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ABSTRACT 

Alternative splicing is widely observed in animals and plants. Intron retention in 

transcripts and presence of 5ʹ and 3ʹ splice sites within these introns mediate alternate 

splicing. This research work was intended to characterize the high affinity potassium 

transporter (HKT) from barley in model system (tobacco and arabidopsis) and functional 

complementation in yeast (Saccharomyces cervisceae) heterologous system. Relative 

expression analysis detected different HvHKT2;1 isoforms in barley (Hordeum vulgare) 

under both normal and high saline conditions. Besides barley, stable integration of 

insertions corresponding to two introns, were also observed at the 3ʹ-end in kallar grass 

(Leptochloa fusca). Transcript profiling of HvHKT2;1 in barley showed differential 

splicing events, which were regulated by NaCl concentration in soil. Accumulation of 

intron retaining transcripts was observed with abundance of short intron retaining HKT 

isoforms. Conventional PCR detected different splice variants which were cloned and 

sequenced.  

Intron retaining full length cDNA (HvHKT2;1-i) was transformed in tobacco (Nicotiana 

tabacum) and arabidopsis. Different HvHKT2;1 isoforms were detected in model plant 

systems with abundance of short intron retaining transcripts. Furthermore, HKT transcript 

analysis in both model plant systems showed similar results as observed in barley under 

native promoter conditions. To functionally characterize HvHKT2;1-i, a wild type and 

potassium uptake deficient mutant yeast strain (trk1, trk2) was used. Both, the wild type 

and trk1, trk2 yeast expressing HvHKT2;1-i, showed growth activities on YPD (Yeast 

Peptone Dextrose) solid medium. Growth sensitivities of both wild type and the trk1, trk2 

yeast were observed on YPD solid medium containing hygromycin under similar 

conditions. Addition of milimolar (mM) concentrations of KCl and NaCl in hygromycin 

supplemented YPD solid resulted in growth recovery of trk1, trk2 yeast expressing 

HvHKT2;1-i suggesting the presence of functional transcripts in the pool of intron 

retaining transcripts. It is also clear from yeast functional analysis that HvHKT2;1-i 

cDNA with introns still enabled the trk1, trk2 yeast to complement K+/Na+ phenotype 
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while maintaining the high affinity K+ transport function. Expression analysis from 

barley, putative transgenic Arabidopsis, transgenic tobacco and the trk1, trk2 yeast 

mutant expressing HvHKT2;1-i, showed alternate splicing, intron retention and 

differential splicing events. Changes in HKT transcript patterns in response to varying K+ 

and Na+ concentrations, in both heterologous and plant system, suggest a role of these 

ions in regulation of HKT expression under salt stress. Nicotiana benthamiana plants 

were used for transient expression of HvHKT2;1-i. Confocal studies detected GFP signals 

on plasma membrane suggesting the presence of functional HvHKT2;1 fusion protein and 

hence, the evidence of properly spliced transcripts.  
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INTRODUCTION AND REVIEW OF LITERATURE 

Soil salinity is the consequence of accumulation of soluble salts on the soil 

surface making conditions unfavorable for growth of plants resulting in loss of 

productivity, especially in irrigated lands (Pardo, 2010). Plant growth and development is 

challenged by soil salinity and drought resulting in an increasing threat across the globe. 

Cereals are important crops in developed and developing countries, where population is 

increasing at a greater pace as compared to agricultural productivity. Recent research on 

salt sensitive cereal crops like rice, came up with latest reviews on implications of growth 

regulation and reproductive development as a result of salinity stress (Negrao et al., 

2011). Plants encountering sodium toxicity can withstand it for some time but plants 

can’t sustain prolonged stress. Therefore, it is essential to select and characterize plants 

for stress conditions where they can withstand and tolerate stress (Abraham and Dhar, 

2010). Growth inhibition is the consequence of either drought or salinity that ultimately 

results into osmotic stress. In both irrigated agriculture or dry land farming these factors 

limit crop productivity worldwide (Cushman, 2001b). 

Soil under the effect of such limiting growth conditions leads to desertification 

with serious impacts beyond the national borders. It hampers the efforts put forth for 

sustainable economic development adding up into seriousness of this problem due to 

forced migration and potential for inter-state conflict (Riadh et al., 2010). Salinity 

tolerance is a complicated physiological attribute requiring interrelated tissue-specific 

operations throughout the life cycle of a plant to enable growth on saline soils. Beside 

many approaches for enhancing plant salt tolerance, transmission of genetic determinants 

essential for imparting salinity tolerance from halophytes to crop plants  holds a 

promising idea or to breed for salt tolerance by conventional methods for increasing 

production in marginal soils (Aleman et al., 2009). Growth rates are reduced at higher 

salinities resulting from both slower shoot initiation and reduced leaf length (J. Gorham, 

1985).  

 



Chapter 1                                                                     Introduction and Review of Literature 

 

2 
 

Salt tolerant plants called halophytes, have wide-spread distribution, ability to 

survive and reproduce around 200 mM NaCl or more. General scantiness of evidence on 

tolerance mechanisms involving regulation at molecular level encourages concentration 

of further research on number of model species representing diverse processes in 

connection to stress tolerance (Flowers and Colmer, 2008). Studies should be focused on 

in-depth electrophysiological and molecular mechanism of ion transport and 

sequestration of membrane transport systems for better understanding to what appears to 

be the complex mechanisms in halophytes (Shabala and Mackay, 2011). It is thus 

essential to engineer plants for increased tolerance under stress beside traditional methods 

of optimizing cultivation practices to improve yield and productivity for full 

understanding of plant cell complex defense mechanism (Conde et al., 2011). 

Regulation of stress inducible gene expression results in initiation of stress 

responses for plant stress tolerance mechanism. Research focusing on transcription 

factors, Na+/H+ transporters and their genetic exploitation by engineering against a 

particular stress is becoming a useful approach for enhancing crop potential under 

unfavorable environments (Gao et al., 2007). Plant responds to salinity in various ways 

like circulation of K+ in vascular tissues, translocation of root shoot Ca2+ and transition 

metal homeostasis (Maathuis, 2006). Plant strategies mechanism at molecular and 

cellular levels like ion exclusion, sequestration in organelles, adjustment to osmotic 

stress, production of compatible solutes and membrane transport system that enable them 

to cope up with the stress conditions (Arzani, 2008). 

Over a decade of research, genetic engineering has emerged as an alternative 

approach for successfully developing stress tolerant crops. It has some advantages over 

classical breeding as being a faster way for achieving enhanced tolerance (Cushman and 

Bohnert, 2000) while avoiding transfer of undesired chromosomal regions. Furthermore, 

multiple genes can be assembled simultaneously through genetic engineering in crops of 

interest. Among many functional targets, engineering for proteins involved in enhancing 

efficiency of ion movement across membrane is a promising approach for tolerance to 

water stress and salinity (Riadh et al., 2010; Yoshida, 2002). Marker assisted population 

improvement offered an effective strategy to accumulate favorable alleles in crop species 

(Ahmadi et al., 2011; Ren et al., 2005; Villalta et al., 2007). 
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1. 1  Soil salinity and plant adaptation to stress 

Soils can be classified as saline when electrical conductivity of saturated soil 

paste is 4 dS/m or more (equivalent to approximately 40 mML-1 NaCl) and generating an 

approximate osmotic pressure of 0.2 MPa (Munns and Tester, 2008). Stress conditions 

can be recognized by plants and trigger proper responses involving eventual changes in 

metabolism, growth and development. Several strategies and adaptive mechanisms are 

evolved to tolerate these unique conditions, providing distinct degrees of endurance to 

remarkably diverse plant species (Conde et al., 2011). 

Plants have developed quite delicate mechanisms to manage environmental stress 

following exposure to environmental stimuli. Extracellular signals are perceived and 

passed on through signal transduction cascades. Understanding the mechanisms of stress 

response is important for all research designed to generate varieties with ameliorated 

tolerance (Gao et al., 2008). The ability to keep up growth under particular accumulation 

of Na+ is associated with osmotic and tissue tolerance in leaves. Production of new leaves 

is manifested as improved osmotic tolerance while increased survival of older leaves 

implies tissue tolerance (Munns and Tester, 2008). 

Altered water status interferes with photosynthesis and metabolic activities 

leading to the inhibition of cell division and proliferation, accelerated cell senescence and 

eventually decreased growth and reduced grain yield (Munns and Tester, 2008; Negrao et 

al., 2011). 

Excessive salts in the soil pose an added challenge to plants besides impairment 

of water uptake activity. Increase in salt concentrations in the apoplast, eventually inside 

the cell, results from evaporation of water, creating progressively more damaging 

conditions due to increase of ions in the cellular environment. The ability of plant to 

exclude Na+ from shoots is a crucial factor for salt tolerance. Modification of Na+ specific 

transport processes have yielded improved salinity (Pardo, 2010). Leaf blades in 

particular, are the most susceptible sites affected in plants under salinity stress as the 

transpiration stream ends there, with little capacity to export salts, result in potential 

toxicity (Munns, 2007). 

Continuous efforts have been put forth recently to identify and characterize the 

mechanisms that allow plants to endure elevated salt stress. New strategies for genetically 



Chapter 1                                                                     Introduction and Review of Literature 

 

4 
 

engineering whole pathways advanced our understanding of metabolic fluxes and ion 

homeostasis in cell. Ion homeostasis under salt stress is crucial, in particular vacuolar Na+ 

transporters and Na+/H+ plasma-membrane antiporters can open the possible engineering 

of crop plants with improved ability to tolerate salinity stress (Apse and Blumwald, 

2002). Sorbitol is found to be the most abundant sugar in nearly all organs, functions as a 

compatible solute and osmoprotectants at varied levels of root zone salinity (Koyro, 

2006). 

1. 2 Role of K+ in cell and K+/Na+ transport across membrane 

Potassium is an essential macronutrient, a rate limiting factor in yield and quality 

in higher plants playing the important physiological role in stomatal movements, 

osmoregulation, enzyme activation and cell expansion. Relatively stable and high 

concentrations of this ion in certain compartments in the cell are critical for activation of 

enzymes, stabilizing protein synthesis, neutralizing negative charges on proteins, 

establishing membrane potential in relation to proton motive force and maintaining 

homeostasis of cytosolic pH (Rodríguez-Navarro, 2000). 

K+ contributes to the maintenance of cellular neutrality and osmotic equilibrium 

due to the fact of its greeter cationic abundance in living cell. Owing to these functions, 

K+ was selected very early in evolutionary stages of life where cellular processes 

proliferated in a medium rich in K+ and as result of which many of them become 

dependent on K+. Evolution of primitive life took place in sea where both K+ and Na+ 

were present. Only K+ was selected as a cation for maintaining cellular electrical and 

osmotic equilibria (Benito et al., 2004). 

Activation of high affinity K+ transporters is linked to reduced plant K+ status, up-

regulating some K+ channels and turning on signaling cascades, some of which are 

related to be involved in wounding and other stress responses. Various molecules that are 

indicators of low plant K+ status in the cell include phytohormones like ethylene, auxin 

and jasmonic acid beside other reactive oxygen species are produced (Ashley et al., 

2006). 

The predominant significance of potassium as the major inorganic ion in plant 

cells is eminent as it contributes in dry mass up to 10% and plays vital functions in 

numerous physiological processes such as cellular communication, cell proliferation, and 
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secretion (Leigh and Jones, 1984). In spite of the fact that K+ channels in plants play a 

critical role in efflux and influx of K+ and being the best characterized class of transport 

proteins, understanding of plant potassium channels is still fragmentary (Dreyer and 

Uozumi, 2011). In comparison to potassium, higher concentrations of Na+ are generally 

harmful to plants. Therefore, it is not astonishing that plants have developed several 

strategies that prepare them to keep the cytosolic concentration of Na+ low (Mueller-

Roeber and Dreyer, 2007). 

Among many other physiological changes, primitive plant cell harmonized to 

medium comprising low concentrations of K+ and Na+ that were essential for terrestrial 

life inception in the Cambrian era. Subsequently, soil formation processes like 

weathering of rocks did not change the mineral milieu dramatically where evolution 

aided plants to establish and flourish further. These evolutionary events allow present day 

plants to uptake nutrients at lower concentrations. Also, plants species were not favored 

as they were incapable of coping with low water potential and elevated Na+ 

concentrations. Exception to this rule are the salt-tolerant plants; the halophytes which 

thrived as a result of secondary acclimatization of normal plants to salty environments of 

deserts and sea (Rozema, 1996). 

1. 3 K+ /Na+ transporters and ion balance in cell 

Ion channels and pumps are the two general classes of transport proteins involved 

in trafficking ions across cell membrane. Channels move ions down the concentration 

gradient and electrical potential without the expense of energy. Movement of ions against 

the concentration gradient is directed by pumps that rely on utilization of energy from 

ATP or other sources to pump ions actively against those gradients. Discriminating and 

quick diffusion of ions down the electrical and concentration gradient is carried out when 

channels are open while movement of ions brought up by pumps is slow that work 

tirelessly to sustain the ion gradient (Gadsby, 2009). Transporters and channels play 

divergent roles in addition to maintaining ion balance and have been updated extensively 

based on several new findings (Horie and Schroeder, 2004; Kader and Lindberg, 2008; 

Kronzucker and Britto, 2011; Kuo et al., 2005; Maathuis, 2007; Negrao et al., 2011; 

Pardo et al., 2006). Restricting cytosolic Na+ enhances plant survival under salinity stress 

is a widely established fact. Numerous studies were focused on the key gaps in our 
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understanding of the salt tolerance mechanism and identification of Na+ transport 

pathways across cell membrane (Amtmann and Sanders, 1999; Apse and Blumwald, 

2002, 2007; Arino et al., 2010). 

It is technically challenging to monitor cytosolic Na+ non-invasively and in real 

time, to understand mechanisms of controlling Na+ comparatively in salt tolerant 

cultivars. Cellular mechanisms contributing to salt tolerance in rice established that the 

differences in survival of contrasting varieties is primarily because of membrane 

transport mechanisms (Anil et al., 2007). Besides high-affinity potassium transporters 

and non-selective ion channels as potential pathways for Na+ uptake, yeast 

(Saccharomyces cerevisiae) expressing low affinity cation transporter LCT1 from wheat 

emerged as Na+ transporter into plant cells as a third candidate displaying permeation to a 

wide range of cations (Amtmann et al., 2001). Plant's ability to control Na+ concentration 

inside the cytoplasm either by exclusion and/or compartmentalization is critical to avoid 

sodium toxicity (Blumwald, 2000). However, most plants transport Na+ to a limited 

extent and as a consequence can't tolerate high salinity (Cushman, 2001a). Plant's ability 

to tackle the toxic effects of Na+ can be determined by its ability to remove Na+ from the 

transpiration stream, compartmentalization in leaf vacuole or its distribution in various 

parts of plants (Apse and Blumwald, 2007; Kronzucker and Britto, 2011; Moller et al., 

2009; Munns and Tester, 2008; Pardo and Quintero, 2002). 

Experimental evidences on various crop species have shown that high affinity 

potassium transporter work as a system that operates in all the land plants under salinity 

stress condition. In very few of them, such as rice, species in the Triticeae and Aveneae 

tribes of the Poaceae family, it is probably activated by a family of high affinity K+ 

transporters while in others, it is being carried out by one or several transporters whose 

responses basically differs in the presence of K+ or Ba2+ from those of HKT transporters 

(Haro et al., 2010). 

Two major differences were unveiled by comparative analysis of Na+ transport in 

wheat, i.e. a reduced rate of root to shoot Na+ transport in genotypes showing salt 

tolerance and an increased ability of the leaf sheath to remove and sequester Na+ as it 

enters in leaf (Benderradji et al., 2011). Presence of specific residues positively charged 

in transporter pore may avert transporters from being channels. Functional 
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characterization of positively charged residues in Ktr/Trk/HKT-type transporters E. coli 

and yeast, and by electrophysiological studies in oocytes has led to introduction of atomic 

scale homology model for prediction of amino acid interactions. Based on this homology 

model and results from the experimentation helped in proposing the presence of salt 

bridge between positively and negatively charged residues in M2D in the pore region to 

reduce electrostatic repulsion against cation permeation caused by positive residues (Kato 

et al., 2007). Increased activity of Na+ dependent K+ uptake was found with co-

expression of both KtrA and KtrE in connection to KtrB. Furthermore, modifying the 

cytoplasmic side of residues effected K+ uptake activity to a greater extent than those 

present on the extracellular side (Zulkifli et al., 2010). Deletion of charged and uncharged 

amino acids in an identified loop region resulted in improvement in K+/Na+ selectivity as 

displayed by enhanced salt tolerance of Xenopus oocytes and HKT1 expressing in yeast 

cells  (Liu et al., 2000). 

Numerous reviews on low and high-affinity transport systems in the molecular 

biology of K+ acquisition have presented the physiological perspectives of K+ transport. 

The difficulties are linked with assessment of unidirectional K+ fluxes (Britto and 

Kronzucker, 2008; Munns and Tester, 2008), mechanism of uptake of Na+ by roots at 

both molecular and physiological levels (Zhang et al., 2010) and K+ entry into growing 

pollen tubes or K+ transport in guard cells (V´ery and Sentenac, 2003). Plant stress 

responses in changing K+ environment is regulated by Ca2+  signaling cascades (Szczerba 

et al., 2009). Under saline conditions functional expression of K+/Na+ transporters, modes 

of multiple control including ameliorative effects of polyamines, compatible solutes and 

Ca2+ complementation have added thoughtful aspects in our understanding of ion activity 

in response to a stress condition in the cell (Shabala and Cuin, 2008). 

Plants during their evolution have developed many adaptations in their 

physiological, morphological, biochemical and molecular responses for uptake of nitrate, 

phosphate and potassium under stressed conditions. Gene families involved in transport 

of these ions have been addressed in relation to their functional regulations for 

acquisition of these nutrients (Chen et al., 2008b), research progress in membrane 

transport in plants was critically evaluated (Hedrich and Marten, 2006) whereas classes 
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of plant ion channels were updated in details from perspective of uniqueness in structure-

function and physiological roles in plant cell signaling and transport (Ward et al., 2009). 

Cytosolic K+-to-Na+ ratios under salt stressed conditions in barley was a key 

determining factor proposing multiple pathways that are thought to be important 

characteristic under these condition in general (Chen et al., 2007b). Complex signaling 

cascades are turned on as a consequence of either high Na+ or low K+ that can elicit Ca2+ 

changes regulating numerous transport proteins involved in uptake and translocation of 

K+/Na+, eventually resulting in maintenance of ion balance under stress state in plants 

(Luan et al., 2009). K+ channel/transporters in rice were found to be functionally co-

regulated to plasma membrane intrinsic proteins where mRNA expression patterns 

showed similarities under K+ starvation or water deficit conditions (Liu et al., 2006). 

Genetic evidence suggested generation of a cytosolic Ca2+ signal in response to 

salt stress that subsequently turns on Ca2+ sensor protein SOS3 that binds to and activates 

a serine/threonine SOS2 protein kinase complex (Zhu, 2003). Activities of SOS1, an 

Na+/H+ antiporter on plasma membrane and vacuolar membrane Na+/H+ antiporter NHX1 

are in-turn controlled by SOS2 driven protein kinase (Chinnusamy et al., 2005). Neither 

low affinity transporter nor nonselective cation channel (NSCC) is a major pathway for 

Na+ into the root cells in Suaeda maritime. Cs+, TEA and Ba2+ sensitive AKT1-type 

channel and Ba2+ sensitive high affinity-type of transporter insensitive to Cs+ or TEA 

under elevated external Na+ conditions were found as major contributors in Na+ uptake  

(Wang et al., 2007). Moreover, involvement of potassium channel and NSCC was 

questioned as seen from inability of suppressing Na+ fluxes by K+, Ca2+ and application 

of channel inhibitor Cs+, TEA+ and Ba2+ (Malagoli et al., 2008). Contradictory to this, 

low affinity uptake of Na+ by cowpea roots depend on Ca2+ sensitive pathway may be 

mediated by NSCC and pathway insensitive to Ca2+ may involve K+ channel and to a 

lesser extent K+ transporter sensitive to NH4+  (Voigt et al., 2009). 

Transporters sensitive to Ca2+ and cyclic nucleotide, with low discrimination 

between Na+ and K+ may constitute an important Na+ influx pathway while having no 

notable effect detected on Na+ efflux. Apart from that non-selective voltage-independent 

cation channels as proposed for other plant species may mediate Na+ influx to a large 

extent in pepper plants (Rubio et al., 2003). Monovalent and divalent current 
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conductance on a wide range was found in rice HKT proteins coupled with Ca2+ 

permeable cation channel (Lan et al., 2010). 

Up-regulation in differential expression of cyclic nucleotide gated channels 

(CNGC’s) in Arabidopsis shoot in as a result of increased NaCl levels aided in tolerance 

to toxic effects of salt stress (Kugler et al., 2009). Coordinated regulation of homeostasis 

in cations and anions in salt-treated rice suggested OsCLC1 (chloride channel) transcripts 

helps in osmotic adjustment at high salinity (Diedhiou and Golldack, 2006). Several 

genes playing essential roles in exclusion of Na+, its compartmentation and diffusion 

(HKT1, SOS1, SOS2 and NHX1) express to higher levels in Thellungiella than 

Arabidopsis suggesting differential regulation of salt stressed gene in various plant 

species (Taji et al., 2010). T. halophila plant showed a higher ratio of K+/Na+ 

(roots/shoot) in the absence of salt stress conditions than that in A. thaliana. This 

difference increased under salinity suggesting an overall K+/Na+  selectivity in T. 

halophila that may contribute to its higher salt tolerance (Aleman et al., 2009). 

Reed plants growing under control and K+ starvation conditions have shown 

confined expression of PhaHAK5 to salt-sensitive plants only while absence in any part 

of salt tolerant plants. A remarkably lower K+ uptake ability of yeast strain expressing 

PhaHAK5 than PhaHAK1 from salt sensitive reed plants was seen under NaCl stress. 

PhaHAK5 permeability of Na+ suggests this transporter as one of the ways by which Na+ 

entry into the cells (Takahashi et al., 2007c). Characterization of Na+/K+ transport 

processes suggested that HvHKA2 is a low affinity, Na+ sensitive K+ transporter (Senn et 

al., 2001). Furthermore, accumulation of HvHAK1 transcripts is enhanced under K+ 

deprivation conditions and transiently by exposure to high salt concentrations (Fulgenzi 

et al., 2008). Analysis of gene expression using quantitative RT-PCR suggested that 

better performance of salt tolerant barley is related to its ability to sequester more Na+ 

into sub-cellular compartment and/or maintenance of K+ homeostasis over salt sensitive 

barley under salt stress conditions (Ligaba and Katsuhara, 2010). Salt sensitive reed 

plants growing under salt stress contained high Na+ and low K+ levels in the shoots. In 

contrast low levels of Na+ and high levels of K+ in upper part of the salt-tolerant plants 

suggest an increased ability of tolerant plants to take up K+ to prevent an influx of Na+ 

and an improved ability of excluding Na+ from the roots (Takahashi et al., 2007d). 
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New perceptive of Na+ transport in glycophytes such as intake of Na+ by roots 

and subsequent Na+ distribution in plant in order to reduce Na+ reaching the shoot tissue 

or to minimize impairment caused by accumulated Na+ can aid in engineering strategies 

to enhance tolerance to salinity in plants (Craig Plett and Moller, 2010; Cushman, 2001a). 

The transient uptake of Na+ only takes place in tolerant cultivars of rice where Na+ 

compartmentation into vacuole is quick which is probably the most important cellular 

Na+ tolerance trait (Kader and Lindberg, 2008). 

Differential transcript abundance under salt stress condition that may regulate 

accumulation of Na+ suggested a complexity in expression pattern of wheat orthologues 

(Mullan et al., 2007). Higher than normal transcript levels, protein and vacuolar antiport 

activity were seen by overexpression of Na+/H+ antiport from Arabidopsis under 

increased sodium chloride concentration in Arabidopsis (Apse et al., 1999). 

