 35S:APY-YFP fusion protein plasmid  

APY3, 4, 5 coding sequences were amplified from cDNA samples from 

Columbia wild type. The purified PCR products were cloned into pENTR D/TOPO 

vector using Invitrogen’s Gateway technology. Then, by LR reaction, the coding 

sequences were cloned into the expression vector pK7YWG2. pK7YWG2 was kindly 

provided by Dr. Enamul Huq. The expression binary vector created is 35S: APY-YFP.  

Construction of 35S:RNAi vector 

A 431 bp consensus sequence between APY4 and 5 was selected as the target 

sequence for RNAi. This sequence goes from 1050bp to 1480bp on APY4 coding 

sequence. The sequence was amplified by PCR and was cloned into pENTR D/TOPO 

vector using Invitrogen’s Gateway technology. Then, by LR reaction, the coding 

sequences were cloned into the expression vector pB7GWIWG2(II). pB7GWIWG2(II) 

was kindly provided by Dr. Enamul Huq. 

The primers used to amplify the consensus sequence are: 

At1g14230(1050-1480bp) F: CACCCAGGAAGAAAAAGGGAA 

At1g14230(1050-1480bp) R: TCAAGAATTTTTCTAGATTTACCACTGT 

 

Histochemical GUS staining 

Transgenic pApy: GUS-GFP plants were grown on regular MS medium for root 

and cotyledon staining. For staining of stems, flowers, siliqua and rosette leaves, soil 
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grown plants were used. GUS staining was performed according to Jefferson et al. (1987). 

In brief, Arabidopsis plants were vacuum infiltrated at 400 mm Hg for 5 min in GUS 

staining buffer.  The GUS staining buffer contains 1 mM 5-bromo-4-chloro-3-indolyl-β-

D glucuronic acid [X-Gluc, SIGMA], 100 mM sodium phosphate, 10 mM EDTA, 0.5 

mM K4Fe(CN)6, 0.5 mM K3Fe(CN)6, 1% Triton X-100, pH 7.0. Staining was 

performed 1-4 hours at 37oC with constant monitoring until a desired staining intensity 

was reached. 

For cross sectioning of GUS stained plants, pApy: GUS-GFP seedlings were 

embedded in 1% agarose in 0.1M sodium phosphate buffer. Then the embedded seedling 

blocks were GUS stained as described above. The stained blocks were fixed in 4% 

freshly made paraformaldehyde at 4oC overnight followed by serial alcohol dehydration. 

The dehydrated blocks were infiltrated with LR White resin and cured at 65oC overnight 

in an oven. The resin blocks were then sectioned using an ultramicrotome with glass 

knives.  

 

 

3.3 Results  
 

General information on APY3, 4 and 5 

APYs 3, 4, 5 are localized in tandem on chromosome 1 with Arabidopsis gene 

numbers AT1g14240, AT1g14230 and AT1g14250, respectively. All three of these 
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apyrases are predicted to have one transmembrane domain and five Apyrase Conserved 

Regions (ACRs) (Chapter 2, Fig. 2.1). APYs 3, 4, and 5 are highly similar in amino acid 

sequences (above 68% identity) (Table 3.1). They also have similar protein sizes at 

around 53 kD. It is likely these apyrases arose as a result of tandem duplication. 

Phylogenetic analysis shows that APY3, 4 and 5 are closely related with each other and 

with APY6. These 3 APYs have diverged early from APY1 and 2 and from APY7 

(Chapter 2, Fig. 2.2). 

cis-acting regulatory elements in the promoter region of APYs 

Using the 1000 bp DNA sequence upstream of each APY coding sequence as 

query, I scanned for cis-acting regulatory elements in both PLACE and PlantCARE 

databases. The results obtained from these two databases are mostly the same. I 

combined the results and compiled a table that summarizes all the predicted cis-acting 

regulatory elements in the promoter regions of APY3 to 7 (Table 3.2). Most APYs are 

predicted to have auxin-responsive elements, light-responsive elements, pathogen 

defense- or stress-related cis elements and tissue-specific cis elements. This prediction 

agrees well with the findings of gene expression patterns from qRT-PCR and 

promoter:GUS analysis.  

