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Abstract 
Calcium and manganese perform various important biological functions within 

the plant body, including signal transduction, proper cell wall formation, 

photosynthesis, respiration and nitrogen assimilation etc. Calcium and manganese exist 

in the form of ions within cells. P2- type calcium ATPases are responsible for 

maintaining homeostasis of these ions in both domains of life. P2- type ATPases are 

further divided into P2A (ECAs) and P2B- types (ACAs). In present research work, 

BLAST searches in different databases were conducted for the retrieval of calcium 

ATPase sequences of selected monocots and a phylogenetic analysis was performed. 

Furthermore, Triticum aestivum plants were grown under calcium and manganese stress 

using hydroponic culture. The tissue generated was used to find out the expression of 

selected P2A and P2B- type calcium ATPases under manganese and calcium stress. 

Moreover, an ECA3 construct was generated and it was transformed into yeast model 

(Pmr1) to find out the possible role of this gene in manganese nutrition. Overall, 

phylogenetic analysis revealed a high degree of evolutionary relatedness among P2- 

type calcium ATPases. High expression of selected ACAs was observed in T. aestivum 

plants grown under calcium stress, which gave clues to the role of ACAs in signal 

transduction in T. aestivum. High expression of selected T. aestivum ECAs under 

calcium and manganese stress was also observed which may indicate the potential roles 

of these ATPases in calcium and manganese nutrition in T. aestivum. Additionally, 

ECA3 gene (which is a P2A- type ATPase) was amplified using T. aestivum cDNA and 

sequenced subsequently. The data indicated that it retained introns in some of the 

transcripts. The qRT-PCR analysis revealed that events of intron retention in ECA3 

transcripts were much enhanced when plants were exposed to calcium stress. ECA3 

construct was further transformed into yeast mutant Pmr1, which is a null mutant for 
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its own manganese pump and cannot grow on high manganese concentration in the 

medium. Interestingly, ECA3 rescued the phenotype and helped the mutant to grow 

successfully on manganese toxic media. This further indicated, the importance of ECA3 

in manganese translocation in T. aestivum. Hence, ECA3 gene is reported here as first 

P2A- type pump identified in T. aestivum and is required for manganese management in 

this species. 
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Introduction 
 

  
Introduction 

Monocotyledons refer to a group of flowering plants whose seed contain only 

one embryonic leaf or cotyledon. The stem is usually unbranched and fleshy whereas, roots 

are short and stringy. Monocots are quite diverse and comprise one quarter of all flowering 

plants on earth (about 60,000 species). Orchidaceae is the second largest monocotyledon 

plant family which includes about more than 20,000 species (Tomlinson, 1974; Bremer, 

2000). Another important monocot family is Poaceae (also known as the grass family) 

which includes large number of economically important cereals such as rice, wheat, maize 

etc. Cereals utilize 48-50% of the sowing area of arable land around the world. According 

to ‘Crop Prospects and Food Situation Report’ FAO estimates that world cereal production 

is continuing to increase each year. Cereal production for 2017-18 has been forecasted to 

reach a record level of 2611 million tons (FAO, 2017). 

Interestingly, among cereals, wheat (Triticum aestivum) occupies the first 

position in terms of production and it accounts for a total of 20% of the calories 

consumed by human beings (Shiferaw et al., 2013; IWGSC, 2016). United Nations 

estimates that by 2050 world’s population will be 9.1 billion and 70% of the world’s 

population will become urban. In order to feed such a large urban living population, net 

wheat production must increase by 70% (FAO, 2017). Therefore, attempts should be 

made to engineer wheat plants which may have the ability to grow at a fast rate with 

increased grain yields. Also, these plants should be able to stand against the harsh 

environmental conditions. Only then, it would be possible to cope with the demand of 

increased food supply in the world (Peng et al., 2011).  

1 
 



Introduction 
 

Wheat is considered as the most important crop in Pakistan from the agricultural 

economy point of view, which contributes 19.8% to the gross domestic production 

(GDP) of the country (Ali et al., 2017). Approximately 9 million hectares (which is 

considered as 40% of the total cultivated land) is believed to be utilized by farmers for 

wheat cultivation during the Rabbi season (USDA, 2017). Wheat production forecast 

for the year 2017-18 is 25.2 million metric tons for the country (USDA, 2017).  

Wheat crop in Pakistan is tackled with large number of challenges. For instance, 

dry conditions and poor soil moisture from September to December each year. This 

climatic trend in Pakistan has forced many farmers to switch from wheat to sugar cane 

and corn. A recent study has anticipated that due to severe climate changes, wheat 

production in South Asian region is expected to be declined by 50% by 2050 (Ali et al., 

2017). This is equal to almost 7% of the global crop production (Helmreich and Horn, 

2009). Other climatic changes which can adversely affect wheat production in Pakistan 

include water logging and flooding, cold, frost and heat. Salinity and heavy metal 

toxicity of soil represent other abiotic stress factors for wheat crop in Pakistan. 

Additionally, wheat in Pakistan is susceptible to three major rusts namely, powdery 

mildew, barley yellow dwarf and spot blotch (Kazi et al., 2013). High yields of wheat 

crop in Pakistan can only be possible if farmers are supplied with good quality seeds 

which should be capable of fronting efficiently these challenges (Dawn, 2010). It is, 

therefore, very important to conduct more research on wheat crop so that target of 

increased wheat production for an enormously growing Pakistani population can be 

achieved in the coming years.  

1.1 Origin of modern wheat 

Modern wheat originated as a result of hybridization event between tetraploid 

emmer wheat (AABB, Triticum dicoccoides) and diploid goat grass (DD, Aegilops 
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tauschii) approximately 9,000 years ago. Early agrarians planted the seeds of tetraploid 

wild emmer (AABB).  Domesticated emmer spread across the entire Asia, Europe and 

Africa (Dubcovsky and Dvorak, 2007). This spread of cultivation brought it closer to 

another species, Ae. tauschii (the donor of the DD genome) in the Caspian basin where 

hybridization is presumed to have taken place, giving rise to hexaploid wheat (Salamini 

et al., 2002). From those beginnings, the cultivation of hexaploid wheat (bread wheat 

or T. aestivum) has spread to the far reaches of the globe (Figure 1.1). 

 

Figure 1.1: Evolution of modern hexaploid wheat through domestication in 

Fertile Crescent 9000 years ago.  

Wheat is an allohexaploid and has a total of 21 pairs of chromosomes, which 

are composed of 7 homeologous groups (A1, B1, D1, A2, B2, D2, A3, B3, D3, A4, B4, 

D4, A5, B5, D5, A6, B6, D6, A7, B7, and D7). Homeologous chromosome means, 

those chromosomes, which are partially similar in structure and appearance but not so 

close as to be considered homologous. The reduction in diversity of AABB and DD 
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genome has occurred as compared to the ancestral population, indicating a major 

diversity bottleneck on the transition to cultivated lines (Haider, 2012). 

1.2 Sequencing and release of wheat genome 

T. aestivum genome has been sequenced recently and comprehensive genome wide 

analysis of the genome was released in 2012 (Brenchley et al., 2012). This information 

was used to create assemblies of wheat genes in an orthologous gene family framework. 

The subsequent data is available in Unité de Recherche Génomique Info (URGI, 2017), 

Plant Genome and Systems Biology (PGSB, 2017) and UniProtKB (UniProtKB, 2017) 

databases. 

1.3 Project aims and outline 

Wheat is among one of the most important crops on earth. Wheat serves as a 

staple food in Pakistan and the country is considered as third largest wheat producer in 

Asia (PABA, 2017). Keeping in view the growth of the world’s population at an 

enormous rate, a tremendous increase in the demand of wheat supply is expected. It is 

therefore, the need of time to have such wheat varieties which can grow at a great pace, 

can generate high grain yields and can give better grain quality in terms of nutrition. In 

addition, such wheat varieties should be able to bare certain environmental stresses 

which are definite because of the global warming effects and changing in the world’s 

climate. The recent release of the wheat genome as a result of its sequencing provide 

great opportunities for the scientists to annotate wheat genes. This information can be 

used to characterize wheat genes using different characterization techniques. Such as 

use of yeast models to characterize membrane proteins or using Arabidopsis as a model 

organism to express genes and understand their functions.  
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The membrane system of living organisms is equipped with a variety of proteins 

(broadly known as membrane transporters) which are responsible in deciding which 

ion/molecule should be allowed to enter or leave the cell. These membrane transporters 

are widely distributed among all the living organisms and can be found on the plasma 

membrane, endoplasmic reticulum and Golgi bodies. One such type of transporters is 

known as P2- type ATPases which transport calcium ions (along with manganese, zinc 

etc.). These ATPases are generally involved in maintaining a definite level of calcium 

in the cytosol as well intracellular organelles such as Golgi apparatus and endoplasmic 

reticulum. These P2- type ATPases are further divided into P2A (also known as ECAs) 

and P2B (also known as ACAs) type ATPases. A key difference between ACAs and ECAs 

is the presence of an extended cytosolic regulatory domain, the calmodulin (CaM)-

binding domain (CMBD) in ACAs (P2B- type). Furthermore, the localization of this 

domain in ACAs is different in animals and plants. In plants it is generally present as an 

N-terminus domain while as an extended C-terminus domain in animals (Geisler et al., 

2000b). 

Currently, a comprehensive information related to calcium ATPases is available 

from animals (Di Leva et al., 2008, Kurnellas et al., 2005) and dicots (Lee et al., 2007, 

Anil et al., 2008, Geisler et al., 2000b, Mills et al., 2008, Lucca and León, 2012). 

However, not sufficient data is available from monocots particularly, wheat. It is 

therefore required to identify and characterize these ATPases in wheat. This 

information can be used in future for the genetic manipulation of the wheat plant to 

produce wheat varieties with improved traits. Based on this information, the hypothesis 

of present research work was defined as “Are there any P2A and P2B- type calcium 

ATPases in monocots? What could be their possible biological function in wheat?” 
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1.3.1 Research objectives 

This research work has following aims and objectives:  

1) To identify calcium ATPases orthologues and evaluate evolutionary relationships 

between them. 

2) To conduct computational structural analysis of calcium ATPases in selected monocots. 

3) To evaluate the expression of wheat ECAs under metal stresses (calcium and 

manganese). 

4) To ascertain calcium ATPases function against metal stress by using yeast models. 
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2.1 Nutrients required by plants for proper growth and development 

There are different types of chemical elements and compounds which are 

required for the growth and survival of plants. An element is believed to be essential if 

a plant cannot survive in its absence or if that element is part of some of the essential 

plant constitute or metabolite (Epstein, 1994). Twenty different elements are considered 

essential plant nutrients. Air provides two of the essential elements (carbon and oxygen) 

whereas, the rest of the essential elements come through the soil. Essential elements are 

further divided into micronutrients and macronutrients. Macronutrients are required in 

larger amounts whereas, micronutrients are required in relatively smaller amounts by 

the plants. The macronutrients include carbon, hydrogen, oxygen, nitrogen, 

phosphorus, potassium, calcium, magnesium, and sulfur. Whereas, iron, copper, 

molybdenum, manganese, boron, nickel, zinc, chlorine, silicon, sodium and cobalt 

constitute as micronutrients for plants.  

Macronutrients and micronutrients have different roles in plant bodies. For 

example, carbon is one of the most important macronutrient and is needed for building 

carbohydrates, proteins, nucleic acids and many other compounds. Another important 

macronutrient is nitrogen, which is the part of proteins and nucleic acids. Similarly, 

phosphorus is part of ATP, it enables food energy to be converted into chemical energy 

through the process of oxidative phosphorylation. Phosphorus is also a vital component 

of DNA, the genetic "memory unit" of all living things. Manganese (a micronutrient) 

activates some important enzymes which are involved in chlorophyll formation. 
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Chlorine, another micronutrient, is essential for osmosis and ionic balance. Deficiencies 

of any of the nutrients (both macro and micro) can result in adverse effects on plant 

growth such as, stunted and slow growth or chlorosis etc. Extreme deficiencies may 

result in cell death. It is therefore very important for the plants to get different mineral 

elements in proper amounts for their healthy growth. 

2.1.1 Nutrient availability in soil 

The availability of ions in the soil to the root cells is generally facilitated by a 

process called “ion exchange”. The root cells secrete positively charged hydrogen ions 

which displace the surrounding cations such as K+, Na+ etc. Thus, these cations become 

available for the root system to absorb and uptake them. The exchange of negatively 

charged ions occur without distributing the electrical neutrality. This process is known 

as “Donnan effect”. According to Donnan “the presence of a negative non-diffusing 

charge on one side of a membrane creates a potential gradient for ion diffusion leading 

to an electrochemical equilibrium” (Donnan, 1911).  

Different factors affect the availability of ions in the soil. For instance, soil pH 

values between 6.0-7.0 offer the best nutrient availability. Any pH values higher or 

lower cause the reduction in the availability of different ions in the soil. Similarly, the 

increase in the availability of organic matter is directly proportional to the availability 

of mineral ions in the soil. Soil texture is another important factor which contributes 

towards the availability of mineral elements in the soil. Sandy soil holds less nutrients 

as compared to the fine textured soil. Climatic effect on the nutrients supply in soil is 

also unavoidable. Excess moisture causes leaching of some nutrients. However, dry 

conditions discourage the breakdown and flow of nutrients to plants. Another factor 

affecting the availability of nutrients in the soil is “cold temperature”. Cold temperature 

reduces uptake of nutrients by plants due to slowing down the breakdown of nutrients 
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available in the soil. The availability of nutrients in soil is also greatly affected by a 

phenomenon known as “nutrient interaction”. “Nutrient interaction” means that 

availability of one nutrient in soil may get affected by the presence of another nutrient 

(Adriano, 2001). For instance, high phosphate levels in the soil can reduce zinc uptake 

by the plants similarly, high calcium levels can decrease boron uptake. Some other 

factors that affect the nutrients availability of the soil include crop removal and leaching 

of nutrients etc. 

2.1.2 Nutrients uptake and absorption by plants 

The entire plant body of aquatic plants act as an absorptive surface for the 

absorption of minerals. However, the terrestrial plants have been provided with an 

extensive root system with innumerable growing apices for the absorption of mineral 

nutrients from the soil. These innumerable growing apices are long and narrow 

protrusions which are finger like extensions and are generally referred as root hairs 

(Figure 2.1). Root hairs increase the surface area to volume ratio to facilitate the 

absorption of water and mineral ions from the soil. 

 

Figure 2.1: Root hair surrounded by soil particles. Root hairs 

are tubular shaped outgrowths which emerge from epidermis. 

Long and thin structure of root hairs provide easy penetration 
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into the soil and offers a large surface area for the absorption 

of mineral ions (nutrients). Adapted from (IGCSE, 2016). 

Root hairs are very delicate extensions of the epidermal cells and are continually 

being sloughed off by the soil and are regrown. The root hair cell is surrounded by a 

thin cellulose cell wall and a partially permeable membrane and is separated from other 

root cells by a thin layer of cytoplasm (Figure 2.2). The water potential of soil water is 

higher than the water potential of the root hair cells, therefore, water normally enters 

inside the root hairs through osmosis. The solution then subsequently move into the 

xylem of the root, from where it finds its way to the rest of the plant body along with 

transpiration stream. 

   

 

 

 

 

 

 

 

 

Figure 2.2: Structure of root hair cell. Root hair cell is surrounded 

by a thin cellulose cell wall and plasma membrane. The cell consists 

of a large central vacuole and the nucleus is located near corner of 

the cell. Water and other mineral ions move into the root hair’s 

vacuole (osmosis), after penetration through cell wall and cell 

membrane. Adapted from (IGCSE, 2016). 
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2.2 Role of Plasma membrane in mineral nutrition in plants 

Plasma membrane also known as plasma lemma surrounds the cell and 

separates interior of the cell from the outside environment  (Singer and Nicolson, 1972). 

It acts as a selective barrier, which controls the movement of different substances in 

and out of the cell or separates organelles from cytosol or cell’s interior environment 

(Figure 2.3). It is involved in a variety of cellular processes such as cell adhesion, ionic 

conductivity and cell signaling. In addition, it provides an attachment surface for 

extracellular structures such as cell wall, glycol calyx and cytoskeleton (Figure 2.3). 

 

Figure 2.3: Structure of plasma membrane. Adapted from (Biology, 2016). 

Phospholipid bilayer of plasma membrane consist of hydrophobic fatty acid 

chains, which makes it impermeable to water-soluble molecules. Proteins in 

cell membrane are considered either as integral membrane proteins or 

peripheral membrane proteins. Peripheral membrane proteins are mostly 

found to be a part of cytoskeleton. The integral membrane proteins generally 

serve as transmembrane proteins which span across the phospholipid bilayer 

and are exposed at both ends of the membrane (Singer, 1972).  
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The cell membrane is composed of a phospholipid bilayer with embedded 

proteins. The lipids are the fundamental structural elements whereas, proteins take the 

responsibility of carrying out specific functions. Mostly plasma membrane consists of 

approximately 50% lipids and 50% proteins by weight (Figure 2.3). The proteins of 

plasma membrane can be broadly divided into two main classes i.e., integral membrane 

proteins (inserted into the lipid bilayer) and peripheral membrane proteins (bound to 

the membrane). Mostly, the integral membrane proteins are the transmembrane proteins 

which exhibit a high degree of specificity for the substance they transport (Lodish et 

al., 2000). 

2.2.1 Membrane transporters  

Plasma membrane which acts as a selectively permeable barrier, is responsible 

to ensure the entry of specific ions and other metabolites into cell, hence it helps 

cytoplasm to maintain its homeostasis. The phospholipid bilayer (of plasma membrane) 

allows the movement of gases such as carbon dioxide (CO2) and oxygen (O2) however, 

it is impermeable to inorganic ions and other hydrophilic solutes (e.g., sucrose and 

amino acids). The transportation of organic solutes, inorganic ions and protons is 

facilitated by membrane proteins. There are three main categories of membrane 

proteins i.e., channels, carriers (also known as transporters) and ATP powered pumps 

(Lalonde et al., 1999, Sze et al., 1999) as given below:  

2.2.1.1 Channel proteins 

These proteins form a passage way across the membrane through which 

different substances can be transported (Figure 2.4). The makeup of the amino acid 

chains are responsible for determining the shape and size of the channel protein thus, 

the type of the ion or macromolecule passing through the channel. The channels usually 

remain close and open only in response to a specific signal. However, in some cases 
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the channels might remain open all the time for instance, plasma membrane potassium 

specific channels of animals (Lodish et al., 2000). Transport through channel proteins 

occur at a fast rate as compared to carrier proteins. These proteins mediate transport of 

molecules or ions down their concentration gradient. This process is generally known 

as passive transport or facilitated diffusion (Alberts et al., 2002).  

 

Figure 2.4: Membrane proteins and mode of transportation.  

(a) Three types of membrane transport proteins.  

(b) Different mode of transportation in three different types of carriers. 

The triangles indicate the gradient and tip points towards lower 

concentration. ATP powered pumps facilitate movement of specific ions 

against the concentration gradient with expenditure of energy. Channels 

move the specific ions towards the concentration gradient, hence do not 

require any energy input. Transporters facilitate movements of small ions 

and molecules. They are of three main types: uniporters (transport single 

type of molecule or ion down the concentration gradient), symporters 

(transport two different ions or molecules in the same direction) and 
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antiporters (transport two different ions or molecules in opposite 

direction). Adapted from (Lodish et al., 2000).   

2.2.1.2 Carrier proteins 

Transporters are intrinsic membrane proteins (Sadava et al., 2009), which bind 

the specific solute to be transported on one side of the membrane (Figure 2.4). After 

binding, they undergo a series of conformational changes to expose the bound solute 

on the other side of the membrane. For this reason, rate of transportation of molecules 

through carrier proteins is relatively slower (102-104 molecules/second) as compared to 

channel proteins. Carrier proteins are very specific and recognize only one substance 

or one group of very similar substances (Lodish et al., 2000). Three different types of 

transporters are known thus far and include uniporters, symporters and antiporters 

(Figure 2.4). Uniporters, transport only one molecule at a time down the concentration 

gradient. For example, GLUT1 is a uniporter which moves glucose across the plasma 

membrane in mammalian cells (Olson and Pessin, 1996). Symporters bind two 

dissimilar solutes (substrates) and transport them together across the membrane. This 

type of transportation is also known as secondary active transport. Examples include 

the glucose-Na+ symporter (SGLT1 and SGLT2) found in plasma membranes of some 

epithelial cells (Boyd, 2008). Antiporters, facilitate the exchange of one solute for 

another across the plasma membrane. However, in contrast to symporters where 

binding of two dissimilar solutes take place together, antiporters exhibit a “ping pong” 

kinetics (Padan and Landau, 2016). A substance is first bound to an antiporter, 

transported across the membrane followed by the binding of another substance which 

is transported in opposite direction. Hence, an exchange is catalyzed as the antiporters 

cannot undergo any conformational change. For instance, adenine nucleotide 

translocase (ADP/ATP exchanger) is an antiporter (Berg et al., 2008). 
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2.2.1.3 ATP powered pumps  

ATP powered pumps, depend on the hydrolysis of ATP (ATP ADP + Pi) 

molecule to move ions or molecules across the membrane against the concentration 

gradient (Figure 2.4). This type of movement of molecules is known as active transport. 

For example, P2A ATPases are ATP powered pumps.  

 ATP powered pumps are generally categorized into four major classes known 

as ATP-binding cassette transporters (ABC superfamily class; transport molecules; 

(Rea, 2007), F (phosphorylation Factor- ATPase; (Lodish et al., 2000), V-ATPases 

(Vacuolar-type ATPase; (Lodish et al., 2000, Ratajczak, 2000), P (Phosphorylation-

type ATPase; (Lodish et al., 2000, Pedersen et al., 2012), all transport ions (Figure 2.5; 

(Elston et al., 1998, Higgins, 1995, Pedersen et al., 2012, Zhang et al., 1998). 

 

Figure 2.5: Four classes of ATP powered pumps (transport proteins). The 

two polypeptide domains of P- type pumps are α and β which are 

phosphorylated during ion transportation. F and V- class pumps are 

structurally very similar. They do not get phosphorylated during ion 

transportation. Members of ABC superfamily consist of two 
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transmembrane (T) domains and two cytosolic ATP binding domains (A). 

Adapted from (Lodish et al., 2000). 

 ABC superfamily is popular for being able to transport larger molecules such as 

sugar, peptides, polysaccharides and some proteins as well. ABC superfamily consist 

of four core domains which may be present in four separate polypeptides or may be 

fused in one or two multi domain polypeptides (Çakır and Kılıçkaya, 2012, Lodish et 

al., 2000). Two of the core domains are transmembrane (T) domains which form the 

passage way for the movement of molecules across the membrane. The other two 

domains are cytosolic ATP-binding (A) domains (Çakır and Kılıçkaya, 2012, Lodish et 

al., 2000).  Examples include AtPGP1 (Bäumler et al., 1996) and MRP1 (Theodoulou, 

2000). F-class pumps transport H+ ions across the membrane. Mostly, these pumps 

consist of three types of transmembrane proteins. The cytosolic domain is composed of 

five kinds of extrinsic polypeptides. ATP is synthesized on β cytosolic subunits and 

energy is provided by movement of H+ ions down the electrochemical gradient (Lodish 

et al., 2000). The bacterial plasma membranes, inner mitochondrial membranes of 

higher eukaryotes and thylakoid membrane of chloroplast include these types of pumps 

(Lodish et al., 2000). The V-class pumps also transport hydrogen ions across the 

membranes. They are generally present on vacuoles of plants and fungi and on 

endosomes and lysosomes in animals (Wienisch and Klingauf, 2006).  Like F-class 

pumps they also have multiple transmembrane and cytosolic subunits. However, in 

contrast to V-class pumps they use energy, which is produced as a result of 

ATP hydrolysis to pump H+ ions from cytosol to organelle lumens to acidify them 

(Lodish et al., 2000). 
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2.3 P- type ATPases  

The P- type ATPases are generally recognized by the formation of a 

“phosphorylated intermediate” that changes conformation during catalytic cycle and by 

presence of conserved sequence motifs (Møller et al., 1996). There are five classes of 

P- type ATPases (Palmgren and Nissen, 2011) known as P1B (copper, zinc, cobalt and 

other heavy metal transporters), P3A (H+ transporters), P4 (phospholipid transporters), 

P5 (unknown function yet) and P2 (calcium transporters). This classification is based on 

the type of ligand, they translocate and the differences in their regulation (Palmgren 

and Nissen, 2011). In humans, the P- type ATPases mostly reside in sarcoplasmic 

reticulum (Hovnanian, 2007), Golgi complex along with Cu+-ATPases and SPCA (Van 

Baelen et al., 2004). In plants they may be present on cell membrane or endoplasmic 

reticulum and Golgi bodies (Abdel-Ghany et al., 2005, Baxter et al., 2003, Mills et al., 

2008).  