Environmental factors have been well documented to play important role in gene 

expression and regulation. Enhanced expression of cloned genes in yeast is found to be 

related with Na+/K+ concentration in particular increased pH (Fraile-Escanciano et al., 

2009). Expression of genes involved in Na+ exclusion has been found to be influenced by 

environmental factors like growth conditions and soil types pointing to a general 

mechanism of growth regulation (Rivandi et al., 2011). 

Suppression of Na+ accumulation either in cytosol or its reduction at root plasma 

membrane was not seen over wide range of K+ by compartmental analysis using 24Na+ 

and 42K
+ radiotracers in intact barley seedlings (Hordeum vulgare L.) confirms that K+ to 

Na+ ratio in cytosol is a poor predictor of growth performance in conditions of salinity 

whilst a good correlation of the two ions is found between growth and the tissue ratios 

(Kronzucker et al., 2008). Microbes have extraordinary life's diverseness and it is not 

astonishing that microbial genomes uncover structural motifs on the far side those 

witnessed in animals. Parasitic or symbiotic bacteria tend not to possess K+ channels, 

while those possessing more than one K+ channel gene show versatility of lifestyle (Kuo 

et al., 2005). 

Isolation and functional characterization of potassium channel OsAKT1 

homologous to the Arabidopsis AKT1 root inward rectifier suggested it as a dominant 

salt sensitive K+  uptake channel (Fuchs et al., 2005).  Salt sensitivity was noticed during 
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early stages of seedling development where complementary studies on Arabidopsis 

seedlings expressing K+ transporter (akt1) shown salt sensitivity while normal growth of 

seedling expressing shaker type K+ outward rectifying channel (skor). Results from these 

studies clearly suggested more importance of effect of Na+ on the transport of K+ perhaps 

at the stage of uptake than at xylem loading stage during salinity stress (Qi and Spalding, 

2004). Enhanced salt tolerance evident from increased cellular K+ contents were observed 

by overexpression of OsKAT1 in rice and yeast cells (Obata et al., 2007). An apoplastic 

pathway, the so-called bypass flow in rice is important for  uptake of Na+ under 

conditions of salinity does not exist at the sites of emergence of lateral root (Faiyue et al., 

2010). Under high salinity conditions a correlation was observed in apoplastic barrier 

with reduced Na+ uptake and enhanced survival (Krishnamurthy et al., 2009). 

Transcriptional regulation has been found to be correlated with salinity stress for Na+/H+ 

antiporter, aquaporins (Diedhiou et al., 2009), AKT1-type potassium channel (Golldack 

et al., 2003) and chloride channel transcripts (Diedhiou and Golldack, 2006). 

Nax1 and Nax2 type of genes which are well characterized as Na+ exclusion 

candidate genes can serve as suitable for breeding commercial durum wheat with 

improved yield on saline soils (James et al., 2012). Numerous studies involving 

expression of genes controlling Na+/K+ transport have been reported to impart salt 

tolerance and can potentially improve tolerance of other plant species (Ben Saad et al., 

2010; Benderradji et al., 2011; Brini et al., 2007; Chen et al., 2007a; Chen et al., 2008a; 

Cuin et al., 2008; Wang et al., 2011; Yue et al., 2012). Cell division and expansion is 

also effected under salinity stress and an emerging topic in regulation of leaf growth in 

saline conditions (Taleisnik et al., 2009). 

Potassium transporter KT/HAK/KUP from bacteria, fungi and plant are the 

members of large family (Okada et al., 2008). Importance of long distance transport of 

inorganic ions in plants is well documented. Mineral nutrients play crucial role from ion 

homeostasis and nutrient recycling to detoxification of toxic or excess inorganic ions 

(Park et al., 2008). Plants have developed a mechanism to limit ions to certain parts and 

help in preventing or delaying any stress on general plant growth and development. This 

fact has been reported in tomato where Na+ ions were protected to reach photosynthetic 

tissue by retaining it to stem (Olias et al., 2009). 
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K+ and Na+ are amongst important macronutrients, the physiological aspects of 

which are studied as playing diverse roles. On one hand K+ has been shown to regulate 

numerous processes at molecular level while on the other hand Na+ although play 

important role in animal cells but reported as a toxic cation for plant cell in particular. 

Homeostasis of these two ions is well tuned under complex regulation system of ion 

transporters and channels. SOS1, NHX and CHX have been recognized to regulate these 

ions, control ion homeostasis and control of chloroplast pH (Pardo et al., 2006). 

Controlling the loading of ions in xylem has been well-known as salt tolerance 

determination factor. Existence of Na+ ions in salt tolerant varieties as high as that of salt 

sensitive varieties in barley points out that restricting sodium into xylem is not essential 

to impart salt tolerance. The difference lies with salt tolerant genotypes is ability to 

maintain higher K+/Na+ ratios which is found to be related with efficient K+ loading in 

xylem and Na+ sequestration in leaves (Shabala et al., 2010). Na+ exclusion character has 

been explored experimentally as an important factor in salinity tolerance, but it’s 

apparent that studies should be extended to osmotic stress and tissue tolerance (Munns 

and Tester, 2008). A positive correlation is observed between salinity tolerance in plants 

and sum of its proficiency in Na+ exclusion, osmotic and tissue tolerance (Rajendran et 

al., 2009). 

High affinity K+ transporter gene from Thellungiella salsuginea, a halophytic salt 

tolerant relative of Arabidopsis thaliana in the presence of NaCl showed specificity to 

K+. TsHKT1;2 was found to be transcriptionally up-regulated by salinity. Heterologous 

expression of TsHKT1;2 in mutants of yeast lacking K+ or Na+ transporter shown strong 

K+ transport activity and K+ selectivity over Na+ (Ali et al., 2012). Physiological and 

molecular analyses of seedlings of salt sensitive and salt tolerant durum wheat genotypes 

showed significantly lower Na+ and K+ contents in leaf sheath from these species 

respectively. Measurements of stomatal conductance, free proline and chlorophyll 

content shown better adaptation of salt tolerance genotype to tolerate high salt as 

compared to salt sensitive genotype (Brini et al., 2009). 

In durum wheat higher Na+ concentration was found in high transport genotype 

than in low transport genotype in xylem parenchyma cells. Furthermore, endodermis is 

not the control point for the salt uptake as most of the Na+ and Cl- is removed from 
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transpiration stream by epidermal and cortical cells while an inverse relation generally 

exists in K+ profiles to those of Na+ in different cell types (Lauchli et al., 2008). Genes 

that control ion movement and play important role in osmotic balance in root and shoot 

cells are critical for imparting salt tolerance in crop plants with little knowledge has been 

put in due to limited research studies on tissue specific gene expression (Munns, 2005). 

1. 4 Structure comparison of Trk1/Trk2 and HKT transporter 

There are multiple K+ transport systems in plants, bacteria, fungi, and archaea. 

Trk system of K+ transport is the major constitutive of Escherichia coli with homologues 

found in many bacterial genomes. Trk system consists of four proteins: TrkA, TrkE, 

TrkG and TrkH. Transmembrane proteins TrkG and TrkH transport K+ across the cell 

membrane. Both TrkG and TrkH co-assemble with TrkA, which is a cytoplasmic protein 

with binding sites for NAD. TrkE is an ATP-binding protein which is necessary for the 

normal functioning of the TrkG/TrkH−TrkA complex. Uptake of K+ through this 

complex, thought to be linked with H+ symport is sensible to intracellular NAD 

concentration (Domene and Furini, 2012). 

KtrA and KtrB membrane protein constitute KtrAB ion transporter complex, an 

RCK domain of which in turn regulate eukaryotic and prokaryotic proteins involved in 

K+ transport. Experimental evidence presented an association between octameric RCK 

domain and two KtrB membrane proteins provide an insight into the quaternary 

organization of KtrB transporter and its mechanism of activation. It suggests that the 

octameric ring model of RCK domain is applicable to other ion-transport systems 

(Albright et al., 2006). Potassium transporters from plant can be divided into three major 

families; the cation proton antiporters (CPA), K+ transporter family (Trk/HKT) and 

KT/HAK/KUP type K+ uptake permeases (Gierth and Maeser, 2007). Besides 

transporters of the HKT⁄ Ktr⁄Trk type also those of the KT⁄HAK⁄KUP type were proposed 

to be the molecular entities of the high affinity K+ uptake component (Grabov, 2007; 

Rodriguez-Navarro and Rubio, 2006). 

Multiple gene duplications or fusions in TrkH/TrkG/KtrB proteins might have 

resulted in evolution of these proteins from simple K+ channels. Functional studies have 

shown that the selectivity of trans-membrane protein TrkH for permeation of Rb+ and K+ 

over smaller ions such as Na+ or Li+ (Cao et al., 2011). Proposed multiple gene fusions of 
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simple potassium channels of KcsA type resulted in evolution of Ktr/Trk/HKT type K+ 

transporter that span the membrane at least eight times. Eighth trans-membrane domain 

(M2D) contains several positively charged residues in these transporters while K+ 

channels lack this. The middle of this M2D segment is a conserved arginine residue near 

the middle portion which is found to be essential for K+ uptake activity of plant HKT’s 

and KtrB plasma membrane proteins. Structural models have shown similarities  KtrB 

and K+ channels in the extracellular half of the molecule and difference in the 

cytoplasmic region (Albright et al., 2007). 

Studies have shown that the K+ transporting subunit KtrB which is member of Ktr 

complex of superfamily of K+ transporter (SKT) might have originated from small K+ 

channels of two events of gene fusion and at least two gene duplication events. The 

M1PM2 constitutes four domains linked covalently in such a fashion in which M1 and M2 

stands for stretches of transmembrane while P stands for loop regions that fold into 

membrane from external medium (Haenelt et al., 2011). Experimental evidence from 

Vibrio alginolyticus Ktr complex suggested a flexible gate region M2C2 that controls K+ 

translocation at cytoplasmic side and required essentially for interaction between KtrA 

and KtrB (Haenelt et al., 2010a; Haenelt et al., 2010b). 

The unique M2D helix in HKT and Trk potassium transporter shows the highest 

sequence conservation after P segment that contain positively charged amino acid 

residues. Functional analysis of M2D helix of ScTrk1 has shown that the two Rb+ binding 

sites of the transporter are affected as mimicked by mutations brought in the selectivity 

filter. Experimental evidence supported the theoretical model of placing the helix in 

relevant position in the pore interacting with P segment (Haro and Rodriguez-Navarro, 

2003). 

The bacterial Na+ dependent uptake of K+ system KtrAB belongs to a superfamily 

of K+ transporter and contains a KtrB subunit. Functional analysis of KtrB in E. coli 

showed Na+ independent, slow, high affinity and mutation specific K+ uptake as well as 

Na+ uptake independent of K+. Mutational analysis demonstrated that conserved glycine 

residues in four P loops are the part of this filter region. Results also indicated the role of 

KtrA in conferring velocity and ion coupling to the Ktr complex (Tholema et al., 2005). 
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All HKT resemble in protein structure regarding the presence of these four P loop 

regions and predicted glycine residues in the filter positions responsible for K+ transport 

and K+ or Na+ selectivity. HKT’s from dicots have serine at P-loop A of the filter position 

isolating them from other group as Na+ transporters only, while glycine is conserved in 

last three P-loop segments. Replacement of serine to glycine brings out the high affinity 

K+ transport function (Tholema et al., 2005) of these genes which can carry Na+ together 

with K+ (Platten et al., 2006). Experimental evidence suggested that HKT proteins are 

structurally related to K+ channels as shown from the conserved glycine in the selectivity 

filter positions in four P loop regions (Kato et al., 2001; Maser et al., 2002c). 

Trk/Ktr/HKT transporters have functional diversity from Na+ or K+ transport in 

controlling membrane potential, osmotic or salt stress adaptation and recirculation Na+ 

from shoots to roots in plants. Functional and evolutionary relationship among transporter 

and channel like features can be brought to light by elucidation of protein structure 

carried through characterization of mutated transporters (Corratge-Faillie et al., 2010). 

1. 5  Molecular and functional analysis of K+ transporters 

Structural and functional analysis of transporters from fungal and bacterial origin 

revealed that they carry out high-affinity K+ uptake resembling to the transport shown by 

that of HKT transporters and for that reason they are named as high affinity potassium 

transporters. Plant HKT transporters mediate transport of K+ or Na+ or Na+ energized K+ 

uptake as has been reported in different studies (Maser et al., 2002c; Oomen et al., 2012; 

Plett et al., 2010; Qiu et al., 2011; Rubio et al., 1995; Rus et al., 2006; Rus et al., 2004). 

On the other side, TRK proteins from Saccharomyces cerevisiae are responsible for 

‘‘active’’ accumulation of K+ only (Calero et al., 2000; Chen et al., 2004; Gaber et al., 

1988; Ko et al., 1990; Ko and Gaber, 1991; Kuroda et al., 2004; Ramos et al., 1994). 

Recent Review in Molecular Microbiology have focused cation transporters at 

plasma membrane, efflux of K+, intracellular cation transport, regulatory and signaling 

networks, cation metal transporters conservation between yeast and plants (Apel and Hirt, 

2004; Rodriguez-Navarro, 2000). Among the most important ions in the cells, the 

intracellular concentration of alkali metal ions K+ and Na+ play the crucial roles in 

determining cell volume, intracellular pH and membrane potential beside other critical 

cellular parameters. For controlling these processes a number of strategies have been 
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developed by yeast to adapt to a large variation in concentration of these cations in the 

environment (Arino et al., 2010). Over decade of research on molecular level for 

elucidation of gene function, yeast (S. cerevisiae) and frog oocytes (Xenopus laevis)  

have arisen as popular model systems for a wide variety of biological studies of 

numerous transporters and channels from eukaryotes and prokaryotes (Ali et al., 2006; 

Ali et al., 2012; Ardie et al., 2009; Chen et al., 2011b; Garciadeblas et al., 2003; Hoopen 

et al., 2010; Horie et al., 2001; Kuroda et al., 2004; Martinez-Atienza et al., 2007; Prista 

et al., 2007; Rivetta et al., 2005; Su et al., 2002; Uozumi et al., 2000; Xu et al., 2008; 

Zeng et al., 2004). 

Functional characterization using bacterial strains defective in uptake of K+ have 

also been in use to reveal gene function (Li et al., 2005; Senn et al., 2001). Trk1p and 

Trk2p are principally two important structurally related membrane proteins in S. 

cerevisiae. Trk1p directly carries out high-affinity K+ transport while Trk2p was initially 

reported as a low-affinity K+ transporter that seems to play a minor role in transporting 

K+ as its activity is seen under certain specific conditions (Gaber et al., 1988; Ko and 

Gaber, 1991). Experimental evidence have shown that Trk2 encoding a functional K+ 

transporter displays distinct kinetic characteristics (Michel et al., 2006). Furthermore, 

trk1, trk2 cells were sensitive to Na+ and maintain higher K+ contents under K+ deficient 

conditions than that of wild type (Calero et al., 2000). 

Membrane transport proteins constitute approximately 5% of Arabidopsis 

genome; classified into 46 unique families. Members of the family share an evolutionary 

relationship to each other as defined by phylogenetic tree. Alignment of analyzed cation 

transporter and their chromosomal location can be found out for further studies using in 

PlantsT (http://plantst.sdsc.edu) database (Maser et al., 2001). Heterologous expression 

experiments in Escherichia coli showed that three genes were required for Na+ dependent 

K+ transport activity in Ktr system where KtrABE played critical role in early phase of 

regulation of cell turgor after hyperosmotic stress (Matsuda et al., 2004). 

Functional characterization of ∆acu1 and ∆acu2 (comprising single and double 

mutation) from U. maydis using heterologous yeast expression system Saccharomyces 

cerevisiae and transport studies revealed that these genes are involved in high-affinity K+ 

transport in addition to Na+ uptake. Moreover, high affinity uptake of Na+ mediated by 

http://plantst.sdsc.edu/
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ACU ATPases in fungi functionally resembles uptake carried out by plant HKT 

transporters (Benito et al., 2004). Potassium transporters belonging to HAK family have 

also been characterized in yeast and bacterial mutants to determine their function. HAK 

transporters are characterized as K+ uptake operating system in roots as indicated by 

comparative kinetic analysis of K+ influx mediated by yeast expressing HAK and K+ 

starved roots of rice seedlings (Banuelos et al., 2002). 

PutHKT2;1 from Puccinellia tenuiflora when expressed in yeast were able to 

uptake K+  in a medium with low K+ concentration or in the presence of NaCl and showed 

permeability to uptake Na+ suggesting high affinity K+/Na+ symport function of 

PutHKT2;1 in yeast (Ardie et al., 2009). A reduction in the amount of synthesized 

transporter explains the functional change of the barley HKT1 transporter expressed in 

yeast cells (Banuelos et al., 2008). 

Growth recovery of yeast K+ uptake deficient mutant under K+ limiting  growth 

conditions suggested K+ uptake ability of OsHKT2, whereas OsHKT1 unable to recover 

the growth. Expression of OsHKTs in Na+ -sensitive yeast showed more Na+ sensitivity of 

OsHKT1 than OsHKT2 under high NaCl conditions. Reversal potential was shifted 

towards depolarization in response to external Na+ rather than K+ when OsHKT1 was 

expressed in Xenopus oocytes. Results from these studies have suggested presence of two 

isoforms of HKT transporters harmoniously operating in salt tolerant Indica rice; 

OsHKT1 which carries out Na+ transport and as Na+- and K+-coupled transporter by 

OsHKT2 (Horie et al., 2001). 

Yeast cells expressing OsHKT1 and OsHKT4 from rice proved that they are Na+ 

transporters of high and low affinity respectively, showing sensitivity to K+ and Ba2+. 

HKT1 from wheat and rice when expressed in yeast shown Na+ and K+ transport by 

TaHKT1 while only Na+ uptake by OsHKT1. Results also confirmed Na+ transport by 

OsHKT1 specifically under K+ starvation conditions in rice roots  (Garciadeblas et al., 

2003). OsHKT2;4 when expressed in yeast K+ uptake deficient mutant resulted in growth 

recovery of the mutant and exhibited strong K+ permeability in oocytes. Results 

suggested that OsHHKT2;4 can also mediate Ca2+ and Mg2+ transport which depends on 

competing K+ concentration in plants (Horie et al., 2011). 
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Potassium uptake deficient yeast strain (CY162) expressing OsHKT1 restored 

growth at mM and µM concentrations of K+ and mediated hypersensitivity to Na+ but 

showed Na+-transport characteristics when  expressed in Xenopus oocytes along with 

transport of other alkali cations as well (Golldack et al., 2002). OsHKT2;2/1 from salt 

tolerant rice Nona Bokra when expressed in Saccharomyces cerevisiae or Xenopus 

oocytes showed a strong permeability to Na+ and K+ even at higher Na+ concentrations 

(Oomen et al., 2012). 

Xenopus oocytes expressing EcHKT showed K+ transport function which is 

enhanced in the presence of Na+ while K+ transport was seen even in the absence of Na+ 

(Liu et al., 2001). TbHKT1 from T. brucei when expressed in Escherichia coli, 

Saccharomyces cerevisiae or Xenopus laevis oocytes showed Na+ -independent K+ 

transporter function (Mosimann et al., 2010). 

Yeast expression system as a means of functionally characterizing transporters 

and channels have been used for; Na+ /H+  exchange in plasma membrane (Martinez-

Atienza et al., 2007), for PpAKT1 and activated mutants of PpAKT2 and PpHAK1 

(Garciadeblas et al., 2007), for the transport capacity of K+  in KT-HAK-KUP 

transporters (Mangano et al., 2008), PhaHAK from Phragmites australis (Takahashi et 

al., 2007b), McHAK1, McHAK2, McHAK4 (Su et al., 2002) and to explain the alleviation 

of NH4+ toxicity by K+ by HvHKT2;1, AtAKT1 and AtHAK5 (Hoopen et al., 2010). 

In recent years strong consensus based on electrophysiological studies has 

developed that under saline conditions, Na+ influx is catalyzed by various classes of 

NSCC’s, even though no definitive molecular candidates have thus far emerged 

(Kronzucker and Britto, 2011). Better growth rates of yeast in the presence of NaCl 

expressing PhaHKT1 from salt tolerant reed than yeast expressing PhaHKT1 from salt 

sensitive reed plants suggested that PhaHKT1 plays an important role in the acquisition 

of K+ and maintenance of ion balance under saline conditions (Takahashi et al., 2007a). 

Na+ or K+ uniport, K+/Na+ symport or a mix of both in yeast expressing HvHKT1 

depends on the construct where symport only occurs in heterologous system suggesting 

that it is most likely linked with K+ inhibitable Na+ uptake process of roots that 

heterologous system fail to reproduce (Haro et al., 2005). Predominantly expressing 

HvHKT2;1 in root cortex when expressed in Xenopus oocytes showed K+ and Na+ co-
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transport over a range of concentrations displaying low affinity Na+, variable K+ affinity 

depending on Na+ concentration and inhibition by K+ (Mian et al., 2011). 

Increased Na+ tolerance was observed during isolation of point mutation in the 

sixth trans-membrane domain of HKT1 using yeast screening system. Physiological Na+ 

toxicity indicate a possible role of HKT1 evident from Na+  uptake and Na+  inhibition of 

K+  accumulation in plants (Rubio et al., 1995). 

Differential Na+ and K+ selectivities were observed in OsHKT2;1 and OsHKT2;2 

from rice when expressed in Xenopus laevis oocytes and yeast coincides with the 

transport statistics of HKT transporters in plant cells (Yao et al., 2010). Salt tolerant 

varieties of rice have a QTL, SKC1 that maintain K+ homeostasis showed Na+ 

selectivities in voltage clamp studies suggesting SKC1 under salt stress is involved in 

regulating K+ /Na+  homeostasis (Ren et al., 2005). 

Patch clamp electrophysiology to find ion transport properties of AtHKT1;1 was 

done in wild-type and athkt1;1 mutant plants. It was found that extracellular Na+ 

regulates the activity of AtHKT1;1 as shown by AtHKT1;1-mediated outward currents in 

Xenopus oocytes and root stelar cells of columbia when extracellular Na+ was removed 

(Xue et al., 2011). Results from whole cell patch clamps studies in epidermal cells of 

isolated protoplasts of root and leaf mesophyll cells in Arabidopsis have shown existence 

of Ca2+-sensitive K+ efflux channels suggesting an additional mechanism of Ca2+ action 

on salt toxicity in plants: the increase in loss of K+ from the cell by regulating K+  efflux 

channels both directly and indirectly (Shabala et al., 2006). Functional characterization of 

EcHKT from Eucalyptus camaldulensis in Xenopus oocytes has shown that K+ transport 

is enhanced by Na+ but K+ was also transporter in the absence of Na+ (Liu et al., 2001). 

Furthermore, Xenopus oocytes expressing EcHKT1 and EcHKT2 mediate Na+ and K+ 

uptake, and complemented the K+ uptake deficient triple mutant of Escherichia coli 

under K+ deficient growth conditions (Fairbairn et al., 2001). 

Yeast mutants lacking Na+ or K+  transporters ectopically expressing TsHKT1;2 

revealed strong K+ transporter activity and selectivity for K+ over Na+ while altering two 

amino acid residues resulted in enhanced sodium uptake and loss of intrinsic K+ 

transporter activity (Ali et al., 2012). McHKT1 isolated from the ice plant, 

Mesembryanthemum crystallinum, encode a protein 41–61% identical to other plant 
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HKT1-like sequences previously described as K+ or Na+/K+ transporters. McHKT1 

confined to endodermis and stele acts as a K+ transporter in yeast with specificity similar 

to that of wheat HKT1 (Su et al., 2003). 

The cDNAs CnHAK1 and CnHAK2, encoding K+ transporters, from seagrass 

Cymodocea nodosa were unable to suppress K+ deficiency of a Saccharomyces cerevisiae 

mutant but both suppressed the equivalent defect of an Escherichia coli mutant. In 

comparison with its homologue barley transporter HvHAK2, CnHAK1 was insensitive to 

Na+  (Garciadeblas et al., 2002). It has also been reported that addition of GFP or Flag tag 

result in impairment of Na+ transport function as evident from electrophysiological 

studies of AtHKT1 in Xenopus oocytes (Kato et al., 2003). 