Single T-DNA insertion knockouts of APYs 3, 4 and 5 do not show any obvious 

phenotypes. 
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T-DNA insertion single knockouts have been screened out for APYs 3, 4 and 5. 

SALK_033186 is the single knockout mutant of APY3 and will be referred to here as 

apy3-1. SALK_043181 and SAIL_910_F01 are the single knockout mutants of APY4 and 

are referred to as apy4-1 and apy4-2. SALK_049209 and SALK_097863 are the single 

knockout mutants of APY5 and are referred to as apy5-1 and apy5-2. The location of T-

DNA insertions in the genes are marked in Fig. 3.1A. RT PCR and qRT-PCR have been 

used to confirm that each of these mutant lines is truly a knockout (Fig. 3.1B). When we 

analyzed their phenotypes as described in the Materials and Methods section, we did not 

see any obvious phenotypic differences between the mutants and Columbia wild-type 

plants. 

Simultaneous suppression of APY3, 4 and 5 by RNAi and double knockout mutants. 

The generation of double and triple mutants between apy3, 4, 5 single mutants 

is difficult because they are tandemly clustered on the genome. But since the amino acid 

sequences of APYs 3, 4 and 5 are highly identical, it is possible to design a RNAi 

strategy to simultaneously suppress all three genes and study the loss-of-function effects. 

A 431 bp conserved region in the coding sequence of APYs 3, 4 and 5 was selected and 

used to make an RNAi construct. Transgenic 35S:RNAi (APY3, 4, 5) plants were 

generated, and the phenotypes of these plants were analyzed as described in the Materials 

and Methods section. The transcripts of APYs 3, 4 and 5 were found to be knocked down 

to around 10% in certain RNAi (APY3, 4, 5) lines (Fig. 3.7). However, no obvious 

phenotypes were observed.  
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The RNAi (APY3, 4, 5) construct was also introduced into the apy6-1 single 

knockout background to create a line that has no expression of APY6 and is knocked 

down in levels of APYs 3, 4 and 5. No phenotypes were observed in this line, either. 

Double knockout mutants apy3-1apy6-1 and apy5-1apy7-1, apy5-2apy7-1 were 

generated. No obvious phenotypes were observed with growth stages and conditions 

including: etiolated seedlings stage, light grown seedlings stage, adult plants grown in 

soil in continuous light.  

Tissue specificity and regulation of APYs 3, 4 and 5 

To study the expression profiles of APYs 3, 4 and 5, two independent methods 

were used. First, real-time qRT-PCR was carried out to study the relative expression of 

these genes in various tissues, at different growth stages or under various treatments. The 

second method was promoter:GUS analysis. The results from these two methods largely 

agree with each other (Fig. 3.2, 3.3, 3.4, 3.5): APY3 was found to be expressed in the 

initiation zone of lateral root and in the lateral root tip, the adaxial junction of lateral 

shoots with the stems, and in the abscission zone of flower organs (Fig. 3.2). APY4 was 

expressed both in the primary root and lateral root (Fig. 3.3) APY 5 was expressed 

strongly in the leaves but only weakly in the root (Fig. 3.4). None of these three genes 

was expressed highly in the mature pollen. APY5 was upregulated by wounding and 

drought stress (Fig 3.6). In the organs where these genes were expressed, vascular tissues 

had higher expression than the surrounding tissues. Again, similar to APYs 6 and 7, the 

location of the expression of APYs 3, 4 and 5 coincided with the location of high auxin 
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levels. This shows that APYs 3, 4, 5 may also be regulated by auxins, or play a role in the 

accumulation of auxin at these sites. 