The P1B- type of ATPases (heavy metal ATPases)  are widely distributed among 

all domains of life and have been shown to transport ions including Cu+, Zn2+, Ni2+ and 

Fe2+/ Fe3+ (Argüello et al., 2007, Mills et al., 2005, Smith et al., 2014, Morrissey and 

Guerinot, 2009). The P3A- type ATPases also known as autoinhibited H+ ATPases. 

Their main role is to establish large proton gradient and membrane potential across the 

plasma membrane (Palmgren and Nissen, 2011). This potential serves as proton motif 

force, which carries out transport processes across membrane. The P4- type of ATPases 

are responsible for flipping phospholipid molecules across membranes (Poulsen et al., 

2008). The bacteria and archaebacteria lack them whereas, they are encoded for by the 

multi gene families in eukaryotes (Axelsen and Palmgren, 1998). The P5 ATPases are 

so far the least characterized group of P- type pumps. The type of ligand transported by 

them has not yet been identified. These pumps are present only among eukaryotes and 
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are mostly localized in the internal membrane system (Møller et al., 2008). The P2- type 

ATPases are responsible for transport of Ca2+ ions across membrane though, have also 

been found translocating other metal ions such as Mn2+, Cu2+ and Zn2+ etc.  

Generally, P- type ATPases consist of three cytoplasmic and two 

transmembrane domains (Toyoshima et al., 2000). The cytoplasmic domains are known 

as P-domain (phosphorylation domain), N- domain (nucleotide-binding domain), A-

domain (actuator domain). Whereas, two transmembrane domains are T-domain 

(transport domain) and S-domain (class-specific support domain). T-domain is 

equipped with a central core of six α-helices, this characteristic is the property of all P- 

type ATPases. However, in prokaryotes an additional transmembrane α-helix is also 

present in this core unit. The heavy metal P- type ATPases (such as P1B) are also 

equipped with two (Kühlbrandt et al., 2002) or three (Hatori et al., 2007) additional 

transmembrane helices, which are inserted at the N-terminus side of core domain. Their 

main function is to recognize the specific metal they are going to transport across 

membrane. P2 and P5- type of ATPases also contain C-terminus extension in the core 

domain (Karlish et al., 1991). They are composed of additional four α-helices. 

However, number is not fixed and may vary for instance, SERCA isoform 2b has five 

additional helices (Campbell et al., 1992). In P2C (a sub type of P2- type ATPases) and 

P4 ATPases the α-sub unit is also found to be linked with additional subunits known as 

β- and γ-subunits (Poulsen et al., 2008, Zhou and Graham, 2009). Whereas, P5 ATPase 

are also found to have additional helices. The P3A- type of ATPases have extensions at 

both N and C-terminus. Extension at C-terminus (which is generally known as the 

regulatory- R domain) can be easily released by phosphorylation or during its binding 

to the regulating factors, whereas N-terminus extension has role as pH sensor 

(Kühlbrandt et al., 2002, Portillo, 2000).   
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2.3.1 P2- type ATPases  

The P- type ATPases are divided into four main classes P2A, P2B, P2C and P2D. 

The P2A calcium ATPases are also known as ECAs, as they are generally located in 

endoplasmic reticulum whereas, P2B- ATPases are known as ACAs i.e. autoinhibited 

calcium ATPases (Geisler et al., 2000a, Sze et al., 2000). The P2B- type ATPases are 

characterized by the binding of calmodulin to their autoinhibitory terminal domains. In 

higher plants such as, Arabidopsis thaliana the calmodulin-binding domains (CMBDs) 

of ACAs are situated in the N-terminus (Sze et al., 2000). However, no N-terminus 

CMBD could be identified in P2B ATPases of chlorophytes such as, Ostreococcus 

tauri and Chlamydomonas reinhardtii (Pedersen and Febbraio, 2012).  

 Plants genome encodes different isoforms of both ACAs and ECAs. So far, four 

ECAs have been identified in Arabidopsis (dicots), whereas, three have been identified 

in rice (monocots). On the other hand, ten ACAs have been discovered in Arabidopsis 

while eleven have been identified in rice (Baxter et al., 2003). A phylogenetic analysis 

of Arabidopsis and rice ACAs and ECAs revealed that both ACAs and ECAs form two 

separate clusters, which is based entirely on sequence alignment and intron number or 

position (Baxter et al., 2003). ECAs were further divided into two more clusters. For 

example, Arabidopsis ECA1, pertaining to cluster 1 is localized in endoplasmic 

reticulum, while the Arabidopsis ECA3 present in cluster 2, is generally localized in 

ER, Golgi and post Golgi vesicles (Li et al., 2008, Mills et al., 2008). Still there is a 

possibility of other sub-cellular localization of these proteins. For example, one of the 

tomato ECA isoform (LCA1) have been found to be associated with nuclear envelope, 

tonoplast and plasma membrane (Downie et al., 1998, Ferrol and Bennett, 1996). The 

different isoforms of ACAs have been observed to form four clusters in a phylogenetic 

tree (Bonza and De Michelis, 2011). Cluster 1 included Arabidopsis ACA2 (localized 
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at ER), ACA7 (whose sub-cellular localization is still not known) and ACA1 (exist at 

plastid inner envelope). Interestingly, ACA1 protein activity was later on found to be 

associated with ER in spite of its sub-cellular localization at the plastid inner envelope 

(Dunkley et al., 2006, Hong et al., 1999). The Arabidopsis ACA4 and ACA11 were 

found to be present in cluster 2, both localized at the vacuolar membrane (Lee et al., 

2007). The cluster 3 included ACA12 which is present at plasma membrane (Boursiac 

and Harper, 2007). Cluster 4 included Arabidopsis ACA8, ACA9 and ACA10, all 

localized at the plasma membrane (Bonza et al., 2000, George et al., 2008, Schiøtt and 

Palmgren, 2005).  

The P2C- type of ATPases are found to transport Na+ and K+ ions. However, no 

such pumps have so far been discovered in vascular plants (Palmgren, 2001). Till now 

no P2C- type pump has been crystallized however, a homology model predicts their 

structure. The presence of conserved residues suggest that these ATPases operate as 

Na+ pumps (Pedersen et al., 2012). The P2D- type ATPases are identified only in 

mosses, fungi and protozoan. They are believed to confer sodium tolerance to 

organisms (Fraile‐Escanciano et al., 2010). P2D pumps have been identified in 

liverworts such as Riccia fluitans, and in mosses such as Physcomitrella patens 

(PpENA1, PpENA2, and PpENA3).  

2.3.1.1 Mode of action of P2- type ATPases 

The P-domain of P2- type ATPases contain an important DKTGTLT motif, 

which is considered as signature sequence (Figure 2.6). The P-domain also provides 

space for the insertion of N-domain whose main function is the binding of ATP 

molecule as well as to carry out phosphorylation of aspartate residue (D) of  P-domain 

(Palmgren and Nissen, 2011). Signature sequence of N-domain is KGAPE, whose core 

structure is well conserved among calcium ATPases. Specific signature motif of the A-
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domain is Thr-Gly-Glu (TGE). This domain is believed to be the smallest domain. The 

linkers of this domain are found to interact with the P-domain during catalytic activity 

(Bublitz et al., 2011). The T-domain is a highly flexible domain and move during the 

catalytic cycle allowing association and dissociation of ions. It has six membrane 

spanning segments and are equipped with ion binding sites. The S-domain has 4 

membrane spanning segments. It provides structural support to the T-domain and may 

also have certain roles such as providing ion-coordinating side chains for additional 

ion-binding sites in calcium ATPases (Figure 2.6).  

 

Figure 2.6: Domains of a typical P2- type calcium ATPase. These pumps are 

composed of 5 domains. A-, P- and N-domains are cytoplasmic domains, T- and 

S-domains are membrane-embedded domains. Functionally important motifs in 

A-, P- and N-domains are found to be conserved. DKTGT motif of P-domain 

brings out phosphorylation of this domain. TGES motif of A-domain 

dephosphorylate the P-domain during each catalytic cycle. The N-domain is 
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found to be inserted in A-domain. The first six segments of membrane embedded 

domain is formed by T-domain. The last four segments constitute S-domain. 

Adapted from (Huda et al., 2013a). 

During catalytic activity calcium ATPases undergo conformational shifts. 

These conformations are known as E1 and E2 and are necessary for ion transportations. 

One of the model representing the ion translocation is known as the Albers model 

(Albers, 1967). According to this model “Phosphorylation of pump occurs in E1 form 

which results in generation of E1-P form. Later on E1-P is converted to E2-P, which is 

then dephosphorylated to E2 and finally reverts back to E1” (Albers, 1967).  

2.4 Importance of P2- type ATPases in animals 

Calcium ATPases are considered equally important in plants as well as in 

animals, because of their significant roles in both clades of life. Different evidences are 

available regarding role of calcium ATPases in controlling and maintaining 

animal/human physiology.  

2.4.1 Development and function of osteoclasts 

The proper development and functioning of osteoclasts require a sophisticated 

control by PMCAs over intra and extracellular concentrations of Ca2+ions (Idoux and 

Mertz, 2011, Lorget et al., 2000). An increase in expression level of plasma membrane 

calcium ATPase (PMCA) isoforms 1 and 4 occur during late phase of osteoclast 

differentiation (Brini, 2009, Di Leva et al., 2008). However, less expression of these 

isoforms result in low bone mass in mice, which indicated a clear role of PMCAs in 

proper development of osteoclast and bone homeostasis (Kim et al., 2012) .  
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2.4.2 Heart functioning regulation 

In excitable cells such as cardiomyocytes, calcium ATPases play role in signal 

transduction pathway. Recently, it has been shown that PMCA4 are involved in 

modulating the nitric oxide signaling pathway in the heart. Hence, PMCAs 

malfunctioning can cause disruption in this pathway, which can ultimately effect heart 

functioning (Oceandy et al., 2007). 

2.4.3 Neuronal dysfunction 

The level of PMCA2 is decreased at onset of a disease known as Autoimmune 

Encephalomyelitis (EAE) as verified by techniques involving use of qRT-PCR and 

western blotting. It was observed that in Lewis rat that level of PMCA2 could be 

returned to normal control values after recovery from acute disease (Nicot et al., 2005). 

Similarly, malfunctioning of calcium ATPases have been found to cause death and 

dysfunctioning of spinal cord neuron and certain neurological deficits in various 

pathological conditions such as multiple sclerosis (MS) and spinal cord injury. It has 

been reported that definite PMCA2 levels are required for proper functioning of 

neurons. A decrease in this level would ultimately lead to the accumulation of excess 

Ca2+ ions in the cytosol, which will ultimately cause neuronal damage and loss in the 

spinal cord triggering certain diseased conditions (Kurnellas et al., 2005).  

2.5 Importance of P2- type ATPases in plants 

In plants both P2A and P2B- type calcium ATPases have been identified and 

studied in detail (particularly Arabidopsis). Various researchers have shown that in 

general P2A- type calcium ATPases (ECA1-4, in Arabidopsis, ECA1-3 in rice) are 

involved in sequestration of ions such as Ca2+, Mn2+, Zn2+ inside the Golgi and ER 

compartments to prevent cell from potential toxicity of these ions (Li et al., 2008, Mills 
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et al., 2008). Whereas, P2B- type of ATPases are involved in calcium signaling to 

prevent plants against different biotic and abiotic stresses (Pedersen et al., 2012, Bose 

et al., 2011, Boursiac and Harper, 2007).  

2.5.1 Role of calcium ATPases in plant signalling and osmotic stress 

Plasma membrane receptor kinases (RKs) signaling pathways are required for 

plant immunity and development. For instance, the receptor for bacterial flagellin 

(flg22), is encoded by FLAGELLIN-SENSING2 (FLS2) in Arabidopsis. It was found 

that one of the calcium ATPases (ACA8) has significant role in developing a complex 

with FLS2 in planta. Hence, ACA8 and one of its closest homolog is generally required 

for limiting the growth of bacteria (dit Frey et al., 2012). Similarly, it was reported that 

heterologous expression of endoplasmic reticulum located Arabidopsis calcium 

ATPase, ACA2 permits growth of K616 under salinity stress even in calcium depleted 

medium (Anil et al., 2008). The ACA4 is situated in vacuolar membranes and provide 

resistance against osmotic stress (such as NaCl, KCl and mannitol) as observed through 

various experiments performed using yeast models (Geisler et al., 2000b).  

2.5.2 Impact on pollen development and inflorescence 

 The micro gametogenesis is a complex process, which involves the 

coordination of numerous genes ultimately leading to the pollen development. Earlier 

the development of pollen has been studied at the cytological levels. However, the 

advances in science has now provided opportunities to uncover the molecular 

mechanisms underlying this process.  It was shown by the microarray data that ACA7 

is expressed exclusively in developing pollen grains. The highest level of mRNA was 

observed at the time of second pollen mitosis. Similarly, the qRT-PCR experiments 

revealed high ACA7 levels in the developing flowers. The mutant aca7 produced large 

amount of dead pollens. These findings indicated that ACA7 is highly involved in the 
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pollen development in plants (Lucca and León, 2012). Similarly, it was reported that in 

Arabidopsis compact inflorescence factor (cif) genotype can cause altered adult 

vegetative developments and may result in reduction in elongation of inflorescence 

internodes. The product of CIF1 gene is found to be a P2- type ATPase ACA10. It 

suggests that ACA10  is important in regulating adult phase growth and inflorescence 

development (George et al., 2008).  

2.5.3 Sucrose signalling  

Any change in the intracellular calcium level will ultimately affect multiple 

developmental processes for instance, cell division as well organogenesis. ACA8 has 

been recently shown to have role in sucrose signaling during early seedling 

development through mediating calcium signaling. Transfer DNA (T-DNA) insertion 

mutants in ACA8 were subjected to severe water stress during the early seedling 

development. The aca8 mutant seedlings showed a significant decrease in 

photosynthetic performance and root growth when sucrose was removed from medium. 

This resulted in impaired photosynthesis, reduced cell proliferation in the root meristem 

and the sucrose control of cell-cycle events. However, restoring expression of ACA8 in 

aca8 mutants rescued those phenotypes. These finding suggest a possible role of ACA8 

mediated calcium signaling during early seedling development and coordinates root 

development with nutrient availability (Zhang et al., 2014). 

2.5.4 Salicylic acid-dependent programmed cell death  

Programmed cell death is an event required to protect plants from the invading 

pathogens (hypersensitive response). Again this event requires calcium mediated 

signaling hence, involve calcium ATPases. Knock out mutations in ACA4 and ACA11 

resulted in appearance of lesions primarily in leaf mesophyll cells (detected by aniline 

blue staining). However, the lesions initiation and spread could be inhibited by 
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disrupting the production or accumulation of salicylic acid (SA). This fact indicated 

that the loss of these calcium pumps potentiate the activation of a SA-dependent 

programmed cell death pathway. This suggested an indirect role of ACA4 and ACA11 

in programmed cell death by SA activation (Boursiac et al., 2010). 

2.5.5 Mineral nutrition in dicots  

Calcium and manganese are required to perform different functions inside the 

plant body, however, it is extremely important for the plant cells to tightly regulate the 

concentrations of these ions in the cytosol  (Hepler and Wayne, 1985). It is because, 

both of these ions are toxic to plant cells and may lead to cell death at higher 

concentrations. The Arabidopsis ECA1 (also known as ACA3) is an ER-localized 

calcium ATPase and is involved in calcium and manganese homeostasis within the 

cells. About 70% of the total ER type calcium pump activity in Arabidopsis is provided 

by ECA1. The evidence about the role of ECA1 in calcium and manganese nutrition 

comes from one of the study done earlier in 2002. In this study, the eca1 mutant plants 

could not grow properly on medium with low Ca2+ (0.2mm) or high Mn2+ (0.5mm) 

concentrations. However, this phenotype was reversed when ECA1 was expressed in 

these mutants. Similar activity was also verified in yeast mutant K616, which has a 

deletion of its endogenous calcium pumps. Transformation of this mutant with ECA1 

increased its tolerance to Mn2+ and Zn3+ions toxic levels. These findings suggest that in 

addition to transporting Ca2+ ions (Liang et al., 1997), ECA1 may also be involved in 

zinc and manganese nutrition in plants (Wu et al., 2002). Similarly, Arabidopsis ECA3 

is required for manganese and calcium translocations. An evidence for this comes from 

the failure of the ability of Arabidopsis eca3 mutants to grow on the medium lacking 

manganese. After about 8 to 9 days of growth, these mutant plants became highly 

chlorotic and showed stunted root and shoot as compared to the wild type. At the same 
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time ECA3 was observed to partially restore the growth of Yeast mutant 

(Saccharomyces cerevisiae) Pmr1 which is defective in calcium/ manganese pump and 

the yeast K616 mutant (Δpmc1, Δpmr1 and Δcnb1), defective in Golgi and vacuolar 

calcium /manganese pumps on calcium and manganese deficient media. These findings 

suggest the importance of ECA3 gene in calcium and manganese nutrition in plants and 

possible sub-cellular localization in Golgi bodies (Li et al., 2008, Mills et al., 2008). 

2.6 Research work so far done on P2- type ATPases in monocots  

The availability of sequencing data of some of the monocots has provided 

opportunities to annotate monocot genes and to trace the phylogenetic history using 

different softwares. Using tools such as BLAST, different genes can be identified. In 

2003, one publication reported the genomic comparison between rice and Arabidopsis 

P- type ATPases (Baxter et al., 2003). The in silico analysis identified forty three P- 

type ATPases in rice as compared to forty five in Arabidopsis in spite of the fact that 

rice genome is three times bigger than Arabidopsis (Axelsen and Palmgren, 2001).  

The availability of Sorghum genome provided opportunities for genome wide 

comparison of sorghum with other species such as rice. In one such study, gene 

annotation, identification of upstream cis-acting elements, phylogenetic tree 

construction and synaptic mapping of the gene family were performed using several 

bioinformatics tools. This study identified a total of 31 calcium transporters, which 

were found to be distributed on 9 out of 12 chromosomes in rice. However, in sorghum 

28 calcium transporters were found to be distributed on all the chromosome except 

number 10 (Goel et al., 2011). 

One of the calcium ATPase from rice (ACA6) has been characterized recently. 

It was found that the transcript level of ACA6 is enhanced when rice plants are exposed 

to stresses such as salt, drought, abscisic acid and heat. The intracellular localization 
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studies using ACA6-GFP fusion revealed that this protein is generally located on the 

plasma membrane of the cells. Using transgenic tobacco lines, it was found that the 

over expression of ACA6 in rice would ultimately provide resistance against salinity 

and drought stresses. ACA6 might also have role in efficiently modulating the reactive 

oxygen species (ROS) machinery and proline biosynthesis through an integrative 

mechanism. In another study, some of the calcium ATPases from rice (ACA4, ACA5 

and ACA7) were isolated and characterized. The expression profiling data suggested 

that these ACAs might also have role in salinity stress due to their high expression in 

this condition (Yamada et al., 2014). Hence these results propose that Ca2+ATPases 

have diverse roles as regulators of many stress signaling pathways, leading to plant 

growth, development and stress tolerance (Huda et al., 2013a).  

The above review of literature recommends that so far lots of in silico as well 

as experimental work has been conducted on calcium ATPases in dicots. However, not 

much research work has been performed on calcium ATPases in monocots. At present, 

no data exist about the identification of these calcium ATPases in wheat. The wheat 

portal (INRA URGI) now offers availability of wheat sequences. Using different 

bioinformatics tools wheat calcium ATPases can be identified. This identification will 

ultimately lead to gene annotation and will provide ample opportunities to functionally 

characterize different calcium ATPases. This type of work would be of great 

importance in future for genetic manipulation of the crops (such as wheat, rice etc.) 

with increased resistance to stresses and adapted for better mineral nutrition, which can 

ultimately lead to sustainable crop yield. 

 

.    
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Materials and methods 

 

The research work presented in this thesis was conducted in two labs i.e., 

Lorraine Elizabeth Williams (LEW) lab, University of Southampton, UK and Plant 

Immunology lab, Atta-ur-Rahman School of Applied Biosciences (ASAB), National 

University of Sciences and Technology (NUST), Islamabad, Pakistan. Briefly, growth 

of plants and expression profiling of genes under manganese stress were carried out at 

LEW lab. The growth of wheat plants and expression profiling under calcium stress 

were conducted at Plant Immunology lab. The detail description of the experiments 

performed is given below: 

3.1 In silico analysis of calcium ATPases of monocots 

3.1.1 Sequence retrieval and phylogenetic analysis  

In order to conduct the phylogenetic analysis, sequences of ACAs and ECAs 

from different grasses were retrieved from different databases (Appendix I). The 

sequences chosen were believed to span the confirmed ACAs and ECAs genes across 

the plant kingdom. Oryza sativa annotated ACAs and ECAs sequences were retrieved 

from Michigan State University Rice Genome Annotation Project (MSU, 2013) and 

were cross verified with rice calcium ATPase sequences given in membrane transporter 

database ARAMEMNON (Schwacke et al., 2003) and Rice Annotation Project, RAP 

(Sakai et al., 2013). O. sativa calcium ATPase sequences were used to do BLAST 

searches in UniProtKB (UniProtKB, 2017) and Plants Genome and Systems Biology  

(PGSB, 2017) to retrieve calcium ATPase sequences of different grasses. The wheat 

Portal of Unité de Recherches en Génomique Info (URGI, 2017) was also searched to 
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retrieve possible wheat calcium ATPases contigs. The contigs were first aligned with 

O. sativa calcium ATPase sequences. However, the alignment was not strong enough 

to predict wheat calcium ATPases complete coding sequence (CDS) and lots of gaps 

were present. After that, Brachypodium distachyon calcium ATPases were aligned with 

wheat contigs which resulted in a good alignment without gaps. These alignments were 

manually edited for prediction of missing wheat calcium ATPases. The wheat calcium 

ATPases CDS were translated using online available tool ExPASy (ExPASY, 2017). 

Full length protein sequences were used in the final tree. However, partial length 

sequences were used if full length sequences were not available (Appendix I). Length 

of sequences was determined on the basis of corresponding O. sativa and B. distachyon 

calcium ATPase sequence. Sequences of six monocot species (Triticum urartu, T. 

aestivum, O. sativa, Oryza brachyantha, Oryza barthii and Sorghum bicolor) were used 

in the construction of the tree (Appendix I).  

The amino acid sequence alignment was performed using CLUSTALW (Larkin 

et al., 2007). The Gap open penalty was 10 whereas, the gap extension penalty was 0.1. 

To perform evolutionary analysis, MEGA (version 7 .0) was used (Kumar et al., 2016) 

and a phylogenetic tree was constructed using Maximum Likelihood method based on 

the JTT matrix-based model (Jones et al., 1992). A matrix of pairwise distances was 

estimated using a JTT model. Neighbor-Joining and BioNJ algorithms were applied to 

this matrix to get an initial tree (s) for the heuristic search. Topology was then selected 

with superior log likelihood value. The tree was drawn to scale, with branch lengths 

measured in the number of substitutions per site. All positions containing gaps and 

missing data were eliminated from the dataset (Figure 4.1). 