1. 6 High Affinity Potassium Transporter and salt tolerance 

High affinity potassium transporter genes from plant can be divided into two main 

branches on the basis of gene organization based on publicly available full-length HKT 

coding sequences or HKT amino acid sequences, all of which possess two introns near 3-

prime end. The first major subfamily that has significantly larger introns comprise of 

dicot whereas the subfamily two contains genes from graminaceous family with 

significantly shorter intron than group 1 (Platten et al., 2006). 

The HKT family of Na+ and Na+ /K+ transporters is implicated in plant salinity 

tolerance (Hauser and Horie, 2010; Horie et al., 2009; Horie et al., 2008; Huang et al., 

2006; Huang et al., 2008; Platten et al., 2006), increased salt tolerance of barley plants 

conferred by over-expression of HvHKT2;1 (Zhang et al., 2008), AtHKT1 gene 

expression (Baek et al., 2011; Sunarpi et al., 2005), tobacco plants over-expressing 

GmHKT1 (Chen et al., 2011a), through cell type specific expression of AtHKT1;1 (Plett 

et al., 2010)  and even mutations in HKT1 resulted in salt tolerance (Rubio et al., 1995). 

Expression of AtHKT1 in Arabidopsis shown to be restricted to phloem tissues in 

all organs and is involved in exclusion of large amounts of Na+ by recirculating it from 

roots to shoot. This is perhaps mediated by loading Na+ into phloem sap in shoots and 

unloading in roots signifying a decisive role in plant tolerance to salt (Berthomieu et al., 

2003). Physiological and genetic studies have established that AtHKT1 is a crucial 

determinant of Na+ homeostasis in plant by modulation of its function either positively or 

negatively. Furthermore, NaCl sensitivity is linked to lower K+ to Na+ ratio in roots by 
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AtHKT1 induced transgene expression (Rus et al., 2004). Genome wide comparative 

analysis K+ channels of rice with that of Arabidopsis, wheat and maize revealed that 

while there is close association in cereals, Arabidopsis appeared to be quite distantly 

related (Amrutha et al., 2007). 

AtHKT1 promoter-GUS reporter gene analysis and immunoelectron microscopy 

has shown plasma-membrane localization of AtHKT1 fusion protein in xylem 

parenchyma cells (Sunarpi et al., 2005). The complication in interpreting function of 

AtHKT1 in salt tolerance might be due to as yet unknown features of regulation in 

expression of AtHKT1 gene. Genome wide association studies, genetic complementation 

and gene expression studies revealed significant enrichment of AHKT1 allelic association 

in populations of coast and saline soils of European region (Baxter et al., 2010). 

Molecular characterization of TDNA insertions existing in the distal promoter region of 

Arabidopsis HKT1 has shown that the tandem repeat and the small putative RNA target 

region are essential to maintain AtHKT1 expression patterns vital for salinity tolerance 

(Baek et al., 2011). Short term root growth assay in AtHKT1 null plants have shown 

lower Na+ levels and hence more salt resistance than wild type. It was also observed that 

wild-type AtHKT1 controls root/shoot Na+ distribution by reduction in  accumulation of 

Na+ in leaves and counteracts salinity stress (Maser et al., 2002a). 

Ion accumulation assays in HKT1;1  mutant using 22Na+  flux measurements have 

shown that AtHKT1;1 does not contribute or involved in Na+ influx in roots or Na+ 

recirculation in phloem (Davenport et al., 2007). Over-accumulation of Na+ was seen in 

xylem sap samples in Arabidopsis AtHKT1 mutants under salinity stress. Multiple 

analyses have demonstrated that Na+ stress is strongly impacted by external Ca2+ 

concentrations in athkt1 sos3 double mutant. It was also observed that over-accumulation 

of Na+ in roots is more strongly caused by sos3 whereas increase in Na+  levels in the 

xylem sap and shoots and subsequent Na+ reduction in roots is caused by AtHKT1 (Horie 

et al., 2006). Forward genetic screens identified stress-specific phenotypes in Arabidopsis 

involved in basic cellular functions controlling wide-ranging range cellular homeostasis 

mechanisms involved in adaptation to stress (Koiwa et al., 2006). Expression of 

AtHKT1;1 in rice resulted in higher fresh weight under salinity stress which is associated 

with lower Na+ concentration in shoots (Plett et al., 2010). It has been established that 
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deletion of a tandem repeat sequence upstream of AtHKT1 is responsible for reduction in 

AtHKT1 expression in roots in various Arabidopsis accessions (Rus et al., 2006). 

Arabidopsis salt tolerance conferred by soil bacterium Bacillus subtilis GB03 

demonstrated HKT1 is critical for managing Na+ homeostasis as seen by tissue specific 

regulation in salt stressed plants emphasizing the extent and sophistication of plant-

microbe interaction (Zhang et al., 2008). Reduction in mRNA levels in wild type plants 

exposed to 30mM NaCl were observed by rapid repressing Na+ influx mediated by 

OsHKT2;1. Rice OsHKT2;1 is a central transporter for nutritional Na+ transport as 

cleared from improvement in growth of rice plants under condition of K+ starvation 

(Horie et al., 2007). Up-regulation of K+ transporter OsHAK1 under low Na+ and down-

regulation under high Na+ in roots clearly suggested regulated gene expression. 

Suppression of expression by Na+ treatments under maintained K+ condition is seen in 

leaves. Alternatively, OsHKT2;1 the predominantly acting Na+ transport protein was up-

regulated by high Na+ and enhanced in roots and leaves under K+ deficient conditions 

(Wu et al., 2009). From the view point of expression patterns and transport properties of 

OsHKT8, it is submitted that unloading of Na+ from xylem in roots facilitates K+ 

homeostasis in shoot (Ren et al., 2005; Rus et al., 2005). 

Nax2 gene was mapped in durum wheat which is Na+ exclusion gene coincides 

with HKT1;5 (HKT8) removes Na+ from root xylem and maintains high K+/Na+ ratio in 

leaves. Furthermore, genetic mapping in wheat has provided strong evidence of 

association of Nax2 and Kna1 with HKT1;5 genes (Byrt et al., 2007). 

Transcript analysis from HKT1 isolated from Suaeda salsa shown that it mainly 

expressed in leaf tissues and to a lesser extent in roots tissues. The transcript levels also 

changed with plant developmental stages and up-regulated under K+ deprivation and 

NaCl treatments suggesting HKT1 from Suaeda salsa plays important role in ion balance 

and salinity stress (Shao et al., 2008). Wide range of variation from lower to higher, in 

Tibetan wild barley genotypes is seen under salinity stress offering elite alleles of 

HvHKT1 and HvHKT2 where association analysis revealed that they predominantly 

control Na+ and K+ transport under salinity stress, respectively (Qiu et al., 2011). 
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Consistency of expression pattern of TmHKT7-A2 with the physiological role of 

Nax1 for reduced Na+ concentration in leaf blades by Na+ retention in the sheaths 

indicated that unloading of Na+ in roots and sheaths from xylem parenchyma cells could 

be controlled by TmHKT7-A2 (Huang et al., 2006). Determining the location of HKT on 

chromosome by comparative mapping has opened ways to devise future physiological 

and genetic studies for exploring the relationship between HKT genes in association to 

salt tolerance in rice, wheat and barley (Huang et al., 2008). 

Several different channels and transporters have been found and characterized in 

plants that control K+ and Na+ transport, maintaining ion balance in the cell. Two classes 

of high affinity potassium transporter were isolated from Eucalyptus camaldulensis, 

EcHKT1 and EcHKT2, showing structural conservation. Similarities and difference in 

function to AtHKT1 were reported in terms of ionic selectivity and transport properties 

(Liu et al., 2001). Structural and functional conservation among EcHKT1 and EcHKT2 

from E. camaldulensis and HKT1 from wheat suggested, although physiologically elusive 

but important roles played by these transporters (Fairbairn et al., 2001). 

HKT transporters play diverse role in plant from maintaining cellular homeostasis 

to whole plant level by tissue tolerance. Studies have shown that HKT transporters cover 

a large diversity within the family that is central to regulation of K+ and Na+ 

accumulation in cell and maintain K+/Na+ ratio in the cell. Knowledge of the 

physiological process is very important in understanding the tolerance mechanism and 

the time frame in which these processes operate. These findings can help in future 

progress in molecular regulation of salinity tolerance from model species to crop plants 

(Kronzucker and Britto, 2011; Munns, 2010; Munns and Tester, 2008; Negrao et al., 

2011; Porcel et al., 2012). 

The role of K+ without any doubt is remarkably important in many aspects of 

ionic and osmotic homeostasis in cell including competition of Na+ ions with K+ during 

conditions of K+ starvation and salt stress. Regulatory mechanism of maintaining K+/Na+ 

homeostasis is important for plant growth where system of high-affinity K+ transport 

plays essential role in particular when plants were going through environmental stresses 

of high salinity and K+ starvation. K+ channels and HKT like K+/Na+ co-transporter have 

been studied extensively as major contributors of the K+ transport system in plants and in 
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model systems like yeast and oocytes. Based on the studies on K+ transporters from 

plants, ‘two-pore’ and shaker type K+  channels, putative K+/H+ antiporters, cyclic-

nucleotide gated channels, AKT/KT/Trk/KUP/HAK type transporters, HKT type 

transporters and low affinity cation transporter (LCT1) play pivotal roles in 

understanding and eventually engineering K+/Na+ uptake systems in plants (Calero et al., 

2000; Dinneny, 2010; Maser et al., 2002b; Mosimann et al., 2010; Munns and Tester, 

2008; Wakeel et al., 2011). Use of wild relatives is another good suggestion for 

improvement of salinity tolerance in crop plants (Colmer et al., 2006). Further research 

on these transport proteins and subsequently their expression in plant system for 

enhancing K+ transport ability of cells, while keeping Na+ out during salt stress can bring 

a shift in engineering plant salt tolerance in cultivated species. Monocots are the most 

economically important crops. Understanding the mechanism of salinity tolerance in 

monocot halophytes will aid in improvement of salt tolerance in cereals. The research 

here had the following objectives; 

1. Isolation and cloning of high affinity potassium transporter gene from barley (H. 

vulgare) and kallar grass (L. fusca). 

2. Transformation of HKT gene in T0 tobacco and Arabidopsis and transcript 

analysis. 

3. Transient gene expression studies for protein localization. 

4. Transformation of CY162 (trk1, trk2), the potassium uptake deficient yeast 

mutant and a wild type yeast strains with HKT and ion uptake assays. 

5. Functional characterization of the HKT gene in T0 yeast using hygromycin assays 

in yeast peptone dextrose (YPD) media under different ionic concentrations of K+ 

and Na+. 

6. Expression analysis of HKT transformed yeast mutant strains. 
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MATERIALS AND METHODS 

This research was conducted under supervision of Dr. Nasir A. Saeed in the 

Wheat Biotechnology Lab, Agricultural Biotechnology Laboratory, National Institute for 

Biotechnology and Genetic Engineering (NIBGE), Jhang Road Faisalabad. Seeds of 

barley line “PK-38” (H. vulgare) and Kallar grass (L. fusca) were taken from Biosaline 

Research Station Pakka Anna, Faisalabad. Wild type Tobacco (N. tabacum) and 

Arabidopsis (A. thaliana) seeds were kindly provided by a Post Doctorate Research 

Fellow “Yi Iman Ma”, at the Agriculture Biotechnology lab, Department of Plant 

Sciences, University of Connecticut USA. A floral dip method was used to transform 

Arabidopsis wild type “Columbia” and a HKT knock out mutant. GatewayTM cloning 

system was used to clone HKT at Agricultural Biotechnology Laboratory Department of 

Plant Science, University of Connecticut, USA. Yeast strains were kindly provided by Dr. 

Gerald A. Berkowitz (Professor, Agriculture Biotechnology Laboratory, Department of 

Plant Sciences, University of Connecticut USA). The HKT cDNA was sub-cloned in a 

yeast expression system for functional complementation analysis. This work was 

supervised by Dr. Gerald A. Berkowitz and Dr. Rashid Ali at University of Connecticut, 

USA.  

2.1 Total RNA purification from plant cells  

A Qiagen (Hilden, Germany) purification system (Cat. No. 74106) was used for 

total RNA extraction from Arabidopsis, tobacco and barley leaves. About 100 mg of 

sample were weighed, ground in liquid nitrogen and lysed under high denaturation 

conditions. The choice of lysis buffer, whether buffer RLT or RLC, depends on the type 

of sample. RLT or RLC contained guanidine salts as thiocyanate and hydrochloride 

respectively, but buffer RLT was used because of its higher cell disruption and 

denaturation properties. Lysed samples were allowed to pass through a QIA-shredder 

homogenizer that removed insoluble material thereby reducing lysates viscosity by 

disruption of gelatinous material in the sample. Addition of ethanol in the cleared lysate 

promoted selective binding of RNA which then passed through a spin column resulting in 

binding of the sample to the membrane removing contaminants efficiently.  
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2.1.1 Determining the correct amount of starting material 

The pre-requisite for getting optimal RNA yield and purity is to measure accurate 

quantities of starting material which should essentially match the binding capacity of spin 

column (in general it should be 100 mg of starting material) and corresponding lysing 

capacity of buffer. Overloading of the column was avoided as it resulted in reducing the 

RNA yield and quality significantly. Weighing the amounts or counting the cells was 

found the most accurate method for getting optimum results. As a general guideline a leaf 

disc of 1.5 cm diameter weighs about 25 – 75 mg, so quantities were adjusted 

accordingly.  

2.1.2 Important points before starting 

Fresh or frozen samples and tissues can be used as starting material. Harvested 

samples in some cases were stored at –80 ˚C where they can be left for several months. 

Liquid nitrogen was used to flash freeze the fresh samples and were immediately 

transferred to –80 ˚C. Care should be taken that tissues do not thaw at any point of time 

before or during weighing and handling prior to transferring them in buffer RLT for 

disruption. A water bath was set to 37 ˚C and 56 ˚C before starting the extraction 

procedure. Homogenized lysate stored at –80 ˚C was incubated in a water bath set at 37 

˚C for thawing and dissolving the salts completely. Prolonged incubation was avoided as 

it might compromise the integrity of RNA. Sometimes precipitates were seen in buffer 

RLT which were dissolved by placing the bottle in water bath at 37 ˚C for re-dissolving. 

Buffers and kit contents were kept at room temperature and further steps were carried out 

at room temperature (15–25 ˚C). A centrifuge was set between 20–25 ˚C and care was 

taken that temperature did not fall below 20 ˚C. All steps were carried out quickly using a 

standard micro-centrifuge. Because of sensitivity of RNA to degradation, care was taken 

to avoid loss by putting the samples in liquid nitrogen. Precautions were taken to avoid 

thawing during handling. All relevant steps were carried out as quickly as possible.  

2.1.3 Things to do before starting 

1. Before using buffer RLT or RLC for the first time β-Mercaptoethanol (10 μl β-ME 

per 1 ml Buffer) was added. Appropriate protective gloves were used to dispense β-

ME in a fume hood and stored at room temperature up to one month.  
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2. Four volumes of 96-100 % ethanol were added to RPE buffer before using it for the 

first time to obtain a working solution and bottle was left at room temperature. 

3. DNase 1 stock solution was prepared for on column DNase digestion. 

2.1.4 RNA extraction procedure 

1. Leaf samples were weighed; approximately 100 mg of leaf samples were taken and 

put immediately in liquid nitrogen. 

2. Grinding of the samples was done thoroughly in liquid nitrogen using cooled mortar 

and pestle.  

3. Micro-centrifuge tubes were cooled by putting in liquid nitrogen and to decant tissue 

powder. Liquid nitrogen was allowed to evaporate if present. Delays were avoided 

between steps that might result in thawing of tissues.  

4. Lysis buffer was added to ground tissues in micro-centrifuge tube (450 μl per 100 mg 

tissue powder), vortex vigorously and given a short incubation of 1 – 3 min at 56 ˚C 

water bath for disrupting the tissues. The volume of buffer was adjusted accordingly. 

5. Cell lysates were applied to the spin column (lilac QIA-shreddar spin column 

provided in the kit) placed in a 2 ml collection tube. Centrifugation of 2 min was 

given at full speed. A new microfuge tube was used to collect supernatant without 

disturbing cell debris sitting at the bottom of collection tube. This supernatant was 

used for further steps for RNA extraction.  

6. Ethanol (0.5 volumes of 96-100 % v/v) was added to the cleared lysate and 

immediately mixed by pipetting up and down. Next step was carried out quickly 

without centrifuging at this step. 

7. Samples were transferred to an RNeasy spin column (pink) placed in a 2 ml collection 

tube provided in the kit. Spin column was centrifuged for 15s at 8000 x g (10,000 rpm) 

and the flow through was discarded. Collection tube was reused in next steps. 

8. Wash buffer (RW1) was added (700 μl) to the spin column and after gently closing 

the lid, 15s of centrifugation was given at 8000 x g (10,000 rpm) to wash the spin 

column membrane. Flow through was discarded and collection tube was reused in 

next steps. 
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Spin columns were carefully removed from collection tubes. Precaution was taken 

that column did not contact the flow through. Collection tubes were emptied completely 

and centrifuged for an additional 15s at same conditions as above.  

9. Buffer RPE (500 μl) was added to the RNeasy spin column and lid was closed gently. 

Spin columns were centrifuged at same conditions as above and flow through was 

discarded. Collection tubes were reused in next steps.  

10. A second wash was given with buffer RPE (500 μl) and 2 min centrifugation was 

given at 8000 x g (10,000 rpm) for washing the spin column membrane. 

Centrifuging samples for long helped in drying the spin column and residual ethanol was 

removed on the column that may interfere with downstream reactions.  

11. Old collection tubes were replaced with new 2 ml collection tubes placed in RNeasy 

spin column. Lids were closed gently and samples were centrifuged for an 

additional 1 min at full speed.  

12. For eluting RNA, 30–50 μl of RNase-free water was applied to the center of 

RNeasy spin column placed in a new 1.5ml micro-centrifuge tube and was given 1 

min centrifugation at 8000 x g (10,000 rpm). 

13. In some cases where RNA concentration was >30 μg, elution from above step was 

reused to spin down again for getting higher RNA concentration.   

2.2 RNA cleanup (Qiagen RNase-Free DNase Set, cat. no. 79254)  

It is essential to digest DNA contaminations in RNA preparations for getting 

accurate results and avoiding false amplicons. DNase1 set from Qiagen was used for 

efficient on-column DNA digestion during RNA purification. Alternatively, digestion of 

contaminating DNA’s can be done during RNA cleanup but for highly DNA 

contaminated samples, it is better to do DNase digestion in solution which is a 

recommended method and more efficient than on-column DNase digestion.  

RNA was treated with DNase1, after given a wash with reduced volume of RW1 buffer. 

Second wash with buffer RW1 was given to remove DNase1 while RNA remained bound 

to membrane.  

2.2.1 Important points before starting 

DNA contaminations were efficiently removed as claimed by Qiagen RNeasy 

technology without treatment with DNase1. Additional care was taken for eliminating all 
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the chances of presence of DNA’s in RNA preparations for sensitive applications like 

TaqMan RT-PCR analysis for detecting low abundant targets or introns in the transcripts. 

DNase1 is sensitive to physical denaturation therefore did not vortex reconstituted 

DNase1 while mixing was carried out by inverting the tube gently.  

2.2.2 Things to do before starting 

Stock solution of DNase1 was prepared before using the “RNase-Free DNase Set” 

for the first time. Lyophilized DNase1 (1500 Kunitz units) was dissolved in 550 μl of the 

RNase-free water. Vials were not opened to avoid the loss of DNase1 therefore syringe (5 

ml) with needle RNase free needle was used to inject RNase-free water into the vial and 

mixed by inverting the vial gently. Without vortex, stock solution was removed from the 

vial and aliquots were made for single use. For up to a period of 9 months, aliquots were 

stored at –20 ˚C. Aliquots after thawing were stored at 2 – 8 ˚C for up to 6 weeks. Freeze 

thaw cycles were avoided by putting the aliquots back to –20 ˚C. Rather aliquots were 

left at 2 – 8 ˚C for short term storage or for use in couple of weeks.  

2.2.3 Procedure (DNase Digestion of RNA before RNA Cleanup) 

1. Fresh RNase free micro-centrifuge was taken for mixing 87.5 μl RNA solutions, 10 μl 

Buffer RDD, 2.5 μl DNase1 stock solution. Volumes were brought to 100 μl with 

RNase-free water. The reaction volumes were doubled as and when required.  

2. Samples were left on bench-top for 10min at room temperature (20–25 ˚C). 

3. RNeasy spin column (pink) were placed in a 2 ml collection tube. Samples were 

directly applied to the center of the column and centrifuged at 8000 x g (10,000 rpm) 

for 15 sec. After discarding the flow-through, collection tubes were reused in next 

steps. Follow step 7 in “Total RNA purification from plant cells” protocol (Page 25).  

2.2.4 Principle (RNA cleanup) 

RNA isolated from different cell type and tissues can be efficiently cleaned by 

using protocol of enzymatic digestion of DNA contamination. After RNA isolation or 

when bound to membrane on-column DNA digestion was done to remove all sources of 

DNA contamination, producing high-quality pure RNA for sensitive applications like 

RT-PCR. 
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2.2.5 Determining the correct amount of starting material 

This protocol was used to clean up to a maximum of 100 μg sample of RNA 

corresponding to the RNA binding ability of RNeasy spin column.  

Procedure  

RNA samples were loaded from step 2 of “DNase Digestion of RNA before RNA 

Cleanup” protocol onto the RNeasy spin column. Instead of performing step 7 in “Total 

RNA purification from plant cells” protocol (Page 25), steps 1 – 4 below were followed. 

1. Buffer RW1 (350 μl) was added to RNeasy spin column and lid was closed gently. 

Samples were centrifuged for 15s at 8000 x g (10,000 rpm) to wash the spin column 

membrane and flow through was discarded. Collection tube was reused in step 4. 

2. A freshly autoclaved RNA free microfuge tube was used for mixing 70 μl Buffer 

RDD and 10 μl DNase1 stock solution. Solutions were mixed by inverting and 

centrifuged briefly for collecting residual liquid from the sides of the tube. 

3. The above mix (80 μl) was added to RNeasy spin column membrane and left on table 

top (20 – 30 ˚C) for 15 min. Care was taken that DNase I incubation mix drop onto 

the spin column membrane, otherwise DNase digestion will be incomplete if it sticks 

to the wall or the O-ring of the RNeasy spin column. 

4. Washing was given by pipetting 350 μl RW1 buffer directly to the center of spin 

column membrane and samples were centrifuged for 15s at 8000 x g (10,000 rpm). 

Flow-through was discarded. Step 8 was followed in “Total RNA purification from 

plant cells” protocol (Page 27) after this. 

2.3 Quantification of nucleic acids using NanoDrop 

Absorbance measurements are aimed at quantifying amount of specific 

wavelength absorbed by any molecule (nucleotides, proteins, organic and inorganic 

molecules etc) in the sample. Purification of samples of nucleic acids is pre-requisite for 

accuracy of results. Nucleic acids, RNA, ssDNA, and dsDNA all absorb wavelength of 

light at 260 nm and contribute to the total absorbance. For quantitative analysis of RNA 

transcripts, RNA isolated from yeast, Arabidopsis, tobacco and barley plants were 

quantified on Nanodrop keeping in mind the accuracy and sensitivity of relative 

quantification. Highly pure samples of 1 – 2 µl of RNA were used to measure RNA 

quality and quantities in all the samples. RNA quantification was done to take accurate 
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quantities of RNA i.e. RNA amounting to 2 µg for cDNA synthesis and 100 nano-gram 

of reverse transcription product was used for relative quantification in quantitative PCR 

(see appendix 9 – 10 for RNA quantification). 