 

3.4 Discussion 
 

Single knockout of either APYs 3, 4 or 5 did not show any observable 

phenotypes. Based on the facts that there are 7 apyrases in the Arabidopsis genome and 

they have overlapping tissue specificity, complementation of functions among them is 

expected.  The RNAi analysis of APYs 3, 4 and 5 further strengthens this idea.  

Through expression profiling by qRT-PCR and promoter GUS fusion analysis, 

tissue specificity of APYs 3, 4 and 5 was demonstrated. Like APYs 6 and 7, most of the 

expression of APYs 3, 4 and 5 were found at sites of high auxin levels. APY5 and APY7 

are found to be induced by wounding and drought stress, both of which are also likely to 

be mediated by auxin signaling. 

Remarkably, the promoter:GUS expression patterns for APYs 3, 4, and 5 share a 

common feature with the promoter:GUS expression patterns for APYs 1 and 2 (Wu et al., 

2007) and for APYs 6 and 7 (Chapter 2): that is, they all appear to co-localize with sites 

of high auxin accumulation. These “high-auxin” sites include primary root tip, lateral root 

tip and initiation zone, developing embryo, junction between lateral inflorescence and 

main flowering stem, abscission zone of flower organs, stamen, tip of the pistil, stipules  

and young rosette leaves (Aloni et al., 2003; Ljung et al., 2008; Cecchetti et al., 2008; 
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Ellis et al., 2005). This indicates apyrase functions may be strongly coupled with auxin 

activities.  

We speculate that the APY-auxin connection may reflect one or more of several 

potential roles for apyrases in plants.    First, apyrase may be an upstream regulator of 

auxin distribution. For example, apyrase activity may affect the polar transport of auxin 

and thus control the auxin gradient required for growth and development. In fact, it has 

been shown that in lines where APY1 and 2 are both knocked down, polar auxin transport 

at the root tip is disrupted (Wu et al., 2010). A second, more obvious, possibility is that 

apyrase genes are simply downstream responders in an auxin signaling pathway. Wu et al. 

(2007) identified known auxin responsive elements in the promoter regions for APY1 and 

APY2, and we have found similar elements in the promoter regions for APYs 3, 5, 6, and 

7, thus it is highly likely apyrases are regulated by auxin at the transcription level. To test 

this hypothesis, one could examine the apyrase expression pattern in auxin mutants or in 

plants where external auxin or auxin transport inhibitors are applied. If apyrase 

expression patterns change where auxin level is changed, then the hypothesis is supported.  

The key question to ask in apyrase research is how apyrases work at the 

molecular level. Enzymatically, plant apyrases, like apyrases in other organisms of other 

kingdoms, degrade the terminal phosphate in NTPs and NDPs. Now that there is 

increasing evidence of eATP/ADP signaling in plant (Roux and Steinebrunner, 2007; 

Tanaka et al., 2010), it is possible that some plant apyrases act as signal quenchers in an 

eATP/ADP signaling pathway. In this dissertation, I described evidence of the 
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intracellular membrane localization of APY6. It is possible APY6 or other APYs are 

located in Golgi bodies where glycosylation activities are high. Glycosylation is a process 

of addition of sugar branches to other molecules such as protein and carbohydrates. This 

process uses activated sugar monomers, NTP-sugars. So by changing NTP and NDP 

concentrations, apyrase can change the rate of glycosylation reactions, and in yeast this is 

the main function of apyrases (Hirschberg et al., 1998).  

To assess the nucleotide substrate preferences of APYs 3, 4, and 5, we made 

attempts to express these apyrases heterologously in bacteria or transiently overexpress 

them in tobacco leaves, but these efforts did not yield positive results. This is very similar 

to what happened in our experiments with APY 6 and 7 heterologous expression, and this 

result seems to suggest that overexpression of an ATP hydrolyzing enzyme is lethal, or at 

least detrimental for many organisms. A potential strategy to solve this problem would be 

to express the His-tagged versions of these proteins in Arabidopsis, driven by their native 

promoters, and then purify them by Ni3+-affinity chromatography. 