For ECA1 gene phylogenetic analysis a total of twenty sequences from different 

plant species were retrieved from GenBank (Edgar et al., 2002). All sequences were 
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renamed as follows: Gene name: Accession number: Species name. The criteria for 

selection of the sequences was (a) all sequences should be full length (b) isolation or 

publication date should be clearly established in the literature. All sequences with 

incomplete information were not designated for analysis. A list of sequences used is 

given in Appendix II. 

Sequences retrieved were aligned by multiple sequence alignment using 

Geneious (version 8.1.9; (Kearse et al., 2012). The sequences chosen were believed to 

span the confirmed ECA1 gene across the plant kingdom. Those sequences which had 

protein level and transcript level evidence for the sequence over those inferred only 

from homology were given preference. In order to retrieve the sequence “BLAST” 

searches were conducted using annotated B. distachyon ECA1 sequence as query. The 

searches were also conducted using key words “ECA1 ATPase” and “P2A- type 

ATPases”. After the alignment, sequences were manually inspected and cropped. In 

order to perform phylogenetic analysis Neighbor-Joining (NJ) method was used. 

Neighbor-Joining tree was drawn by using KHY algorithm, as it was devised best fit 

model by using J model test (version 2.1.3) according to Akaike information criterion 

(AIC) for the data. The final alignment was used for subsequent phylogenetic and 

protein analysis. 

3.1.2 Model selection 

J-Model Test v. 2.1.7 (Posada, 2008) was used to select the simplest 

evolutionary model that competently fitted the sequence data. J-Model Test allows 

optimization of base trees for every individual model. Best-fitting models according to 

AIC (Akaike, 1974), Bayesian Information Criterion (BIC) (Schwarz, 1978) and a 

Decision Theoretic Performance-Based approach (DT) was chosen. The best fit model 

is HKY + I + G substitution model. For phylogenetic tree construction, 21 sequences 
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(20 representative sequences, 1 out group) were used to conduct Neighbor-Joining 

analysis plugin Geneious (version 8.1.9. J). PhyML, a Geneious plugin was used to 

infer the Maximum Likelihood phylogenetic trees (Geneious v. 8.1.6) (Kearse et al., 

2012). The best suitable method selected after applying J-Model test was the HKY + I 

+ G. The bootstrap value set for this analysis is 1,000. In this analysis the settings are 

specified as, proportion of invariable site (+I) is estimated, Gamma distribution 

parameter is also estimated and number of substitution rate categories is set at 4. Nearest 

Neighbor Interchange (NNI) was used in tree topology search operation (Guindon et 

al., 2010). Secondary structures of ECA1 gene from all isolates were predicted using 

Geneious (version 8.1.9).  

3.1.3 Protein modelling of ECA1 proteins 

 In order to conduct comparative protein structure modeling MODELLER 

(Fiser and Šali, 2003) was used. The protein sequence for model construction were up 

loaded on ModWeb (version r189). The predicted 3D structure was viewed in Geneious 

(version 8.1.6). 

3.1.4 Identification of conserved domains, gene structures and transmembrane 

helices  

For the identification of conserved domains in P2A- type calcium ATPases, 

sequence alignment was performed using CLUSTALW (Larkin et al., 2007) and were 

presented in GeneDoc. The gene structure of P2A- type calcium ATPases was predicted 

using online available Exon-Intron Graphic Maker (version 4.0; Exon-Intron Graphic 

Maker, 2012). For prediction of TM helices ARAMEMNON was used. In order to 

generate 2-dimensional (2D) illustrations of ECAs, another topology prediction 

program known as ConPred II (Arai et al., 2004) was used. 
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3.2 Physiology experiments: Experimental evaluation of plants under 

manganese and calcium stress  

In present research work T. aestivum plants were grown under hydroponics to 

determine the effect of calcium and manganese toxicity/deficiency on wheat plants 

fresh weight. The method described by Lombnaes and Singh (2013) was followed with 

some modifications according to the treatments. The experiment was divided into 

following stages:  

Stage 1: Sterilization and germination of T. aestivum seedlings  

Seeds were sterilized using the following procedure:  

a) Seeds were soaked in 1% bleach solution for 15 minutes and were put on a roller to 

allow homogenous mixing of the bleach with the seeds. 

b) Bleach solution was removed after 15 minutes and falcon tube containing seeds was 

re-filled with double distilled water. Washing was repeated five times to remove 

any traces of bleach. To maintain sterile conditions, washing was performed in a 

laminar flow hood (EB/F01H/HP, Camlab, UK).   

Once sterilized, seeds were set for germination as follow: 

a) A falcon tube was filled with double distilled water and all the seeds were put into 

it.  

b) Falcon tube was left on a slow moving shaker overnight in cold room.  

c)  Next day, a tray was prepared with half-ply blue roll (tissue) soaked in double 

distilled water.  

d) Tweezers were sterilized in 70% ethanol and were used to place the seeds in the 

trays with their indented line face down in a flow hood. 

e) Trays were sealed in a transparent bag and were placed in a dark cupboard at room 

temperature for 5 days. 
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Stage 2: Preparation of Lombnaes media preparation 

A standard Lombnaes media (Singh, 2003) was prepared for the growth of T. 

aestivum plants. Plants were grown on the standard media for first fourteen days only. 

All glassware used in preparation of these solutions were freshly machine washed and 

rinsed with de-ionized water and dried. Stock solution for each nutrient was prepared 

and volume according to the final concentration in media was added to the solution 

(Table 3.1 and Table 3.2). The weighed amount of 2-(N-morpholino) ethanesulfonic 

acid (MES) and N-hydroxyethyl-ethylenediamine tri acetic acid (HEDTA) were added 

in last in powdered form. Each pot was filled with 1 liter of media solution. The nutrient 

solution was changed after 48 hours. Details of the chemicals used as nutrients in the 

media are given in (Table 3.1; Table 3.2). 

Stage 3: Transferring germinated T. aestivum seedlings to pots 

Well germinated seedlings were transferred to 1 litre plastic bottles containing 

standard Lombnaes media. Bottles were covered in black liners and electrical tape with 

a hole drilled into the lid. A foam disk was used to hold the T. aestivum seedling.  An 

incision was made in a radial direction halfway across the foam disk (this formed a 

paceman shaped T. aestivum seedling holder). T. aestivum seedling were transferred in 

a way that the grain was positioned in the centre of the foam disk incision so the roots 

were protruding below and the shoots were protruding out of the top. In order to provide 

aeration in each bottle, a 2-3mm thick clear tube (approximately 50cm long) with a 

syringe needle at one of its end was used. The non-needle end of the tube was inserted 

into the hydroponic bottle through a hole in the lid, whereas, the end of the tube with 

syringe was inserted into the main rubber tubing connected with the air compressor for 

aeration (Figure 3.1). The tube was fed in until it reaches the bottom of the hydroponic 

pot; that ensures homogenous aeration across all replicates. 
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Plants growth conditions 

All plants were grown under temperature (day and night settings) 21°C & 16°C, 

lighting regime 16 hours, day humidity 55% and night humidity 65%, light level: 220 

µmol m-2 s-1 provided by environmentally controlled rooms (ECRs). 

 

Table 3.1: Composition of stock solutions for Lombnaes media. 
 

 

 

 

 

 

 

 

Table 3.2: Final concentration of micronutrients in Lombnaes 
media. 

 

 
 

Micro nutrient 
stock solution 
(250 ml each) 

1000X 
Stock solution 
concentration 

Final   
concentration 
required in 1x 
diluted stock 

solution 
80 mM ZnCl2 8000 µM 8 µM 
0.5 M CuCl2 2000 µM 2.0 µM 

0.5 M NiCl2.6H2O 100 µM 0.1 µM 
0.5 M Na2MoO4.2H2O 100 µM 0.1 µM 

0.5 M H3BO3 10000 µM 10 µM 

 

 

 

    

Stock solutions 
(500ml each) 

Final concentration 
in media 

MES 1 mM 
HEDTA 100 µM 

10 mM MnCl2.4H2O 0.6 µM 
1 M Ca(NO3)2.4H20 2 mM 

1 M KNO3 1 mM 
80 mM KH2PO4 80 µM 

0.5 M MgSO4.7H2O 0.5 mM 
0.9 M NaOH 0.9 mM 

75 mM Fe (NO3)3 75 µM 
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Stage 4: Harvesting and splitting of plants into sets according to the treatments 

After fourteen days of plant growth on the standard Lombnaes media, three 

plants were harvested and the remaining plants were split into sets according to the 

conditions imposed i.e., control, deficiency and toxicity except for experiment I-B 

where six plants were harvested as given in (Table 3.3). Pictures were taken prior to 

harvesting and fresh weights were recorded. Roots and shoots parts were snap frozen 

using liquid nitrogen and were preserved in -80 ᵒC. The media was prepared and 1 litre 

was added to each pot (Table 3.2). The roots of the plants were washed with distilled 

water prior to transferring into the pots. The plants were continued to grow for twenty- 

one days on this media. Solution was changed after every 48 hours and harvesting was 

done from three replicas on 7th, 14th and 21st day. Subsequent pictures, record of fresh 

weight and tissue preservation was done as mentioned earlier. The student’s t-test was 

used to find out any significant difference between fresh weights of the plants grown 

under calcium deficiency/toxicity as compared to the control (untreated).  

  

      Figure 3.1: Plastic bottles used to grow wheat plants.  
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Table 3.3: Hydroponics experiments settings. 

 Hydroponics experiments 
Exp I Growth of wheat plants under manganese stress 

Exp I-A  
Growth for 
first 
fourteen 
days 

All plants (39) were grown on standard Lombnaes media for first 
fourteen days. Three plants were harvested on Day 0 and 
remaining were split into four sets. 

Splitting on 
Day 0 

Set I (9) Set II (9) Set III (9) Set IV (9) 

Control 
(0.6 µM Mn) 

Mn def 
(0 µM Mn) 

Mn tox 
(750 µM Mn) 

Mn tox 
(2000 µM Mn) 

Exp I-B Plants were split into two sets right from the beginning. Harvesting 
was done on Day 0 and 3 plants were harvested from each set.  

Set b (12) Set a (30) 
Growth for 
first 
fourteen 
days 

Mn negatives 
(0 µM Mn) Control (0.6 µM Mn) 

Splitting on 
Day 0 

Set I (9) Set II (9) Set III (9) Set IV (9) 
Mn negatives 
(0 µM Mn) 

Control 
(0.6 µM Mn) 

Mn toxicity 
(500 µM Mn 

Mn deficiency 
(0 µM Mn) 

Exp II Growth of wheat plants under calcium stress 
Growth for 
first 
fourteen 
days 

All plants  (30) were grown on standard Lombnaes media for first 
fourteen days. Three plants were harvested on Day 0 and 
remaining were split into three sets. 

Splitting on 
Day 0 

Set I  (9) Set II (9) Set III (9) 

Control 
(2mM Ca) 

Ca deficiency 
(0 mM Ca) 

Ca toxicity 
(8 mM Ca) 

 

Experiment I was planned out to grow plants under manganese deficiency/toxicity 

conditions. This experiment was split into two separate experiments: I-A and I-B. In 

experiment I-A wheat plants were grown under standard Lombnaes media for first 

fourteen days (fourteenth day of growth is referred as Day 0 here). On day 0, plants 

were split into four sets as given above. In experiment I-B plants were split into two 

sets right from the beginning i.e. set a and set b. “Set a” plants were grown without 

any manganese in the media and were referred as manganese negatives. “Set b” plants 

were grown on standard Lombnaes media. “Set a” plants were split into three sets i.e. 

manganese deficiency, toxicity and control on day 0. Where “set b” plants continued 
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to grow without manganese. Experiment II was planned out to grow wheat plants 

under calcium deficiency and stress conditions as given above.  

3.3 Nucleic acid isolation and manipulation 

Different molecular biology techniques were optimized for our experiments and 

explained below: 

3.3.1 Nucleic acid isolation from T. aestivum  

RNA extraction was performed by TRIzol method (Simms et al., 1993). 

Extraction was conducted using roots and shoots of T. aestivum plants. The sample was 

ground in presence of liquid nitrogen. Finely ground wheat tissue (0.5ml) was put into 

Eppendorf tube to which 1 ml TRIzol (Invitrogen, CA, USA) reagent was added. 

Eppendorf was vortexed vigorously before the addition of Chloroform 25 % (v/v). The 

mixture was left for incubation at room temperature for 5 minutes, followed by 

centrifugation at 13000 rpm at 4 °C for 15 minutes. After centrifugation was completed, 

the colorless upper phase was transferred to a new tube and 50 % (v/v) isopropyl alcohol 

was added. The mixture was vortexed briefly and was left at room temperature for 10 

minutes. The mixture was centrifuged at 13000 rpm at 4 °C to obtain RNA pellet. The 

pellet was washed with 1 ml 75 % (v/v) ethanol and vortexed briefly and was 

centrifuged at 13000 rpm at 4 °C for 5 minutes. This step was repeated three times. The 

pellet was left to air dry at room temperature for at least 5-10 minutes after removal of 

supernatant. The pellet was suspended in freshly prepared 30 µL TE buffer (pH 7.0). 

RNA samples were treated with DNase I (Thermo Fisher Scientific, USA) to prevent 

any possible genomic DNA contamination and were preserved at -80ᵒC for future use.  
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3.3.2 Nucleic acid quantification 

Nano Drop ND-1000 spectrophotometer (Thermo Fisher Scientific, USA) was 

used to determine quantity and purity of RNA samples. The program used was ND-

1000 V3.7.1. Prior to quantification, the Nano Drop was initialized using water and was 

made blank using TE buffer in case of RNA, while ddH20 was used in case of DNA. 

One µL of RNA/DNA sample was loaded onto the sample pedestal and the absorbance 

was measured over the range of 200–300 nm. The program utilizes the Beer-Lambert 

equation (A = E x b x c) to correlate the absorbance reading at 260 nm to calculate 

nucleic acid concentration (Ingle Jr and Crouch, 1988).  

3.3.3 Agarose gel electrophoresis for assessment of amplicons  

In order to check the integrity of RNA, gel electrophoresis was used. One % 

(W/V) agarose /TAE (40 mM Tris/acetate, pH 8.0, 1 mM EDTA) was prepared. After 

melting the agarose in TAE and cooling it, Nancy dye (Sigma,-Aldrich, UK) was added 

for RNA detection at room temperature. Two µL of DNA loading buffer (Bioline, MA, 

USA) was mixed with 5 µL of RNA prior to loading. The PCR products and restriction 

enzyme digest products were also assessed on 1% agarose gel as described above. 

However, no loading dye was added to the PCR products amplified using Biomix 

(Bioline, MA, USA). A volume of 2 µL of loading dye was added to 8 µL of restriction 

enzyme digested product whereas, 4 µL of loading dye was added to PCR amplified 

using Phusion enzyme prior to loading on gel. To assess the product size, 5 µL of DNA 

Hyper ladder I (Bioline, USA) was loaded. Gels were run at 120 V using Power Pac 

200/2.0 (Bio-Rad, USA) for 1 hour in 1x TAE buffer, and were visualized under UV 

light in Gel doc. 
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3.3.4 cDNA synthesis 

Extracted total RNA was used to synthesize first strand complementary DNA 

(cDNA). A volume equivalent to 1 µg of RNA was added to 10 µM oligo (dT)18 primer 

(Sigma, Missouri, USA) in a total of 3.6 µL sterile double distilled water. This mixture 

was incubated at 72ᵒC for 5 minutes for denaturation and was immediately chilled on 

ice. To this denatured sample 1x buffer (Promega, USA), 8 mM MgCl2 (Promega, 

USA), 2 mM dNTPs (containing 2 mM each of dATP, dTTP, dCTP and dGTP) and 1 

µL reverse transcriptase (Promega, USA) was added to a final volume of 20 µL. For 

cDNA synthesis sample was incubated using a peqSTAR 96 Universal PCR machine 

(peqlab, DE) at conditions 25 °C for 5 minutes, 42 °C for 60 minutes and finally 70 °C 

for 15 minutes. After completion of the cycle cDNA was stored at -20 °C.  

3.3.5 Purification of DNA from agarose gel 

Amplified PCR products were extracted from agarose gels. The Qiagen Gel 

Extraction Kit (Qiagen, USA) was used to extract the amplified product following 

manufacturer’s instructions. A sharp, clean scalpel blade (sterilized with 75% ethanol) 

was used to cut the band using UV light. The excised fragment was weighed using a 

balance and QG buffer was added to the gel piece 3:1 ratio (v/v) and was incubated in 

a water bath at 50 °C for 10 minutes. The Eppendorf containing QG buffer and the gel 

fragment was mixed gently at intervals, to allow complete dilution of the gel fragment 

in the buffer. One volume of 100 % isopropanol was added to the mixture and was 

applied to a column to bind the DNA by spinning at 13000 rpm for 1 minute.  The flow 

through was discarded and 0.5 ml of Buffer QG was added to the column and 

centrifuged at 13000 rpm for 1 minute to remove traces of agarose. Flow through was 

again discarded and 0.75 ml of Buffer PE was added to the column and centrifuged at 

13000 rpm for 1 minute. The column was then placed into an Eppendorf (labelled 
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previously) and 15 µL sterile double distilled water was added. The column was kept 

at room temperature for 1-3 minutes and DNA was finally eluted by centrifuging at 

13000 rpm for 1 minute. The DNA concentration was determined using Nano Drop and 

stored at -20 °C for future use. 

3.3.6 Concentrating gel extracted DNA for future use 

The amplified products were concentrated prior to cloning to get good 

concentrations of the target DNA. Samples were placed in concentrator (Digital Series 

Speed VacTM systems, Thermo Fisher Scientific™) with lids open and were 

subjected to centrifugation for 15-30 minutes. The dried samples were re dissolved in 

6 µL of sterile double distilled water and were left at room temperature for 10-15 

minutes. Concentration of samples were again measured using Nano Drop. Remaining 

5 µL of sample was used for TOPO cloning, sticky end cloning and blunt end cloning.  

3.3.7 DNA ligation reactions  

In order to perform TOPO cloning (cloning into pENTR TM/D-TOPO entry 

vector; Figure 3.2), 1 µl of PCR product was mixed with 0.5 µl of salt solution, 0.5 µl 

of vector and 1 µl of sterile double distilled water to make final volume 3 µl. The control 

reaction was performed in a similar manner but no PCR product was added and 1.5 µl 

of sterile double distilled water was used instead.  
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Figure 3.2: pENTR TM/D-TOPO vector map (pENTR/D-TOPO vector, 2014).  

In order to generate the ligation reaction for cloning into Zero Blunt vector 

(Figure 3.3) Zero Blunt® PCR Cloning Kit (Life technologies, Thermo fisher 

Scientific, USA) was used and manufacturer’s instructions were followed. Molar ratio 

of 10:1 (Insert: vector) was used. The calculated amount of PCR product (1-5 µl; 

calculated according to the formula x ng insert = (10) (y bp PCR product) (25 ng 

linearized pCR®-Blunt)/ (3500 bp pCR®-Blunt) was mixed with 1 µl (25 ng) of pCR®-

Blunt Vector, 2 µl of Express linkTM T4 DNA ligase buffer (5X) and 1 µl of Express 

linkTM T4 DNA ligase enzyme (5U /µL). Final volume was made to 10 µL by adding 

sterile double distilled water. Reaction was incubated at room temperature for 30 

minutes prior to transformation (see section 3.5.4).  
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Figure 3.3: PCR®-Blunt vector map (PCR®-Blunt vector , 2014) 

         In order to conduct sub cloning into p426 GAL yeast expression vector, molar 

ratio 1:3 (vector: insert) was calculated using online available ligation calculator (Ligation 

calculator, 2014) and required volume of vector and insert was added to micro centrifuge. In 

next step, 1 µl of DNA ligase (10X) buffer (New England BioLabs, England) was added 

followed by addition of 1 µl of T4 DNA ligase and sterile double distilled water to make final 

volume of 10 µl. The reaction mixture was incubated for 2-3 hours at room temperature. The 

mixture was chilled on ice for 10 minutes prior to transformation (see section 3.5.4).was 
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chilled on ice for 10 minutes prio transformation in chemically competent cells (see section 

3.5.4). e mixture  

 

Figure 3.4: p426 GAL yeast expression vector map (addgene, 2014) 
 

3.3.8 Plasmid isolation 

The positive transformants (confirmed by colony PCR) were selected for 

plasmid DNA purification. Five ml of LB media was added to the Falcon tube with 

appropriate antibiotic. Sterilized tip was used to pick the colony and to introduce in 

Falcon tube containing LB media. The culture was put in shaking incubator at 37ᵒC at 

225 rpm for at least sixteen hours or overnight. Next morning glycerol stocks for 

bacterial cultures were made prior to proceeding for minipreps. To make glycerol 

stocks, 700 µl of culture was removed from 10 ml bacterial culture and 300 µl of 50% 
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autoclaved glycerol was added to it. Glycerol stocks were preserved at -80°C. The 

remaining culture was used for miniprep using QIAprep Spin Miniprep Kit (Qiagen, 

USA), following manufacturer’s instructions. Bacterial cells were harvested at 4600 

rpm for 10 minutes at 4 °C using Sorvall legend RT table-top centrifuge (Thermo Fisher 

Scientific, USA). Supernatant was poured off in bleach (to kill the cells) and the pellet 

was resuspended in 250 µl Buffer P1 containing RNase A (Final concentration – 100 

µg/ml). The suspension was transferred to an Eppendorf, buffer P2 (250 µl) was added 

and mixed gently by inverting tube 4-6 times. After that, 350 µl of Buffer N3 was added 

and mixed immediately and vigorously to avoid localized precipitation of the cells. 

Mixture was then centrifuged for 10 minutes at 13,000 rpm at room temperature. 

Supernatant (about 800 µl) was transferred to QIAprep spin column and was 

centrifuged for 1 minute at 13,000 rpm. Flow through was discarded. QIAprep spin 

column was washed with 0.5 ml Buffer PB. Column was again centrifuged for 10 

minutes at 13,000 rpm. Flow through was discarded and 0.75 ml of PE buffer containing 

ethanol (24 ml ethanol + 6 ml PE) was added to the column. Column was centrifuged 

at 13000 rpm for 1 minute and was wiped out with tissue after discarding the flow 

through. It was again centrifuged at 13000 rpm for 5 minutes to remove all the residual 

ethanol. Flow through was again discarded, column was re wiped with tissue before 

putting it in clearly labelled Eppendorf. Twenty µL of sterile double distilled water was 

added to the column and was left at room temperature for about 2-3 minutes. After that, 

it was centrifuged at 13000 rpm for 1 minute for DNA elution. Nano Drop was used to 

quantify the DNA concentration (see section 3.3.2). Plasmid DNA was stored at -20 °C 

for future use.  
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3.3.9 Restriction enzyme analysis of plasmids 

In order to perform restriction enzyme digestion manufacturer’s instructions 

were followed (Promega, USA). The reaction was performed in a total 8 µL volume: 

500 ng of DNA was added to 5 units of restriction enzyme (10 units if using two 

enzymes) with final concentrations of 1x buffer and 1 mM BSA made up to the final 

volume using sterile double distilled water. The reaction was incubated at 37 °C for 4 

hours and enzyme denaturation was performed at 65 °C for 15 minutes. Samples were 

analyzed by gel electrophoresis in a 1 % (w/v) agarose gel (see section 3.3.3). The 

restriction digest product sizes were predicted using pDRAW32 program (verison 

1.1.123; pDRAW32, 2014). 

3.3.10 DNA sequencing and analysis 

Positive plasmids were sent for Sanger sequencing (Source Bioscience Life 

Sciences, UK). Plasmids were sequenced at first step with backbone’s forward and 

reverse primers. This step gave sequencing information of start and end of gene. To 

have full length gene information, gene’s internal primers were used (Appendix III). 

The whole sequence information was combined together to get full length gene’s 

sequence information. Sequencing reactions were performed twice for confirmation. 

The sequence received was visualized using BioEdit (version 7.0.9.0, BioEdit, 2014)  

and aligned using the EMBL-EBI EMBOSS Needle-Pairwise Sequence Alignment 

Program, which uses the Needleman-Wunsch algorithm (Olson, 2002). 