2.3.1 Measurement values at 260/280 

Purity of DNA and RNA was assessed by the absorbance ratios at 260 nm and 

280 nm. Generally approximate ratios of 1.8 and 2.0 were considered as “Pure” for DNA 

and RNA respectively. In either case, presence of protein, phenol or other contaminants 

caused a significant reduction in this ratio that show strong absorbance at 280nm. While 

switching between NanoDrop and spectrophotometer, small changes in pH are observed 

that results in deviation of 260/280 ratios between these two absorbance measuring 

instruments. If the pH goes to acidic side, it will under-represent the 260/280 ratio by 0.2-

0.3, whereas over-representation by 0.2-0.3 results from basic solution. (see appendix 14 

for RNA quantification and corresponding 260/280 values).  

2.3.2 Wavelength accuracy of the spectrophotometers 

While looking on the pattern of absorbance curves, in general, absorbance of 

nucleic acid is at plateau at 260 nm whereas the curve is quite steeply sloped at 280 nm. 

A small change in wavelength results in a large effect on 260/280 ratios like for example 

a change of +1 will result in + 0.2 change in 260/280 ratio. It has been observed that even 

though many spectrophotometers claim an accuracy of 1nm in specification but it is 

possible to see as much as 0.4 difference in 260/280 ratio when measuring the same 

sample of nucleic acid on a different spectrophotometer. For almost every reading it has 

been observed a deviation of reading from previous, if the same sample is taken for 

measurement again and again from a stock pointing towards the many factors beside the 

precision of spectrophotometer.  

2.3.3 Nucleotide mix in sample 

Nucleic acids, DNA and RNA, are made up of five types of different nucleotides 

which have widely varying 260/280 ratio and absorption patterns. When estimated, 

260/280 ratios measured independently came out to be; 1.15 for Guanine, 4.50 for 

Adenine, 1.51 for Cytosine, 4.00 for Uracil and 1.47 for Thymine. Resulting 260/280 

ratios are the average of the corresponding nucleotides present in a particular sample of 

DNA or RNA, so it depends on actual composition of nucleotides in the sample. As a rule 
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of thumb, a ratio of 1.8 is acceptable for DNA while 2.0 for RNA is suitable in general. 

RNA usually have higher 260/280 values because of presence of Uracil instead of 

Thymine. These ratios give secondary measurements for nucleic acid purity. For pure 

samples of nucleic acids the 260/280 value is often lower than the respective 260/230 

value. The predicted 260/230 values commonly fall in the range of 2.0-2.2 while a lower 

than expected value indicates possible presence of contaminations that absorb at 230 nm 

(see appendix 14 for RNA quantification and corresponding 260/230 values). 

2.3.4 Other sources of absorbance change in sample 

There are organic compounds other than nucleic acids that are absorbed at 230 nm 

like EDTA, carbohydrate and phenols. The RNA reagent, Trizol, is a phenolic compound 

that is absorbed in the UV at both 230 nm and 270 nm. Salts like guanidine HCl which is 

used in DNA extraction is absorbed at approximately 230 nm guanidine isothiocyanate 

used for RNA isolation is absorbed at 260 nm.  

2.4 cDNA synthesis using the high capacity cDNA reverse transcription kit  

High capacity cDNA reverse transcription kit from Invitrogen™ (Catalog Number 

4368814) provides extremely high-quality, single-stranded cDNA using 0.02 to 2 µg 

input of total RNA in a single 20 µl reaction which is ideal for generating cDNA archives 

for short- or long-term storage. Reactions can be scaled up to 100 µl to yield 10 µg of 

cDNA from a single reaction suitable for quantitative PCR applications. The cDNA 

generated is also ideal for a range of applications including real-time PCR, standard PCR, 

and microarrays. 

2.4.1 Preparing Transcription Master Mix  

Kit components were kept on ice for thawing. For each 20 µl reaction, 2X master 

mix was made as; 10X RT Buffer 2 µl, 25X dNTP Mix (100 mM) 0.8 µl, 10X RT 

Random Primers 2 µl, MultiScribe™ Reverse Transcriptase 1 µl, RNase Inhibitor 1µl 

and nuclease-free H2O 3.2 µl. Accurately calculated volume of RNA extracted were 

added which corresponds to 2 µg for 20 µl reaction. The volumes of extracted RNA 

varied but the quantities were kept same (2 µg) for all the samples (see appendix 9 and 

10). This information was necessary as it was used for normalization for qPCR (see 

appendix 11). The volumes of all the sample reactions were adjusted accordingly. Tubes 
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were centrifuged for spinning down the contents and removing any air bubbles. Reaction 

mixtures were left in tubes on ice until it was ready to load in thermal cycler. 

2.4.2 Performing Reverse Transcription 

1. Reaction volumes were set to 20 μl. 

2. PCR conditions were set as below. 

3. Reactions were loaded into the thermal cycler. 

4. Push Start for setting the thermal cycler to RUN reverse transcription. 

 Step 1 Step 2 Step 3 Step 4 

Temperature 25 ˚C 37 ˚C 85 ˚C 4 ˚C 

Time 10 min 120 5 α 

2.5 Isolation of HKT cDNA from grass species 

2.5.1 Primer Design 

Degenerate and gene specific primers were designed to amplify and clone HKT 

cDNA from Barley (Hordeum vulgare) and Kallar Grass (Leptochloa fusca). Primer 

lengths were kept between 17 – 50 bases. Difference in melting temperature of forward 

and reverse primer pairs were kept in the range of 1–3 ˚C. This was done to avoid false 

amplification because of non-specific binding of the primer with the target DNA. CACC 

sequence was added as flanking region before forward primer for directional cloning of 

HKT cDNA in pENTR™/D-TOPO® (Invitrogen Catalog # K2400-20). It was made sure 

that the primers were 5ʹ to 3ʹ orientation when ordering. Annealing temperature for some 

primer pairs were adjusted by adding or deleting some nucleotides in primers to eliminate 

false product in PCR reaction (degenerate primers and primer pairs where primer length 

is adjusted are not shown here). This was done to avoid unwanted product and help in 

reducing the efforts that could be put forward to carry on the negative or undesired 

products.  

2.5.2 Construction and screening of Kallar Grass cDNA library 

CloneMiner™ II, cDNA Library Construction Kit (Invitrogen Catalog no. A11180) 

was used to make kallar grass leaf cDNA library. Kallar grass leaves were used for RNA 

extraction. The RNA samples were used to proceed for first strand cDNA synthesis 

reaction using SuperScriptR III RT enzyme and proceed for second strand cDNA 

synthesis. attB adapter sequences were ligated using T4 DNA ligase. attB-flanked cDNA 
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fragments were cloned in pDONR™ 222 using BP Clonase™ II enzyme mix. The reaction 

was inactivated with proteinase K and transformed in competent E. coli cells by 

electroporation. cDNA samples were divided into six aliquots and transformed separately 

by electroporation. S.O.C. medium was added in each cuvette containing electroporated 

cells. Samples were left for shaking at least for 1 hour on 37 ˚C incubator set at 225–250 

rpm for shaking, after transformation to allow expression of the Kanamycin resistant 

marker. All samples were pooled and equal volume of sterile freezing media (60 % S.O.C. 

medium: 40 % glycerol) was added for long term storage of cDNA library (-80 ˚C). 

cDNA library was divided by aliquoting into multiple tubes to reduce the number of 

freeze/thaw cycles (Invitrogen Catalog no. A11180). M13 Forward and M13 Reverse 

primers flanked the cloned cDNA’s, so primers from middle conserved region of HKT 

gene were used to isolate HKT cDNA.  
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Table 2.1: Primes used for amplification of HKT cDNA’s from barley, kallar grass and rice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

M13 Fwd, M13 Rev from vector backbone (pDONR™ 222) and primers from conserved regions of HKT were 
used for amplification of HKT cDNA from Kallar grass cDNA library.  

Primer Name 5ʹ to 3ʹ Melting temperature  

KG FM ACGTCCCTTGAGGATAGAAATGCTGTCTGC 63.0 ˚C 

KG RM GCGACCGTAACTGATAGTGAGAAGAGCTCC 62.7 ˚C 

M13 Fwd GTAAAACGACGGCCAGTCTTAAGCTCGGGC 65.4 ˚C 

M13 Rev CCAGGAAACAGCTATGACCATGTAATACGA 59.6 ˚C 

LfHKT Fwd CACCAAGCTTATGGGTCGGGTGAAAAGATTTTAC 62.0 ˚C 

LfHKT Rev AGATCTTCATACTTTCCAGGATTTACCCGTGGACA 62.7 ˚C 

HvHKT Fwd CACCAAGCTTATGAGCTCGGTGAAAAGATTTTAC 60.7 ˚C 

HvHKT Rev AGATCTTCATACTTTCCAGGATTTACCCATGGTCA 61.4 ˚C 

OsHKT Fwd CACCATGACGAGCATTTACCATGATTTC 58.2 ˚C 

OsHKT Rev TTACCATAGCCTCCAATATTCACCTG 56.3 ˚C 
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2.5.3 PCR amplification of HKT cDNA 

HKT cDNA was amplified from different sources (cDNA’s from barley grass, 

plasmid DNA and Kallar grass cDNA library). In all the cases, Takara Ex TaqTM (Hot 

start version Code No. RR006A Takara Bio Inc.) and Platinum® Taq DNA Polymerase 

High Fidelity (Invitrogen Cat No. 11304-011) were used to avoid and reduce the chances 

of errors in amplified product. cDNA of barley treated with 50 mM and 100 mM salt 

(NaCl) and control plant (non-treated) were used for amplifying HvHKT2;1. HKT clones 

of rice and barley (OsHKT1 and HvHKT2;1 cDNA cloned in pYPGE15) were kindly 

gifted by Dr. Alonso Rodriguez-Navarro (Professor of Microbiology, Centro de 

Biotecnologia y Genomica de Plantas, Universidad Politécnica de Madrid, Campus de 

Montegancedo, Carretera M-40, km 37.7, 28223-Pozuelo de Alarcón, Madrid, Spain). 

Construct details are given in Results section (see Figure 3.5 and Table 3.1-3.2). 

2.5.4 PCR conditions 

PCR conditions for amplification of HKT genes were set as; 

 Step 1 Step 2 (40 cycles) Step 3 Step 4 

Temperature 0C 95 ˚C 95 ˚C 56 ˚C 72 ˚C 72 ˚C 4 ˚C 

Time (min) 4 1 1 2:30 10 α 

2.6 Cloning HKT gene 

Different cloning and expression vectors were used for cloning and sub-cloning of 

HKT genes. PCR amplified HKT fragments were run on 1 % agarose gel. Amplified 

fragments were excised, purified and ligated in pTZ57R/T and pENTR™/D-TOPO® 

vector for confirming the gene sequence.  

2.6.1 Agarose gel preparation 

1 To make 1 % gel, 50 mg of agarose powder was added to a flask containing 50 

mL of TAE buffer. 

2 Flask containing agarose powder and buffer was swirled and heated for 1 min in 

the microwave. 

3 Gel box and cassette were washed carefully. 

4 Ethidium Bromide (32 µg/ml) was added to flask containing melted agarose. 

5 Solution was cooled down prior to pouring in the gel box. 
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6 Gel solution was allowed to solidify. After solidification, gel was taken out and 

casted in the gel tank.   

7 Fresh TAE buffer was poured into the gel box covering the gel completely. 

8 Samples and DNA ladder were loaded into the wells. 

9 Gel apparatus was set at 120 V for 45 minutes. 

10 After running, the gel was visualized under UV.  

11 The required band was cut from gel. For elution of amplified product, gel 

purification protocol was followed as given in section 2.6.2. 

Care was taken that UV exposure was set to minimum time and value to avoid 

DNA damage/mutation. Low level of UV radiation exposure was used for very short time 

and bands on the gel were excised quickly. 

2.6.2 Gel purification of amplified product (Qiagen, Cat # 28604) 

PCR product was resolved on 1 % agarose gel. Gel fragments showing the band 

were excised carefully with a sharp surgical blade wearing protective gloves. Gel bands 

were cut as close as possible to avoid extra gel and samples were weighed. Excised gel 

fragment was put in a fresh micro-centrifuge tube and solubilization buffer was added to 

dissolve the gel slice on water bath set at 55 – 60 ˚C. The solution containing the 

dissolved gel slice was applied to spin column provided in the kit which resulted in 

binding of the DNA to the matrix under specific buffer conditions. Supernatant was 

discarded. Washing steps were carried out to remove the traces of buffer and DNA was 

eluted in low salt buffer or water.  

Before starting; buffer QG was yellowish in color that indicates 7.5 pH. Ethanol was 

added to buffer PE before using for the first time. Heating block was set at 50 ˚C while 

all the steps were carried out in a conventional table top micro-centrifuge at room 

temperature.  

Procedure 

1. Gel fragment showing the amplified fragment was excised by using sharp surgical 

blade. 

2. Gel slice was weighed and put in a clean fresh micro-centrifuge tube. Three 

volumes of buffer QG were added to 1 volume of gel slice (100 μl for 100 mg gel 

slice). 
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3. Solution containing gel was incubated at 50 ˚C for 10 min or until the gel slice 

was dissolved completely. Solution was vortexed 2 – 3 times in between to 

dissolve the gel slice during incubation.  

4. Once the gel slice was dissolved completely, color of the solution was checked. 

The color of solution should be similar to buffer QG as before dissolving the gel 

slice. In cases where color of mixture turned to orange or violet, 10 μl of 3 Molar 

sodium acetate (pH 5.0) was added and mixed well. The color of mixture turned 

to yellow indicating the exact buffering conditions for further steps.  

5. Isopropanol (100 %) was added to the sample and mixed well (100 μl for 100 mg 

gel slice). 

6. MinElute spin column was placed in a 2 ml collection tube and sample was 

applied directly to the column.  

7. Samples were centrifuged for 1 min and flow through was discarded. MinElute 

spin column was placed back into the same collection tube.  

8. Buffer QG (500 μl) was applied to the MinElute column and centrifuged for 1 

min at maximum speed. After discarding the flow-through MinElute column was 

placed back into the same tube. 

9. Buffer PE (750 μl) was applied to MinElute column and centrifuged for 1 min. 

After discarding the flow-through MinElute column was placed back into the 

same tube. (To use DNA for downstream application like blunt end ligation or 

direct sequencing, let the buffer PE stands in the column for 2 – 5 min before 

centrifugation) 

10. Spin column was centrifuged for 1 min at 10,000 x g and flow through was 

discarded.  

11. Spin column was placed back into the collection tube and an additional spin was 

given for 1min at maximum speed.  

12. MinElute column was placed into a fresh 1.5 ml micro-centrifuge tube and 10μl 

of Buffer EB (10 mM Tris - Cl, pH 8.5) or water was added. The columns were 

left standing as such for 4 – 5 min and centrifuged for 1min at maximum speed to 

collect the DNA in micro-centrifuge tube.  

13. Spin column was discarded and lid of micro-centrifuge tube was closed tightly.  
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For analyzing the DNA on gel, 1 volume of loading dye was added to 5 volumes 

of purified DNA and mixed by pipetting up and down before loading to the gel.  

2.6.3 Cloning in GatewayTM vector pENTR™/D-TOPO® (Invitrogen Cat # K2400-

20) 

For directional cloning of blunt end PCR product, GatewayTM “TOPO cloning” 

technology was used that takes only 5 min for high efficiency cloning in pENTR™. 

GatewayTM System or the MultiSite GatewayTM System have made cloning easy by 

directionally inserting a PCR fragment at greater than 90 % efficiency without the use of 

ligase, post-PCR procedures, or restriction enzymes (Figure 2.1).  

To amplify a fragment by PCR, CACC is added before the forward primer to 

utilize the GatewayTM directional cloning technology (Figure 2.1). The pENTR vector 

contains a GTGG overhang which capture the 5′ end of the PCR product, anneals to the 

added bases, and stabilizes the PCR product in the correct orientation. PCR amplified 

fragments in this way can be cloned directionally in the correct orientation with 

efficiencies equal to or greater than 90 %.  

2.6.4 Performing TOPO cloning reaction 

For optimal results, be sure to use a 0.5:1 – 2:1 molar ratio of PCR product: 

TOPO® vector (use 1–5 ng of a 1 kb PCR product or 5 – 10 ng of a 2 kb PCR product for 

suitable results) in the cloning reaction. 

Reagents  Volume 

Fresh PCR product 0.5–4 μl 

Salt Solution 1 μl 

Sterile Water add to a final volume of 5 μl 

TOPO® vector 1 μl 

Final volume 6 μl 
1 Above reaction was mixed gently and incubated for 5 minutes at room temperature 

(22 – 23 ˚C). For routine sub-cloning of PCR products, 30 seconds may be sufficient. 

For TOPO cloning large PCR products (> 1 kb) or pool of PCR products, increasing 

the reaction time may yield more colonies.  

2 Reactions were left on ice and prepared to proceed for “Transforming One Shot® 

Competent E. coli”. 
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Figure 2.1: Strategy of cloning in GatewayTM expression system taken from 
topoisomerase-mediated capture and GatewayTM recombination cloning of target 
sequences (Earley et al., 2006). 
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2.6.5 Transforming One Shot® Competent E. coli 

For each transformation, 1 vial of One Shot® TOP10 competent cells and 2 

selective plates were used. Before transformation: 

1 Water bath was set to 42 ˚C for heat shock. 

2 Vial of S.O.C. medium was heated to room temperature, by putting it at 37 ˚C 

incubator for some time. 

3 Selective plates were left at 37 ˚C for 30 minutes to warm. 

4 One Shot® TOP10 chemically competent E. coli cells in the vial were left on ice 

for thawing for 5 min. 

2.6.6 One Shot® Chemical Transformation Protocol 

The cloned HKT cDNA’s were transformed in One Shot® TOP10 chemically 

competent E. coli by following the protocol as given below 

1 TOPO® cloning reaction (2 μl) was pipetted (HKT cloned in TOPO vector) into a vial 

of One Shot® Chemically Competent E. coli and mixed gently. Without vortex, 

reactions were mixed by pipetting up and down.  

2 Reaction mixtures were left on ice for 5 – 30 minutes for incubation. 

3 Heat-shock was given to the cells for 30 seconds by putting on heating block set at 42 

˚C without shaking. 

4 Tubes were immediately transferred to ice and SOC medium (200 – 300 μl) supplied 

in the kit was added to each vial.  

5 Tubes were capped tightly and put on shaker (200 rpm) by placing them horizontally 

in a rack at 37 ˚C for 1 hour. 

6 From each transformation, 50 – 200 μl was spread on a pre-warmed selection media 

plate (Table 2.2) and incubated overnight at 37 ˚C. Two different volumes were 

plated to ensure that at least 1 plate will have well-spaced colonies. 

7 An efficient TOPO® Cloning reaction may produce several hundred colonies. Five to 

ten colonies were picked in each case for analysis. 

2.6.7 Analyzing positive clones 

For analysis and selection of positive clones, colonies (5–10) were picked and 

cultured overnight (37 ˚C shaker) in LB medium containing 50–100 μg/mL Kanamycin 

for selection of entry clones (Gateway™ pENTR D TOPO). For each clone, antibiotic 
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was used according to the selection marker in the vector (Table 2.2). Plasmid DNA’s 

were isolated using ultra-pure plasmid DNA for automated sequencing and further sub-

cloning. 

2.7 Plasmid isolation  

PurelinkTM quick plasmid miniprep kit (Invitrogen, Cat # K2100-11) was used for 

extraction of high quality plasmid DNA. The protocol followed consists of following 

steps; 

2.7.1 Preparing Cell Lysate 

1. Overnight grown culture (E. coli in LB medium) of 1–5 ml for each clone was 

centrifuged and all the media was removed by pipetting out, leaving the cell pellet 

behind. 

2. Cell pellets were completely re-suspended in 250 μl re-suspension buffer (R3) 

with RNase A. Care was taken that no cell clumps were visible. 

3. For cell lysis, 250 μl of lysis buffer (L7) was added to cells and mixed gently by 

inverting the capped tube 4-5 times. Samples were not centrifuged at this stage. 

4. Sample tubes were left at room temperature for 5 minutes but avoiding longer 

incubations than 5 minutes.  

5. To precipitate plasmid DNA, 350 μl buffer N4 was added to the suspension 

cultures and mixed immediately by inverting the tube until the solution was 

homogenized. Samples with large pellets were shaken more vigorously. Vortex 

was not used for mixing samples. 

6. The mixture was centrifuged at ~12,000 x g for 10 minutes at room temperature 

using a micro-centrifuge to clarify the lysate from lysis debris. 

7. The supernatant from Step 6 was loaded onto a spin column provided in the kit. 

2.7.2 Binding DNA 

To elute DNA TE buffer was kept at 65 – 70 ˚C for a preheat treatment. This is 

recommended for eluting DNA of > 30 kb and considered optional for 1–30 kb DNA. 

1. Spin column from step 7 with the supernatant was placed into a fresh 2 ml wash 

tube.  

2. Samples were centrifuged at ~12,000 x g for 1 minute and flow through was 

discarded. Spin columns were placed back into the wash tube.  
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3. An optional wash was given by pipetting 500 μl wash buffer (W10) containing 

ethanol to the column. Spin column were left as such for 1 min and centrifuged at 

~12,000 x g for 1 minute. Flow through was discarded and columns were placed 

back into the wash tube.  

4. Another wash with buffer W9 (700 μl) containing ethanol was given.  

5. Spin columns were centrifuged at ~12,000 x g for 1 minute and flow through was 

discarded. Spin column were placed back into the wash tube. 

6. To remove residual wash buffer (W9), spin columns were centrifuged at ~12,000 

x g for 1 minute. Flow through was discarded carefully. 

7. For eluting DNA, the steps below were followed: 

2.7.3 Eluting DNA 

1. Spin columns were placed in a fresh micro-centrifuge tube. 

2. To elute DNA 75 μl of preheated TE Buffer (TE) was applied to the center of the 

spin column. 

3. Spin columns were left for incubation for 1 minute at room temperature and 

centrifuged at ~12,000 x g for 2 minutes. 

4. Spin column were discarded and lids of micro-centrifuges tube were closed gently 

containing plasmid DNA. The purified plasmid DNA was used for sequencing 

and further cloning experiments.  

Purified plasmid DNA was stored at 4 ˚C for immediate use (to send samples for 

sequencing or running PCR) and stored at – 20 ˚C for later use. 

2.7.4 Long-Term Storage  

After identifying the correct clone, these were grown in liquid culture to make 

glycerol stocks for long-term storage as below: 

1 Single colony of E. coli/Agrobacterium was selected, isolated and grown in 4 – 5 

ml of LB liquid with antibiotic.  

2 Cultures were grown overnight at 37 ˚C on continuous shaking (200-250 rpm) or 

until the culture reached the stationary phase.  

3 Sterile/autoclaved glycerol (100 %) was taken in a fresh autoclaved micro-

centrifuge tube (150 μl) and 850 μl of cultures were mixed to make glycerol stocks.  

4 Glycerol stocks were stored at − 80 ˚C.  
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2.8 Cloning in GatewayTM Expression vectors 

2.8.1 GatewayTM LR reaction (Invitrogen, Cat. No. 11791-020) 

Once HKT genes were cloned in entry vector, LR clonase was used to transfer 

HKT genes in GatewayTM expression vectors. GatewayTM LR Clonase® II enzyme mix 

catalyzes the in vitro recombination between an entry clone (containing HKT gene 

flanked by attL sites) and a destination vector (containing attR sites) to generate an 

expression clone. The steps to transfer the insert were: 

1. Following components were added and mixed in a 1.5 ml micro-centrifuge tube at 

room temperature: GatewayTM HKT entry clone (50 – 150 ng), 1 – 7 µl destination 

vector (100 – 150 ng/µl) and 1 µl of TE buffer (pH 8.0) to 8 µl. 

2. LR Clonase™ II enzyme was taken out from freezer, thawed on ice and mixed for 

about 2 minutes.  

3. LR Clonase™ II enzyme was mixed briefly by vortexing twice (2 seconds each 

time) during incubation on ice. 