Subcellular localization studies using 35S:APY-YFP transgenic plants or 

transient expression in tobacco leaves were also carried out for these three genes. Even 

though the transcripts for these APYs were over expressed as evidenced by RT-PCR, 

YFP fluorescence in the transgenic lines for these genes was too weak for observation. It 

is possible that Arabidopsis does not tolerate the mis- and over-expression of APYs very 

well. 
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%Id. 

(FASTA)   AtAPY1   AtAPY2   AtAPY3   AtAPY4   AtAPY5   AtAPY6  

AtAPY2   87.1   X   X   X   X   X  

AtAPY3   27.6   30.0   X   X   X   X  

AtAPY4   27.8   29.3   68.2   X   X   X  

AtAPY5   27.8   29.0   75.4   76.7   X   X  

AtAPY6   28.9   28.7   59.3   66.9   65.1   X  

AtAPY7   25.9   24.4   26.8   26.1   26.4   27.8  

 

Table 3.1. Comparison of Arabidopsis Apyrase deduced amino acid sequences. 
AtAPYs 1-7 amino acid sequences were aligned using ClustalW2 program. The identity 
of amino acid sequences between the AtAPYs was calculated by the program. APYs that 
are shadowed the same share high identity with each other. 
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   APYs     

motifs sequence function 3 4 5 6 7 

TGA element AACGAC auxin-responsive element   x  x 

ARFAT TGTCTC auxin-responsive element x     

CATATGGMSAUR CATATG auxin responsiveness    x  

CAT box GCCACT meristem specific expression    x x 

GCN4 motif CAAGCCA endosperm specific expression  x   x 

HD Zip1 CAAT(A/T)ATTG differentiation of the palisade cells x     

HD Zip2 CAAT(G/C)ATTG leaf morphology development x     

as-2 box GATAatGATG shoot-specific expression    x  

box-W1 TTGACC fungal elicitor responsive element x x    

Box E ACCCATCAAG fungal elicitor responsive element x     

CGTCA motif CGTCA MeJA-responsiveness x x x  x 

LTR CCGAAA low-temperature responsiveness x x    

S Box AGCCACC pathogen inducbile element     x 

TC rich repeats GTTTTCTTAC defense and stress responsiveness  x x x x 

TCA element CAGAAAAGGA salicylic acid responsiveness  x  x  

HSE AAAAAATTTC heat stress responsiveness  x x  x 

Motif IIB CCGCCGCGCT abscisic acid responsive element    x  

CCAAT box CAACGG MYBHv1 binding site  x  x  

GARE motif TCTGTTG gibberellin-responsive element   x  x 

ACE ACGTGGA light responsive element  x x x x 

Box I TTTCAAA light responsive element   x  x 

G-box CACGTA light responsive element x x x  x 

I-box GATAAGATA light responsive element x  x x  

MRE AACCTAA light responsiveness x     

W box TTGACC light responsive element x x    

circadian CAANNNNATC circadian clock x    x 

O2 site GATGATATGG zein metabolism   x x   

Table 3.2. cis-acting regulatory elements in the 1000 bp 5’ promoter regions of 
Arabidopsis apyrases. 
The 1000 bp promoter sequences of APYs 3-7 were scanned in PLACE and PlantCARE 
databases. cis elements found from both databases were combined and compiled.
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Fig. 3.1  Schematic representation of SALK T-DNA insertions of Arabidopsis 

apyrases 3-5 and RT-PCR experiment to demonstrate the transcripts are knocked 

out in the T-DNA insertion lines.  