3.4 Quantitative and semi quantitative polymerase chain reactions 

3.4.1 Amplification of target sequences and qRT-PCR 

Amplification of target sequences for cloning was performed using high fidelity 

Phusion polymerase enzyme (Thermo fisher Scientific). All other PCRs, for instance 
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colony PCR etc. were performed using BioMixTM including Taq polymerase and 

dNTP’s (Bio line, MA, USA). The reagents used to set up PCR using bio mix and 

Phusion and cycling conditions are outlined in (Table 3.4; Table 3.5 and Table 3.7). 

The amplified band (of the right size) was excised from the agarose gel under UV 

transilluminator. A razor and spatula sterilized with 75% ethanol was used to excise the 

band. Once excised, the gel piece was preserved in labelled Eppendorf at 4ᵒC till gel 

extraction.  

For qRT-PCR, SYBR Green Kit (Primer design, Southampton, UK) was used 

to find out the expression of selected P2- type calcium ATPases in hydroponically 

grown wheat tissue samples. A 96 well plate was used for the loading of the samples 

and the plate was sealed with clear caps (MJ Research, MA, USA).  The plates were 

vortexed and centrifuged for 2 minutes at 4000 rpm to ensure mixing of the reagents. 

The reaction was run on an Opticon DNA Engine Continuous Fluorescence Detector 

(GRI Braintree, UK) using the Opticon Monitor III program. Concentrations of the 

reagents and PCR conditions used are given in (Table 3.6; Table 3.7).  

3.4.2 Colony PCR  

After bacterial transformation colony PCR was used to find positive colony 

(which indicate successful bacterial transformation). The PCR reaction was set up as 

described previously (section 3.4.1) but using one colony instead of 1 µL DNA. Single 

well isolated colonies were labelled prior to colony PCR. PCR tube was used to slightly 

touch the colony and swirl in PCR tube carrying PCR reagents. The colony PCR from 

yeast plates was also performed in a similar manner. Except that the colony was mildly 

touched with a tip which was swirled in ddH20. One µL of this mixture was then used 

in the PCR tube as DNA. All PCR reagents and cycling conditions used are given in 

(Table 3.4; Table 3.7). 
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Table 3.4: Setting up of PCR reaction using BioMixTM. 
 

Reagent Volume 
Template cDNA 1 µl 

2X BioMix™ 5 µl 
10 µM forward primer 0.2 µl 
10 µM reverse primer 0.2 µl 
Sterile double distilled 

water 3.6 µl 

Total reaction volume 10 µl 

 

 

 Table 3.5: Setting up of PCR reaction with Phusion polymerase. 

 

 
Reagents Volume 

 
Template DNA 1 µl 

5X phusion HF buffer 4 µl 
10 mM dNTP’s 0.4 µl 

10 µM forward primer 0.4 µl 
10 µM reverse primer 0.4 µl 

Phusion high fidelity polymerase 0.2 µl 
Sterile double distilled 

water 
13.6 µl 

 

Total reaction volume 20 µl 
 

 

 

 Table 3.6: List of PCR reagents for qRT-PCR.  

 

 

 

 

 

 

Reagent Volume 
Template DNA 0.25 µl 
Forward primer 2.5 µl 
Reverse primer 2.5  µl 

SYBR Green Master Mix 5  µl 
Sterile double distilled water 2.25 µl 

Total reaction volume 12.5  µl 
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Table 3.7: Cycling conditions for different PCR reactions. 

 Temperatures and Duration 
Steps Phusion BioMix™ qRT-PCR 

Initial denaturation 98 °C, 30 sec 94 °C, 2 min 95 °C, 1 min 
Denaturation 98 °C, 10 sec 94 °C, 30 s 95 °C, 50 s 

Annealing 55-60°C, 30 sec 55 °C, 1 min 65 °C, 50 s 
Extension 72 °C, 30 sec 72 °C, 1 min 68 °C, 4 min 

Repeat 25 cycles 35 cycles 40 cycles 
Final extension 72 °C, 5 min 72 °C, 3 min 69 °C, 7 min 

 

3.5 Growth assays 

3.5.1 Growth media 

Laurea Broth (LB) medium with composition (1 % (w/v) tryptone, 0.5 % (w/v) 

yeast extract and 1 % (w/v) NaCl, pH 7.0) and LB agar (LB medium with 15 % (w/v) 

agar) were used for culturing bacterial strains. The double distilled water was used for 

the preparation of media. The media was autoclaved (121 °C for 20 min) for 

sterilization.  Before adding any antibiotic selection, the LB agar media was melted in 

microwave and cooled to ~55 °C. For overnight growth of bacterial strains, LB medium 

with the composition as described above was used without adding agar in it. 

3.5.2 Bacterial preparations and cultures 

In this study, different strains of Escherichia coli were used for cloning. 

Bacterial cells used for transformation with plasmid DNA were required to be 

competent for transformation. Hence, only chemically competent cells were used, few 

of which were in lab generated (Table 3.8). Inoculation of each strain was carried out 

by picking a single well-isolated colony using a sterile metal loop and agitation was 

provided by the Innova TM 4300 Incubator Shaker (New Brunswick Scientific Ltd., 

UK). E. coli strains were incubated in the Classic Incubator (LEEC, UK) at 37 °C. 
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Table 3.8: List of E. coli strains used in this study. 
 

Bacterial strain Purpose Source 

E. coli  DB3.1 ccdB gene expressing vector 
propagation In-house 

E. coli  DH5α Entry and expression vector 
propagation In-house 

E. coli  TOP10 TOPO entry vector 
transformation 

Invitrogen 
(USA) 

All strains (except TOP10) used in this study were lab generated. TOP10 strains 

were purchased directly from Invitrogen. For lab generation, strain was streaked out 

onto LB agar plates and was left in incubator (37ᵒC) over night.  No antibiotic was 

added to the LB agar medium for propagating bacterial cells. A single well isolated 

colony was inoculated in a 5 ml medium at 23 °C and shaking at 180 rpm overnight. 

The next day culture was stored in refrigerator to restrict them from being over grown. 

Bacterial suspension was poured into a 250 ml of LB medium and cultured at 25 °C 

with moderate agitation (160 rpm) for 8–14 h, until an OD600 of 0.5 was obtained. 

Before harvesting the bacterial cells, culture was cooled on ice for 10 minutes. Cells 

were harvested by centrifugation at 1300 rpm at 4 °C for 10 min using Sorvall legend 

RT table-top centrifuge (Thermo Fisher Scientific, USA). After harvesting, cells were 

resuspended in 20 ml filter-sterilized ice-cold transformation buffer (piperazine-1, 2-

bis [2-ethanesulfonic acid]), 55 mM MnCl2, 15 mM CaCl2, 250 mM KCl and 10 mM 

PIPES (piperazine-1, 2-bis [2-ethanesulfonic acid], pH 6.7. Cells were again harvested 

using centrifugation machine at 1300 rpm at 4 °C for 10 min and were re suspended 

using a small volume of ice-cold transformation buffer (~0.8 ml). 1.5 ml DMSO / 20 

ml transformation buffer was added and mixed very gently to the bacterial suspension. 
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Culture was snap frozen using liquid nitrogen in Eppendorf (50 µL aliquots) and stored 

at -80 °C. 

3.5.3 Transformation of chemically-competent E. coli  

Plasmid DNA (1- 1.5 µL) was transferred into 50 µL chemically-competent E. 

coli cells and incubated on ice for 30 minutes. Cells were heat shocked for 30 seconds 

at 42 °C and transferred immediately back to ice for 2 minutes. Super Optimal Broth 

(S.O.C, Thermo Fisher Scientfic, USA) medium was added to the cells (800 µL for 

home generated cells and 250 µL for cells from Invitrogen). Cells were then incubated 

at 37 °C with vigorous shaking (225 rpm) for 1 hour. Cells in Falcon tubes were placed 

horizontally in the shaker rather than placing them vertically. After shaking, cells were 

spread on plates, filled with LB agar containing appropriate antibiotic (12.5 µl of 

Kanamycin (100mg/ml) in 25ml LB agar medium for pENTR/D-TOPO entry vector 

and PCR®-Blunt vector, 25 µl Ampicillin (100 mg/ml) in 25 ml LB agar medium for 

p426 GAL).  Plates were incubated at 37 °C overnight. 

3.6 Saccharomyces cerevisiae assays 

3.6.1 Culturing of S. cerevisiae strains 

The S. cerevisiae strains were first grown on the synthetic complete medium 

with uracil. The composition of the media is given below (Table 3.9). The pH of the 

media was maintained at 5.3 and the media was autoclaved for sterilization. The uracil 

was added to this medium to a final concentration of 76 mM to support the yeast growth. 

The yeast strains were streaked on the plate and the plates were kept for overnight or 

more at 30 ᵒC. 
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Table 3.9: Composition of synthetic complete media for the growth 

of yeast strains. 
 

Reagent SC glucose 
Yeast nitrogen base w/o 

amino acids and ammonium 
sulphate (Difco 233520) 

0.17 % 

Ammonium sulphate (Sigma, 
Missouri, USA) 0.5 % 

Amino acids minus uracil 
(Sigma, Missouri, USA) 0.192 % 

Agar 2 % 
Glucose (Sigma, Missouri, 

USA) 2 % 

Uracil 76mM 
 

 3.6.2 Transformation of S. cerevisiae by lazy bone method  

A well isolated yeast colony was selected for transformation with the desired 

vector. The colony was first suspended in 1ml of double distilled water. The cell pellet 

was obtained by centrifuging at 1000 rpm for 1 minute and the supernatant was 

removed. The filter sterilized PLATE solution was prepared (8:1:1 ratio of 50 % PEG: 

1 M lithium acetate, pH 7.5: 10x TE buffer at pH 7.5) and added to the cells. The salmon 

sperm (sodium salt from salmon testes; Sigma, Missouri, USA) DNA solution was 

prepared (1 µM salmon sperm; 10x TE buffer, pH 7.5) by boiling and 5µL of this 

mixture was added and vortexed. The plasmid (500ng) to be transformed was 

resuspended in double distilled water, vortexed and added to the reaction mixture. Heat 

shock was applied using a water bath at 42°C for thirty seconds. After heat shock, pellet 

was obtained in a micro centrifuge at 13000 rpm for one minute. The supernatant was 

removed and 200 µL of sterile double distilled water was added to resuspend the pellet. 

The solution was vortexed and was spread on solid selective media (SC-ura glucose 

media as all plasmids used contained the URA3 gene). Plates were incubated at 30°C 

for 3 days to allow for positive transformants to grow. After three days of growth yeast 
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colonies were selected for colony PCR. The composition of the media is given below 

(Table 3.10). 

Table 3.10: Composition of synthetic complete minus uracil media. 
 

Reagent SC glucose 
Yeast nitrogen base w/o amino acids and 

ammonium sulphate (Difco 233520) 0.17 % 

Ammonium sulphate (Sigma, Missouri, USA) 0.5 % 
Amino acids minus uracil (Sigma, Missouri, USA) 0.192 % 

Agar 2 % 
Glucose (Sigma, Missouri, USA) 2 % 

 

3.6.3 S. cerevisiae drop test for growth assays 

After the appearance of the colonies, colony PCR was performed as described 

above in section (section 3.4.2). Few of the positive colonies were inoculated overnight 

in 10 ml of SC glucose media minus uracil. The media was left in a shaking incubator 

(Innova TM 4300 Incubator Shaker (New Brunswick Scientific Ltd., UK) at 200 rpm at 

30 °C. The 15% glycerol stocks were prepared next morning (300µl 50% glycerol + 

700µl culture) and were preserved at -80 ᵒC. The remaining culture was spin down at 

4000 rpm/4 minutes. The supernatant was removed and the pellet was resuspended in 

10ml of the SC galactose minus uracil. The mixture was again centrifuged at 4000 

rpm/4minutes, the supernatant was removed and the pellet was re suspend in 10ml of 

SC galactose. The whole process was repeated twice to remove any residual glucose 

from the medium. Finally, 10ml of the SC galactose minus uracil medium was added 

to the cell pellet and the media was immediately put on ice to prevent any further yeast 

growth. The culture was corrected to an OD600 of 0.42 – 0.45 and inoculate was diluted 

1 in 10 and 1 in 100. Seven µL was dropped onto SC plates containing appropriate 

nutrients (Table 3.10). The plates were than incubated for three days at 30 ᵒC. 

Photographs were taken to record the growth. 
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In silico analysis of P2- type calcium 

ATPases 
4.1 Background 

The availability of genome sequence information of different monocots 

provide ample opportunities to identify these pumps in them. The first important 

objective of present research work was to identify calcium ATPases in newly 

sequenced wheat (T. aestivum) genome and to conduct a phylogenetic analysis. 

After successful identification, gene structures were predicted, conserved motifs 

were identified and protein modelling was performed. The details of all the in silico 

analysis conducted are given below: 

4.2 Results 

4.2.1 Phylogenetic analysis 

To determine the evolutionary relatedness among P2- type calcium ATPases 

from T. aestivum, T. urartu, B. distachyon, O. sativa, S. bicolor, O. brachyantha 

and O. barthii a phylogenetic tree was constructed (Figure 4.1). Ninety six amino 

acid sequences were used in the construction of phylogenetic tree using Maximum 

Likelihood method (Figure 4.1). Phylogenetic analysis revealed that P2- type 

calcium ATPases formed two distinct groups referred as P2A and P2B. Overall, P2 

sequences used in this study displayed a high degree of evolutionary relatedness. 

This pattern highlights the common ancestry of P2- type calcium ATPases in 
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distinct species. Furthermore, ten P2B- type and three P2A- type calcium ATPases 

were identified in wheat (Figure 4.1). 

 

Figure 4.1: Molecular phylogenetic analysis by Maximum Likelihood 

method. Tree with highest log likelihood (-11378.93) is shown in the 

figure. The analysis involved 96 amino acids. For tree construction, the 
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positions containing gaps were eliminated. There were a total of 372 

positions in the final dataset. Gap open penalty was kept at 10 and gap 

extension penalty was 0.2. 

Wheat is hexaploid so three homoeologs (A, B and D) for each gene are 

expected (Glover et al., 2016). For all T. aestivum calcium ATPases, three 

homoeologs were found except for ECA3. Two homoeologs i.e., 4BS and 4DS were 

found for this gene in the databases searched, whereas, the third one “A” was not 

found (Figure 4.1). Also, no ECA3 sequence was found for T. urartu, which is the 

species responsible for adding “A” genome in wheat. This may suggest the possible 

gene loss event in T. urartu leading to no “A” homoeolog of ECA3 gene in wheat 

after polyploidization event.  Gene loss events in the present wheat as compared to 

its ancestors have also been pointed out earlier (Haider, 2012). However, further 

advancements in wheat sequencing can clarify this fact (Figure 4.1).  

Phylogenetic analysis of 20 ECA1 isolates from different species (from 

NCBI; Appendix II) using Neighbor-Joining (NJ) method resulted in four main 

clades (Figure 4.2).  It can be inferred from the tree that plant species studied here 

are monophyletic on basis of ECA1 gene. Interestingly, the species appeared 

together in a single clade ultimately belonged to same family. A close look at the 

tree indicates that it is divided into two main clades. Clade I is composed of 

monocots whereas, clade II is composed of dicots. A close relationship exists 

between both the clades as indicated by short branch lengths.  

Clade I is composed of three species namely B. distachyon, Phoenix 

dactylifera, and Elaeis guineensis which are all monocotyledons. Within this clade, 

B. distachyon, branched out separately whereas, P. dactylifera, and E. guineensis 

are grouped together on basis of different plant families. Clade II is composed of 
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species from seven different families (each indicated in different colors) and is 

divided into three sub clades.  The first clade is composed of families Rosaceae and 

Fabacaeae. Whereas, the second clade is composed of families Pedialaceae, 

Solanaceae and Salicaceae. The last clade is composed of families Cleomaceae and 

Brassicaceae. This diversification of families indicates the close genetic 

relationships between them and is found to be consistent with the previous 

taxonomic analysis (Figure 4.2).   
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Figure 4.2: Molecular phylogenetic analysis of ECA1 protein by Neighbour-

Joining method. The evolutionary distances of all isolates of ECA1 gene from 

different plant species were computed using Neighbour-Joining method using 

HKY Algorithm model. The confidence support value of nodes was estimated by 

1,000 replicates of bootstrap. 
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4.2.2 Identification of conserved motifs and transmembrane domains 

P2A- type calcium ATPase sequences of three species namely O. sativa, B. 

distachyon and T. aestivum were analyzed for the presence of key motifs and 

transmembrane domains. The sequences were aligned using CLUSTALW (Larkin et 

al., 2007) and were presented in GeneDoc (GeneDoc, 2016).  The key motifs such as 

PAD, PGD, TGES etc. were found to be well conserved in monocots (Figure 4.3). 

Similarly, the transmembrane domains (M5, M6 and M8) which are believed to consist 

of amino acids (M5= NIGEV, M6= VNLVTD, M8= EMF) putatively involved in Ca2+ 

binding during translocation were also found to be conserved (Pittman et al., 1999). It 

indicates that events of evolution and mutation did not alter the sequence of important 

domains and motifs which are mandatory for the functioning of these proteins. Presence 

of same motifs further suggested that evolution of P2A- type calcium ATPase is 

monophyletic in nature rather than being polyphyletic.  

 

Figure 4.3: Identification of conserved motifs and transmembrane domains 

in ECA1, ECA2 and ECA3 proteins of O. sativa, B. distachyon and T. 
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aestivum. The sequences were aligned using CLUSTALW programme and 

were presented using GeneDoc. The alignment indicated the presence of 

conserved motifs and transmembrane domains (highlighted red) in all the 

three monocot species.   

4.2.3 Prediction of gene structures and transmembrane doamins of ECAs 

The gene structure of ECAs from three monocots O. sativa, B. distachyon and 

T.  aestivum were drawn using the online available Exon-Intron Graphic Maker (version 

4.0; Exon-Intron Graphic Maker, 2016).  It was found that gene structure of ECAs is 

quite similar in the monocots studied in this research work. ECA1 gene is found to 

consist of 8 exons and 7 introns in all the three monocots (O. sativa, B. distachyon and 

T. aestivum). The gene structure of ECA2 is similar in B. distachyon and T. aestivum, 

both consisting of 8 exons and 7 introns. However, ECA2 gene sequence in O. sativa is 

shown to have 4 exons and 3 introns. This may happened because of the incomplete 

sequence information of this gene in the rice databases. ECA3 gene found consisting of 

37 exons and 36 introns in rice. ECA3 gene of B. distachyon is closely related to T. 

aestivum, both having 34 exons and 33 introns (Figure 4.4). Transmembrane (TM) 

helices of ECA’s were predicted using membrane topology prediction method ConPreII 

(Arai et al., 2004) that generate 2-dimensional (2D) illustrations of ECAs (Figure 4.5; 

Figure 4.6 and Figure 4.7). 
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Figure 4.4: Gene structures of O. sativa, B.  distachyon and T. aestivum ECA1, 

ECA2 and ECA3 genes. Genomic structures of ECAs genes in O. sativa, B. 

distachyon and T. aestivum, drawn to scale (500 bases) using Exon-Intron 

Graphic Maker. Black bar indicate exons, introns are shown by the black lines 

between exons. Blue box indicate 5’UTR whereas green box indicate 3’ UTR. 
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Figure 4.5: Prediction of transmembrane domains of ECA1 proteins of O. 

sativa, B. distachyon and T. aestivum. O. sativa and T. aestivum ECA1 has 

8 while B. distachyon has 7 transmembrane domains.  
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Figure 4.6: Prediction of transmembrane domains of ECA2 proteins of O. 

sativa, B. distachyon and T. aestivum. B. distachyon has 7 and T. aestivum 

has 8 transmembrane doamins. O. sativa has only 4 transmembrane 

domains due to incomplete sequence of OsECA2 protein deposited in the 

data base.  
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Figure 4.7: Prediction of transmembrane domains of ECA3 proteins of O. 

sativa, B. distachyon and T. aestivum. B. distachyon and T. aestivum has 8 

while, O. sativa has 10 transmembrane domains.  
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4.2.4 Prediction of subcellular localization 

Subcellular localization predictions for O. sativa and B. distachyon (ECAs) has 

been retrieved using ARAMEMNON (Schwacke et al., 2003). ARAMEMNON does 

not contain wheat sequence information at this stage therefore, TargetP server 1.1 

(Emanuelsson et al., 2007) was used to predict subcellular localization of  T. aestivum 

ECAs (Table 4.1).  

Table 4.1: Sub-cellular localization of T. aestivum ECAs using TargetP server. 
 

Protein Sub-cellular localization 

TaECA1 Secretory path way, nucleus 

TaECA2 Secretory pathway, nucleus, mitochondria 

TaECA3 Secretory pathway, nucleus, mitochondria 

 

ECA1 proteins are predicted to be localized in secretory pathways, chloroplast 

and nucleus in O. sativa. However, this protein is localized mostly in secretory 

pathways and nucleus in B. distachyon (Figure 4.8). 

 

 

Figure 4.8: Prediction of subcellular localization of ECA1 protein in O. sativa and 

B. distachyon. The result is presented as screen shot taken from ARAMEMNON. 

OsECA1                                                      BdECA1 
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OsECA1 is predicted to be localized in nucleus, secretory pathways and chloroplast. 

BdECA1 is localized in secretory pathway and nucleus. Sub-cellular localization 

prediction for ECA2 and ECA3 proteins of O. sativa and B. distachyon from 

ARAMEMNON is given in (Figure 4.9 and Figure 4.10). 

 

 

Figure 4.9: Prediction of subcellular localization of ECA2 protein in O. sativa 

and B. distachyon. The result is presented as screen shot taken from 

ARAMEMNON. OsECA2 is predicted to be localized in nucleus, mitochondria, 

secretory pathways and chloroplast. BdECA2 is localized in secretory pathway 

and nucleus. 

 

 

OsECA2                                                  BdECA2 

OsECA3                                                      BdECA3 
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Key:  

 

 

 

 

 

 

Figure 4.10: Prediction of subcellular localization of ECA3 protein in O. sativa and 

B. distachyon. The result is presented as screen shot taken from ARAMEMNON. 

OsECA3 is predicted to be localized in nucleus, mitochondria, secretory pathways 

and chloroplast. BdECA3 is localized in secretory pathways and nucleus. 

4.2.5 Prediction of secondary and tertiary structure of ECA1 proteins 

Secondary structures were predicted using twenty ECA1 protein sequences to 

check diversity in ECA1 proteins in different plant species (Figure 4.11). It was found 

that secondary structures of ECA1 is quite conserved among different plant families. 

Few differences were also spotted as a result of possible mutation events. However, it 

was noticed that such mutations had not much significant effect on the secondary 

structure of ECA1 proteins of different species. Moreover, conserved and variable 

regions of the ECA1 gene provide its ancestral relationships and divergence 

respectively. The residues (Figure 4.11) indicated that alpha helix was replaced by coil 

in some cases. The insertion of beta coil was also noticed in few instances. Additionally, 

variations in lengths of alpha strand, beta strand and coil were also observed. Mostly, 

mutations in all proteins were detected at the start and end codons of the protein with 

almost conserved middle region was observed. Similar features were observed in 

protein models (Figure 4.12-Figure 4.20). Overall, it can be concluded that changes 
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which occurred at the nucleotide level did not result in any significant effect on the 

secondary structure of ECA1 protein. As a result the structure remained unchanged. 

Furthermore, conserved and variable regions of the ECA1 gene provide its ancestral 

relationships and divergence respectively. 

 

Figure 4.11: Predicted secondary structure of isolates of ECA1 protein drawn 

using Geneious (version. 8.19). Alpha helix is found to be replaced by coils in 

some cases. Insertion of beta strand and variations in length of alpha and beta 

strand is also observed. However, these variations are not strong enough to 

impact much on secondary structure, hence no major variation was observed.  

.
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Figure 4.12: Proposed three different 3D models of family 

Poaceae (species: B. distachyon) using online available tool 

MODELLER.  