4. In each sample (Step 1, above), 2 µl of LR clonase™ II enzyme was added and 

mixed well by vortexing briefly twice. A brief spin was given in microcentrifuge. 

5. LR Clonase™ II enzyme mix was placed back to – 20 ˚C or – 80 ˚C storage. 

6. Reactions were incubated at 25 ˚C for 1 hour. 

7. Proteinase K solution (1 µl) was added to each sample for terminating the reaction 

and were vortexed briefly.  

8. Samples were incubated at 37 ˚C for 10 minutes.  

9. Reactions (HKT genes transferred to destination/expression vector) were used for 

transformation in E. coli (Section 2.6.5 and 2.6.6).  

2.8.2 Expression Vectors and strains 

For expression in plants, Gateway™ binary vectors “pMBb7Fm21GW-UBIL” 

(for over expression) and “pB7WG2D,1” (for control of promoter reporter fusion) under 

Ubiquitin promoter were ordered from “Plant System Biology, Universiteit Gent (VIB), 

Belgium”. IPK vectors (pIPKb002, pIPKb-003, pIPKb-003) were sent by Dr. J. Kumlehn 

on MTA from Leibniz Institute of Plant Genetics and Crop Plant Research (IPK) in 

Gatersleben, Germany. E. coli strain top 10 was used for transformations. Five colonies 

were picked in all the cases to analyze and grown overnight in LB broth from single 

http://gateway.psb.ugent.be/vector/show/pMBb7Fm21GW-UBIL/search/index/overexpression/any
http://gateway.psb.ugent.be/vector/show/pXBb7-F-F-UBIL/search/index/overexpression/any
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colonies at 370C with antibiotic selection (Table 2.2). Plasmid (mini-prep) DNA’s were 

extracted from E. coli cultures and confirmation of inserts were done using gene specific 

primers used for entry cloning. For transient gene expression in Nicotiana benthamiana, 

GV3101 (Agrobacterium strain) was used. Agrobacterium strain AGL1 was used for 

wheat transformation and GV3101 was used to transform tobacco leaf discs and 

Arabidopsis (floral dip). 

pYES vectors were ordered from Invitrogen for yeast expression system. HKT 

genes (LfHKT2, HvHKT2;1 and OsHKT1) were sub-cloned under Galactose inducible 

promoter in pYES DEST-52 vector while pYES2/CT was used as control vector. HKT 

genes cloned in pYES DEST-52 vector were transformed in E. coli strain TOP10 and 

selected on Ampicillin. Yeast strains trk1, trk2 (Gaber et al., 1988) and wild type (RG9) 

was used to transform HvHKT2;1 gene (with insertions corresponding to two introns)  for 

functional complementation analysis.  

2.9 Selection of transgene constructs  

Shuttle vectors were selected on antibiotics as shown in Table 2.1. Hygromycine 

was used for transgenic plant selection in PMDC 84, pIPKb-002, pIPKb-003 and pIPKb-

004 cloned in Agrobacterium tumefaciens. Spectinomycin was used for selection of 

transgenic tobacco plants on MS media. Transformation and selection details are given in 

Table 2.1.  
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Table 2.2: List of vectors, corresponding antibiotics and concentration for selection, pENTR D-TOPO and pTZ 57R/T are 

cloning vectors. 

 

Vector Selection for 

Agrobacterium 

Selection for E. coli Selection for plant 

Antibiotic Final concentration  Antibiotic Final concentration 

pENTR D-TOPO - Kanamycin 50 – 100 µg/µl - - 

pTZ 57R/T - Ampicillin 50 – 75 µg/µl - - 

PMDC 84 Gen + Rif + Hyg Hygromycine 50 – 100 µg/µl Hygromycine 20 – 30 µg/µl 

pIPKb-002 Gen + Rif + Hyg Streptomycin/Spectinomycin 50 µg/µl Hygromycine 20 – 30 µg/µl 

pIPKb-003 Gen + Rif + Hyg Streptomycin/Spectinomycin 50 µg/µl Hygromycine 20 – 30 µg/µl 

pIPKb-004 Gen + Rif + Hyg Streptomycin/Spectinomycin 50 µg/µl Hygromycine 20 – 30 µg/µl 

pYES DEST 52 - Ampicillin 50 – 75 µg/µl SC – U (Yeast) - 

pYES2/CT - Ampicillin 50 – 75 µg/µl SC – U (Yeast) - 

pMBb7Fm21GW-

UBIL 

Gen + Rif + Spec Streptomycin/Spectinomycin 50 µg/µl Basta  

pB7WG2D,1 Gen + Rif + Spec Streptomycin/Spectinomycin 50 µg/µl Basta  

PSPDK1677 Gen + Rif + Spec Streptomycin 50 µg/µl Spec/Strep. 20 – 30 µg/µl 

 
pYES DEST52 and pYES2/CT control are the vectors for yeast transformation and were selected on uracil deficient media (Selective 
media, SC – U).  
Spec; Spectinomycin, Rif; Rifampicin, Hyg; Hygromycin, Gen; Gentamycin 

http://gateway.psb.ugent.be/vector/show/pMBb7Fm21GW-UBIL/search/index/overexpression/any
http://gateway.psb.ugent.be/vector/show/pMBb7Fm21GW-UBIL/search/index/overexpression/any
http://gateway.psb.ugent.be/vector/show/pXBb7-F-F-UBIL/search/index/overexpression/any
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2.10 Cloning and transformation in yeast  

HKT genes (HvHKT, LfHKT, OsHKT) were cloned in pYES-DEST52 (Invitrogen 

Catalog no. 12286-019) vector under Galactose inducible promoter. Beside full length 

cDNA clones, deletion mutants were made for Trans-membrane Domain (TMD) studies 

in HvHKT and LfHKT (Insertions corresponding to introns). PCR amplified deletion 

fragments (primer based) were cloned in pYES DEST-52 and transformed in E. coli 

strain TOP10 were selected on Ampicillin (Details of constructs for TMD studies and 

yeast deletion mutant studies are given in Table 2.3 and Results section, Table 3.2).  

2.10.1 Yeast transformation protocol 

1. YPD medium (10 ml) was inoculated with a single colony of yeast strain (trk1, trk2, 

RG9, mutant, wild etc) and left on shaker overnight at 30 ˚C.  

2. OD600 values were determined for overnight grown culture. Cultures were diluted to 

an OD600 of 0.4 in 50 ml of YPD medium and grown for additional 2 – 4 hours.  

3. Yeast cells were pelleted at 2500 rpm and re-suspended in 40 ml 1X TE. 

4. Cells were pelleted again at 2500 rpm and re-suspended in 2 ml of 1X LiAc/0.5X TE.  

5. Cells were incubated at room temperature for 10 minutes.  

6. For each transformation, 1 µg plasmid DNA and 100 µg denatured sheared salmon 

sperm DNA were mix together with 100 µl of the yeast suspension (from step 5).  

7. To above suspension, 700 µl of 1X LiAc/40% (w/v) PEG-3350/1X TE was added and 

mixed well.  

8. Cell suspensions were incubated at 300C for 30 minutes. 

9. DMSO (88 µl) was added to above solution and mixed well. Heat shock was given at 

42 ˚C for 7 minutes.  

10. Samples were centrifuged in a micro-centrifuge for 10 seconds and supernatant was 

discarded.  

11. Pelleted cells were re-suspended in 1 ml TE and re-pelleted.  

12. Cell pellets were re-suspended in 50-100 µl 1X TE and plated on a selective plate 

(SC-U). See Appendix 4 for recipe of selective media plates (SC – U) and reagents. 

For calculating number of yeast cells, let assume that 1 OD600 unit = ～ 2.0 x 107 yeast 

cells/ml.  
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Table 2.3: Primers used for cloning fragments of HvHKT and LfHKT for deletion studies 

 
 
 
 
 
 
 
 
 
 
 
 

LfHKT Fwd and LfHKT Rev1 was used to amplify full length HKT gene from kallar grass cDNA library with 
both introns, LfHKT Fwd/Rev2 was used to amplify first 6 transmembrane domain fragment (1178bp) and 
LfHKT Fwd/Rev3 was used to amplify HKT with first intron (1413bp). HvHKT Fwd and HvHKT Rev1 was 
used to amplify full length HKT gene from barley cDNA with both introns, HvHKT Fwd/Rev2 was used to 
amplify the first 6 transmembrane domain fragment (1178bp) and HvHKT Fwd/Rev3 to amplify HKT with 
first intron (1413bp) for cloning deletion fragments in entry vector (pENTR D TOPO) and pYES DEST52 
for deletion studies.  

 

Primer Name Primer sequence (5ʹ to 3ʹ) Melting temperature  

LfHKT Fwd CACCAAGCTTATGGGTCGGGTGAAAAGATTTTAC 62.0  ˚C 

LfHKT Rev1 AGATCTTCATACTTTCCAGGATTTACCCGTGGACA 62.7  ˚C 

Rev2 CATCATGACAATGAATAGTACTATAATGGCGGGTGAC 61.6  ˚C 

Rev3 TGCAAATGTTGCTGATGGTGGCA 60.4  ˚C 

HvHKT Fwd CACCAAGCTTATGAGCTCGGTGAAAAGATTTTAC 60.7  ˚C 

HvHKT Rev1 AGATCTTCATACTTTCCAGGATTTACCCATGGTCA 61.4  ˚C 
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2.10.2 Expression of HKT gene  

1. A single colony containing pYES-DEST52 construct was inoculated into 15 ml of 

SC-U medium containing 2 % w/v glucose and grown overnight at 300C with shaking. 

2. Optical density (OD600) of overnight cultures, were measured using spectro-

photometers. The amount of overnight cultures were calculated which were necessary 

to obtain an OD600 of 0.4 in 50 ml of induction medium (SC medium containing 2 % 

Galactose) Assume the OD600 of overnight culture is 2 per ml. Then the amount of 

overnight culture needed to inoculate a 25 ml culture to OD600 = 0.5 will be; 

(0.5 OD/ml) (25 ml) = 6.25 ml 
        2 OD/ml 

3. The amount of overnight culture was removed in step 2 by pelleting at 1500 x g for 5 

minutes at +4 ˚C. Supernatant was discarded.  

4. Cells were re-suspended in 5 ml of induction medium (2 % galactose + raffinocse) 

and inoculated into 50 ml of induction medium. Cells were grown at 30 ˚C with 

shaking.  

5. Cells were harvested and aliquots of cells were made at 0, 4, 8, 12, 16 and 24 hours 

after addition of cells to induction medium. Cultures from the flask (5 ml) were 

removed for each time point and OD600 readings were measured for each sample. This 

information was used for assaying recombinant protein.  

6. Cells were centrifuged at 1500 x g for 5 minutes at +4 ˚C.  

7. Supernatant was discarded and cells were re-suspended in 500 µl of sterile water.  

8. Re-suspension of cells was centrifuged for 30 seconds at maximum speed in the 

micro-centrifuge.  

9. Supernatant was removed and cells were stored at –80 ˚C until ready to use.  

2.10.3 Detecting recombinant protein 

1. Cell lysate can be prepared from frozen or fresh cells.  OD600 should be known before 

beginning.  

2. Fresh or frozen cell pellets were re-suspended in 500 µl of breaking buffer (50 mM 

sodium phosphate, pH 7.4, 5 % (v/v) glycerol, 1 mM PMSF). Centrifugation of 5 

minutes at 1500 x g was given on a cooled centrifuge set at +4 ˚C to pellet down the 

cells.  
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3. After removing the supernatant, cells were re-suspended in breaking buffer in a 

volume to obtain an OD600 of 50 – 100. Appropriate volume of breaking buffer to be 

used was calculated. For 100 µl 

(100 OD/ml) (0.1 ml) = 10 ml 
1 OD/ml 

4. Acid washed glass beads were added to an equal volume and the mix was vortexed 

for 30 seconds at maximum speed. 

5. Sample with glass beads were left on ice for 30 seconds. For complete lysing of the 

cells, step 4 was repeated 3 – 4 times for a total of four minutes. Shear forces lysed 

the cells. Extent of cell lysis was checked by observing a small aliquot under 

microscope.  

6. Samples containing glass beads were centrifuged for 10 minutes in a micro-centrifuge 

by setting it to maximum speed.  

7. Supernatant was transferred to a fresh micro-centrifuge tube and cell lysates were 

assayed using BSA for protein concentration as standard.  

8. SDS-PAGE sample buffer was added to get a final concentration of 1X and samples 

were heated for 5 minutes at 70 ˚C.  

9. Lysate (20 µg) was loaded onto an SDS-PAGE gel and electrophoresed. Appropriate 

acrylamide percentage was used for resolving recombinant protein.  

2.11 Functional complementation assays 

1. Single colony was used for inoculating cultures containing HKT-trk1, trk2 pYES-

DEST52 (Potassium deficient mutant), trk1, trk2 pYES2/CT (Control), HKT-RG9- 

pYES-DEST52 (wild type), and RG9-pYES2/CT (Wild type control) construct into 

15 ml of SC-U medium containing 2% Glucose (w/v). Cultures were left for growing 

overnight at 30 ˚C with shaking. (Table 2.4 – 2.6). 

2. OD600 readings of transformed yeast cultures grown overnight were measured and 

inoculated in 10 – 15 ml of induction medium (2 % (w/v) galactose-raffinose). 

Amount of overnight culture was calculated to obtain an OD600 of 1.0 of induction 

medium (Selective medium containing 2 % (w/v) galactose).   

3. Specific amount of overnight culture were removed and cells were pelleted at 1500 x 

g for 5 minutes at +4 ˚C. Supernatant was removed.  
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4. Cells were re-suspended in 5 ml of ddH2O (double distilled sterilized autoclaved) and 

centrifuge at 1500 x g for 5 minutes at +4 ˚C. Supernatant was discarded. Three 

washes were given with autoclaved ddH2O and OD600 was adjusted to 1.0 to make 

final re-suspension in distilled autoclaved water.  

5. Serial dilutions were made of both induced and un-induced transformed yeast strains. 

Three washes were given with autoclaved ddH2O and OD600 was adjusted to 1.0 to 

make final re-suspension in distilled autoclaved water as indicated in step 4. 

6. Serial dilution of OD600 of 1.0 were made as; 0, 1/10, 1/25, 1/50 and 1/100. Serial 

dilution of 0 corresponds to OD600 of 1.0 (Table 2.5).  

7. Made serial dilution plates as shown in Table 2.5. Multi-pipetter was used to drop out 

5 µl of serial dilutions growing in selective media (Sc – U) under un-induced (grown 

on 2 % (w/v) glucose) and induced (grown on galactose + raffinose) conditions on 

YPD plates as indicated in Table 2.6 for complementation tests.   

8. Different concentrations of KCl were also used for accessing growth rates of yeast 

transformed mutant strain trk1, trk2 (K+ uptake deficient strains) with HvHKT2;1 and 

empty (control) vector in selective drop out liquid cultures (Induced and Un-induced). 

Yeast drop out media plates were also used initially for selection of transformants that 

contained all amino acids except Uracil (SC – U). Appendix 4 for yeast media for 

liquid cultures and plates.  
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Table 2.4: HKT genes transformed in yeast strains 

Gene Yeast strains Vectors  

trk1, trk2 RG9 (Wild) 

HvHKT2;1-i pYES-DEST52 pYES-DEST52 pYES-DEST52 

LfHKT2- i pYES-DEST52 pYES-DEST52 pYES-DEST52 

OsHKT1-N pYES-DEST52 pYES-DEST52 pYES-DEST52 

HvHKT2;1-N pYES-DEST52 pYES-DEST52 pYES-DEST52 

Control pYES2/CT pYES2/CT pYES2/CT 

 
Potassium uptake deficient mutant trk1, trk2 (Calero et al., 2000; Gaber et al., 1988) 
and Rg9 wild type. pYES-DEST52 was ordered from Invitrogen for cloning HKT 
genes under galactose inducible promoter without stop codon infused with V5epitope 
and 6His tag. Control vector pYES2/CT (Catalogue V8251-20) was also ordered from 
Invitrogen with a galactose inducible promoter expressing V5epitope and 6His tag. 
HvHKT2;1-i and LfHKT2-i; isolated from local barley line PK-38 and kallar grass 
respectively with two insertions corresponding to introns, OsHKT1-N and 
HvHKT2;1-N (Mian et al., 2011); cDNA’s  gifted by Dr. Rodriguez Alonso Navvaro 
(Madrid, Spain).  

 

HvHKT2;1-i (HvHKT2;1 with introns), LfHKT2;1-i (LfHKT2;1 with introns) 
OsHKT1-N and HvHKT2;1-N (N stands for Navvaro, both of them are complete 
cDNA’s without introns) 
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Table 2.5 Plan of plating experiments for drop out studies for HKT functional 

complementation analysis in yeast. 

Serial Dil. trk1, trk2 yeast mutant RG9 (Wild type) 

OD600 HKT pYES DEST 52 pYES2/CT HKT pYES DEST 52 pYES2/CT 

0 HKT pYES DEST 52 pYES2/CT HKT pYES DEST 52 pYES2/CT 

1/10 HKT pYES DEST 52 pYES2/CT HKT pYES DEST 52 pYES2/CT 

1/25 HKT pYES DEST 52 pYES2/CT HKT pYES DEST 52 pYES2/CT 

1/50 HKT pYES DEST 52 pYES2/CT HKT pYES DEST 52 pYES2/CT 

1/75 HKT pYES DEST 52 pYES2/CT HKT pYES DEST 52 pYES2/CT 

1/100 HKT pYES DEST 52 pYES2/CT HKT pYES DEST 52 pYES2/CT 

 
Drop out studies were done on selective media plates (induced and un-induced) and YPD 
media plates supplemented with hygromycin, KCl and NaCl. The experimental design is 
shown below. 
 
 
Table 2.6. Experimental design for drop out experiments on YPD (yeast peptone 

dextrose) media plates supplemented with different concentration of 
hygromycin, NaCl and KCl. HKT trk1, trk2 (pYES DEST52), trk1, trk2 
(Control vector, pYES2/CT), HKT RG9 (pYES DEST52), RG9 (Control 
vector, pYES2/CT). 

 
Transformed yeasts 

(pYES vectors) 

Hygromycin concentration in µg/µl NaCl/KCl 

mM 0 10 25 50 75 100 

 

HKT trk1, trk2 

trk1, trk2 (Control) 

HKT RG9 

RG9 (Control) 

0/0 10/0 25/0 50/0 75/0 100/0 0 

0/10 10/10 25/10 50/10 75/10 100/10 10 

0/25 10/25 25/25 50/25 75/25 100/25 25 

0/50 10/50 25/50 50/50 75/50 100/50 50 

0/75 10/75 25/75 50/75 75/75 100/75 75 

0/100 10/100 25/100 50/100 75/100 100/100 100 

The drops out experiments were done in triplicates on YPD plates.  
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2.12 Purification of total RNA from yeast (Qiagen) 

2.12.1 Principle 

Before proceeding to the protocol, the cell wall of yeast cells was digested to get 

the spheroplasts. There are two alternative methods used for digesting cell wall i.e. either 

enzymatic or mechanical disruption. Generally both the methods are equally well, 

enzymatic disruption is preferred as it does not need any additional laboratory equipment.  

Lyticase enzyme was used to digest the cell wall for further processing of yeast cells for 

RNA isolation and purification. Spheroplasts were separated from the digestion mixture 

by centrifugation before being lysed. After adding buffer RLT and ethanol, samples were 

loaded onto the RNeasyTM mini spin column to bind total RNA to the membrane. 

Contaminants were removed efficiently by further washing steps and high quality RNA 

was eluted in RNase-free water.  

2.12.2 Determining the correct amount of starting material and growth conditions 

Using correct amount of starting material is essential in order to obtain greater 

RNA yield and quality. The maximum amount of RNA obtained depends on the binding 

capacity of RNeasy spin column (100 μg RNA) and amount of lysis buffer required for 

efficiently lysing the cells. Fewer cells were used in situations where RNA yield from 

specific culture was expected more to avoid exceeding the binding capacity of the spin 

column, whilst the cultures where the expected yield was less, maximum number of cell 

were used. In any case, using more cells than binding capacity, even if it was not reached 

sometimes can lead to incomplete lysis that resulted into lower yield and purity of RNA. 

It also depends on the yeast strain used and growth conditions but in general the expected 

RNA yield was between 30 – 100 μg. A spectrophotometer was used to measure the 

growth rates and density in yeast studies. However, it is difficult to give specific and 

reliable recommendations to draw a relationship between cell number in yeast cells and 

corresponding OD600 values. Numerous factors influence cell density in yeast growth 

notably the strain used, media type and recipe, shaker speed and OD600 readings of 

cultures in terms of measuring light scattering absorption.  

Measurement of light scattering depends on the distance between detector and 

sample therefore readings vary between different types of spectrophotometers. 

Furthermore, different species display different OD600 values at defined wavelengths for 
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example 600 nm or 436 nm. It is therefore better to calibrate each spectrophotometer by 

comparison of OD600 values at appropriate wavelengths with viable cell densities as 

determined by plating experiments (Ausubel et al., 1994). Original cultures were diluted 

in relevant media for measuring OD600 values which fall in the range of 0.05 – 0.3 to 

ensure significance. Cultures showing a reading above 0.3 were diluted so that the 

readings fell within that range. A dilution factor was used for calculating the number of 

cells per milliliter.  

2.12.3 Important points before starting 

The precise phase for harvesting the yeast cells is log-phase of growth. Freshly 

harvested cells were used for enzymatic lysis (homogenized cell lysates can be stored for 

several months at – 80 ˚C). All steps were performed at room temperature after digestion 

of cell wall either by enzymatic or mechanical disruption. All the centrifugation steps 

were performed at 20 – 25 ˚C in a standard micro-centrifuge and care was taken that the 

temperature in the centrifuge didn’t drop below 20 ˚C. Steps were worked out as quickly 

as possible between the steps.  

2.12.4 Things to do before starting  

Buffer Y1 was prepared as follows for disruption of cell wall by enzymatic lysis; 

Solutions of sorbitol (1 M) and EDTA (0.1 M) were mixed and pH was adjusted to 7.4. 

Just before use, 0.1 % (v/v) β-ME and zymolaseTM enzyme (final concentration of 50 U 

per 1 x 107 cells) was added. Composition of buffer Y1 varies depending on the enzyme 

used, yeast strain, enzyme concentration and incubation time. Guidelines of enzyme 

supplier were followed as required.  

2.12.5 Procedure 

1. Yeast cell lysates were prepared according to step 1a (enzymatic lysis for ≤5 x 107 

cells), step 1b (enzymatic lysis for 2 x 107 cells). 

1.a For enzymatic lysis of 5 x 107 freshly harvested cells (not using more than 5 x 107 

cells):  

i Yeast cells were harvested in 15 ml Falcon tube by centrifuging at 1000 x g for 5 

min at 4 ˚C. Supernatant was discarded and remaining media was carefully 

removed by aspiration. All centrifugation steps were performed at 20 – 25 ˚C as 
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indicated in important points before starting (incomplete removal of media will 

affect cell wall digestion). 

ii Cells were re-suspended in 2 ml freshly prepared Buffer Y1 containing zymolase 

and were left on incubation for 10 – 30 min at 30 ˚C with gentle shaking to 

generate spheroplasts. Spheroplasts were handled gently (complete spheroplasting 

is pre-requisite for efficient lysis).  

iii To pellet the spheroplasts the cultures were centrifuged for 5 min at 300 x g. 

Supernatant was carefully discarded.  

Incomplete removal of supernatant causes dilution of the lysates that inhibit lysis 

ultimately affecting the binding conditions of RNA to RNeasyTM membrane. Both of 

these effects can lead to reduction in RNA yield.  

iv Buffer RLT (350 μl) was pipetted to the pelleted cells, vigorously vortexed to lyse 

the spheroplasts and dissolved completely. The lysate was centrifuged at full 

speed for 2 min and supernatant was used in subsequent steps.  

v One volume (usually 350 μl) of 70 % (v/v) ethanol  was added to the 

homogenized lysate, and mixed well by pipetting up and down (without 

centrifuging, step 2 was carried out immediately). 