A, Overview of the locations of T-DNA insertions in the genome of the available T-DNA 
insertion lines. The red-circled lines are insertional lines that are true knockouts. B, RT-
PCR shows that apy3, apy4 and apy5 were true knockout. Primers were designed to 
amplify full length coding sequences. Upper lanes from left to right are: apy3-1 cDNA 
with APY3 primers, apy4-1 cDNA with APY4 primers, apy4-2 cDNA with APY4 
primers, apy5-1 cDNA with APY5 primers, apy5-2 cDNA with APY5 primers, 1kb DNA 
marker (NEB N3232), Columbia wild-type cDNA with APY3 primers, Columbia wild-
type cDNA with APY4 primers, Columbia wild-type cDNA with APY5 primers. Bottom 
lanes are actin controls to show equal amounts of cDNA per PCR reaction were used and 
the quality of cDNA is good. The T-DNA lines and the Columbia wild-type cDNA used 
were synthesized from a combination of 2-week-old light-grown seedling tissues and 4-
week-old aquacultured root tissues.  
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Fig. 3.2 Promoter:GUS analyses for APY3. 

A, GUS Staining on the stipules of leaves from 7-day-old light-grown seedlings. B, GUS 
Staining at the initiating lateral roots from 7-day-old light-grown seedlings. C, GUS 
staining at the lateral roots from 14-day-old light-grown seedlings. D and E, GUS 
staining on the 5-day-old etiolated seedlings and its root tip, respectively. F and G, GUS 
staining at the developing embryos. H) GUS staining at the adaxial side of a lateral shoot.  
I, GUS staining at the abscission zone of flower organs. 
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Fig. 3.3. Promoter:GUS analyses for APY4. 

A, GUS staining is found in lateral root of 14-day-old light- grown seedlings. The arrow 
points to the lateral root. B, GUS staining in the primary root tip region of 14-day-old 
light- grown seedlings. C, GUS staining in primary root tip region in 1-day-old light- 
grown seedlings. D, Magnified primary root tip of 1-day-old seedling. E, GUS staining in 
3-day-old seedlings. Meristematic zone is stained, which is different from pattern 
observed in 1-day-old seedling. F, Magnified primary root tip of 3-day-old seedling. 
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Fig. 3.4 Promoter:GUS analyses for APY5.  

A, GUS staining in the tips of cotyledons in 3-day-old light-grown seedling. B, 14-day-
old seedling shows GUS staining in cotyledons and leaves. The staining in the leaves is 
stronger in the veins than in surrounding cells. C, GUS staining in the primary root of 14-
day-old light-grown seedlings.  D, GUS staining in lateral root. E, a flower is stained in 
the pistil and sepals.  E, GUS staining in the pedicel and young silique wall. 
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Fig. 3.5. Real time qRT-PCR analysis of tissue expression pattern of APY3-5 in 

different tissues.  

PDF2 was used as the internal reference gene.  3 biological repeats were carried out. In 
each repeat, three technical repeat was done.
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Fig. 3.6 APY5 and 7 are upregulated by wounding. 

A, Real time qRT-PCR analysis indicates that APY5 and 7 transcript levels have 
increased 2.7- and 0.8-fold, respectively, over unwounded control, while APY6 transcript 
level remain relatively unchanged after wounding treatment. N=9; p < 0.05 for all. B, 
Left panel, pApy5:GUS staining around cut site on mature rosette leaf 3 hours after 
wounding; right panel, pApy6:GUS leaves were not stained after wounding.  
Arrows point to the cut site. 
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Fig 3.7. Real time qRT-PCR analysis of the knockdown levels of APYs 3, 4, 5, and 6 

transcripts in the 35S:RNAi lines that target to a conserved sequence between APY3, 

4 and 5.  