 

Figure 4.13: Proposed two different 3D models of family 

Arecacea (Species: a=Elaeis guinesis, b= Phoenix dactylifera) 

using online available tool MODELLER. 
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Figure 4.14: Proposed two different 3D models of family 

Salicaceae (Species: a=Populus trichocarpa b= Populus 

euphratica) using online available tool MODELLER. 

 

Figure 4.15: Proposed two different 3D models of family 

Cleomaceae (species Tareneya hassleriana) using online 

available tool MODELLER. 

 
Figure 4.16: Proposed two different 3D models of family 

Pedialaceae (species: Seasamum indicum) using online 

available tool MODELLER. 
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Figure 4.17: Proposed two different 3D models of 

ECA1 protein of family Rosaceae (Species: a= 

Fragaria vesca, b= Prunus malus, c= Pyrus x 

bretschneideri) using online available tool 

MODELLER. 

 

Figure 4.18: Proposed two different 3D models of 

ECA1 protein of family Fabaceae. (Species: a= Cicer 
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aritenum, b= Glycine max, c= Phaseolus vulagrus) 

using online available tool MODELLER. 

 

Figure 4.19: Proposed two different 3D models of ECA1 protein 

of family Brassicaceae. (Species = Brassica rapa, b= Arabidopsis 

lyrata, c= Eutrema salsugineum) using online available tool 

MODELLER. 

 

Figure 4.20: Proposed different 3D models of ECA1 proteins of 

family Solanaceae.(Species: a= Solanum tuberousum, b= Solanum 
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lycopersicum, c= Nicotiana tomentosm d- Nicotiana sylvesteris) 

using online available tool MODELLER. 

4.3 Discussion 

“Comparative genomics” has gained a lot of popularity in the present era, 

particularly in plant sciences. It provides an opportunity for the comparison of various 

genomic features such as DNA sequences, genes, and order of genes of different 

organisms. This type of study helps in the understanding of biological similarities and 

differences as well as the evolutionary relationships between organisms. Comparative 

genomics replaced the molecular marker technology with high throughput screening 

for “Crop improvement”. Through “Genome program”, key genes and their functions, 

can be identified which can be useful for crop improvement. For example, Eutrema 

salsugineum (formerly known as Thellungiella halophila), belongs to Brassicaceae, is 

native to eastern China's saline soils and is widely used as a halophytic model for stress 

tolerance research in plants (Amtmann and Blatt, 2009, Amtmann et al., 2005, Gong et 

al., 2005).The genome of this halophyte has been sequenced and published in 2013 

(Yang et al., 2013). The genome of several other species from this family, such as 

Arabidopsis lyrata, Brassica rapa, Capsella rubella, Eutrema parvulum (Dassanayake 

et al., 2011, Hu et al., 2011, Slotte et al., 2013, Wang et al., 2011) has already been 

sequenced. This availability of whole-genome sequences of several species 

in Brassicaceae has opened a new era of comparative genomics for better understanding 

of genome evolution of this plant family (Wang et al., 2011). Similarly, rice belongs to 

the family Poaceae and is closely related to other cereals such as maize, wheat, barley, 

sorghum and oats etc. There exist a high degree of conservation of phenotypic features 

across this family; synteny is conserved across the cereal genomes (Devos and Gale, 

2000). The availability of the genome sequence of rice synteny studies in cereals can 
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be expanded from the macro scale reported to a more micro scale. Hence, rice can be 

very useful in “comparative genomics” for identifying other cereal genes. A similar 

approach was used in this study for the identification of P2- type calcium ATPases in 

the newly sequenced wheat genome.  

     The rice database MSU (MSU, 2013) was used to retrieve O. sativa calcium 

ATPase sequences and were cross verified through another rice database RAP (Sakai 

et al., 2013) and ARAMEMNON (Schwacke et al., 2013). ARAMEMNON is a data 

source for plant membrane protein data and uses model plant A. thaliana as a reference. 

The annotated rice calcium ATPase sequences were used to do BLAST searches in 

UniProtKB (UniProtKB, 2017)  and Plants genome and systems biology (PGSB, 2017) 

to retrieve other monocots calcium ATPases as given in Appendix I. However, wheat 

portal URGI (URGI, 2017) was also searched to retrieve possible calcium ATPase 

contigs. The contigs were aligned with the O. sativa calcium ATPases to predict 

possible wheat calcium ATPase CDS. The alignment contained lots of gaps and could 

not predict the wheat calcium ATPases. 

 B. distachyon is a wild grass whose genome has been sequenced and annotated 

(Vogel et al., 2010). It is proposed as a new model organism, for studying large genome 

grasses (Girin et al., 2014). An earlier study done in 2008, based on micro collinearity 

between O. sativa, T. aestivum and B. distachyon had revealed that B. distachyon is 

more closely related to T. aestivum as compared to O. sativa (Faris et al., 2008). Based 

on this information, wheat contigs were also aligned with B.  distachyon CDS. This 

alignment contained no gaps and it was manually edited for the prediction of some of 

wheat calcium ATPases (Appendix I). Hence, here we found that, P2- type calcium 

ATPase of B. distachyon are closely related to T. aestivum (Figure 4.1). This finding 

suggests that annotated B. distachyon genome can be very useful in annotating newly 
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sequenced wheat genome (Ozdemir et al., 2008, Faris et al., 2008).  Similarly, O. sativa 

calcium ATPase sequences appeared closely related to S. bicolor calcium ATPase 

sequences (Figure 4.1). Hence, annotated O. sativa genome can be useful in annotating 

S. bicolor genome.  

 The retrieved sequences were used to construct a phylogenetic tree (Figure 4.1) 

with MEGA (version 7.0)  (Kumar et al., 2016) using Maximum Likelihood method. 

The cladogram consisted of two clades. One clade was composed of P2A- type ATPases 

(ECAs) and other clade was composed of P2B- type ATPases (ACAs). P2B clade was 

further divided into ten main clades. Each clade was composed of one gene sequence 

from different species. This suggested the relatedness of calcium ATPases among 

different organisms, possibly indicating a common ancestor. The present analysis also 

revealed that there are 10 different types of P2B- ATPases of wheat. However, 11 P2B- 

type ATPases had been identified earlier in O. sativa (Baxter et al., 2003). 

 The appearance of three clades of P2A- type ATPases (Figure 4.1) is consistent 

with the previous findings that monocots have three P2A- type of ATPases as compared 

to A. thaliana (a dicot) which possess four (Mills et al., 2008).  The clade of ECA3 gene 

was composed of only two wheat homoeologs for this gene. The homoeolog “A” which 

is introduced by T. urartu was found to be completely missing (Figure 4.1). 

Interestingly, no T. urartu ECA3 sequence was found in the tree. The databases were 

searched for T. urartu ECA3 sequence but resulted in failure. This observation may 

indicate two possibilities. Either the databases do not contain this sequences or this 

sequence has not been annotated yet. The other possible reason might be that ECA3 

gene was under strong selection pressure in T. urartu during evolution. This has resulted 

in “loss of” ECA3 sequence in T. urartu. The two homoeologs of ECA3 gene in wheat 

are 4BS and 4DS. As ECA3 gene was lost in T. urartu as a result of “gene loss” event, 
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no corresponding homoeolog could be spotted in T. aestivum (Figure 4.1). This 

information can be very useful for the further understanding of T. aestivum evolutionary 

history. However, experimental evidence is required to validate it as present study is 

based on the evidences available in the databases. 

P2- type ATPases have been found to exist throughout the eukaryotic kingdom, 

ranging from lower animals and plants to higher animals and plants. For example, they 

are present in ciliophora and apicomplexan e.g., Tetrahymena thermophile, 

Plasmodium berghi. In Mollusca for example, Pinctada fucata, in annelids such 

Hellobdella robusta, in arthropoda such as Apis mellifera etc. In addition, they are also 

present in chordates such as Xenopus tropical, in fishes such as Poecilia formosa, and 

in higher chordates such as Callithrix jacchus, Homo sapiens etc. They even exist in 

algae such as Bathycoccus prasinos and in lower plants such as P. patens. They are also 

part of membrane of higher plants such as dicots (A. thaliana etc.) and monocots (O. 

sativa, B. distachyon). Other representative fungal species containing P2- type ATPases 

include Aspergillus fumigatus, Uncicorpus reesii and Aspergillus niger etc. (Altshuler 

et al., 2012).  The presence of these proteins in eukaryotes greatly emphasize the 

importance of studying diversity of these proteins in different organisms. However in 

spite of its importance, not much work with reference to phylogeny has been done on 

these proteins earlier. In this research work, the evolutionary history of ECA1 (a P2A- 

type ATPase) in different plant species along with diversity in their secondary and 

tertiary structures was also explored (Figure 4.2 and Figure 4.11 to Figure 4.20).  

A previous phylogenetic analysis revealed, the separation of ECA3 proteins into 

various clades according to the kingdom (Altshuler et al., 2012). For example, higher 

vertebrates such as Denia rerio, Homo sapiens, Mus musculus, Gallus gallus etc. all 

combine together forming one clade (Altshuler et al., 2012). Similarly, tunicate form 
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one separate clade. Animals such as nematode hexapoda, crustacean, nematode, 

annelida, mollusca all combine together forming one separate clade. However, with 

reference to plants P2A- type ATPases sequences form two monophyletic clades. 

ECA1, 2, and Arabidopsis ECA4, were found to be closely related to the clade formed 

by apicomplexans.  Whereas, ECA3 gene sequences was sister to the clade formed by 

metazoans. It suggests an earlier gene duplication event in eukaryotic evolution, which 

led to the loss of ECA3 like protein from protists and loss of ECA1, ECA2 and ECA4 

proteins from lower animals and fungi. However, plants retained both copies (Altshuler 

et al., 2012).  In this study (Figure 4.2), Neighbor-Joining method for tree construction 

showed two main clades one consisting of monocots and the other consisting of dicots. 

This indicates that the evolution of ECA1 gene has been monophyletic in nature. Clade 

I (composed on monocots) consisted of three species. In this clade B. distachyon 

branched out separately whereas, E. guineensis and P. dactylifera grouped in one clade. 

This grouping happened due to the close genetic relationships between E. guineensis 

and P. dactylifera on basis of same family i.e., Arecaceae. Clustering of B. distachyon 

along with two species of arecacea suggest genetic relatedness between Poaceae and 

Arecaeae.  Similarly, clade II was further divided into two main clades. The first clade 

was composed of species belonging to family Rosacecae whereas, the second clade 

consisted of species from Fabaceae family. Third clade was subdivided into three clades 

on the basis of three different families i.e., Salicacea, Cleomacea and Brassicaceae. The 

last clade (clade IV) was also branched out in two separate clades composed of families 

Pedialaceae and Solanceae. The appearance of species in this pattern suggest the 

possible relationships between different species on basis of ECA1 gene.  
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4.3.1 ECAs in monocots have conserved motifs and transmembrane domains 

The P- type ATPases have conserved domains which are characteristics of all 

the P- type ATPases (P1B, P3A, P4, P2 and P5). The P2A sequences from O. sativa, B. 

distachyon and T. aestivum were analyzed for the presence of important domains. The 

PAD and PGD domains were found to be well conserved among monocots. 

Additionally, the ECA1 and ECA2 sequences were found to have TGET, whereas ECA3 

sequence was found to carry TGES domain. The two other domains PEGL and 

CSDKTGTL were also found to be well conserved. The domain VITGDN is found to 

be well conserved in ECA1 and ECA2 protein sequences while VVTGDN is found to 

be conserved in ECA3.  Transmembrane domains M5, M6 and M8 are believed to 

constitute amino acid sequences which are putatively involved in Ca2+ ions binding. 

These domains were also found to exist in P2A- type proteins of monocots, indicating 

that similar amino acids ae involved in Ca2+ ions binding throughout the plant kingdom 

(Pittman et al., 1999, Williams et al., 2000).  

4.3.2 ECAs are membrane proteins with different structural elements 

The gene structures were drawn using online available Exon-Intron Graphic 

Maker (Exon-Intron Graphic Maker version 4, 2012). The tool is quite useful in drawing 

the exons-introns boundaries and 5’ and 3’ UTRs (Figure 4.4).  ECA1 protein in all the 

three species studied (O. sativa, B. distachyon and T. aestivum) were found to consist of 

eight exons and seven introns. ECA2 protein in B. distachyon and T. aestivum were also 

found to consist of eight exons and seven introns. However, ECA2 protein in O. sativa 

appeared small and consisted only four exons and three introns. ECA2 protein in B. 

distachyon and T. aestivum had been found to consist of 1039 amino acids whereas, 

OsECA2 protein consisted only 373 amino acids and found to lack important motifs and 

domains (Figure 4.3). The absence of important domains make this protein functionless. 
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This indicates that OsECA2 protein sequence available in the database is not complete. 

Both BdECA3 and TaECA3 proteins are predicted to consist of 34 exons and 33 introns. 

However, OsECA3 appeared larger having 37 exons and 36 introns.  

Online available tool ConPred II (Arai et al., 2004), was utilized for the prediction 

of TM helices. Overall, the result suggested that ECAs are membrane proteins with 8 

transmembrane domains in OsECA1 and TaECA1, while seven in BdECA1. The 

transmembrane domains found in OsECA2, BdECA2 and TaECA2 are 4, 7 and 8 

respectively. Similarly, 10 transmembrane domains were found to exist in ECA3 protein 

in O. sativa, while eight had been found both in T. aestivum and O. sativa. However, 

experimental evidence based on crystalline structure are required to further validate it.  

4.3.3 ECAs are expressed in different cellular components 

The availability of online programs facilitated the prediction of expression of 

different proteins. ARAMEMNON was used as a source for the prediction of sub-cellular 

localization of ECA proteins in O. sativa and B. distachyon. Generally, these proteins are 

found to be localized in secretory pathways and nucleus (Figure 4.8; Figure 4.9 and 

Figure 4.10). Another online tool known as TargetP server 1.1 (Emanuelsson et al., 2007) 

was ued to predict the sub-cellular localization of T. aestivum ECAs (Table 4.1). The 

program suggested that these proteins are generally located in secretory pathways and 

nucleus. Overall, the prediction methods suggest that ECA proteins are widely expressed 

in monocots and are generally localized at secretory pathways within cell. However, all 

these predictions need to be verified through experimental procedures. 
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Expression profiling of selected 

calcium ATPases 
5.1 Background  

Hydroponics is a modern way of crop growth using nutrient solution without 

any soil. The nutrient solution used in hydroponics is prepared in a way to carry all the 

important micro and macronutrients required for plant growth. The important cations 

in the nutrient solution are calcium (Ca2+), magnesium (Mg2+), potassium (K+1) while 

the important anions include nitrate (NO3
1-), sulphate (SO4

2-), dihydrogen phosphate 

(H2PO4). The solution is also supplemented with micronutrients such as iron, 

manganese, copper, zinc, chlorine and nickel. In addition, chelating agents are added to 

keep the iron soluble in the media. The pH is maintained at a definite level to avoid the 

acidity or basicity of the solution which is harmful to the plants. In order to provide 

plants with sufficient aeration, a compressor is attached with the hydroponic culture via 

various small tubbing’s connected with the main pipe source (i.e. in direct contact with 

the compressor/motor). 

 Hydroponics, is extremely useful in studying the effect of deficiency/toxicity 

of a mineral nutrient on crops in a controlled environment. In this study, hydroponics 

was chosen to grow wheat plants under manganese and calcium deficiency and toxicity. 

The aim of these experiments was to see the impact of calcium and manganese 

deficiency and toxicity on fresh weight values of wheat plants and to generate tissue for 

expression profiling of selected genes under these metal stresses. The details of the 

experiments are given in (section 3.2) of this thesis.   
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5.1.1 Expression profiling studies 

The central dogma shows the gene expression of the cells from transcription to 

translation. The extent to which a gene is expressed in a cell can be directly determined 

from the number of copies of mRNA transcript of that gene present in a particular 

sample. The amount of a particular transcript can directly be measured using the 

modern technology known as quantitative PCR or qRT-PCR. The qRT-PCR is a 

technique of molecular biology which is based on polymerase chain reaction and is 

responsible for monitoring the amplification of a target DNA molecule during PCR. It 

means in the real time and not at its end. This process of detecting a specified mRNA 

transcript in a sample is based upon the detection of the fluorescence. This fluorescence 

is produced by a reporter molecule which increases as the reaction proceeds further due 

to the accumulation of the PCR product with each cycle of the amplification. These 

fluorescent reporter molecules are generally dyes such as SYBR Green or the specific 

sequence probes such as molecular beacons or Taq Man probes.  

5.1.1.1 Principle of qRT-PCR 

The basic principle of qRT-PCR is based upon the use of a thermal cycler which 

has the capacity to illuminate each sample with the beam of light of at least one 

specified wavelength and detect the fluorescence emitted by the excited fluorophore.   

The machine used in carrying out the reaction is programmed in a way that it consists 

of 25-50 cycles. Each cycle is divided into three stages. The first stage is normally 

processed around 95 ֩C which allows the denaturation of the nucleic acid. The second 

cycle generally turns around 50-60 ֩C and it allows the binding of the primers with the 

denatured nucleic acid molecule. The last stage is responsible for the 

polymerization carried out by the DNA polymerase and is generally around 68-72 ֩C.  
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5.1.1.2 Categories of the qRT-PCR procedure 

 The qRT-PCR procedure can generally be divided into two categories i.e., Non-

specific detection using DNA binding dyes and specific detection using target specific 

probes. The non-specific detection of the transcript is based on the use of specific dyes 

such as SYBR Green or ethidium bromide. On the other hand, the specific detection 

involve the use of oligonucleotides probes. These probes are labelled with a reporter 

dye as well as a quencher dye. Examples of such probes include molecular beacons, 

Taq Man probes, Scorpion primers and Fret hybridization probes.  

 In this research work, two experiments were performed involving qRT-PCR 

technique. In first experiment (experiment I-A), the expression of ECA1 and ECA3 

genes under manganese stress was determined. Whereas, the expression profiling of 

ECA1, ECA3 and ACA2, ACA3, ACA4 was conducted under calcium stress in second 

experiment (experiment II).  

5.2 Results 

5.2.1 Experiment I: Growth of wheat plants under manganese stress 

The experiment I was planned out to grow wheat plants under hydroponic 

culture to induce manganese deficiency and toxicity stress as explained in section 3.2. 

The experiment was divided into two separate experiments I-A and I-B.  

5.2.1.1 Experiment I-A 

          In experiment I-A, plants were grown on standard Lombnaes media for fourteen 

days before splitting them in sets for inducing treatments.  

 5.2.1.1.1 Morphological traits 

Plants were closely monitored for the appearance of symptoms after 

implementing the treatments. Symptoms of toxicity appeared after five days of growth 
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on media containing excess manganese. The first visible symptom of manganese 

toxicity was yellowish coloration of wheat leaves (Figure 5.1). No manganese 

deficiency symptom was observed at this stage. 

 

           Figure 5.1: Shoot and root of wheat plants grown in hydroponic culture after seven days 

of inducing manganese treatment. No manganese deficiency symptoms were observed at 

that stage. However, plants grown under manganese toxicity showed yellowing of leaves 

and reduction in root volume. 

Plants grown under manganese toxicity developed purple coloration after further 

seven days. However, no manganese deficiency symptom was observed (Figure 5.2). 
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Figure 5.2: Shoot and root of wheat plants grown in hydroponic culture 

after fourteen days of inducing manganese treatment. Reduction in root 

volume and appearance of purple coloration on stem was observed in 

plants grown under manganese toxicity. No manganese deficiency 

symptom was observed at that stage. 

         Plants became stunted and root volume was reduced after further seven days of 

growth on manganese toxicity media. No manganese deficiency symptom was 

observed throughout the experiment (Figure 5.3). 

 

Figure 5.3: Shoot and root of wheat plants grown in hydroponic culture   

after twenty-one days of inducing manganese treatment. Stunting of plants 

grown under manganese toxicity was observed. 
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5.2.1.1.2 Fresh weight analysis 

            The student’s t-test was used to find out any significant difference between 

total fresh weights of plants (Figure 5.4). Total fresh weight of plants showed 

significant difference on day 7, 14 and 21 in plants grown under manganese toxicity. 

Whereas, plants grown under manganese deficiency showed significant reduction in 

total fresh weight value only on day 21. 

 

 

Figure 5.4: Fresh weight data of T. aestivum plants grown under 

manganese stress. The significant difference in fresh weight values (student’s 

t-test) is indicated by * where, P<0.05, control=0.6 µM Manganese 

              Root fresh weight of plants grown under manganese deficiency was 

found to be significantly different from control. No significant difference was 

found for shoot fresh weight in plants grown under manganese deficiency. A 

significant difference in root and shoot fresh weight was observed in plants 

grown under manganese toxicity (Figure 5.5; Figure 5.6). 
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Figure 5.5: Shoot fresh weight data of T. aestivum plants grown under 

manganese stress. The significant difference in shoot fresh weight value 

(student’s t-test) is indicated by * where, P<0.05, control=0.6 µM Manganese 

 
 
Figure 5.6: Root fresh weight data of T. aestivum plants grown under 

manganese stress. The significant difference in root fresh weight value 

(student’s t-test) is indicated by * where, P<0.05, control=0.6 µM Manganese 
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5.2.1.2 Experiment I-B: Growth of wheat plants under manganese stress 

This experiment was similar to experiment I-A except different manganese 

toxicity concentration was used. Additionally, two different conditions were tried to 

induce manganese deficiency (see section 3.2; Table 3.3).  

5.2.1.2.1 Morphological traits 

 The clear toxicity symptoms were observed on plants after seven days of starting 

treatment (Figure 5.7).  

 

         Figure 5.7: Shoot and root of wheat plants grown in hydroponic culture after 

seven days of inducing manganese treatment.  

 After further seven days, chlorosis, narrowing and thinning of roots was observed in 

plants grown under manganese toxicity. However, no manganese deficiency symptom was 

observed on wheat plants at this stage (Figure 5.8).  
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Figure 5.8: Shoot and root of wheat plants grown in hydroponic culture 

after fourteen days of inducing manganese treatment. No manganese 

deficiency symptom was observed at this stage. 

After further seven days, severe reduction in root volume and length was 

noticed in plants grown under manganese toxicity. However, no significant 

phenotype was observed in plants grown under manganese deficiency (Figure 

5.9). 

 

Figure 5.9: Shoot and root of wheat plants grown in hydroponic culture 

after twenty-one days of inducing manganese treatment.  
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5.2.1.2.2 Fresh weight analysis 

Manganese negatives and manganese toxic plants showed reduction in fresh weight on 

day 14th and 21st (Figure 5.10). The plants grown under manganese deficiency showed 

reduction in fresh weight on day 21 only. 

 

Figure 5.10: Fresh weight data of T. aestivum plants grown under 

manganese stress. The significant difference in fresh weight (student’s t-

test) is indicated by * where, P<0.05, control=0.6 µM Manganese 

The shoot fresh weight data of the plants grown under manganese deficiency 

did not show any significant difference in fresh weight values. Although, manganese 

negatives plants were grown without any manganese in the media right from the 

beginning (Figure 5.11). The significant difference in total fresh weight values of 

manganese deficient and manganese negatives was due to the difference in the root 

fresh weight values from control. Manganese deficient plants showed reduction in root 

fresh weight only on day 21. However, manganese negatives showed reduction in fresh 

weight values on day 14th as well as on day 21st (figure 5.12). 
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Figure 5.11:  Shoot fresh weight data of T. aestivum plants grown under 

manganese stress. The significant difference in shoot fresh weight 

(student’s t-test) is indicated by * where, P<0.05, control=0.6 µM 

Manganese 

           

Figure 5.12: Root fresh weight data of T. aestivum plants grown under 

manganese stress. The significant difference in root fresh weight 

(Student’s t-test) is indicated by * where, P<0.05, control=0.6 µM 

Manganese 

 

* 
* 

0

2

4

6

8

10

Mn negatives control Mn deficient 500µM MnAv
er

ag
e 

sh
oo

t F
W

 p
er

 p
la

nt
 (g

)

Manganese concentrations (µM)

Average total shoot FW of Triticum aestivum plants grown 
under manganese stress

day0
day7
day14
day21

* * * * 
0

2

4

6

8

10

Mn negatives control Mn deficient 500µM MnAv
er

ag
e 

ro
ot

 F
W

 p
er

 p
la

nt
 (g

)

Manganese concentrations (µM)

Average total root FW of Triticum aestivum plants grown 
under manganese stress

day0
day7
day14
day21

*

Page | 90  
 



Expression Profiling 
 

5.2.2 Experiment II: Growth of wheat plants under calcium stress 

The details of this experiment are given in section 3.2 of this thesis. Wheat 

plants were grown on standard Lombnaes media for first fourteen day (Figure 5.13). 