1.b Enzymatic lysis of 2 x 107 freshly harvested cells (not using more than 2 x 107 cells): 

i Cells were harvested in 15 ml falcon tube by centrifuging at 1000 x g for 5 min at 

4 ˚C. Supernatant was discarded carefully and any media left behind was removed 

by aspiration. 

ii Cells were re-suspended in 100 μl freshly prepared buffer Y1 containing 

zymolase. The cell suspension was incubated for 10 – 30 min at 30 ˚C with gentle 

shaking to generate spheroplasts. Spheroplasts were handled, with care, as gently 

as possible. 

iii Buffer RLT (350 μl) was added to above solution and vigorously vortex to lyse 

the spheroplasts. To remove any visible insoluble material, samples were 

centrifuged for 2 min at full speed, and only the supernatant was used in 

subsequent steps. 
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iv Ethanol (250 μl of 96 – 100 % v/v) was added to the homogenized lysate and 

mixed well by pipetting up and down. Without centrifuging proceed immediately 

to step 2.  

2. Samples (usually 700 μl) including any precipitate that may have formed were 

transferred to an RNeasyTM spin column placed in a 2 ml collection tube. Lid was 

closed gently and centrifuged for 15 s at 8000 x g (10,000 rpm). Flow-through was 

discarded and collection tube was reused in step 3. 

For performing on-column DNase digestion (Section 2.2 and 2.2.3), “DNase 

Digestion of RNA before RNA Cleanup” protocol was followed after this step. 

3. To wash the spin column, 700 μl buffer RW1 was pipetted to the column and lid was 

closed gently. Samples were centrifuged for 15 s at 8000 x g (10,000 rpm) to wash 

the spin column membrane. Collection tubes were reused in step 4 after discarding 

the flow-through. 

Care was taken while removing the RNeasyTM spin column from the collection 

tube so that the column did not contact the flow-through. This step was skipped for 

performing optional on-column DNase digestion. 

4. Buffer RPE (500 μl) was applied to the RNeasy spin column. Lid was closed gently 

and centrifuged for 15s at 8000 x g (10,000 rpm) to wash the spin column membrane. 

Flow through was discarded and collection tube was reused in step 5. 

5. For a second wash, buffer RPE (500 μl) was pipetted to the RNeasyTM spin column 

and lid was closed gently. Samples were centrifuged for 2min at 8000 x g (10,000 

rpm) and flow through was discarded. 

6. An optional spin was given by placing the spin column back into a new 2 ml 

collection tube and centrifuged for 1 min at full speed to eliminate possibility of 

carryover of buffer RPE or residual flow-through that remained on the outside of the 

RNeasy spin column after step 5. 

7. RNeasy spin column was placed back into a new 1.5 ml collection tube and 30 – 50 

μl of RNase-free water was added directly to the spin column membrane. The lid was 

closed gently and centrifuged for 1 min at 8000 x g (10,000 rpm) to elute the RNA. 

8. In a few cases, where the concentration of the RNA was > 30 μg, elution from step 7 

was repeated to achieve higher RNA concentration.   
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9. The RNA was used to reverse transcribe to complementary DNA for transcript 

analysis. For reverse transcription, 2 μg of RNA was used from all the samples. 

2.13 Plant transformation 

2.13.1 Planting and maintaining Arabidopsis for transformation 

Seeds of knock out HKT mutants and wild type Arabidopsis “Columbia” were 

placed at 4 ˚C for 2 – 3 days for breaking seed dormancy. Arabidopsis seeds of knock out 

mutants were ordered from TIAR website (Arabidopsis Biological Resource Center, 

ABRC). Potting mix was made according to general procedure for Arabidopsis sowing in 

pots. The pots were placed in a tray and 3 – 4 seeds were put in each pot. The trays with 

the pots were put in an environmentally controlled growth chamber with a light/dark 

cycle of 16/8 h at 25 ˚C and 60 – 70 % relative humidity. Once the plants came out, 

pruning was done to allow growth of single plant per pot providing better growth 

opportunities to plants. The plants were fertilized after 3rd, 5th and 7th week with a local 

all-purpose fertilizer brand “Phosphinogen” (KAUST, Saudi Arabia) providing 

phosphorous and nitrogen (1.67 gm/L). Fertilizer was also applied according to the 

physiological condition and need of plant (yellowing of leaves, browning of leaves, week 

plants etc.). Arabidopsis plants were used for floral dip method after 9 – 10 weeks by 

Agrobacterium-mediated gene transfer method. The plants were selected or used 

according to the flowering habits. Some plants flowered early. To synchronize the 

flowering, main branches were trimmed to let them grow at same length. This makes it 

convenient to dip the florets (turning whole plant upside down in the media) in 

infiltration media for Agro-transformation. 

2.13.1.1 Arabidopsis floral dip method 

Arabidopsis plants were used after 9 – 10 weeks for transformation by floral dip 

method (Clough and Bent, 1998) using Agrobacterium strain GV3101 harboring 

HvHKT2;1 gene cloned under constitutive 35S promoter with Streptomycin and 

Rifampicin antibiotic selection.  

2.13.1.2 Infiltration/Inoculation media 

MS liquid media (4.4 gm/L MS) was made and pH was adjusted to 5.7 using 

KOH. After autoclaving, 10 µl/L 6-benzyl amino purine (Stock 50 µg/µl) and 500 µl/L 

silwet L-77 were added in the media. Plants were dipped (turn them upside down to 
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immerse the whole floret in the media) in infiltration media for 1 – 2 minutes for 

facilitating Agrobacterium infection. 

2.13.1.3 Method for Agrobacterium mediated transformation 

1. Agrobacterium strains GV3101 and AGL1 was used to transform HvHKT2;1 cloned 

under constitutive promoters; 35S and maize ubiquitin in PMDC84 and 

pMBb7Fm21GW-UBIL respectively.  

2. Electroporation was used to transform Agrobacterium and were spread on LB agar 

plates with Streptomycin for pMBb7Fm21GW-UBIL, hygromycin + kanamycin for 

PMDC84 and rifampicin + gentamycin for Agrobacterium selection.  

3. Single colony of Agrobacterium was grown in LB liquid containing antibiotics 

Rifampicin/Gentamycin and Spectinomycin or Hygromycin for selection of HKT 

construct and was left overnight in 28 ˚C shaker.  

4. Agrobacterium cultures harboring the HKT construct were confirmed by using full 

length primers for HKT gene in conventional PCR. Positive clones were used for re-

culturing in 50 ml selective LB liquid media overnight at 28 ˚C shaker.  

5. Cultures were centrifuged at 5,000 x g for 10 minutes and supernatant was discarded. 

Pelleted cells were re-suspended in inoculation media and OD600 value was adjusted 

between 0.4 to 0.8.  

6. Infiltration media (Agrobacterium suspended inoculation media) was transferred in a 

small beaker (50 ml) for convenience of Arabidopsis floral dip (turning the whole 

plant upside down).  

7. Pots were turned and placed upside down to dip Arabidopsis florets completely in the 

infiltration media for 1 – 2 minutes. 

8. Plants were watered and covered in transparent plastic bags to reduce water loss by 

transpiration due to Agrobacterium infection. All the pots were covered by 

transparent plastic sheet and left overnight in resting position in the trays in growth 

chamber.  

9. Plants were left growing in environmentally controlled growth chambers.  

10. Watering was cut down after two weeks for letting the plants to dry up and reach 

maturity for collecting transformed Arabidopsis seeds.  
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2.13.1.4 Arabidopsis seed sterilization 

The procedure used for sterilization of Arabidopsis seeds was: 

1. Seeds were rinsed with autoclaved ddH2O. 

2. Two washes were given with 75 % ethanol. 

3. Another wash was given with 0.1 % SDS in 20 % bleach for 12 min at room 

temperature. 

Seeds were placed on – 4 ˚C for 3 days to break the dormancy. Seeds were plated 

on half MS media plates (4.3 gm/L MS salt and vitamin, 5 % sucrose) with selective 

antibiotic for transgenic selection. Alternatively MS plates with seeds can be left in cold 

room (at +4 ˚C) in dark for breaking seed dormancy and facilitating germination. After 

three days, plates were shifted in growth chambers using Aluminum foil to avoid light for 

additional two days. Plants were grown for 1 – 2 weeks on antibiotic selection. 

Transgenic Arabidopsis seeds were pre-selected on half MS media (Murashige and 

Skoog basal salt mixture, Cat # M5524 Sigma Aldrich, St. Louis, Missouri, USA) with 

antibiotic selection. After a week or two, plants were shifted from petri plates to pots and 

left in growth chamber at 21 ˚C with 16/8 long day photoperiod. Plants were grown to 

maturity for seed set and check with conventional PCR for transgene confirmation. 

Confirmed plants were used for total RNA extraction and cDNA synthesis. The cDNA’s 

were used for qPCR for expressional analysis using primers from both 35S promoter 

region of the vector and HKT gene.  

2.13.2 Stable transformation of HvHKT2;1 in tobacco (Nicotiana tabacum) 

Murashige and Skoog media (Murashige and Skoog, 1962) was used to grow 

sterilized seeds of tobacco (N. tabacum). Leaves of tobacco plants growing in 

environmentally controlled growth chamber were used as explant source for stable 

transformation by Agrobacterium infection to leaf disc. Tobacco seeds were placed on 

half strength MS media (2.2 gm/L MS and 5 % w/v sucrose) in jars under sterilized 

condition and used as a source of leaf disc for Agrobacterium mediated transformation. 

Tobacco plants were grown upto 4 – 5 leaf stage in jars so that leaves can be cut and used. 

Plants were kept growing in the growth chamber and leaves were cut in a laminar flow 

hood under aseptic condition and used to culture 2 – 3 batches of leaf disc for further 

Agrobacterium infection experiments. Leaves were cut and used to make small leaf discs.  

http://en.wikipedia.org/wiki/St._Louis,_Missouri
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1. Agrobacterium strain GV3101 was used to transform HvHKT2;1 gene that was 

cloned under constitutive promoters 35S (HvHKT-PSPDK1677).  

2. Electroporation was used to transform Agrobacterium and were spread on LB agar 

plates with streptomycin, gentamycin and rifampicin selection.  

3. Single colony of Agrobacterium was grown in LB liquid containing both antibiotics; 

Rifampicin/Gentamycin for the selection of Agrobacterium and streptomycin and/or 

spectinomycin for selection of HKT construct. Cultures were left for growing 

overnight in 28 ˚C shaker.  

4. Agrobacterium cultures harboring the HKT construct were confirmed by using full 

length primers for HKT gene in conventional PCR.  

5. Positive clone was used for re-culturing in 50 ml selective LB liquid media overnight 

at 28 ˚C shaker.  

6. Tobacco leaf discs were cut and placed upside down on half MS plates.  

7. Plates were left in dark for 2 days in environmentally controlled growth chamber at 

22 ˚C.  

8. After 2 days the plates were taken out and leaf discs were treated with Agrobacterium 

harboring the HKT gene under constitutive promoter (HKT-PSPDK1677) from step 4.  

9. Leaf discs were picked and put in another sterilized petri plate containing 

Agrobacterium culture (from step 8) under aseptic conditions in laminar flow hood. 

Leaf discs were left submerged in the Agrobacterium culture from 10 – 20 min.  

10. Leaf discs were dried on sterilized (autoclaved) filter papers and placed on half MS 

regeneration media plates for 2 – 3 days. Regeneration media plates (10 µg/µl of BAP 

and 0.1 µg/µl NAA, final concentration) containing streptomycin (30 µg/µl final 

concentrations) were changed after every 10 – 12 days for first month for selection of 

transformed plants.  

11. Regeneration media plates containing leaf discs were regularly monitored and 

changed after every 10 – 12 days. When small plants came out of the leaf discs, they 

were cut and put in separate plates. Each transformation was considered as one event 

and numbered accordingly. 
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12. When the small plants grew up to 1 – 2 inch, the concentration of BAP and NAA in 

regeneration media was reversed for rooting (0.1 µg/µl of BAP and 10 µg/µl NAA, 

final concentration). 

13. The plants with good rooting and vigor were transferred in a separate pot containing 

soil or compost. 

14. Plants were watered after 7 – 10 days. In few cases just to check the effect of salt, 

water containing 100 mM NaCl was used to irrigate plants after 10 – 12 days (twice). 

15. Leaves were used to isolate RNA and quantitative analysis of transcripts in transgenic 

tobacco plants. 

2.13.3 Transient gene expression in Nicotiana benthamiana 

The same procedure was followed for Agrobacterium transformation and 

confirmation of clones as given above (Step 1 – 4) for stable transformation of tobacco.  

Nicotiana benthamiana plants were grown in glass house set at 21 ˚C, 14 hours light and 

10 hours dark. For transient gene expression studies, 5 – 6 week old plants were used. 

Infiltration media was made fresh.  

2.13.3.1 Preparing infiltration media 

1. To make 500 mM MES stock solution, 0.976 gm MES was dissolved in 10 ml of 

distilled autoclaved water, 5 ml of which was used in infiltration media.  

2. For making 20 mM trisodium orthophosphate (Na3PO4.12H2O), 0.076 gm of 

Na3PO4.12H2O was dissolved in 10 ml of distilled autoclaved water.  

3. A 200 mM stock solution of acetosyrigone was made by dissolving 0.0392 gm in 1 

ml of DMSO (dimethyl sulfoxide).  

4. For 50 ml of infiltration media; 250 mg D-Glucose, 5 ml of MES (from step 1, 500 

mM MES), 5 ml Na3PO4.12H2O (from step 2, 20 mM Na3PO4.12H2O) were dissolved 

together and volume was adjusted with distilled water. To the final culture, 25 µl 

acetosyrigone (200 mM stock from step 3) was added. The constituted infiltration 

media was used for re-suspending Agrobacterium cultures for infection.  
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2.13.3.2 Preparing Agrobacterium cell cultures and agro-infection 

1. LB liquid (15 ml) was inoculated with a single colony of Agrobacterium (Strain, 

GV3101) harboring HvHKT2;1 gene cloned in PMDC84 and pMBb7Fm21GW-

UBIL. Antibiotics were added as shown in Table 2.2 that was according to construct. 

For Agrobacterium selection, Gentamycin and Rifampicin were added in LB.  

2. Cultures (4 Falcon tubes of 50 ml, for each construct) were grown overnight on 28 ˚C 

shaker at 200 – 250 rpm. HKT gene constructs were confirmed by conventional PCR 

using gene specific primers. PCR profile and primer sequence are given in Table 2.1. 

3. Agrobacterium cultures were spun down for 5 min at 4000 rpm. Supernatant was 

carefully discarded and remaining LB liquid was removed by pipetting out (200 – 

1000 µl).  

4. Cell pellets were re-suspended in 5 – 10 ml infiltration media at room temperature.  

5. Cultures were spun down again for 5 min at 4000rpm.  

6. Supernatant was removed and cell pellets were re-suspend in 1ml infiltration media. 

Adjust the OD600 between 0.7 – 1.00 with infiltration media.  

7. Optimum OD600 varies according to construct but in general OD600 between 0.7 – 

1.00 works well.   

8. For each construct, 5 – 6 plants were used. Lower sides of leaves were used for 

Agrobacterium infiltration by syringe (without needle). Each leaf was injected with 

Agrobacterium at 3 – 4 spots depending on leaf size.   

9. Plants were watered and left in glass house.  

10. Leaves of infected tobacco plants were used to check GFP after 24 – 72 hours under 

confocal microscope.  

2.13.3.3 Confocal microscopy for transient gene expression 

N. benthamiana plants were infected with Agrobacterium strain GV3101 

harboring plasmids HvHKT-PMDC84 and HvHKT-pMBb7Fm21GW-UBIL. Leica SP2 

laser scanning spectral confocal Microscope at “Flow Cytometry and Confocal 

Microscopy (FCCM) Facility, University of Connecticut, Biotechnology, Bioservices 

Center” was used to visualize GFP signals (objective: 63X Plan Apo water immersion, 

numerical aperture 1.20, excitation: 488 nm and 543 nm for GFP and RFPs). 

 

http://gateway.psb.ugent.be/vector/show/pMBb7Fm21GW-UBIL/search/index/overexpression/any
http://gateway.psb.ugent.be/vector/show/pMBb7Fm21GW-UBIL/search/index/overexpression/any
http://gateway.psb.ugent.be/vector/show/pMBb7Fm21GW-UBIL/search/index/overexpression/any
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2.13.4 Stable transformation in wheat  

Wheat variety, Punjab2011, was transformed by the Agrobacterium mediated 

gene transfer method using a modified protocol (He et al., 2010). Immature embryos 

were used as sources of explants. Punjab2011 was used because of its regeneration 

response to callus induction, plant regeneration and transformation. Mature and immature 

embryos were excised and placed upside down on MS0 media supplemented with 3 mg/L 

2,4-D for 7 – 10 days. Calli were selected for Agrobacterium infection on the basis of cell 

proliferation. HvHKT gene (cloned in pIPKb-002, PMDC84 and pMBb7Fm21GW-UBIL 

vector) was transformed in Agrobacterium strain AGL1 (see stable transformation of 

HvHKT2;1 in Tobacco, step 1 – 4). Mature embryos were excised and transformed with 

pIPKb-002 construct while PMDC84 and pMBb7Fm21GW-UBIL was used for 

transformation of immature embryos. The choice between mature and immature seeds 

depends on the availability of immature seeds. Immature seeds were not available at the 

time when pIPKb-002 vector was used for cloning HKT gene. For stock solutions and 

media recipes see Appendix 14 – 23. 

2.13.4.1 Seed sterilization 

Wheat seeds (mature and immature seeds) were sterilized under aseptic conditions 

(in Laminar Flow Hood) as; 

1. Seeds were rinsed with autoclaved ddH2O to remove dust, straw etc. 

2. Seeds were washed with 100 % ethanol for 60 – 90 seconds. 

3. Seeds were washed twice with autoclaved ddH2O that removed traces of ethanol. 

4. Seeds were sterilized with 100 % bleach for 20 min (for immature seeds 30 % 

bleach was used for 10 – 15 minutes). 

5. Distilled autoclaved ddH2O was used for giving 3 – 4 washings to remove traces 

of bleach. 

6. Mature seeds were left suspended in autoclaved ddH2O overnight at 4 ˚C while 

immature embryos were used after sterilization. 

2.13.4.2 Transformation Protocol 

1. Embryos were excised from overnight treated mature seeds or fresh immature wheat 

seeds and placed upside down on MS0 media supplemented with 2, 4 – D. Plates were 

left in dark cold room (+4 ˚C) for 7 – 10 days and let the callus proliferate.  

http://gateway.psb.ugent.be/vector/show/pMBb7Fm21GW-UBIL/search/index/overexpression/any
http://gateway.psb.ugent.be/vector/show/pMBb7Fm21GW-UBIL/search/index/overexpression/any
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2. Agrobacterium transformed with HKT constructs (HvHKT2;1-PMDC84 in GV3101 

and HvHKT2;1-pMBb7FM-Ubiq in AGL1) were grown (5 – 10 selected colonies) in 

LB liquid with antibiotics (hygromycin for PMDC84 and spectinomycin for 

HvHKT2;1-pMBb7FM-Ubiq) and rifampicin + gentamycin for Agrobacterium. 

Cultures of Agrobacterium were confirmed for presence of HKT construct by PCR 

using full length HKT primers.  

3. After PCR confirmation of insert, the selected colony was grown overnight at 28 ˚C 

in LB liquid supplemented with antibiotics a day before Agrobacterium infection to 

calluses.  

4. OD600 of overnight grown cultures were checked and adjusted between 1.0 – 1.5, 3 – 

4 hours prior to Agrobacterium infection to calluses. Cultures were further grown for 

3 – 4 hours more with supplemented Acetosyrigone (final concentration 400 µM). 

5. After 7 – 10 days, once the callus gets sufficient mass (healthy calluses), these were 

collected in the center of the plate inside Laminar Flow Hood. Agrobacterium culture 

was poured on calli collected in the center of MS plates and was left as such for half 

an hour to one hour.  

6. Calli were left as such to absorb Agrobacterium and dried on sterilized filter paper. 

Calli were shifted on MS0 plates and plates were left in growth chamber set at 24 – 25 

˚C (16/8 hours light dark period) for 3 days in dark.  

7. Calli were shifted on the same media (Co-cultivation media) supplemented with 

Timentin 160 mg/L. All subsequent media plates contained Timentin at this 

concentration for controlling over growth of Agrobacterium on the explants.  

8. Explants were maintained on induction media for 3 – 4 weeks after which they were 

shifted to Regeneration media (IK Media) and moved to light.  

9. Explants were maintained by transferring them after every two week or 12 – 14 days 

to regeneration media supplemented with antibiotic plant selection (First round of 

selection where antibiotic concentration was kept low to avoid extra stress on 

explants growing because of Agrobacterium infection a second stress of antibiotic).  

10. After 3 – 4 weeks on first round of antibiotic selection, the concentration of antibiotic 

was increased for second round of selection of transgenic events on regeneration 

media.  
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11.  Once the plants get sufficient rooting they were shifted to pots containing sterile 

autoclaved soil, farm yard manure or organic manure. Plants showing resistance to 

antibiotic were checked by conventional PCR for transgene confirmation.  

2.14 DNA sequencing 

DNA sequencing was done using 3130 POP-7 Polymer as the separation medium 

on 3130xl and 3100 Capillary Array (80 cm) Genetic Analyzer from ABI PRISM (Figure 

2.2), Applied Biosystems (Part No. 4319899). The final volume of DNA sequencing 

reaction was kept at 20 µl. Primers were used in the range between 3 – 9 pmol while 

using 6 µl of the “mix” in 20 µl reaction. The template DNA was used up to 1.5 µg (1500 

ng).  

1 SephadexTM (850 µl) was used in each spin column. (To prepare, weight 3.125 

gram powder, add water to 50 ml, on shaker for 2 – 4 hours) 

2 A 4 minutes spin was given at 3,000 rpm to remove water (1st spin) 

3 The reaction (20 µl) was loaded on to the semi-dried gel.  

4 Samples were centrifuged again for 4 minutes at 3,000 rpm to de-salt (2nd spin) 

5 Reaction mix (20 µl reaction will take approximately 23 minutes) was left for 

drying by centrifuge aspirator.   

6 Dried samples were dissolved in 15 µl formamide to run in the sequencer.  

Important calculations are; 

DNA concentration (ng/µl) = DNA ng / volume in µl 

DNA ng = DNA concentration (ng/µl) X volume in µl  

If the DNA concentration is known the exact volume in µl to be used to achieve “ng” is; 

µl = DNA ng / DNA concentration (ng/µl) 
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Figure 2.2. Genetic analyzer (3130xl and 3100 capillary array) designed for typical 
long-read sequence using BigDyeTM Terminator Sequencing Standard v3.1. 
 
 
Table 2.7. DNA concentrations, size and quantities of PCR primers used for 
sequencing by using genetic analyzer. 
 

Template DNA size Nano-gram in 20 µl reaction  Pico-mole of primers used 

0.1 – 1.0 20 – 200  4 – 6   

1.0 – 4.0 200 – 500  5 – 6  

4.0 – 8.0 500 – 1200  6 – 8  

8.0 – 10.0  1000 – 1400  6 – 8  

10.0 – 20.0 1000 – 1500  8 – 10  

20.0 – 50.0 1500 – 2000  May need to run full reaction 
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2.15 Quantitative PCR analysis 

The Applied Biosystems 7500/7500 Fast Real-Time PCR System (software 

version 2.0) was used for quantitative analysis of HKT transcripts using SYBER® Green 

dye. This system uses fluorescence-based polymerase chain reaction (PCR) reagents to 

provide quantitative detection of target nucleic acid sequences using real-time analysis, 

qualitative detection of targets using post-PCR (endpoint) analysis and qualitative 

analysis of the PCR product achieved by melt-curve analysis that occurs post-PCR (see 

manual for details). 

Transcript analysis of HKT was done in yeast, barley and Tobacco plants. Elf1α 

(elongation factor) and 18S rRNA was used as internal control for expression analaysis. 