3-1, 5-1, 8-1, 9-1, 11-1 are 5 independent RNAi lines. The transcripts of APYs 3, 4 and 5 
are knocked down to around 10% in 4 out of 5 lines. But APY6 transcript is knocked 
down to a lesser level. 
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CHAPTER 4: CONCLUSION 
 

During the last decade, over a dozen papers have been published on the role of 

extracellular nucleotides in the growth and development of Arabidopsis. In general, these 

papers highlight the role of APY1 and APY2, two highly similar apyrases, in controlling 

the extracellular ATP, and, thus in controlling plant growth. However the apyrase family 

in Arabidopsis has 7 members, and, prior to the research described in this dissertation, 

there was virtually no information on whether any other members of the family played a 

significant role in any aspect of plant life. 

In this dissertation, I have taken a systematic discovery science approach to study 

the functions of APYs 3 through 7. Our initial key finding was that the single knockout of 

any one of these apyrases did not have any observable phenotypic differences from wild-

type plants. Because often in gene families, functional redundancy exists among the 

family members, we had to test for this possibility by generating various combinations of 

double or triple knockout mutants. However, even simultaneous suppression of APYs 3, 4, 

and 5 by RNAi did not cause any observable phenotypes. Among all the knockout-

knockdown combinations we tested, only the APY6 and 7 double knockout displayed an 

obvious phenotype, which was delayed dehiscence of the anther and reduced male 

fertility. This suggests the probability of further gene redundancy between APYs 3, 4, and 

5 and other APYs such as APY1 and APY2 or APY6 and 7. Testing this hypothesis will 
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require performing RNAi of this group of genes in the background of double mutants or 

even quadruple mutants to fully sort out the functional relationships among apyrase 

family members. An alternative possibility is that even when the transcripts of APYs 3, 4 

and 5 are knocked down to 10% of that of wild-type plants, the remaining 10% is 

sufficient for normal function of the genes. 

Both real time qRT-PCR and promoter:GUS fusion analysis have shown that 

APY6 and 7 are expressed at high levels in mature pollen and anther tissue. APY7 is also 

expressed strongly in fast growing tissues such as etiolated hypocotyls, roots of light-

grown plants, cotyledons and young rosette leaves. It is interesting to observe that in 

these organs, vascular tissues have a higher expression of APY7 than the surrounding 

tissues. Our analyses of cross sections of the roots of light-grown plants expressing the 

promoter APY7 GUS construct confirmed that, indeed, the vascular bundle displays more 

staining that the outer cell layers. Within the vascular bundle, the protophloem cells are 

stained more heavily than other cell types. For APY6, the promoter:GUS analysis shows 

that it is expressed in the hydathode regions of the rosette leaves. As regards the other 

apyrases, APY3 is expressed in the initiation zone of lateral root and lateral root tip, 

adaxial junction of lateral shoots with the stems and in the abscission zone of flower 

organs; APY4 is expressed both in the primary root and lateral root; and APY 5 is 

expressed in the leaves but not in the root, and it is upregulated by wounding and drought 

stress. None of these three genes is expressed highly in the flower organs. In the organs 

where these genes are expressed, vascular tissues have higher expression than the 
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surrounding tissues. Similar to APYs 6 and 7, the location of the expression of APYs 3, 4 

and 5 coincides with sites of high auxin levels. This suggests either that these apyrases 

may be regulated by auxins or that they play some role in promoting the accumulation of 

auxin at these sites. A test of these alternative possibilities would be to create transgenic 

lines that were suppressed in APYs 3, 4 and 5 in the background of the apy6apy7 double 

knockout. If auxin accumulation patterns and function were significantly altered in these 

transgenic lines, this would suggest that together these apyrases play a regulatory role in 

controlling the distribution/accumulation of auxin in plants. Of course such a test would 

be rendered unfeasible if the combined suppression of all five apyrases resulted in plants 

that were unable to grow or reproduce. 

Although my dissertation research strongly suggests that APYs 3, 4, and 5 play 

minor roles in plant growth and development, my findings do not rule out the possibility 

that one or more of these apyrases is/are critical for optimal responses of plants to 

specific stress or environmental conditions. Our research has laid the foundation for 

future studies to continue examining the functions of the entire apyrase gene family 

during plant growth and development. 
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