 

Figure 5.13: Wheat plants grown in hydroponic culture for fourteen days. 
 

5.2.2.1 Morphological traits 

Plants showed deficiency symptoms after ten days of growth on calcium 

deficient media. The first visible symptom was appearance of pale yellow leaf (Figure 

5.14).  
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Figure 5.14: Comparison of leaves of plants grown under calcium deficiency and 

toxicity with control. 

Later on the stunting of plants was also observed. Plant roots remained shorter 

thinner as a result of calcium deficiency (Figure 5.15).  

  

 

Figure 5.15:  Wheat plants grown under calcium deficiency and toxicity for fourteen 

and twenty-one days. 
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5.2.2.2 Fresh weight analysis 

Significant difference was noted between the fresh weights of the plants grown 

under calcium deficiency/toxicity (Figure 5.16). 

 

Figure 5.16: Fresh weight data of T. aestivum plants grown under calcium 

stress. The significant difference in fresh weight (student’s t-test) is 

indicated by * where, P<0.05, Control= 2 mM Calcium 

 
Figure 5.17: Shoot fresh weight data of T. aestivum plants grown under 

calcium stress. The significant difference in fresh weight (student’s t-test) 

is indicated by * where, P<0.05, Control= 2mM Calcium 
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The study revealed that roots are more badly affected by calcium deficiency and 

toxicity as compared to shoots. Roots showed a significant fresh weight value 

difference on day 14 and 21 (Figure 5.18).  

 

Figure 5.18: Root fresh weight data of T. aestivum plants grown under 

calcium stress. The significant difference in fresh weight (student’s t-test) 

is indicated by * where, P<0.05, Control= 2 mM Calcium 
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5.2.3 Expression profiling of ECAs under manganese stress  

Relative approach was used for expression profiling of wheat ECAs under 

manganese stress. GAPDH was used to normalize the data and the fold difference was 

evaluated relative to baseline D 0 control. Mathematical model presented by Pfaffl 

(Pfaffl, 2001) was used for calculation of fold differences. Student’s t-test was used to 

find out any significant difference from control.  

The expression profiling of ECA1 under manganese stress has shown abundance 

of ECA1 transcripts in wheat shoots and roots (Figure 5.19 and Figure 5.20). It was also 

observed that ECA1 transcripts are expressed under normal conditions as well during 

manganese deficiency and toxicity. Similarly, ECA3 transcripts were also found to be 

present in abundance during manganese stress. However, ECA3 was found to be 

expressed more in wheat roots as compared to shoots (Figure 21 and Figure 22). 

   

Figure 5.19: qRT-PCR data indicating the expression of ECA1 in T. 

aestivum shoots under manganese deficiency and toxicity. The significant 
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differences in expression from control values are indicated by * where, 

P<0.05.  

 

Figure 5.20: qRT-PCR data indicating the expression of ECA1 in T. 

aestivum roots under manganese deficiency and toxicity. The significant 

differences in expression from control values are indicated by * where, 

P<0.05, Control= 0.6µM Manganese 

 

Figure 5.21: qRT-PCR data indicating the expression of ECA3 in T. 

aestivum shoots under manganese deficiency and toxicity. The significant 
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differences in expression from control values are indicated by * where, 

P<0.05  

 

Figure 5.22: qRT-PCR data indicating the expression of ECA3 in T. 

aestivum roots under manganese deficiency and toxicity. The significant 

difference in expression from control are indicated by * where, P<0.05 

5.2.4 Expression profiling of ACAs and ECAs under calcium stress 

Relative approach was used for expression profiling of wheat ACAs and ECAs 

under calcium stress. Actin was used to normalize the data and the fold difference was 

evaluated relative to baseline D 0 control. Mathematical model presented by Pfaffl 

(Pfaffl, 2001) was used for calculation of fold differences. Student’s t-test was used to 

find out any significant difference from control. 

Expression profiling has shown that ECA1 and ECA3 are highly expressed 

during calcium stress in wheat plants (Figure 5.23; Figure 5.24; Figure 5.25 and Figure 

5.26). Similarly, ACA2 and ACA3 was found to be expressed under calcium stress in 

both roots and shoots (Figure 5.27; Figure 5.28; Figure 5.29 and Figure 5.30). 

Expression of ACA4 was also found to be upregulated in plants grown under calcium 

toxicity and deficiency (Figure 31 and Figure 32). 
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Figure 5.23: qRT-PCR data indicating the expression of ECA1 in T. 

aestivum roots under calcium deficiency and toxicity. The significant 

differences in expression from control values are indicated by * where, 

P<0.05, 2mM Ca= Control 

 
Figure 5.24: qRT-PCR data indicating the expression of ECA1 in T. 

aestivum shoots under calcium deficiency and toxicity. The significant 
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differences in expression from control values are indicated by * where, 

P<0.05, 2mM Ca= Control 

 
Figure 5.25: qRT-PCR data indicating the expression of ECA3 in T. 

aestivum roots under calcium deficiency and toxicity. The significant 

differences in expression from control values are indicated by * where, 

P<0.05, 2mM Ca= Control 

 

Figure 5.26: qRT-PCR data indicating the expression of ECA3 in 

T.aestivum shoots under calcium deficiency and toxicity. The significant 
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differences in expression from control values are indicated by * where, 

P<0.05, 2mM Ca= Control 

 

Figure 5.27: qRT-PCR data indicating the expression of ACA2 in T. 

aestivum roots under calcium deficiency and toxicity. The significant 

differences in expression from control values  are indicated by * where, 

P<0.05, 2mM Ca= Control 

 

Figure 5.28: qRT-PCR data indicating the expression of ACA2 in T.  

aestivum shoots under calcium deficiency and toxicity. The significant 
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differences in expression from control values are indicated by * where, 

P<0.05, 2mM Ca= Control 

 

Figure 5.29: qRT-PCR data indicating the expression of ACA3 in T. 

aestivum roots under calcium deficiency and toxicity. The significant 

differences in expression from control values are indicated by * where, 

P<0.05, 2mM Ca= Control 

 

Figure 5.30: qRT-PCR data indicating the expression of ACA3 in T. 

aestivum shoots under calcium deficiency and toxicity. The significant 

*

*

*

*

*

*

0

5

10

15

20

0mM Ca 2mM Ca 8mM Ca

Ex
pr

es
si

on
 (f

ol
d)

Ca concentrations(mM)

Roots

 Day 7
Day 14
Day 21

*

*

*

*

*

*

0

5

10

15

20

0mM Ca 2mM Ca 8mM Ca

Ex
pr

es
si

on
 (f

ol
d)

Ca concentrations (mM)

Shoots

 Day 7
Day 14
Day 21

Page | 101  
 



Expression Profiling 
 

differences in expression from control values are indicated by * where, 

P<0.05), 2mM Ca= control 

 
Figure 5.31: qRT-PCR data indicating the expression of ACA4 in T. 

aestivum roots under calcium deficiency and toxicity. The significant 

differences in expression from control values are indicated by * where, 

P<0.05, 2mM Ca= Control  

 
Figure 5.32: qRT-PCR data indicating the expression of ACA4 in T. 

aestivum shoots under calcium deficiency and toxicity. The significant 
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differences in expression from control values are indicated by * where, 

P<0.05, 2mM Ca= Control 

5.3 Discussion 

Now a days, Chelator buffered nutrient solution represent a major step forward 

in studying plant-nutrient relationships (Regel and Graham, 1995). In present research 

work, the physiology experiments were conducted using chelator buffered solution 

known as Lombnaes media. The nutrient solution used was composed of different 

chemicals as described in section 3.2 of this thesis. The plants were allowed to grow on 

this nutrient solution for first fourteen days to achieve a significant level of growth 

before giving them treatments. In experiment I, plants were exposed to manganese 

deficiency and toxicity after fourteen days of growth. Similarly, plants were exposed to 

calcium stress in experiment II. In order to induce deficiency no manganese was added 

to the media. A previous study conducted earlier in 2010 has reported that a 

concentration of 500, 750 and 2000 µM in a hydroponic culture is strong enough to 

induce manganese toxicity symptoms on wheat plants (Khabaz‐Saberi et al., 2010). 

Based on this information, wheat plants were exposed to 750 and 2000 µM of 

manganese in the solution to induce toxicity in experiment I-A (section 3.2). Just after 

five days manganese toxicity symptoms were observed on the plants. The plant shoot 

began showing chlorosis while the root was getting reduced in size. This trend 

continued till the end of experiment. However, no deficiency symptom was observed 

on plants. Also, no reduction in fresh weight values was observed in plants grown under 

no manganese conditions till the end of experiment (section 5.2.1.1.2). It was probably 

happened because manganese is a micronutrient and is required in very small amounts 

by the plants. Therefore, in order to induce deficiency wheat plant might need to be 
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grown over longer time periods or wheat variety sensitive to manganese deficiency 

could be used in such studies.  

Manganese toxicity was found to severely effect wheat plants. Plants grown 

under this condition became stunted as well as the root volume was reduced. Based on 

this observation, it can be said that in order to achieve good wheat production the land 

should not be toxic with manganese. However, as manganese is an important 

micronutrient it is important to keep a check on soil manganese concentrations and not 

let soil depleted of this element, so as to achieve good level of wheat growth. 

In second experiment, 500 µM concentration of manganese was used to impose 

manganese toxicity. This concentration was strong enough to induce toxicity symptoms 

on wheat plants, however the symptoms appeared later as compared to experiment I-A. 

It can therefore be suggested that 500 µM of manganese concentration should be used 

in hydroponic culture to induce manganese toxicity on wheat plants. The higher 

concentrations can result in plant killing (depending upon the wheat variety) before the 

completion of experiment or achieving the actual objective of imposing toxicity. 

To induce deficiency on wheat plants, using hydroponic culture longer time 

period of growth is required. Growth of wheat plants on manganese deficiency media 

in experiment I-A led to failure of imposing morphological traits (section 5.2.1). In 

experiment I-B, when plants were grown without any manganese in the medium right 

from the beginning a significant difference in fresh weight values was observed though 

no symptom appeared till the end. This suggests that, it might take longer for the actual 

appearance of manganese deficiency symptoms on wheat plants. However, the 

reduction in the fresh weight values highlights effects of manganese deficiency on 

wheat plants. It is therefore very important to keep in check soil manganese deficiencies 

so as to achieve proper wheat growth.  
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In experiment II, wheat plants were exposed to calcium stress (section 3.2). The 

plants were kept under observation for calcium deficiency and toxicity symptoms after 

transferring them to deficient and toxic media. For first seven days of growth on 

calcium deficient and toxic media, no signs of deficiency and toxicity were observed.  

However, after further seven days, signs of calcium deficiency and toxicity began 

appearing on wheat roots. The clear symptom of calcium deficiency and toxicity on 

wheat shoots were noted only after 21 days of growth on calcium deficient and toxic 

media. Plants grown under calcium deficiency and toxicity were stunted as well as 

chlorotic (Figure 5.14 and Figure 5.15). Fresh weight analysis had shown that after 7 

days of growth on deficiency and toxicity media no significant difference occurred. The 

significant difference was observed on 14th and 21st days. Similarly, in shoot fresh 

weight only significant difference was observed on the 21st day. This shows that roots 

showed more significant difference as compared to shoots and it can be observed on 

day 14th and 21st. 

The above results suggest that calcium stress has a more severe effect on T. 

aestivum roots as compared to shoots. The plants grown under stress have shorter and 

narrower roots as compared to plants grown under control. One possible reason may lie 

in the fact that roots are exposed directly to the deficiency/toxicity media. Exposure of 

plant roots to the stress results in reducing root volume, hence overall surface area for 

absorption. This marks in lesser translocation of deficiency/toxicity media to the shoots 

leading to the lesser effect of deficiency/toxicity on them. The roots are at first place to 

get affected by the media changes, therefore, reduction in volume and length happened 

more in roots as compared to shoots. This result in the more significant difference in 

root fresh weight values as compared to plant shoots.  
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In the present study, it has been observed that P2- type ATPases are expressed 

in both roots and shoots of wheat plants under normal conditions within the cell as has 

been reported earlier (Li et al., 2008, Mills et al., 2008). However, the expression of 

these genes get enhanced when plants are exposed to metals (manganese and calcium) 

deficiency and toxicity (section 5.23 and 5. 24). This finding gives clues to the fact that 

likewise in dicots, monocots P2- type ATPases may also have possible roles in calcium 

and manganese ions homeostasis and calcium nutrition in cell.  Previous studies have 

shown the role of ECA1 and ECA3 genes in calcium and manganese translocation in 

Arabidopsis (Li et al., 2008, Mills et al., 2008). Hence, high expression of these genes 

under calcium and manganese suggest possible role of these genes in calcium and 

manganese managements in wheat. 

An increase in calcium levels within the cell can be responsible for the 

production of various toxic compounds which can bring damage to protein and nucleic 

acids as well as can disintegrate membrane lipids (Dodd et al., 2010). During toxicity 

(in present study), the increase in expression of P2- type ATPases may have occurred 

to remove excess calcium from the cytosol to prevent over storage in cell organelles. 

This is consistent with the previous findings which suggest that P2- type calcium 

ATPases can cause the extrusion of Ca2+ ions from the cytosol and play role in the 

maintenance of low cytoplasmic Ca2+ ions along with  Ca2+/H+ exchanger-driven 

transporters (Huda et al., 2013a). The importance of P2- type calcium ATPases in 

calcium nutrition have also been established earlier. It has since long been known that 

P2- type calcium ATPases play role not only in uptake of Ca2+ ions but also in transport 

of these ions in root cells (Ueoka-Nakanishi et al., 1999). In the present study, the high 

expression of calcium ATPases during calcium deficiency in wheat roots and shoots 
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suggest high activity of these proteins to get any available calcium in the medium or to 

transport the stored calcium from cell organelles to the cytosol.  

Ca2+ ions (cytosol) transients have been observed under abiotic stresses in 

plants. It supports the belief that plants utilize Ca2+ions to generate a signaling pathway.  

This pathway possibly triggers the onset of events required as a defense response in 

plants (Epstein, 1998, Knight et al., 1997). It is, therefore, very important for the cells 

to maintain low resting Ca2+ levels because of its role under stress conditions. Plants 

have evolved efficient mechanisms which keep the concentration of calcium at a 

constant level by exporting Ca2+ into the intracellular organelles or out of the cell (Dodd 

et al., 2010). Generally, the concentrations of free Ca2+ ions are in the range of 100–

200 nM in the cytoplasm, 0.2–10 mM in the vacuole, ∼1 mM in the endoplasmic 

reticulum and 2–6 μM in chloroplast stroma (Ettinger et al., 1999). Any fluctuations in 

these values are typically perceived as stress signals by plants. These elevations are 

further decoded by different proteins like CaM, CDPKs etc. which then generate stress 

specific physiological response (DeFalco et al., 2010). 

Different plant proteins play role in maintaining homeostatic levels of calcium 

within cells under normal conditions by sequestering Ca2+ ions to intracellular 

compartments. P2- type ATPases are believed to be among such proteins which are 

required to maintain low calcium cytosolic levels and are generally believed to have 

roles in abiotic stresses in calcium mediated signaling pathways. The expression of 

various P2- type ATPases is found to get upregulated under various abiotic stresses. For 

instance, it has been found that ACA8 expression is upregulated in plants when they are 

exposed to cold stress (Schiøtt and Palmgren, 2005). The expression of ACA2 and ACA4 

has been found to get enhanced under salt stress (Anil et al., 2008, Geisler et al., 2000a). 

Similarly, the up regulations in the expression of ACA8 and ACA9 in Arabidopsis 
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seedlings under ABA (Abscisic acid) exposure further supports the belief that P2- type 

ATPases have possible roles in plants under abiotic stresses (Carrera et al., 2008). 

Likewise, the high expression of P2- type ATPases during calcium toxicity and 

deficiency conditions may also happened to trigger a signaling pathway to aware wheat 

plants about the surrounding calcium deficiency or calcium toxicity conditions. 

However, further experimental work based on cloning of genes and characterization 

using yeast models etc. is required to find out in details that how P2A- type ATPases are 

performing these activities during calcium stress in wheat plants.   
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Alternate splicing in wheat ECA3 

gene 
 

6.1 Background 

The raw RNA transcribed from DNA contains introns as well exons. In order to 

make it functional i.e. to be able to code for protein, it is necessary to remove any of 

the intervening introns. This removal of introns and ligation of exons is facilitated by a 

unique step known as RNA splicing. Hence, this process is involved in editing the 

nascent pre-messenger RNA (pre-mRNA), to create mRNA that can undergo 

translation.  

Interestingly, eukaryotic cells are able to code for more than one type of protein 

from a single gene. It happens because of alternate splicing (also known as differential 

splicing), which is a form of splicing that involves combining exons in different ways 

to generate different proteins (Tilgner et al., 2012). In addition to protein diversity, 

another important aspect of alternate splicing is its effect on mRNA stability, hence 

turnover of genes. It happens as some of the spliced forms contain a premature 

termination codon (PTC), therefore they are not translated and are subjected to NMD 

(non-sense mediated decay) pathways (Lewis et al., 2003, Maquat, 2004) which targets 

them for degradation (Maquat, 2004). Intron retention is the most common type of 

alternate splicing in plants while this is the rarest mode of splicing in mammals. In this 

case, a sequence may be spliced out as an intron or may be simply retained. Historically, 

AS in plants was considered to be quite rare and was under appreciated. More recent 
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evidences from different studies broadly helped in increasing the knowledge of AS in 

Arabidopsis hence, the event occurs far more than was previously expected 

(Alexandrov et al., 2006, Haas et al., 2002, Iida et al., 2004, Nagasaki et al., 2005, Ner‐

Gaon et al., 2004, Zhu et al., 2003). Also in rice, 33-48% of genes are found to be 

alternatively spliced (Chen et al., 2007, Lu et al., 2010, Xiao et al., 2005, Zhang et al., 

2014). 

It is believed that environmental stresses, both biotic and abiotic, have a role in 

events of AS, mostly in the form of intron retention in plants (Dinesh-Kumar and Baker, 

2000, Iida et al., 2004, Palusa et al., 2007, Reddy, 2001, Zhang and Gassmann, 2003). 

For example, heat stress was found to inhibit the splicing of maize poly ubiquitin and 

HSP 70, HSP 81 in Arabidopsis and Waxy gene in rice. Similarly, the exposure of maize 

seedlings to cadmium stress increased the level of non-spliced intron containing 

transcripts (Christensen et al., 1992, Hopf et al., 1992, Jordan et al., 2002). Alternate 

splicing events in Arabidopsis genes are largely affected by cold and other stresses (Iida 

et al., 2004). Such events allow plants to quickly regulate splicing and gene expression 

of many unrelated genes. 

During stress, several mechanisms may operate in plants to regulate the splicing 

events. If a particular transcript is required in lesser amounts during a particular stress, 

the AS events might result in transcripts with PTC, which are ultimately subjected to 

NMD pathways. On the other hand, multiple isoforms of a protein might be generated 

using the same AS events during stress to enable the plant to respond better to the 

environment. The continued investigations in this direction will lead to better 

understanding of how plants respond to stress and a changing environment.  The present 

study reports the presence of intron near 3’ end of ECA3 transcripts in wheat, a case of 
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alternate splicing. The relationship between intron retention in ECA3 gene and calcium 

stress was also investigated.  

6.2 Results 

 6.2.1 Amplification and cloning of T. aestivum ECA3 gene 

The primer TaECA3F1 was used in combination with TaECA3R1 to amplify 

1338bp of ECA3 whereas the primer TaECA3F2 with TaECA3R2 was used to amplify 

2781bp (Appendix III). The amplified sequences were cloned using Gateway 

technology. The clones carrying 1338bp of T. aestivum ECA3 gene are referred to as 

pENTRTaECA3-5′ (as carried 5′ end of T. aestivum ECA3) while the clones carrying 

2781bp was referred to as pENTRECA3-3′ (as carried 3′ end). The clones were verified 

using restriction digestion and sequenced (Figure 6.1; Figure 6.2).  

 

 

 

Figure 6.1: Cloning of TaECA3-5’ into 

pENTR™/D-TOPO® entry vector. 
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6.2.2 Intron retention in ECA3 transcripts in T. aestivum 

The sequence of pENTRTaECA3-5′ was found as predicted (Figure 6.3). For 

pENTRTaECA33′ some of the clones appeared similar to the predicted sequence while 

others were different. The later all retained an intron near the 3′ end of the gene. It was 

observed that intron number 30 was retained, between exon 31 and 32 (Figure 6.4). 

 

Figure 6.3: Sequencing result of cloned 5′ portion of TaECA3. A= pENTRTaECA35′ 

amino acid sequence translated from amplified coding sequence. 

 

                                    

 

Figure 6.2: Cloning of TaECA3-3’ into   

pENTR™/D-TOPO®  entry vector 
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Figure 6.4: Appearance of pre-mature stop codon near 3’ end of TaECA3 gene. A= 

pENTRTaECA3 3′ sequence without intron, B= pENTRTaECA3 3′ sequence with 

intron. The reading frame is disrupted in B and a premature stop codon appears in it 

due to intron retention. *= premature stop codon, *=stop codon 

The retained intron disrupted the whole reading frame as it resulted in the 

introduction of a premature stop codon (Figure 6.5). 

 
Figure 6.5: Intron retention in TaECA3 gene. The intron number 30 between exon 

number 31 and 32 was retained as a result of AS and introduced a premature stop 

codon (highlighted violet). 

The disturbances in the reading frame caused loss of transmembrane (TM) 9 

and TM10, hence disrupting the protein structure (Figure 6.6). This intron retention in 
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ECA3 transcripts in T. aestivum indicated that AS was operating. The intron number 30 

between exon number 31 and 32 was retained as a result of AS and introduced a 

premature stop codon (highlighted violet). 

 
Figure 6.6: Introduction of pre-mature stop codon due to intron retention in 

TaECA3 gene. IR caused disruption of the protein structure resulting in loss of two 

important TM domains (TM9 and 10). Where A= pENTRTaECA33′ with retained 

intron, Highlighted blue= TM domains, Highlighted red= Key motifs. 

Various studies have shown the presence of retained introns in plant transcripts, 

often happen due to the exposure of the plants to stress factors (Black, 2003, Graveley, 

2001, Stamm et al., 2005). Here calcium stress was imposed to test whether intron 

retention was increased under stress conditions.  
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The results of qRT-PCR show that in wheat shoots the event of intron retention 

is increased when the plants are exposed to deficiency and toxicity stress as compared 

to the plants grown under control condition (Figure 6.7; Figure 6.8). Plants harvested 

on day 7 (i.e., seventh day after exposure to deficiency/toxicity treatment) showed much 

higher levels of transcripts retaining the intron in plants treated with calcium 

deficiency/toxicity compared to the level in plants in control conditions. This was also 

observed at 14 and 21 days but to a lower extent. In the case of wheat roots the plants 

under calcium deficiency and toxicity contained more transcripts with retained introns 

on day 7, 14 and 21 as compared to control samples. In this case there was a higher 

level in plants under toxicity than under deficiency. Also in the roots the number of 

transcripts with retained introns carried on increasing with the passage of time whereas 

the opposite affect was observed in shoots. 