18S rRNA was found better in this study for transcript analysis by relative quantification 

method. RNA quantification and normalization was done as described in details 

(Quantification of Nucleic acids using NanoDrop). Barley plants were grown and watered 

with 50 and 100 mM NaCl while control was irrigated with distilled water. RNA was 

isolated from these three experiments and triplicated for validation of results from qPCR 

analysis. HvHKT2;1 gene with insertions was expressed in trk1, trk2 yeast mutant and 

wild type yeast strain was also used for transcript profiling.  

Fast SYBR® Green Master Mix (Applied Biosystems Product No. 4385612), 

MicroAmp® Fast Optical 96-Well Reaction Plate (Applied Biosystems Product No. 

4346906) with Barcode (0.1 mL) and MicroAmp® 96-Well Optical Adhesive Film 

(Product No. 4360954) were ordered from Applied Biosystems by Life Technologies.  

2.16 Primers for qPCR 

Primers for qPCR were designed from HvHKT2;1 gene sequence and ordered 

from sigma Aldrich. Primers used to amplify HKT fragments are; F1R1 to amplify 192 

bp exon fragment while F2R2 and F3R3 amplify fragments of intron 1st and 2nd 

respectively (For exact primer location in HKT, see Appendix 1). Product size, and 

sequences are given in Table 2.8. 
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Table 2.8. Primers used for relative transcript abundance of HKT transcripts in 
yeast, Arabidopsis, tobacco and barley.  
 

Primer Name Primer Sequence 5ʹ – 3ʹ      Tm (˚C)  Product Size 

Primer pairs for HKT transcript analysis in barley, transformed tobacco, Arabidopsis and 
yeast.  

HKT Fwd1 TTAGGTTACTGGTATGGTTCCTGG 60.0 192 bases 

(Exon 1st) HKT Rev1 GCCATCAAACACGGAAGAATTCCAA 60.0 

HKT Fwd2 GCCATTATAGTACTATTCATTGTCATGATG 60.0 264 bases 

(Intron 1st) HKT Rev2 TGCAAATGTTGCTGATGGTGGGCA 61.0 

HKT Fwd3 ACCTTAAACATGATATTCGAGGTCATCA 60.0 305 bases 

(Intron 2nd) HKT Rev3 TGGATAACCCTACATTGCCATATGC 61.0 

Primers pairs for housekeeping gene and 35S promoter for transgene confirmation and 
quantitative PCR (qPCR). 

Elf1α Fwd TTCTTGAGGCTCTTGACCAGATC 56.5 208 bases 

Ac # D63396.1 Elf1α Rev TCGTGGTGCATCTCAACAGAT 56.5 

18S rRNA Fwd AGCAAGCCTACGCTCTGTATAC 56.5 172 bases 

Ac # Q384692.1 18S rRNA Rev GCTTTCGCAGTTGTTCGTCT 56.0 

35S Forward TTGATGAAGTGACAGATAGCTGG 54.5 206 bases (35S 

promoter region in 

PMDC-84) 

35S Reverse 
GGCGAACAGTTCATACAGAGTCT 

56.6 
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2.17 Statistical analysis 

Transformed yeast mutants were grown for 36 – 72 hours in triplicate. Means 

were taken and standard error bars were given on bar graphs. Standard deviations were 

calculated for quantitative data for all the experiments in yeast, tobacco, Arabidopsis and 

barley.  
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RESULTS 

HKT gene isolated from kallar grass (Leptochloa fusca) leaf cDNA library and 

barley (Hordeum vulgare) cDNA was cloned in GatewayTM cloning vector. Sequencing 

results revealed that HKT from both the grass species were 99 % similar at nucleotide 

level and contained two insertions corresponding to two introns in HKT transcripts 

(Figure 3.1). Interestingly, cDNA isolated from both the salt tolerant grass species 

contained these insertions and other splice variants were also detected besides full length 

gene with introns (Figure 3.4 – 3.5). Partial variants of HKT gene when cloned and 

sequenced were found to contain the same insertions with exon skipping events resulting 

in productions of splice variants lacking trans-membrane domains of HKT protein 

(Figure 3.3). Short HKT transcripts containing last two truncated tans-membrane domains 

were detected every time when reverse transcription product was used to amplify HKT 

gene using full length primers (Figure 3.3). These supposedly non-functional variants 

were always detected at higher levels under both normal and salt stress conditions in 

barley and kallar grass.  

3. 1 Isolation and cloning of HKT cDNA’s from grass species 

Gene specific primers were used to amplify HKT cDNA from barley. Kallar grass 

cDNA library was also constructed in this study and HKT gene was isolated using gene 

specific primers deduced by aligning nucleotide sequences from the conserved HKT 

regions. The translated amino acid sequences from both these species showed high 

homology to HKT2;1 from barley (Haro et al., 2005) and HKT2;1 from wheat 

(Schachtman and Schroeder, 1994)  

Insertions corresponding to two introns were observed in HKT transcripts from 

both the grass species; first from 1176-1379 (204 bases) and second one from position 

1599-1856 (258 bases) was detected in all the situations. Short fragments of HKT were 

also amplified with the same set of primers used for full length primers (Figure 3.3 – 3.5). 

Nucleotide sequence revealed that the first six trans-membrane domains were present 

before the first stop codon (Figure 3.1). Nucleotide sequence and amino acid 

characteristics are shown in Figure 3.1 and 3.2 respectively. 
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CACCACTAGTATGAGCTCGGTGAAAAGATTTTACCAAGATTTCATCCATATCAAGCTGCA
TAGCTTTTGCCGTATCAGTAGATATGTTGTCGATTCAATAGCTTTTGTCTATCGATTTG
TTGCATTGCATGTTCACCCCTTCTGGATCCAACTGTCCTACTTCCTTGCCATTGCTATA
CTTGGTTCAGTCCTCTTGATGTCGCTGAAACCAAGCAACCCCGACTTCAGTCCTCCTTA
CATTGACATGTTATTCTTGTCAACTTCTGCTCTAACAGTTTCTGGCCTCAGCACCATCA
CGATGGAGGACCTCTCAAGCGCTCAAATTGTGGTCTTGACACTGCTCATGCTTGTAGGA
GGGGAGATCTTTGTTTCACTCTTAGGGCTCATGCTTAGAGTGAACCATCAAGACATGCC
AGATCTTCCAAGAGTGAAGATCAGCTCAGTTCCTGTCGAGCTTGAAGAGATAGACTTGG
CCAACAGCATGGCACTCTCTGATGAGTCACAGCTTGAAGAAGCAACTCATGCAATTACA
CCCAAGAAATGTACAGGGTTGAAGAGGAGTAGGTCTGTCAAGTGCTTAGGATATGTGGT
CTTTGGGTACTTTGCCGTGATCCATATCTTGGGCTTTCTGCTGGTTTTTCTGTATATAA
CTCGTGTGCCAACTGCAAGTGCACCACTCAACAAGAAAGGGATCAACATTGTGCTCTTC
TCATTATCGGTTACCGTCGCCTCCATTGCAAATGGAGGACTCGTGCCGACGAATGAGAA
CATGGTCATCTTCTCAAAGAATTCAGGCCTCTTGCTGCTGCTCAGTGGTCAGATTTTGG
CAGGCAACTTATTGTTCCCTCTCTTCCTTAGGTTACTGGTATGGTTCCTGGGGAGGCTC
ACAAAGGTGAAGGAGCTGCGGCTCATGATCAAGAATCCAGAGGAAGTGCATTTTGGTAA
TCTGCTTCCTAGGTTGCCGACTGTGTTTCTCTCCTCGACAGCCATTGGCCTTGTAGCAG
CTGGGGTCACAATGTTCTCCGCTGTTGATTGGAATTCTTCCGTGTTTGATGGCCTCAGC
TCTTATCAGAAGGCTGTCAATGCATTCTTCATGGTGGTGAATGCAAGGCACTCAGGGGA
GAATTCCATCGACTGCTCACTCATGTCACCCGCCATTATAGTACTATTCATTGTCATGA
TGTAAGTTCATGACTGCATGACACTTCATTAATCAATGTTTCATTTCATATCATTTGAT
AAGTACTCCCCCTGTAAACTAATATAAAAGCATTTAGAACACTACTTTAGTAATCTAAA
CGCTCTTATATTAGTTTACAGAGGGAGTAGTACTTACTTGCTTTAGAATCTCAAGATTT
ATGTGCGACAATTTACTTCTTGTCTCAGGTATTTGCCACCATCAGCAACATTTGCACCA
CCTGATGGAGATATTAAAACCACCAATGAGAACACGAAAGCCAAGAGAGGGTCGTTGGT
GCAAAAATTGGCATTTTCACCACTCGGGTTTAACATCATCTTTGTAATAGTTGCCTGCA
TCACTGAAAGGAGAAGGCTCAGAAATGATCCACTCAACTTCTCAACCTTAAACATGATA
TTCGAGGTCATCAGGTGTGTTCTTCTTTGATATAATATAATTGAAATATTTCATTACTC
TGCCGGTCAGCAAAGATGTAGAAAAGACAGTACAGCAATGGTAGCATAGACTAATGGTA
AATAGCAGTTGCAGAATAACAGAATAGTAAAGTTAGTTCATAAACAGATCACTGTGTGT
TTGCAAGAGCTAAACACGACAATAAACTGAACTCTCTTAGGACACAAAATCTAACTCGT
GAATGCCTTTGACATTTTGTATGCTTTGTTTTGCAGCGCATATGGCAATGTAGGGTTAT
CCACTGGTTACGGTTGTTCTAGGCTGCATCAGCTGCACCCAGAGATCATCTGCCAGGAC
AAGCCATACAGCTTTTCTGGATGGTGGAGTGACGGAGGGAAGTTTGTGCTAATCTTGGC
CATGCTCTATGGAAGGCTTAAGGCCTTCACGATGACCATGGGTAAATCCTGGAAAGTAT
GA 
Figure 3.1: Nucleotide sequence of HKT gene (Accession # JN547409, total length 
with introns is 2058 bases) isolated from barley cDNA. cDNA’s from both the grass 
species (barley and kallar grass) contained two insertions (colored in red) corresponding 
to the 1st intron (204 bases) and 2nd intron (258 bases). Green (nucleotide 228-279, first 
pore loop) represents the first two trans-membrane domains (TMD), nucleotides 687-744 
shown in pink are 3rd and 4th TMD (2nd pore loop), Nucleotide 1062 – 1113 in light blue 
color indicate 5th and 6th TMD (3rd pore loop), while 2nd intron in HKT truncated last two 
TMD’s  (fourth pore loop) shown in grey. Red colored nucleotides indicate two introns in 
HKT2 from barley and kallar grass (same gene structures), with stop codons appearing in 
yellow. The gene structure comprises two intron (1st from 1173 – 1376 and 2nd from 1599 
– 1856) and three exons; 1st (1 – 1172), 2nd (1377 – 1598) and 3rd (1857 – 2058).  
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3. 2  Amino acid profile  

HKT proteins are comprised of four pore loops clutching eight functional 

domains (highlighted in different colors in Figure 3.1 – 3.2) resulting from sequential 

membrane-pore-membrane (MPM) motifs as has been suggested previously in structural 

models of HKT (Durell and Guy, 1999; Durell et al., 1999; Kato et al., 2001; Maser et 

al., 2002). HKT transporters vary in their K+/Na+ selectivity in first pore loop A (Figure 

3.6, structural model of HKT protein). This gene belongs to subfamily 2 of HKT 

transporters conforming Na+/K+ symport function (Platten et al., 2006). Glycine (amino 

acid position 91 in polypeptide chain) in the first pore loop region (Figure 3.2 and Figure 

3.6) gives the transporter K+ selectivity (Maser et al., 2002; Tholema et al., 2005).  

Molecular weight of HvHKT2;1 protein is 58767.60 daltons consisting of 531 

amino acid residues; comprising 45 strongly basic (+) amino acids (K,R), 34 strongly 

acidic (-) amino acids (D, E), 232 hydrophobic amino acids (A, I, L, F, W, V) and 132 

polar amino acids (N,C,Q,S,T,Y). The amino acid profile clearly showed that HKT2 

protein sequences from barley and kallar grass were strongly basic in character with more 

conspicuous hydrophobic properties (Figure 3.2).  
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MSSVKRFYQDFIHIKLHSFCRISRYVVDSIAFVYRFVALHVHPFWIQLSYFLAIAILGS

VLLMSLKPSNPDFSPPYIDMLFLSTSALTVSGLSTITMEDLSSAQIVVLTLLMLVGGEI

FVSLLGLMLRVNHQDMPDLPRVKISSVPVELEEIDLANSMALSDESQLEEATHAITPKK

CTGLKRSRSVKCLGYVVFGYFAVIHILGFLLVFLYITRVPTASAPLNKKGINIVLFSLS

VTVASIANGGLVPTNENMVIFSKNSGLLLLLSGQILAGNLLFPLFLRLLVWFLGRLTKV

KELRLMIKNPEEVHFGNLLPRLPTVFLSSTAIGLVAAGVTMFSAVDWNSSVFDGLSSYQ

KAVNAFFMVVNARHSGENSIDCSLMSPAIIVLFIVMMYLPPSATFAPPDGDIKTTNENT

KAKRGSLVQKLAFSPLGFNIIFVIVACITERRRLRNDPLNFSTLNMIFEVISAYGNVGL

STGYGCSRLHQLHPEIICQDKPYSFSGWWSDGGKFVLILAMLYGRLKAFTMTMGKSWKV 

Figure 3.2: Amino acid profile of HvHKT2;1 protein from barley (line Pk-38). 
Amino acid from 75 – 93 represents 1st and 2nd TMD (First pore loop) and Glycine shown 
in yellow gives the transporter K+ selectivity. 3rd and 4th TMD (amino acid 229-248 
comprising 2nd pore loop), 3rd pore loop in sky blue color consists of 5th and 6th TMD, 
and forth pore loop forms 7th and 8th TMD (shown in red). 

 

CACCACTAGTATGAGCTCGGTGAAAAGATTTTACCAAGATTTCATCCATATCAAGCTGC

ATAACTCTGCCGGTCAGCAAAGATGTAGAAAAGACAGTACAGCAATGGTAGCATAGACT

AATGGTAAATAGCAGTTGCAGAATAACAGAATAGTAAAGTTAGTTCATAAACAGATCAC

TGTGTGTTTGCAAGAGCTAAACACGACAATAAACTGAACTCTCTTAGGACACAAAACCT

AACTCGTGAATGCCTTTGACATTTTGTATGCTTTGTTTTGCAGCGCATATGGCAATGTA

GGGTTATCCACTGGTTACGGTTGTTCTAGGCTGCATCAGCTGCACCCAGAGATCATCTG

CCAGGACAAGCCATACAGCTTTTCTGGATGGTGGAGTGACGGAGGGAAGTTTGTGCTAA

TCTTGGCCATGCTCTATGGAAGGCTTAAGGCCTTCACGATGACCATGGGTAAATCCTGG

AAAGTATGATCTAGA 

Figure 3.3: A short fragment of 471 bases of the HKT gene amplified from both 
grass species with the same primer pair that was used to clone full length HKT gene. 
Out of 258 bases in the 2nd intron, the last 224 bases were present in this short fragment. 
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Figure 3.4: Amplification of cDNA fragments from different Kallar grass plants. Fragments of HKT (around 1,200 bp 
approximately) were amplified using the same set of primers to clone full length gene (above 2kbp fragment shown in the gel in 1st 
well). Amplified products were electrophoresed on 1 % agarose gel.. Amplified fragments were cloned and HKT fragments were 
confirmed by sequencing.  
 
M = Marker; 1Kbp DNA ladder from Fermentas 
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Figure 3.5: Amplification of HKT gene by conventional PCR using Takara (high 
fidelity) Taq polymerase (after 40 cycles). Amplified products were electrophoresed on 
1 % agarose gel. The first lane shows the Marker (1Kbp Plus DNA ladder from 
Invitrogen Cat # 10787-018). a – c) Barley cDNA isolated at different time d) Barley 
cDNA 2nd replication, e) Kallar grass cDNA library, f – h) Kallar grass cDNA 
replications. Gel fragments were excised, purified and sequenced. Sequencing results 
showed exon skipping (1,200 bp) fragment and a short 477 base pair fragment with only 
2nd intron and last exon. The full length primer pair gave the three products in one PCR 
reaction. 
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Figure 3.6: Structural model of HKT proteins. Predicted pore loops are labeled as A, 
B, C and D. Transmembrane domains are numbered from 1 – VIII (Maser et al., 2002). 
The alignment shows P-loop A of various plant HKTs compared with Trk1 from S. 
cerevisiae (M21328) (Gaber et al., 1988), TrkH from P. aeruginosa (AAG06598)(Maser 
et al., 2002; Winsor et al., 2005; Winsor et al., 2009), KtrB from Vibrio alginolyticus 
(BAA32063) (Durell and Guy, 1999), Trk-type (ZP_18856772), ScTrk1 (EDV12642) 
(Gaber et al., 1988; Haro and Rodriguez-Navarro, 2003), ScTrk2 (EJS42862) (Ko and 
Gaber, 1991; Michel et al., 2006), TrkH (EIM22933) (Calero et al., 2000; Domene and 
Furini, 2012) and P-loop of the D. melanogaster Shaker channel (S00479). The residue 
corresponding to the first glycine of the K+ channel GYG motif is marked with an 
asterisk (Maser et al., 2002). 
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3. 3  HKT gene constructs 

HKT gene amplified from Kallar grass cDNA library, barley cDNA and OsHKT1 

were cloned in pENTR D-TOPO Gateway vector. Gateway LR reaction was performed 

to further sub-clone HKT gene from entry clone to binary vector (Karimi et al., 2007). 

HKT gene isolated from barley contained two insertions corresponding to two introns 

under both salt stress and normal growth conditions. HvHKT2;1-i (with introns) was 

amplified from cDNA of salt treated (50 mM and 100 mM NaCl) and control plants (0 

mM or without NaCl stress treatment). HKT cDNA from barley and kallar grass with 

introns was cloned under constitutive and inducible promoters. cDNA of barley and rice 

(OsHKT1 and HvHKT2;1 in pYPGE15 gifted by Dr. Rodriguez Navarro) were also 

amplified and sub-cloned in Gateway entry vector, yeast expression vector and plant 

expression vectors (Karimi et al., 2002). In total, 12 entry clones (pENTR), 11 yeast 

constructs (pYES) and 27 constructs for plant transformation were made. Details of 

constructs are given in Figure 3.7, Table 3.1, and Table 3.2.  
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Figure 3.7: HKT genes (HvHKT2;1, LfHKT2 and OsHKT1) were cloned in 
GatewayTM expression system. HvHKT2;1 was cloned with and without introns in entry 
vector for further sub-cloning in gateway expression vectors.  HKT genes were also 
cloned without a stop codon for GFP fusion studies (PMDC84, pB7WG2D,1 and 
pMBb7Fm21GW-Ubiq) and transient gene expression studies in plant systems (Hilson, 
2006; Karimi et al., 2007; Karimi et al., 2002; Karimi et al., 2005).  
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Table 3.1: List of HKT constructs developed utilizing Gateway cloning strategy. 

 

HKT cDNA’s were cloned with and without stop codon for making construct for fusion protein expression studies. HvHKT2;1-i (with 
introns) was isolated from cDNA of barley line PK-38. pENTR vector and yeast vector pYES were ordered from Invitrogen (for 
details see material and methods). For yeast deletion mutant and trans-membrane domain studies, deletion fragments of HKT cDNA’s 
from kallar grass and barley were cloned in yeast vector pYES DEST52 (Figure 3.7). 

 

Constructs HvHKT2;1-i OsHKT1 HvHKT2;1 cDNA  LfHKT2 Transmembrane Domains Stop Codon Intron 

Gateway entry clones (pENTR D TOPO) 

 

 

pENTR 

Yes  Yes Yes First three No No 

Yes   Yes First three  Yes Yes, 1st  

 Yes Yes  All Four Yes No 

 Yes Yes  All Four No No 

Yes  (Sc & Ns)   Yes All Four with intron I and II YES Yes 

Constructs for yeast deletion studies in Gateway expression vector (Yeast) 

pYES 

DEST 52 

For yeast  

Yes  Yes Yes First three No No 

Yes   Yes First three  Yes Yes, 1st  

 Yes Yes  All Four Yes No 

 Yes Yes  All Four No No 

Yes   Yes All Four with intron I and II YES Yes 
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Table 3.2: Details of HKT cDNA’s cloned in plant expression vectors. 

Vectors HvHKT2;1-i  OsHKT1 HvHKT2;1 cDNA  LfHKT2 Transmembrane Domains Stop Codon Intron 

PMB Yes   Yes All Four with intron I and II Yes Yes 

PMB  Yes Yes  All Four Yes No 

PB Yes   Yes All Four with intron I and II Yes Yes 

PB  Yes Yes  All Four Yes No 

PMDC84 Yes  (SC & NS)   Yes All Four with intron I and II Yes Yes 

PMDC84  Yes   Yes  (Sc & Ns)  All Four Yes No 

pSPDK Yes    All Four with intron I and II Yes Yes 

pIPKb002 Yes   Yes All Four with intron I and II Yes Yes 

pIPKb002  Yes Yes  All Four Yes No 

pIPKb003 Yes   Yes All Four with intron I and II Yes Yes 

pIPKb003  Yes Yes  All Four Yes No 

pIPKb004 Yes   Yes All Four with intron I and II Yes Yes 

pIPKb004  Yes Yes  All Four Yes No 

 15 10 13 12 Total 50  

 
pB7WG2D,1 and pMBb7Fm21GW-Ubiq (Hilson, 2006; Karimi et al., 2007; Karimi et al., 2002; Karimi et al., 2005) are shown here 
as PB and PMB respectively. Expression of the GatewayTM cassettes of the binary vectors pIPK002 (Accession # EU161568), 
pIPKb003 (Accession # EU161569) and pIPKb004 (Accession # EU161570) is driven by constitutive promoters; ZmUbi1, OsAct1 
and d35S (double 35S) respectively (Himmelbach et al., 2007).  
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3. 4  Directional cloning in Gateway vectors 

HKT genes (HvHKT2;1, LfHKT2 and OsHKT1) were cloned in Gateway entry 

vector from Invitrogen (pENTR D-TOPO). Kallar grass cDNA library was made and 

used for HKT gene isolation. cDNA from both the grass species contained insertion that 

corresponds to introns in HKT and belong to group 2. cDNA’s with these insertions were 

cloned in pENTR vector and these entry clones were used to sub-clone HKT genes in 

Gateway expression vectors (Table 3.1 – 3.2 and Figure 3.7).   

Four nucleotide bases (CACC) were added before the forward primer to utilize 

the Gateway property of directional cloning of the gene in pENTR D-TOPO vector 

(Figure 2.1). Restriction sites flanking forward and reverse primers were also added for 

confirmation of insert size and gene integration in correct order by restriction analysis for 

further validation of results, although cloning in Gateway is always directional. The other 

purpose was to confirm the product size as partial and short fragments of HKT (barley 

cDNA and Kallar grass cDNA library) were also cloned in some cases.  

HKT cDNA’s were PCR amplified by adding a flanking CACC sequence before 

start codon in forward oligonucleotide primer to facilitate directional cloning of PCR 

product into pENTR/D-TOPO vector. The topoisomerase molecule attached to the mixed 

product of PCR and pENTR/D-TOPO vector (Curtis and Grossniklaus, 2003; Earley et 

al., 2006; Karimi et al., 2002) catalyze the ligation reaction between target and vector 

sequences (Figure 2.1). Subsequent recombination reactions is mediated by the flanked 

cloning attL1 and attL2 sites (Hilson, 2006; Karimi et al., 2007; Karimi et al., 2002; 

Karimi et al., 2005). LR clonase reaction enzyme mix (Invitrogen) containing the 

required enzymes was used for recombination reaction between attL and attR sites into a 

destination vector of choice (Earley et al., 2006).  
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3. 5  Cloning, transformation and expression of HvHKT2;1-i cDNA in yeast 

The HKT gene was cloned under a galactose inducible promoter in yeast 

expression vector pYES-DEST52 (Invitrogen). The shuttle vector harboring HKT gene 

was selected on ampicillin LB agar plates. Positive colonies growing on selective LB 

plates were picked and grown in LB liquid media (ampicillin) on shaking at 37 ˚C, 

overnight. After confirmation of positive clones by sequencing, HvHKT2;1-i was 

transformed in T0 yeast strains. Two yeast strains were used in this study: wild type yeast 

RG9 and potassium uptake deficient mutant yeast strain trk1, trk2 (Gaber et al., 1988) 

(potassium is essential for the growth of trk1, trk2). In the absence of potassium in the 

media trk1, trk2 does not grow. Transformed yeast strains were selected on SC – U 

(selective drop out media without uracil) plates at 28 – 30 ˚C incubator for 24 – 48 hours.  