 

Figure 6.7: qRT-PCR data indicating the retention of intron in TaECA3 

shoots under calcium deficiency and toxicity. The fold difference was 

evaluated relative to baseline D 0 control. Actin was used to normalize the 

data. The significant differences in expression (student’s t-test) are 

indicated by * where, P<0.05, Control= 2mM Ca 
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Figure 6.8: qRT-PCR data indicating the retention of intron in TaECA3 

roots under calcium deficiency and toxicity. The fold difference was 

evaluated relative to baseline D 0 control. Actin was used to normalize 

the data. The significant differences in expression (student’s t-test) are 

indicated by * where, P<0.05, Control= 2mM Ca 

6.3 Discussion 

The availability of wheat genome sequence information allows the 

identification and annotation of various wheat genes (Brenchley et al., 2012). Here we 

aimed to determine whether wheat has an ECA3 gene and to clone it for future 

functional analysis. ECA3 was present as indicated by successful amplification by RT-

PCR, and two partial length fragments could be cloned. Sequencing of the clones 

indicated that some transcripts of ECA3 retained an intron in the 3′ end of the gene 

resulting in an early stop codon (Figure 6.4). This intron retention was a clear example 

of alternate splicing.   

There are several suggested possibilities responsible for the increased events of 

intron retention in plants. One possible reason might be the fact that plant introns are 

generally larger in length and lack a well-defined intron branch point compared to 

human introns (Tolstrup et al., 1997) which enhances intron retention in the transcripts. 
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Moreover, plants also lack a strict intron border and are more UA (uridine and 

adenosine) rich (Brown et al., 2002, Lorković and Barta, 2002). The presence of introns 

in the untranslated regions (UTRs) might be another reason for intron retention in 

plants. For instance, at least 9% of the Arabidopsis genes have introns in their UTRs. 

Plants also have a more complex family of spliceosomal-associated serine arginine (SR) 

factors (Lorković and Barta, 2002) as compared to animals, which may also be 

responsible for increased intron retention in plants. All these factors might enhance the 

probability of IR, though this needs to be further investigated (Haas et al., 2002, Zhang 

et al., 2015, Zhu et al., 2003). 

Interestingly, sometimes in plants, retained introns have been observed as part 

of CDS and UTR and, as a result, AS transcript may lead to a new open reading frame. 

The transcript would thus yield two different proteins which will differ in their activity 

(Golovkin and Reddy, 1996, Paterno et al., 2002). Hence intron retentions in CDS and 

UTR might highlight their significant roles in enhancing translational efficiency. 

Another important aspect of intron retention is the introduction of in-frame stop codons 

followed by spliced sections containing exon-exon junctions. In the present study, the 

retention of introns near the 3′ end of ECA3 in some of the transcripts indicate AS 

through IR. Interestingly, the retained intron resulted in disruption of the reading frame 

by introducing a premature stop codon (PMC). The presence of PMCs affect the protein 

structure, due to absence of important protein motifs, which may render the protein 

functionless (Figure 6.6). This finding may indicate the fact that a transcript with a 

retained intron becomes functionless (due to inability to code for full length ECA3 

protein), hence not required by the plants. It is possible that the NMD pathway is 

activated to destroy/remove these transcripts, similarly to animals suggesting these 

pathways are present in T. aestivum. An evidence for the existence of NMD pathways 
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in plants came earlier from the study based on AS events in Arabidopsis EARLY 

FLOWERING 3 (ELF3) and ZEITLUPE (ZTL). It was found that RNA splice variants 

of TIMING OF CAB EXPRESSION 1 (TOC1) and ELF3 in Arabidopsis were degraded 

through non-sense mediated decay pathway (Kwon et al., 2014).  

6.3. 1 Production of transcripts with retained introns in plants 

Studies have shown that the degree of the events of AS in plants are correlated 

with developmental stages as well as environmental signals, including biotic and abiotic 

stresses (Black, 2003, Graveley, 2001, Stamm et al., 2005). Exposure to different 

stresses affects both the efficiency and patterns of splicing in plants (Luehrsen et al., 

1994, Simpson and Filipowicz, 1996). Increased exposure to stress (both biotic and 

abiotic) may increase the chance of intron retention in the transcripts (Simpson and 

Filipowicz, 1996). The relationship between environmental factors and intron retention 

has been investigated earlier in Arabidopsis (Filichkin et al., 2015, You et al., 2011), 

wheat (Mastrangelo et al., 2005), and maize (Marrs and Walbot, 1997). For instance, it 

was observed that the event of intron retention is much enhanced in durum wheat E-

COR gene during stress as compared to control conditions (Mastrangelo et al., 2005). 

Similarly, it was observed in maize that the Bronze2 (Bz2) locus encodes for 

glutathione-S-transferase which is induced by heavy metal stresses such as cadmium. 

The maize seedlings exposed to cadmium stress are found to have a specific 20 fold 

increase in the Bz2 message. Interestingly, such seedlings are found to have 50 fold 

increase in the presence of un spliced intron-containing transcripts (Marrs and Walbot, 

1997). These findings indicate the correspondence between plant stress and IR events 

in the transcripts. The actual mechanism of how stress influences splicing in plants is 

still not clear and needs to be investigated in detail. However, if a particular stimuli 

influence the intron retention, then it is conceivable that the presence or absence of 
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introns either helps in stabilizing the transcript or may serve to modify its biological 

function.   

In this study wheat plants were grown under calcium stress (deficiency and 

toxicity) to investigate the possible relationship between metal stress and intron 

retention in ECA3 transcripts. The results indicated that the event of intron retention is 

much enhanced in the plants grown under stress as compared to the control conditions. 

This correlated with the previous findings that environmental factors influence 

molecular machinery leading to increased events of intron retention. The data from 

qRT-PCR in roots showed that transcripts with retained introns are more prominent 

when plants are grown under calcium toxic conditions as compared to the plants grown 

under calcium deficiency. The elevated calcium conditions may have a more severe 

effect on the molecular machinery as compared to deficiency conditions leading to 

more intron retention under toxicity. However, under both toxicity and deficiency 

conditions the number of transcripts with retained intron is greater as compared to the 

control conditions. The event of IR was observed more in roots as compared to the 

shoot. One possible reason may be that stress (both calcium deficiency and toxicity) 

had greater effect on roots as compared to the shoots. This may cause more errors in 

splicing in roots as compared to shoots, hence increasing the number of IR transcripts 

in roots.  On the other hand calcium translocation to the shoots is restricted (due to root 

damage under calcium stress), although not completely. This restriction in the supply 

could be responsible for fewer events of ECA3 IR in shoots.
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Heterologous expression of ECA3 in 

Saccharomyces cerevisiae 
 

7.1 Background 

S. cerevisiae is a commonly used model organism for studying molecular and 

cellular biology, functional analysis (Qi et al., 2013) or protein-protein interactions 

(Kharenko et al., 2013, Botstein et al., 1997). S. cerevisiae mutants are used in various 

studies such as, biochemical complementation and functional assays. Typically 

strains have a deletion in a particular enzyme to serve as selection marker. For 

instance, URA3 gene in S. cerevisiae encodes for Orotidine 5′-Phosphate 

Decarboxylase (ODCase). This enzyme is required in pyrimidine ribo nucleotide 

biosynthesis in S. cerevisiae (Lacroute, 1968, Umezu et al., 1971). The deletion of 

URA3 (ura3-Δ) for instance, is useful for positive selection of plasmid 

transformations since they cannot grow without URA3 expression or uracil 

supplementation (Jones, 1992).  

Different media can be used for the growth of S. cerevisiae. Generally, 

synthetic complete (SC) medium is used. This medium contains all the necessary 

nutrients which are required for the growth of S. cerevisiae. Different types of carbon 

sources can be supplemented in the media. For example. glucose or galactose (Granot 

and Snyder, 1993). Alteration in the media can be used to reveal growth phenotypes. 

For instance, altering the carbon or nitrogen source, limiting specific nutrients such 

as iron (Hechenberger et al., 1996), zinc (North et al., 2012, Gitan et al., 1998) or 
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potassium (Sentenac and Bonneaud, 1992). SC medium without uracil (denoted SC-

ura from herein) can be used to select for plasmid transformation if the plasmid 

contains a URA3 marker. “Yeast dropt tests” basically represent a method which is 

used in phenotypic assays to show differences in growth. In this method, strains are 

typically spotted on a solid media in form of dilution series. Images are generally 

taken for growth monitoring over time (Chen et al., 2012). 

For functional complementation assays deletion mutants can be used. S. 

cerevisiae mutant phenotypes can be restored to wild type through either the 

supplement of an ingredient or expression of a gene. Heterologous expression in S. 

cerevisiae is the expression of genes from different species in S. cerevisiae and is 

often used in complementation assays to address gene functionality. This technique 

is very useful to find out functionality of a particular protein. Using S. cerevisiae 

instead of Arabidopsis for functional complementation studies has great advantages. 

For example, Arabidopsis life cycle is much longer than that of S. cerevisiae and 

requires more time to generate Arabidopsis transgenic lines. Today S. cerevisiae is 

a valuable functional expression system for bacterial, animal and plant membrane 

proteins (Frommer and Ninnemann, 1995). For example, CLC family of chloride 

ion channels exist in three domains of life i.e. plants, animals and fungi. S. cerevisiae 

deletion mutant can be generated by deleting CLC gene in S. cerevisiae. Such a 

mutant will resist growth on iron-deficient media (Braun et al., 2010).  

Calcium ATPases (P2) belong to P- type family of primary active 

transporters and are largely involved in translocation of calcium and manganese 

ions across membrane. S. cerevisiae serves as important and useful model organism 

for studying function of a particular membrane transporter. For example, K616 

yeast mutant has been used earlier to show that ECA1 gene from Arabidopsis can 

Page | 121  
 



Functional Characterization 
 

transport a variety of divalent ions such as Ca2+, Mn2+, Zn2+ and Ni2+ (Wu et al., 

2002). Similarly, the characterization of an ion channel from rice OsCAX4 has been 

done recently using yeast mutants. Using Yeast strain K665 it was shown that 

OsCAX4 has been involved in translocations of Ca2+, Mn2+ and Cu2+ ions in rice 

(Yamada et al., 2014). Based on these studies an experiment was planned to use 

yeast mutant Pmr1 (deficient in Golgi calcium/manganese pump) to characterize 

wheat ECA3 gene.    

7.2 Results 

pENTR™/D-TOPO®  cloning kit from Invitrogen provides a fast and robust 

method for cloning. The main advantage of using this cloning system is that it 

provides rapid shuttling of cloned genes between multiple vector systems. For 

instance, a gene can be cloned in an entry vector (pENTR™/D-TOPO®) and can be 

transferred into an expression vector (such as yeast expression vector, 

pAG426PGAL-ccdB-EGFP), without using any restriction enzyme. Initially, similar 

strategy was tried to apply in this research work for T. aestivum ECA3 (TaECA3) 

gene but it lead to failure though tried several times. Sometimes TaECA3, gene got 

cloned in wrong direction. However, the vector seemed efficient in cloning smaller 

sequences such as pENTRTaECA35’ (section 6.2). Bigger inserts less than 3000bp 

such as pENTRTaECA33’ can also be cloned (section 6.2).  

The pGEM®-T Easy Vector Systems are convenient systems for the cloning 

of PCR products. This system was tried after the failure of pENTR™/D-TOPO® for 

cloning of T. aestivum ECA3 gene. However, this vector also could not clone the 

gene. Finally, the cloning was tried using PCR®-Blunt vector system from Invitrogen. 

Molar ratio 10:1 (insert: vector) was used to clone the gene which remained 

successful and gave large number of positive colonies. Prior to cloning BamHI and 
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EcoRI restriction sites were introduced in the insert at 5’ and 3’ ends respectively. 

The gene was excised out from the vector and was sub cloned into yeast expression 

vector p426 GAL (section 3.3.7). This construct was used to transform in S. 

cerevisiae mutants Pmr1 (Figure 7.1) for functional characterization of TaECA3 gene 

(section 3.8).  

AtECA3 had been shown earlier to play a significant role in maintaining 

homeostasis of manganese and calcium in the cytoplasm as well as in supplying of these 

elements to subcellular compartments (Mills et al., 2008). The qRT-PCR analysis had 

suggested a possible role of TaECA3 gene in manganese translocation as well (see 

section 5.2.3). Based on this analysis Pmr1 yeast mutant was used to find out possible 

role of TaECA3 gene in manganese translocation. This mutant had been used earlier for 

characterization of AtECA3 gene (Mills et al., 2008). The results were based on the 

phenotype of Pmr1 in manganese depleted and toxic media (Figure 7.1) 
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 Figure 7.1: Pmr1 transformed with ECA3 rescued manganese deficiency/toxicity phenotype.  

SC-uracil media was used for functional characterization of TaECA3 gene. BY4741 (a yeast strain) capable to grow on all manganese 

concentrations was used as control. Pmr1 mutant could not grow on 0.5, 1.0 and 1.5mM concentrations of manganese. However, 

transformation of Pmr1with TaECA3 resulted in successful growth of Pmr1 on high manganese concentrations, indicating possible role of 

TaECA3 in manganese nutrition in wheat. 
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7.3 Discussion 

After prediction of ECA3 gene, the next step was to isolate the gene and clone 

it. The main aim of cloning was to transform gene in yeast model to analyze its role 

in manganese translocation as has been established earlier for A. thaliana ECA3 gene 

(Mills et al., 2008). The cloning of ECA3 was hard, probably due to low expression 

of membrane transporters in the cells. The amplification of this gene was tried both 

using root and shoot cDNA. The amplification done from root cDNA gave good 

concentrations of the gene after gel extraction as compared to the extraction done 

from shoot cDNA. This indicates that the expression of ECA3 gene might be more 

enhanced in T. aestivum roots as compared to shoots. After amplification and gel 

extraction, concentrator (Savant™ DNA SpeedVac™) was used to concentrate the 

insert before cloning.  

Yeast mutants serve as powerful tools for studying the roles of various plant 

membrane transporters including P2- type ATPases. For instance, K616 (Δpmr1, 

Δpmc1, and Δcnb1) yeast mutant is found to be defective in its endogenous 

calcium/manganese pumps. Hence, this mutant is very useful for the functional 

analysis of plants calcium pumps. (Liang and Sze, 1998). Pmr1 (Δpmr1), yeast 

mutant is found to be very sensitive to elevated manganese concentrations, as it’s 

calcium/manganese pump is deleted calcium/manganese pump (localized in Golgi) 

(Antebi and Fink, 1992, Lapinskas et al., 1995).  Although essential for growth, 

excess Mn2+ ions are toxic and must be removed by delivery into the secretory 

pathway and subsequent exit from the cell. Hence, Pmr1 can be used in evaluating 

the role of a specific plant gene in manganese translocation. 

By4741, is a yeast strain which is capable of growth on any manganese 

concentration. This strain is not defective in its endogenous Golgi localized calcium 
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and manganese pump. Here By4741 was used as a control strain. The (Figure 7.1) 

shows that By4741, grew successfully on all manganese concentrations. Pmr1 mutant 

was used to characterize T. aestivum ECA3 gene. This strain is defective in its 

endogenous calcium and manganese pump. Hence, this strain cannot be grown on 

high manganese concentrations, as it lacks the necessary pump to manage it. In 

(Figure 7.1), Pmr1 could not grow on high manganese. When construct p426 

GALTaECA3 (section 3.6) was transformed into mutant Pmr1, it rescued the 

phenotype and showed growth. As p426 GAL uses galactose inducible promoter, 

galactose was used in the media. These findings suggest that likewise AtECA3 gene 

TaECA3 also plays role in translocation of manganese (Li et al., 2008, Mills et al., 

2008).  

This gene can be used in future genetic manipulation of crops to make them 

resistant against high manganese concentrations in soil. Studies have shown that 

different vectors can result in different expression of a gene probably due to presence 

of a different promoter. For instance, AtECA3 expression under the GAL promoter 

on vector p426 was not successful to suppress the manganese sensitivity of strain 

K616. However, when vector pDR196, (having very strong constitutive promoter) 

was used the expression was improved and K616 rescued the phenotype (Rentsch et 

al., 1995). Based on this, here it can be proposed that different vectors and promoters 

can be tried in future to enhance the expression of TaECA3 gene for manipulation of 

crops against soil manganese toxicity.  
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Bread wheat (T. aestivum) is a major cereal grain which is consumed 

worldwide. It is a major component of human nutrition and is required to be 

produced in huge amounts.  Agriculture is considered as a backbone of Pakistan’s 

economy and accounts for 19.8% of gross domestic production (GDP) for the 

country (Ali et al., 2017). Additionally, this sector is providing livelihood 

opportunities for about 62% of the rural population (Abid et al., 2015).  Wheat is an 

important cereal crop of Pakistan. However, wheat production in Pakistan is met 

with various challenges such as water scarcity, high temperature, increasing soil 

salinity and heavy metal contamination (Rehman et al., 2015, Helmreich and Horn 

2009). Additionally, biotic stresses such as rusts and smuts are major hazards for 

wheat crop in Pakistan (Cassman, 1999, Farooq et al., 2009, Ortiz et al., 2008). It is 

therefore, essentially important to carry out extensive research for the improvement 

of wheat crop in Pakistan.  

Wheat genome sequencing has always remained a major challenge for the 

scientists because of its large genome size (17Gb pairs). The first report on wheat 

sequencing using 454 pyrosequenicng came in 2012 (Brenchley et al., 2012). 

Initially, 94000-96000 genes were identified. However, after sequencing, various 

attempts were initiated to annotate wheat genome. For instance, the sequencing of 

genome of wheat’s wild relatives such as, Ae. tauschii (DD) and T.  urartu (AA). 

This sequencing identified 3150 genes in Ae.  tauschii and 34879 genes in T. urartu 

(Ling et al., 2013, You et al., 2011). However in spite of these efforts, the location 
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and distribution of genes on each of the bread wheat chromosome remained 

intangible (Lata et al., 2014). A major breakthrough in bread wheat sequencing 

occurred in 2014, when International Wheat Genome Sequencing Consortium 

(IWGSC) used the approach of separating the chromosomes using flow-cytometric 

sorting and then constructed paired-end sequence libraries with 500 bp target size 

(Marcussen et al., 2014). Overall, it can be perceived that sequencing of T. aestivum 

can be considered as a landmark and is anticipated to accelerate the research on this 

important crop.  

  Calcium and manganese are essential nutrients required for normal plant 

growth and development. Both manganese deficiency and excess can result in reduction 

of crop yield. Manganese deficiency is considered as one of the most widespread 

deficiencies for arable crops (Jiang, 2006). It is worth discussing that manganese is 

required at all stages of plant development. Particularly because, it activates number of 

different enzymes which are involved in Krebs cycle (Kubicek and Röhr, 1977). 

Calcium is a macronutrient which is very important for healthy plant growth and is 

required in much higher amounts as compared to manganese. Its fundamental role in 

plants include stabilization of cell walls and membranes, facilitating root extension, and 

protection against potentially damaging factors in soil, such as salinity (Marschner, 

2011). Being a component of cellular signaling pathways, it is very important to keep 

a check on its concentrations.  

Calcium ATPases (P2- type ATPases) belong to P- type family of primary active 

transporters and have been shown earlier to regulate calcium and manganese ions 

homeostasis within cells (Li et al., 2008, Liang et al., 1997, Liang and Sze, 1998, Mills 

et al., 2005). The P2- type ATPases are further divided into P2A and P2B- types on the 

basis of molecular analysis (Baxter et al., 2003). With reference to plants, P2B- type 
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ATPases (also known as ACAs) are required to perform variety of functions including 

signaling, hence they play role against both biotic and abiotic stresses. These ATPases 

are generally stimulated by calmodulin and are found to show homology to the 

calmodulin-binding calcium ATPases found at the plasma membranes of animal cells 

(PMCAs) (Axelsen and Palmgren, 1998, Geisler et al., 2000a). Whereas, P2A- type of 

ATPases (also known as ECAs) have roles in translocation of different metal ions 

including Ca2+, Mn2+, Cu2+, Ni2+ etc. hence they maintain ionic homeostasis. These 

pumps show homology to the animal sarcoplasmic/endoplasmic reticulum calcium-

ATPases (SERCAs) (Bublitz et al., 2011). Though studied in details in various plants 

and animals, these pumps had not been identified and characterized in wheat earlier, 

which was the main task in this research work. A comprehensive discussion on 

identification and characterization of these pumps in wheat is given below: 

A. thaliana is considered as first organism among plants whose genome was 

sequenced and annotated (Kaul et al., 2000). In this research work, an earlier attempt 

to identify T. aestivum calcium ATPases was based on the use of A. thaliana calcium 

ATPases as reference for BLAST in URGI (URGI, 2017). However, as a dicot species, 

it does not share much close genomic resemblance with T. aestivum. For this reason, A. 

thaliana calcium ATPase sequences could not predict exact calcium ATPase sequences 

of T. aestivum.    

Availability of annotated O. sativa genome made comparative genomics studies 

for other cereals (such as T. aestivum) relatively easy (Tulpan and Leger, 2017). O. 

sativa was taken as a second option for retrieving T. aestivum calcium ATPase 

sequences. O. sativa sequences resulted in successful retrieval of wheat calcium 

ATPases. These sequences were also used to do BLAST in URGI to retrieve possible 

wheat calcium ATPases contigs. However, the alignment between O. sativa calcium 
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ATPases and wheat contigs was not strong enough to manually predict some of the 

wheat calcium ATPases. Studies have shown that genomic conservation between O. 

sativa and T. aestivum is very less (Sorrells et al., 2003). Moreover, comparative 

sequence analysis revealed numerous chromosomal rearrangements that significantly 

complicate the use of rice as a model for cross-species transfer of information in non-

conserved regions (La Rota and Sorrells, 2004). Based on these observations another 

model organism was required for predicting T. aestivum calcium ATPases.  

B. distachyon, a wild annual grass, which is a member of sub-family Pooideae, 

seems to be closely related to T. aestivum. Its genome has been sequenced and is gaining 

popularity as a model grass (Vogel et al., 2010). In fact, B. distachyon has many traits 

that make it suitable as a model grass. For instance, small genome size, a small physical 

stature (approximately 20 cm), self-fertility, lack of seed-shattering, a short lifecycle 

that is normally completed within 11–18 weeks depending on the vernalization 

requirement (Draper et al., 2001). Moreover, this grass is very easy to grow and 

genetically transform (Vogel et al., 2010). Additionally, genus Brachypodium diverged 

from the ancestral Pooideae clade immediately prior to the radiation of the modern 

“core pooids” (Triticeae, Bromeae, and Avenae), which include majority of important 

temperate cereals and forage grasses. Certainly, O. sativa is phylogenetically distant 

from the Pooideae subfamily that includes wheat, barley, and temperate grasses 

(Catalán et al., 2012). Therefore, B. distachyon annotated genome can be very useful 

for annotating wheat genome (Ozdemir et al., 2008). B. distachyon calcium ATPases 

were used as reference for BLAST in URGI and correct T. aestvium calcium ATPases 

were predicted.   

In this study, 10 P2B- type and 3 P2A- type calcium ATPases were predicted for 

wheat (Figure 4.1). Here, it was found that wheat possess same number of P2A- type 
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calcium ATPases as had been reported earlier for another monocot, O. sativa (Huda et 

al., 2013b). However, O. sativa had been stated to have 11 P2B- type calcium ATPases 

(Huda et al., 2013b). The annotation of T. aestivum genome is still in its infancy, 

therefore a possibility exists that more P2B- type calcium ATPases can be identifiable 

in future, with the further advancements in wheat genome annotation process. It is also 

possible that wheat genome has lesser number of P2B- type calcium ATPases due to 

events of gene loss, which might happened in the past.  

Wheat is an allohexaploid and possess three homoeologs for each gene (Figure 

4.1). However, here we report that a particular wheat gene may consist of only two 

homoeologs for instance, T. aestivum ECA3 gene (Figure 4.1). Each homoeologe for a 

wheat gene is contributed by one of its three parents. The missing “A” homoeologe for 

wheat ECA3 was supposed to come from T. urartu. A search was conducted in the 

databases and it was found that T. urartu genome lacks ECA3 gene sequence. As the 

gene was missing in T. urartu, therefore its homoeologe was not found in T. aestivum 

and only two homoeologes were retrieved. However, it needs to be validated through 

experimental procedures. Moreover, the phylogenetic analysis conducted (Figure 4.1 

and Figure 4.2) showed that evolution of P2- type calcium ATPases is monophyletic in 

nature rather than being polyphyletic. The study further revealed the conservation of 

important motifs and transmembrane domains in P2A- type calcium ATPases of 

monocots.  

 Expression profiling of genes using qRT-PCR is a modern approach to find out 

expression of a particular gene under a particular condition. In this research work, wheat 

plants were grown using hydroponic culture and were exposed to calcium and 

manganese stress in separate experiments. Both the stresses affected roots and shoots 

fresh weight (see chapter 5). High expression of ECA1 and ECA3 genes under calcium 
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and manganese stress proposed possible roles of these two genes in calcium and 

manganese homeostasis in T. aestivum similar to A. thaliana. The expression of three 

P2B- type ATPases (ACA2, ACA3 and ACA4) were also tested along with P2A- type 

ATPases (ECA1 and ECA3) in plants grown under calcium stress. Interestingly, the 

expression of these genes was enhanced under calcium deficiency and toxicity 

conditions. It indicates that similar to dicots, wheat calcium ATPases might also be 

involved in stress signaling.  

The amplification of ECA3 gene was next task in this study. Amplification of 

the gene was bit difficult probably, due to its low expression under normal conditions. 

Attempts to clone full length TaECA3 gene into pENTR™/D-TOPO® entry vector 

always led to failure though tried several times. The possible reason may be that insert 

(3Kb) was bigger than the vector (2.5Kb). After failure of cloning of full length gene, 

it was cloned into smaller parts. The cloning of 5’ end and 3’ end of TaECA3 gene was 

done successfully into pENTR™/D-TOPO® entry vector (Figure 6.1 and Figure 6.2). 

The sequencing data indicated that 5’ end of the gene was similar to the predicted 

sequence (Figure 6.3). However, 3’ end of the gene retained an intron in some of the 

constructs (Figure 6.4). This indicated that alternate splicing occur in TaECA3 gene.  

To further investigate the cause of intron retention, wheat plants were grown 

under calcium stress and the tissue was used for qRT-PCR. The data indicated that 

event of intron retention in T. aestivum ECA3 gene was much enhanced when T. 

aestivum plants were grown under calcium stress as compared to control (Figure 6.7 

and Figure 6.8). It indicated that stress may affect the molecular machinery which lead 

to production of wrong transcripts. Such findings has also been observed earlier in 

different genes such as HSP70, HSP81 in Arabidopsis and waxy gene in rice (Dinesh-

Kumar and Baker, 2000, Palusa et al., 2007, Reddy, 2001, Zhang and Gassmann, 2003). 
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The full length cloning of gene was done successfully in PCR®-Blunt vector. 

Restriction sites BamHI and EcoRI (appendix III) were introduced in the template at 5’ 

and 3’ end of the gene respectively. After cloning the gene was excised out of the vector 

and was cloned into restriction sites of p426 GAL (a yeast expression vector). This 

construct was finally used for transformation into Pmr1 yeast mutant (Figure 7.1). This 

mutant is deficient in its own Golgi calcium/manganese pump and cannot grow on 

manganese toxic media. However, transformation with TaECA3 gene resulted in 

successful growth of this mutant on manganese toxic media. Hence, it can be concluded 

that TaECA3 gene in wheat is required for manganese translocation. An overall 

perspective of present research work is given (Figure 8.1). 
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In silico work 

Retrieval of annotated O. sativa 

calcium ATPase sequences from MSU 

data base. 

Using O. sativa annotated calcium ATPase 

sequences to retrieve calcium ATPase 

sequences of selected monocots. 

Phylogenetic analysis and prediction of 

possible calcium ATPases of different 

monocots. 

Research task 1 

Physiological 

experiments 

Research task 2 Growth of wheat plants using 

hydroponic culture. 

Induction of calcium and 

manganese stress on wheat plants. 

Expression profiling of selected 

wheat calcium ATPases under 

manganese and calcium stress. 

Yeast complementation 

studies. 
Research task 4 

Research task 3 

The experiment showed 

that wheat ECA3 (a P2A- 

type ATPase) gene is 

required for manganese 

nutrition in wheat. 

The experiment showed 

that wheat P2A- type 

ATPases are highly 

expressed under 

manganese and calcium 

stress, whereas P2B- type 

ATPases are highly 

expressed under calcium 

stress. 

The experiment showed 

that wheat fresh weight is 

reduced by calcium and 

manganese stress. 

10 P2B and 3 P2A- type 

calcium ATPases were 

predicted in wheat. 

Figure 8.1: Overall perspective of the research work presented in this thesis. 
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8.1 Conclusion and future recommendations 

Overall, these results suggest that T. aestivum shares more genomic 

conservation with B. distachyon as compared to O. sativa. Therefore, annotated B. 

distachyon genome can be very useful for annotating T. aestivum genome. In this study, 

10 P2B- type calcium ATPases were identified in wheat however O. sativa, possesses 

11. It may be possible that more P2B- type calcium ATPases would be identified in T. 

aestivum with the advancements in genome annotation. The qRT-PCR results indicated 

that P2A- type ATPases in T. aestivum (ECA1 and ECA3) are found to have possible 

roles in manganese and calcium translocation. Similarly, P2B- type ATPases in wheat 

(ACA2, ACA3 and ACA4) are also possibly involved in calcium signaling. Moreover, it 

was also found that TaECA3 gene is alternatively spliced. The gene retains intron near 

3’ end. The intron retention was increased when plants were grown under calcium 

stress. This finding highlights that stress affect molecular machinery leading to 

malfunctioning in splicing. Furthermore, this study through yeast complementation 

experiments has shown that wheat ECA3 gene is involved in manganese nutrition 

similar to Arabidopsis ECA3 gene. On the basis of this study the following future 

recommendations can be given: 

Re-exploration of wheat data bases: 

       It has been discussed above that at this stage less number of P2B- type calcium 

ATPases were identified in wheat as compared to other monocotyledons (O. sativa). The 

wheat genome annotation process is still not complete. There is a possibility that wheat 

may possess more calcium ATPases. It is therefore, recommended to search the data 

bases again to find out any additional P2B and P2A- type calcium ATPases in wheat.  
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Functional characterization of all P2- type calcium ATPases 

   In this research work we managed to amplify and characterize wheat ECA3 

gene. However, lots of other calcium ATPases present in wheat and other monocots 

(identified in this thesis) need to be characterized through experimental procedures. The 

most useful method for characterizing membrane transporters is based on utilizing yeast 

models. This work will be very helpful in understanding that how wheat plants manages 

the homeostasis of different ions. Also, this information can be very useful in studying 

the interaction between different membrane transporters through experimental 

procedures such as yeast two hybrids.  

Genetic manipulation of wheat crops based on P2- type ATPases: 

Last but not the least, the data generated by characterization of different calcium 

ATPases can be very useful in further genetic manipulation of wheat and other related 

crops for their better growth and to make them resistant against certain stresses. The 

expression of a gene can be enhanced to make a crop resistant against particular stress. 

Such as generation of wheat varieties capable of growing on manganese toxic soil by 

over expression of wheat ECA3 gene 
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Appendices 
Appendix I  

List of ECAs and ACAs sequences 
 
 

Taxon 

 
Accession numbers 

 
Databases 

 
ACA1   

Triticum aestivum TRIAE_CS42_4AS_TGACv1_306881_AA1014450.1 Ensembl Plants 
 

Triticum aestivum TRIAE_CS42_4BL_TGACv1_322716_AA1072800.2 
 

Ensembl Plants 
 

Triticum aestivum TRIAE_CS42_4DL_TGACv1_342814_AA1122680.1 Ensembl Plants 
 

Triticum urartu M7ZNL4 
 UniProtKB 

Brachypodium 
distachyon 

Bradi1g70920.1 
 ARAMEMNON 

Oryza sativa LOC_Os03g10640 MSU 
 

Sorghum bicolor C5WTS5 UniProtKB 
 

Oryza brachyantha J3ll50 
 UniProtKB 

 
ACA2   

Triticum aestivum 5AS TRIAE_CS42_5AS_TGACv1_393493_AA1273190.4 Ensembl Plants 
 

Triticum aestivum 5BS TRIAE_CS42_5BS_TGACv1_423347_AA1374870.1 Ensembl Plants 
 

Triticum aestivum 5DS TRIAE_CS42_5DS_TGACv1_458228_AA1492790.1 Ensembl Plants 
 

Triticum urartu M8A7X8 UniProtKB 

Brachypodium 
distachyon Bradi4g03130.1 ARAMEMNON 

Oryza sativa LOC_Os12g39660.1 MSU 
 

Oryza barthii A0A0D3HW73 UniProtKB 
 

 
ACA3   

Triticum aestivum TRIAE_CS42_4AL_TGACv1_288269_AA0942920.1 Ensembl Plants 
 

Triticum aestivum TRIAE_CS42_U_TGACv1_641388_AA2093540.1 Ensembl Plants 
 

Triticum aestivum TRIAE_CS42_4DS_TGACv1_361699_AA1171710.1 Ensembl Plants 

Triticum Urartu M8AJX4 UniProtKB 
 

Brachypodium 
distachyon Bradi1g14630.1 ARAMEMNON 

Oryza sativa LOC_Os03g42020.1 MSU 
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http://www.ensemblgenomes.org/id/TRIAE_CS42_4BL_TGACv1_322716_AA1072800.2
http://www.ensemblgenomes.org/id/TRIAE_CS42_4BL_TGACv1_322716_AA1072800.2
http://www.ensemblgenomes.org/id/TRIAE_CS42_4DL_TGACv1_342814_AA1122680.1
http://www.ensemblgenomes.org/id/TRIAE_CS42_4BL_TGACv1_322716_AA1072800.2
http://www.uniprot.org/uniprot/M7ZNL4
http://www.ensemblgenomes.org/id/TRIUR3_19239-T1
http://www.uniprot.org/uniprot/C5WTS5
http://www.ensemblgenomes.org/id/TRIUR3_19239-T1
http://www.ensemblgenomes.org/id/TRIUR3_19239-T1
http://www.ensemblgenomes.org/id/TRIAE_CS42_4BL_TGACv1_322716_AA1072800.2
http://www.ensemblgenomes.org/id/TRIAE_CS42_5BS_TGACv1_423347_AA1374870.1
http://www.ensemblgenomes.org/id/TRIAE_CS42_4BL_TGACv1_322716_AA1072800.2
http://www.ensemblgenomes.org/id/TRIAE_CS42_5DS_TGACv1_458228_AA1492790.1
http://www.ensemblgenomes.org/id/TRIAE_CS42_4BL_TGACv1_322716_AA1072800.2
http://www.ensemblgenomes.org/id/TRIAE_CS42_4AL_TGACv1_288269_AA0942920.1
http://www.ensemblgenomes.org/id/TRIAE_CS42_U_TGACv1_641388_AA2093540.1
http://www.ensemblgenomes.org/id/TRIAE_CS42_4DS_TGACv1_361699_AA1171710.1
javascript:openUniprot('I1GQA7')


    

Sorghum bicolor C5WSB3 UniProtKB 
 

Oryza brachyantha J3LQU0 UniProtKB 
 

Oryza barthii A0A0D3FLA5 UniProtKB 
 

 
ACA4   

 
Triticum Urartu 

 
M7ZET5 UniProtKB 

Brachypodium 
distachyon Bradi4g43300.1 ARAMEMNON 

Oryza sativa LOC_Os11g04460.1 MSU 
 

Sorghum bicolor C5Y458 UniProtKB 
 

 
Oryza barthii 

 
A0A0D3HR67 

 
UniProtKB 

 
ACA7   

Triticum aestivum TRIAE_CS42_1BL_TGACv1_030749_AA0099780.1 Ensembl Plants 
 

Triticum aestivum TRIAE_CS42_1AL_TGACv1_001355_AA0029220.1 Ensembl Plants 
 

Triticum aestivum 
 TRIAE_CS42_1DL_TGACv1_062322_AA0212540.1 Ensembl Plants 

Triticum Urartu M7YR54 UniprotKB 
 

Brachypodium 
distachyon Bradi2g21180.1 ARAMEMNON 

Oryza sativa LOC_Os05g41580.1 MSU 
 

Sorghum bicolor C5Z0B0 UniProtKB 
 

Oryza brachyantha J3M8H2 UniProtKB 
 

 
Oryza barthii 

 
A0A0D3G9C7 

 
UniProtKB 

 
ACA8   

Triticum aestivum TRIAE_CS42_1BL_TGACv1_031294_AA0110960.1 Ensembl Plants 
 

Triticum aestivum TRIAE_CS42_1AL_TGACv1_001862_AA0035990.1 Ensembl Plants 
 

Triticum aestivum TRIAE_CS42_1DL_TGACv1_061321_AA0192370.1 Ensembl Plants 

Brachypodium 
distachyon Bradi3g26890.1 ARAMEMNON 

Oryza sativa LOC_Os10g28240.1 MSU 
 

Sorghum bicolor C5X1K4 C5X1K4 
 

Oryza brachyantha J3N2P8 
 

UniProtKB 
 

Oryza barthii A0A0D3HDQ0 
 

A0A0D3HDQ0 
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http://www.ensemblgenomes.org/id/TRIAE_CS42_1AL_TGACv1_001355_AA0029220.1
http://www.ensemblgenomes.org/id/TRIAE_CS42_1DL_TGACv1_062322_AA0212540.1
http://www.uniprot.org/uniprot/C5Z0B0
http://www.ensemblgenomes.org/id/TRIAE_CS42_1BL_TGACv1_031294_AA0110960.1
http://www.ensemblgenomes.org/id/TRIAE_CS42_1AL_TGACv1_001862_AA0035990.1
http://www.ensemblgenomes.org/id/TRIAE_CS42_1DL_TGACv1_061321_AA0192370.1


    

 
Unidentified 

 
 

Triticum aestivum TRIAE_CS42_7DS_TGACv1_621790_AA2026140.1 Ensembl Plants 
 

Triticum aestivum TRIAE_CS42_U_TGACv1_641800_AA2104440.1 Ensembl Plants 
 

 
Triticum aestivum 

 
TRIAE_CS42_U_TGACv1_641800_AA2104450.3 

 
Ensembl Plants 

Triticum Urartu M7YGM5 
 

UniProtKB 
 

Brachypodium 
distachyon Bradi3g40640.1 ARAMEMNON 

Sorghum bicolor C5YI87 
UniProtKB 

 
 

Oryza brachyantha J3MUF6 
 

UniProtKB 
 

Oryza barthii A0A0D3H254 
 

UniProtKB 
 

 
ACA11   

Triticum aestivum TRIAE_CS42_2BL_TGACv1_129973_AA0400750.3 Ensembl Plants 
 

Triticum aestivum TRIAE_CS42_2AL_TGACv1_093051_AA0270470.1 Ensembl Plants 
 

Triticum aestivum TRIAE_CS42_2DL_TGACv1_159040_AA0531140.1 Ensembl Plants 
 

Brachypodium 
distachyon Bradi5g20890.1 ARAMEMNON 

Oryza sativa LOC_Os04g51610.1 MSU 

Sorghum bicolor 
 

C5YFI8 
 

UniProtKB 

Oryza brachyantha J3M160 
 

UniProtKB 
 

Oryza barthii A0A0D3FZV8 
 

UniProtKB 
 

Unidentified   

Triticum aestivum TRIAE_CS42_6AS_TGACv1_485501_AA1546480.1 
 

Ensembl Plants 
 

Triticum aestivum TRIAE_CS42_6BS_TGACv1_514490_AA1660470.1 
 

Ensembl Plants 
 

Triticum aestivum TRIAE_CS42_6DS_TGACv1_542558_AA1724300.1 
 

Ensembl Plants 
 

Triticum Urartu M7ZL44 
 

UniProtKB 
 

Brachypodium 
distachyon Bradi3g05697.1 ARAMEMNON 

Oryza brachyantha J3LA39  
UniProtKB 
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http://www.ensemblgenomes.org/id/TRIAE_CS42_U_TGACv1_641800_AA2104450.3
http://www.ensemblgenomes.org/id/TRIAE_CS42_2AL_TGACv1_093051_AA0270470.1
http://www.ensemblgenomes.org/id/TRIAE_CS42_2DL_TGACv1_159040_AA0531140.1
http://www.ensemblgenomes.org/id/TRIAE_CS42_6AS_TGACv1_485501_AA1546480.1
http://www.ensemblgenomes.org/id/TRIAE_CS42_6DS_TGACv1_542558_AA1724300.1


    

 

Oryza barthii A0A0D3F1F8 
 UniProtKB 

 
ACA6   

Triticum aestivum TRIAE_CS42_3AL_TGACv1_194974_AA0643030.1 Ensembl Plants 
 

Triticum aestivum TRIAE_CS42_3B_TGACv1_225697_AA0811210.1 Ensembl Plants 
 

Triticum aestivum TRIAE_CS42_3DL_TGACv1_251172_AA0878350.1 Ensembl Plants 
 

Brachypodium 
distachyon Bradi2g60324.1 ARAMEMNON 

Oryza sativa Loc os01g71240 
 

MSU 
 

Oryza brachyantha J3L7P9 
 

UniProtKB 
 

 
ECA1   

Triticum aestivum 4DL TRIAE_CS42_4BL_TGACv1_322129_AA1068800.1 Ensembl Plants 
 

Triticum aestivum 4BL TRIAE_CS42_4AS_TGACv1_306876_AA1014390.1 Ensembl Plants 
 

   
Triticum aestivum 

4AS_V2 TRIAE_CS42_4DL_TGACv1_342374_AA1111770.2 Ensembl Plants 
 

Brachypodium 
distachyon I1H6T2 ARAMEMNON 

Oryza sativa Q8H8w1 MSU 
 

Sorghum bicolor C5WP97 UniProtKB 
 

 
Oryza barthii 

 
A0A0D3FGZ7 

 
 

UniProtKB 
 

ECA3   

Triticum aestivum 4DS IWGSC_chr4DS_ab_k71 URGI 

Triticum aestivum 4BS IWGSC_chr4BS_ab_k71 URGI  
 

Triticum aestivum 4A N/A N/A 
 

Brachypodium 
distachyon Bradi1g09810.1 UniProtKB 

 
Oryza sativa 

 
LOC_Os03g52090.1 

 
MSU 

Sorghum bicolor A0A1B6QIC1 UniProtKB 
 

Oryza brachyantha J3LSI2 UniProtKB 
 

 
Oryza barthii 

 
A0A0D3FNM9 

 
UniProtKB 

 
ECA2   

Triticum aestivum TRIAE_CS42_1BS_TGACv1_049567_AA0157010.1
; UniProtKB 
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http://www.ensemblgenomes.org/id/TRIAE_CS42_3B_TGACv1_225697_AA0811210.1
http://www.ensemblgenomes.org/id/TRIAE_CS42_3DL_TGACv1_251172_AA0878350.1
http://www.ensemblgenomes.org/id/TRIAE_CS42_4BL_TGACv1_322129_AA1068800.1
http://www.ensemblgenomes.org/id/TRIAE_CS42_4AS_TGACv1_306876_AA1014390.1
http://www.ensemblgenomes.org/id/TRIAE_CS42_4DL_TGACv1_342374_AA1111770.2
http://www.uniprot.org/uniprot/C5WP97
https://urgi.versailles.inra.fr/blast/data/149993348320.blast1.html%23Query1:IWGSC_chr4BS_ab_k71_contigs_longerthan_200_4884331
http://www.uniprot.org/uniprot/I1GNP6
http://www.ensemblgenomes.org/id/TRIAE_CS42_1BS_TGACv1_049567_AA0157010.1
http://www.ensemblgenomes.org/id/TRIAE_CS42_1BS_TGACv1_049567_AA0157010.1


    

Triticum aestivum TRIAE_CS42_1AS_TGACv1_020544_AA0078240.1 Ensembl Plants 
 

Triticum aestivum TRIAE_CS42_1DS_TGACv1_080510_AA0249290.1 Ensembl Plants 
 

Brachypodium 
distachyon I1HME9 UniProtKB 

 

Triticum urartu M8AS38 UniProtKB 
 

Sorghum bicolor C5YYZ2 
 

UniProtKB 
 

Oryza brachyantha J3M3F0 UniProtKB 
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Appendix II 

List of ECA1 sequences 

Accession Taxa 

XP_002889666.1 Arabidopsis lyrata 

XP_006417763.1 Eutrema salsugineum 

XP_009118418.1 Brassica rapa 

XP_010557282.1 Tarenaya hassleriana 

XP_011005011.1 Populus euphratica 

XP_002314209.1 Populus trichocarpa 

XP_011089397.1 Sesamum indicum 

XP_004251293.1 Solanum lycopersicum 

XP_006363343.1 Solanum tuberosum 

XP_009590446.1 Nicotiana tomentosiformis 

XP_009777607.1 Nicotiana sylvestris 

XP_003554341.1 Glycine max 

XP_007162693.1 Phaseolus vulgaris 

XP_004493912.1 Cicer arietinum 

XP_004302810.1 Fragaria vesca 

XP_009340897.1 Pyrus x bretschneideri 

XP_008369823.1 Malus domestica 

XP_010920750.1 Elaeis guineensis 

XP_008810508.1 Phoenix dactylifera 

XP_010228776.1 Brachypodium distachyon 
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Appendix III 

                  List of primers 
 

Gene 
 

Primer 
 

Sequence 

 
ECA1 

 
TaECA1qF 

 
CAGTTTCAATGAATGGCTTTTGGTC 

 
TaECA1qR 

 
CTTTCTGGCCCGAGCTGTCA 

 
ECA3 

 
TaECA3qF 

 
TCTCTACTTGTCATTCACCCATGG 

 
TaECA3qR 

 
ATGGAGACACTGAGAAAAGAGCT 

 
ACA2 

 
TaACA2qF 

 
CGTCTTCTGCCAGGTGTTCA 

 
TaACA2qr 

 
GCCGAGGAATTGGACCATGA 

 
ACA3 

 
TaACA3qF 

 
AGGGCATGTTGGAGAACTCT 

 
TaACA3qr 

 
GCCAAAGAGGATGCAGACGA 

 
ACA4 

 
TaACA4qF 

 
GCTGGCAATTCTGGTTGGTG 

 
TaACA4qr 

 
TATGTCATCAGGGCCGTTGG 

Actin 

 
ActinqF 

 

 
ACCTTCAGTTGCCCAGCAAT 
 

 
ActinqR 

 

 
CAGAGTCGAGCACAATACCAGTTG 
 

GAPDH 

GAPDHqf 
 
GCTCAAGGGTATCATGGGTTACG 
 

GAPDHqr 
 
GCAATTCCAGCCTTAGCATCAAAG 
 

TaECA35’ 

 
TaECA3F1 

 
CACCAAGAAGCTGGATCcAATGGAGGACGCCTA
CGCCAAGTC 
 

 
TaECA3R1 

 

 
CATAAACGCGCAGAGCAACTTCA 
 

TaECA33’ 

 
TaECA3F2 

 

 
CACCTTGGCTCGATTGAATGG 

 
 

TaECA3R2 
 

 
CATCATACTGCGGCCGCCTTAATTATCTCGGGC
TTCTTTAGG 

TaECA3 full 
Length gene TaECA3F 

 
AGCTGAGTATGGATCCAATGGAGGACGCCTACGCCA
AGTC 
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amplification 

TaECA3R 

 
GATGGCATACGGAATTCTCTTAATTATCTCGGG
CTTCTTTAGG 
 

Vector 
backbone 
primer 
sequence 

 

M13 Forward 
 

 
GTAGTAAAACGACGGCCAG 

 

M13 Reverse 
 

 
CAGCAGGAAACAGCTATGAC 
 

Vector 
backbone 
primer 
sequence 

 

 
p426 GAL1.F 

 

 
GCGAAGCGATGATTTTTGATCTATT 
 

 
p426 CYC1.R  

 
TCCTTCCTTTTCGGTTAGAGCG 

 

qF=qPCR forward primer 

qR= qPCR reverse  
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