Liquid SC – U media was used to grow transformed yeast strains and growth rates 

were measured after 4, 8, 12, 16, 24, 48, 72 hours. OD600 were calculated using a 

spectrophotometer for all the cultures grown after specific time periods. Cultures were 

spun down in a spin out rotor type centrifuge and washed thrice with distilled autoclaved 

water. The pellets were re-suspended in specific quantity of distilled autoclaved water: 

volume of water taken in EppendorffTM tube is adjusted to bring their OD600 to 1.00. 

Growth studies were done initially on selective media plates with glucose. Transformed 

yeasts were selected and screened on uracil drop out media plates containing glucose as 

energy source. trk1, trk2 transformed strain with pYES-DEST52 vector (Figure 3.8) 

harboring HvHKT2;1-i and trk1, trk2 transformed strain with control vector (Figure 3.9) 

were grown in 100 mM KCl as trk1, trk2 mutant needs potassium in the media to grow. 

This culture was used to drop out on YPD agar and drop out SC – U media plates for 

growth assays. A multi-pipettor was used to drop out 5 µl of serially diluted cultures on 

agar plates (YPD and SC – U, Figure 3.10 and 3.11). The hygromycin assay was used 

(Ali et al., 2006) for functional characterization of HvHKT2;1-i (with introns) on YPD 

solid with different concentrations of KCl and NaCl (Figure 3.12 – 3.16).  
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Figure 3.8: Invitrogen vector (pYES DEST52) was used to clone HKT cDNA for 
yeast expression system. HKT cDNA’s from kallar grass and barley were cloned without 
stop codon in frame with V5epitope and 6xHis tag. Deletion fragments amplified from 
both the grass species were cloned in pYES vector for Transmembrane domain studies 
(TMD). A); HKT cDNA from kallar grass and barley with both insertions (intron 1 and 
2). B); Full length HKT cDNA’s from rice and barley without introns (OsHKT1 and 
HvHKT2;1 from Dr. Rodriguez Alonso Navarro). C); HvHKT2;1 and LfHKT cDNA’s 
with first intron. D): HvHKT2;1  and LfHKT cDNA with first three pore loops (first 6 
Transmembrane domains) cloned without stop codon and in frame with V5epitope and 
6xHis tag.  

 

 



Chapter 3                                                                                                                    Results 

85 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: Control vector (InvitrogenTM) was used to transform wild type and 
potassium uptake deficient yeast strain trk1, trk2 for complementation analysis. 
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a)        YPD Plate    b) Selective medium (glucose) 

    trk1, trk2      Wild Type        trk1, trk2      Wild Type 

 

 

 

 

 

c) Selective medium (10 mM KCl)   d) Selective medium (25 mM KCl) 

   trk1, trk2      Wild Type         trk1, trk2      Wild Type  

                 

 

 

 

 

Figure 3.10: Yeast transformed with HvHKT2;1-i, showing marked differences in 
growth response. Growth activity of potassium uptake deficient mutant yeast strain trk1, 
trk2 and wild type yeast strain RG9 is shown above. a) Yeast strains growing on yeast 
peptone dextrose agar media plate. b) Yeast transformants growing on selective plates 
containing glucose as a source of energy (uracil deficient media, SC – U). c - d) Yeasts 
growing on SC – U plates with supplemented K+ salt (KCl).  
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a)        Selective medium (galactose)   b) Selective medium (10 mM KCl) 

    trk1, trk2     Wild Type        trk1, trk2    Wild Type 

           

 

 

 

 

c) Selective medium (25 mM KCl)   d) Selective medium (50 mM KCl) 

   trk1, trk2     Wild Type        trk1, trk2     Wild Type 

  

 

 

 

 

Figure 3.11: Yeast transformed with HvHKT2;1-i, growing on induction media. 
Growth activity of yeast mutant strain trk1, trk2 deficient in K+ uptake system and wild 
type yeast strain RG9 in shown above. a) Yeast strains growing on induction media 
(galactose-raffinose). b – d) Transformed yeast strains growing on induction media with 
supplemented K+ salt (KCl). 
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3. 6 Functional complementation analysis in yeast 

The drop out method was used for yeast growth analysis on yeast peptone 

dextrose media agar plates. Yeast transformants were grown to OD600 1.00. Serial 

dilutions were made as 0, 1/10, 1/25, 1/50, 1/75 and 1/100 for drop out experiments on 

YPD plates (see Table 2.4 – 2.6 in Material and Methods). In some cases only 3 – 4 serial 

dilutions were used (indicated in Figure   captions) due to little to no differences 

observed. The trk1, trk2 yeast mutant was used in this study, which is a potassium uptake 

deficient mutant strain.  Growth of serially diluted drop out yeast was observed over 

periods of time (24 – 72 hours). The hygromycin assay was used for functional 

complementation analysis (Ali et al., 2006; Seto-Young et al., 1996). Growth of mutant 

yeast strain trk1, trk2 (Calero et al., 2000) transformed with HvHKT2;1-i showed 

recovery when Hygromycin YPD solid was supplemented with different concentrations 

of K+ or Na+ salt (Figure 3.12 – 3.16).  

Hygromycin is an aminoglycoside used for functional analysis of the ion transport 

processes (Ali et al., 2006). Hygromycin inhibits the growth of yeast cells (Ali et al., 

2006; Rajagopal et al., 2007; Seto-Young et al., 1996) but displayed growth recovery 

when supplemented with K+ or Na+ salt (as Cl-). Ion competition is created on non-

selective cation channels (NSCC) between hygromycin and other ions. Hygromycin 

being more positive charge carrier moves through these NSCC affecting the cell 

membrane in two ways; directly by membrane depolarization with inhibitory effect on 

ion uptake of other ions and indirectly by blocking channels. Hygromycin concentration 

was optimized for functional complementation assays for setting growth conditions in 

YPD solid. Expression of HvHKT2;1-i in trk1, trk2 under galactose inducible promoter in 

pYES-DEST 52 resulted in growth recovery of yeast cells as compared to empty vector 

control (pYES2/CT) on YPD solid. trk1, trk2 expressing HvHKT2;1-i grew better at all 

concentrations of hygromycin (Fig. 3.12  a – c) while total loss in growth activity was 

seen at 100 µg/µl (Fig. 3.12 d).  
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a)        Hygromycin 10 µg/µl        b)        Hygromycin 25 µg/µl 

                 trk1, trk2      Wild Type       trk1, trk2      Wild Type 

       

 

 

 

 

c)        Hygromycin 50 µg/µl         d)        Hygromycin 100 µg/µl 

         trk1, trk2      Wild Type      trk1, trk2      Wild Type  

 

 

 

 

 

Figure 3.12:  Effect of various concentrations of hygromycin (from a – d; 10 µg/µl, 
25 µg/µl, 50 µg/µl and 100 µg/µl) on yeast (Seto-Young et al., 1996) transformed with 
HKT and control vector. trk1, trk2 is potassium uptake deficient mutant and RG9 is a 
wild type yeast strain where all the transporters are working. 
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3.6.1 Na+/K+ symport function of HvHKT2:1-i  

The HvHKT2;1-i transformed trk1, trk2 mutant and wild type strains were 

checked for drop out experiments on YPD solid media for growth assays. YPD plates 

were used without any supplemented salts, either K+ or Na+, for growth comparisons 

under standard normal conditions. Low concentrations of K+ salt were also used in 

growth assays. At lower K+ concentrations (50, 100 and 200 µM) a down regulation of 

transport properties of HvHKT2;1-i was observed. Growth of trk1, trk2 mutant when 

grown alongwith wild type yeast transformants on Hygromycin YPD plates showed 

improvement in growth response when KCl concentration in YPD is increased. trk1, trk2 

mutant harboring HvHKT2;1-i  gene construct grew little better as compared to empty 

vector when grown at 10 mM KCl (Figure 3.13). Improvements in growth properties 

were observed when KCl was increased from 10 mM to 25 mM. Effects of hygromycin 

on the growth of transformed yeast strains with HvHKT2;1-i-pYES DEST52 and 

pYES2/CT control vector were seen in various concentrations of KCl. Increasing the 

concentration of hygromycin resulted in depolarization of cell membrane (Seto-Young et 

al., 1996) and hyperpolarization resulted in cell membrane degradation (Figure 3.12 c – 

d). Addition of any ion if results in growth recovery under such growth limiting 

conditions shows that there is some transporter/channel on the plasma membrane that is 

helping in movement of that ion into the cell to make the cell survive. Recovery of the 

mutant strain was observed at different concentrations of KCl and NaCl (Figure 3.13 – 

3.16).  

As the concentration of hygromycin increased from 25 µg/µl to 50 µg/µl, growth 

of trk1, trk2 ceased and finally resulted in total loss of growth of trk1, trk2 at 100 µg/µl 

(Figure 3.12 b – d) while wild type transformed with either empty or control vector 

sustained growth to some extent at no dilution (without dilution or OD600 of 1.00). 

Growth recovery of HvHKT2;1-i transformed trk1, trk2 was seen at 100 µg/µl when the 

YPD plate was supplemented with 50 mM to 75 mM KCl (Figure 3.15 e – f) compared to 

no growth at 100 µg/µl (Figure 3.12 d). These results showed strong evidence in support 

of K+ uptake by HvHKT2;1-i. K+ uptake function was clearly seen on YPD plate 

containing 25, 50, 75 or 100 µg/µl hygromycin (Figure 3.15 b – e) as compared to the 

growth at 10 µg/µl hygromycin (Figure 3.15 a) when supplemented with 50 mM KCl in 
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all the conditions. Results from these assays clearly showed hygromycin sensitivity of the 

trk1, trk2 yeast mutant and growth recovery of HvHKT2;1-i transformed trk1, trk2 with 

addition of KCl in YPD media, indicating a K+ uptake system operating on plasma-

membrane. Furthermore, supplementing 10 mM NaCl at 50 µg/µl hygromycin resulted in 

growth recovery of HvHKT2;1-i transformed trk1, trk2 yeast mutant to some extent while 

the control transformed strain was unable to grow (Figure 3.16 b). Growth comparison 

between HvHKT2;1-i transformed trk1, trk2 and control on YPD plate supplemented with 

10 mM NaCl showed clear growth difference (Figure 3.16 a). The growth rates of 

HvHKT2;1-i transformed trk1, trk2 were more reflective of Na+ uptake at 25 µg/µl 

supplemented with 25 mM NaCl on YPD plate (Figure 3.16 c). These findings suggest 

that yeast mutant under hyg growth limiting conditions in YPD solid offers a state where 

addition of an ion if recovers yeast growth can help in depicting the function of 

transporter and the ion being transported. Growth recovery of yeast cells in the presence 

of hyg growth limiting condition when supplemented with mM concentrations of KCl 

and NaCl produce an evidence that HvHKT2;1-i complements yeast growth. 
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a) 10 mM KCl and hygromycin 10 µg/µl       b) 10 mM KCl and hygromycin 25 µg/µl  

          trk1, trk2      Wild Type                   trk1, trk2    Wild Type 

 

 

 

 

 

c) 10 mM KCl and hygromycin 50 µg/µl       d) 10 mM KCl and hygromycin 75 µg/µl  

    trk1, trk2      Wild Type      trk1, trk2      Wild Type 

 

 

 

 

 

Figure 3.13: Transformed yeast strains growing on yeast peptone dextrose media at 
10 mM KCl supplemented with various concentrations of hygromycin for functional 
analysis.  
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a) 25 mM KCl and hygromycin 10 µg/µl       b) 25 mM KCl and hygromycin 25 µg/µl 

     trk1, trk2    Wild Type      trk1, trk2      Wild Type 

 

 

 

 

 

 

c) 25 mM KCl and hygromycin 50 µg/µl       d) 25 mM KCl and hygromycin 75 µg/µl 

                 trk1, trk2     Wild Type           trk1, trk2    Wild Type 

 

 

 

 

 

 

 

Figure 3.14: Transformed yeast strains growing on yeast peptone dextrose media at 
25 mM KCl supplemented with various concentrations of hygromycin (a – d) for 
functional analysis.  
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a) 50 mM KCl and hygromycin 10 µg/µl       b) 50 mM KCl and hygromycin 25 µg/µl 

     trk1, trk2   Wild Type                 trk1, trk2       Wild Type 

 

 

 

 

 

c) 50 mM KCl and hygromycin 50 µg/µl       d) 50 mM KCl and hygromycin 75 µg/µl 

   trk1, trk2   Wild Type                   trk1, trk2     Wild Type 

 

 

 

 

 

 

e) 50 mM KCl and hygromycin 100 µg/µl       f) 75 mM KCl and hygromycin 100 µg/µl 

            trk1, trk2      Wild Type           trk1, trk2      Wild Type 

 

 

 

 

 

Figure 3.15: Transformed yeast strains growing on yeast peptone dextrose media at 
50 mM and 75 mM KCl supplemented with various concentrations of hygromycin (a 
– f).  
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a) 10 mM NaCl        b) 10 mM NaCl and hygromycin 50 µg/µl 

           trk1, trk2      Wild Type    trk1, trk2      Wild Type 

 

 

 

 

 

c) 25 mM NaCl and hygromycin 25 µg/µl     d) 50 mM NaCl and hygromycin 50 µg/µl 

trk1, trk2      Wild Type     trk1, trk2      Wild Type 

 

 

 

 

 

Figure 3.16: Transformed yeast strains growing on yeast peptone dextrose media at 
different concentrations of NaCl supplemented with various concentrations of 
hygromycin for functional analysis. a – d shows Na+ transport function of HKT in trk1, 
trk2 yeast transformants on yeast peptone dextrose media. 
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3.6.2 High affinity K+ transport function of HvHKT2;1-i  

To find out the growth rates, potassium uptake deficient yeast mutant trk1, trk2 

(transformed with pYES2/CT control vector and HvHKT2;1-i pYES DEST52 vector) 

were grown at different concentrations of KCl. Yeast transformed mutant (trk1, trk2) was 

grown in drop out liquid media (SC – U) and growth rates were measured in terms of 

OD600 after 12, 24 and 36 hours. Experiments were repeated thrice in both non-induced (2 

% glucose) and induced (2 % galactose and raffinose) drop out liquid media without 

Uracil (SC – U) that served as selection for transformed yeast strains. Overnight grown 

yeast strains at 100 mM were used as source of inoculum for SC – U drop out liquid 

cultures (15 ml) with different concentration of KCl (0, 10, 25, 50, 100, 150 and 200 

mM). Higher affinity for K+ ion uptake was observed at low K+ concentrations; minimal 

zero and 10 mM, under both induced and non-induced growth conditions (Figure 3.17 – 

3.19) after 12, 24 and 36 hours. This effect became clear as the time passed from 12 to 36 

hours in induced and non-induced conditions.  

Growth rates measurements indicated a better growth performance of trk1, trk2 

expressing HvHKT2;1-i under both induced and non-induced growth conditions which is 

highly significant comparative to  control. Interaction of KCl concentration to growth 

conditions (induced and non-induced) showed a significantly better growth of trk1, trk2 

mutant strain expressing HvHKT2;1-i under galactose inducible conditions than non-

induced conditions. Furthermore, under both induced and non-induced conditions, growth 

rate of mutant expressing empty vector were significantly less than HvHKT2;1-i. This 

suggests enhanced growth activity of trk1, trk2 mutant expressing HvHKT2;1-i. Results 

showed high affinity K+ transport function of HvHKT2;1-i transformed trk1, trk2 yeast 

mutant at lower K+ under induced growth conditions i.e. 10 mM, 25 and minimal zero 

mM in the drop out media which was significantly higher than control and strong 

induction of galactose promoters increasing growth to two-fold. 
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Figure 3.17: Growth studies of yeast strains after 12 hours of inoculation. Potassium 
uptake deficient yeast strain trk1, trk2 expressing empty/control vector (EV) and 
HvHKT2;1-i (with both introns) were grown at different concentrations of KCl (on X-
axis, 0, 10, 25, 50, 75, 100, 150 and 200 mM) in drop out (SC – U) liquid cultures. Y-axis 
shows the OD600 measurements. Growth measurements were taken as OD600 after 12 
hours. a) Growth rates of trk1, trk2 transformed yeast strain at 2 % glucose (Non-
induced). b) Growth rates of trk1, trk2 transformed yeast growing at 2 % galactose-
raffinose (Induced). Results are shown as means + SE (n = 3) at P = 0.05. 
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Figure 3.18: Growth studies of induced and non-induced potassium uptake deficient 
yeast strain trk1, trk2 expressing control vector (EV) and HvHKT2;1-i (with both 
introns) grown at different concentrations of KCl (on X-axis, 0, 10, 25, 50, 75, 100, 
150 and 200 mM) in drop out (SC – U) liquid cultures. Growth measurements were 
taken as OD600 measurement (shown on Y-axis as growth rates) after 24 hours. a) Growth 
rates of trk1, trk2 transformed yeast strain at 2 % glucose (non-induced). b) Growth rates 
of trk1, trk2 transformed yeast growing at 2 % galactose-raffinose (induced). Results are 
shown as means + SE (n = 3) at P = 0.05. 
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Figure 3.19: Comparative growth studies of induced and non-induced potassium 
uptake deficient yeast strain trk1, trk2 expressing empty/control vector (EV) and 
HvHKT2;1-i (with both introns) grown at different concentrations of KCl (on X-
axis, 0, 10, 25, 50, 75, 100, 150 and 200 mM) in drop out (SC – U) liquid cultures. 
Growth measurements (shown on Y-axis as growth rates) were taken as OD600 
measurement after 36 hours. a) Growth rates of transformed trk1, trk2 yeast strain at 2 % 
glucose (Non-induced). b) Growth rates of transformed trk1, trk2 yeast growing at 2 % 
galactose-raffinose (induced). Results are shown as means + SE (n = 3) at P = 0.05. 
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3. 7  HvHKT2:1-i transcript analysis in yeast  

HvHKT2;1-i (with both intron) was transformed in yeast potassium uptake 

deficient strain trk1, trk2 and wild type yeast (RG9) strain. Control vector pYES2/CT 

from Invitrogen was also transformed in trk1, trk2 and RG9 yeast strain. Ura+ yeast 

transformants (control and HvHKT2;1-i) were grown in drop out liquid (SC – U) media. 

Non-induced (grown in SC – U supplemented with 2 % glucose) and induced (2 % 

galactose-raffinose, SC – U media) yeast strains were grown overnight in drop out liquid 

with 100 mM KCl (SC – U) and shaking at 220 – 250 rpm at 30 ˚C. RNA was isolated 

from spheroplast (cell wall digested enzymatically lysed yeast cells) of overnight grown 

transformed yeast strains. Quantification of RNA was done using NanoDropTM. Two 

microgram of RNA was used for reverse transcription. Product of reverse transcription 

(100 ng) was used for real time quantification of HKT transcripts. All normalization steps 

were done using a NanoDropTM. Relative quantification was done using two 

housekeeping genes; 18S rRNA and elf1α as internal control, where 18S rRNA was found 

better for relative expression studies. Three sets of primers were used in all the cases; 

F1R1, F2R2 and F3R3 (for primer sequence see Chapter 2; Table 2.8). Comparison of 

HvHKT2;1-i transcript abundance in transformed yeast strains (wild and trk1, trk2) under 

induced and non-induced growth conditions are shown in Figure 3.20  a – b.  

Expressional analysis showed amplification of HvHKT2;1 products from trk1, 

trk2 and wild type yeast strain expressing HvHKT2;1-i while nothing amplified from 

yeast strains expressing an empty vector (control). Relative abundance of transcripts was 

highly significant in trk1, trk2 mutant yeast strain than wild type under induced growth 

conditions suggesting strong induction of galactose inducible promoter. Enhanced 

expression of HvHKT2;1-i in trk1, trk2 compared to non-induced growth conditions with 

a range of 50-80 fold increase under induced growth conditions (Figure 3.20). 

Furthermore, statistical analysis using a three way interaction LSD test showed highly 

significant results with abundance of HvHKT2;1-i2 transcripts and lowest HvHKT2;1-e 

transcripts indicating abundance of transcripts with intron retention events. Results from 

yeast relative quantification experiments (qPCR) showing presence of different 

proportions of three transcripts were consistent with transcript profiling of HvHKT2;1-i 

in barley under native conditions.  
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Figure 3.20: Transcript profiling of trk1, trk2 and wild type yeast expressing 
HvHKT2;1-i (with both introns) and empty vector (EV) grown at 100 mM KCl 
overnight. “Pool” indicates the cDNA’s combined. The 18S rRNA was used as internal 
control for this experiment. a) Transcript analysis of yeast strains growing in drop out SC 
– U liquid media with 2 % w/v glucose (non-induced) at 100 mM KCl. b) Transcript 
analysis of yeast strains growing in drop out SC – U liquid media with 2 % w/v 
galactose-raffinose (induced) at 100 mM KCl. HvHKT2;1-e (HKT fragment amplified 
with F1R1 comprising 1st exon region), HvHKT2;1-i1 and HvHKT2;1-i2 are products 
from 1st and 2nd intron-exon junction amplified using F2R2 and F3R3 respectively. 
Abbreviations used; trk1, trk2 yeast mutant expressing empty vector (EV-m) and trk1, 
trk2 mutant expressing HvHKT2;1-i with both intron (HvHKT2;1-im), wild type 
expressing empty vector (EV-wt) and wild type expressing HvHKT2;1-i with both introns 
(HvHKT2;1-iw). Results are shown as means + SE (n = 3) at P = 0.05. 
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3. 8  HvHKT2;1-i transcript profiling in potassium uptake deficient mutant 

HvHKT2;1-i was expressed under galactose inducible promoter in potassium 

uptake deficient yeast mutant trk1, trk2. Control plasmid without HKT was also 

transformed in trk1, trk2 yeast strain. trk1, trk2 transformed mutant yeast strains 

(HvHKT2;1-i and control) were grown at 0 mM (minimal zero as initially all the yeast 

strains were grown at 100 mM KCl and OD600 was adjusted to 1.00 for inoculating the 

cultures to grow them at different KCl concentrations), 10 mM and 25 mM. RNA was 

extracted from all concentrations and the reverse transcription product was used for 

relative quantification by quantitative PCR (Figure 3.21). cDNA from transformed 

potassium uptake deficient yeast strain growing on 0, 10 and 25 mM KCl was pooled 

separately for comparisons (standard operating procedure for relative quantification in 

core lab at King Abdullah University of Science and Technology, Kingdom of Saudi 

Arabia). Two housekeeping genes, elf1α and 18S rRNA, as internal controls were used. 

In all the cases, 2 µg of RNA was used to reverse transcribe and 100 ng of reverse 

transcription product was used for relative quantification of HKT transcripts.   

The least significant difference (LSD) test showed highly significant differences 

between induced and non-induced growth conditions with 2 – 3 fold increase in 

transcripts under induced growth conditions suggesting strong induction of the galactose 

promoter. Comparison tests (LSD) of interactions between growth conditions (induced 

and non-induced) and KCl concentrations showed significantly more transcripts under 

induced conditions at 10 mM KCl backing up the better growth rates and higher affinity 

for potassium transport at 10 mM as observed in growth rate analysis (Figure 3.17 – 

3.19). Furthermore, mixed proportions of HvHKT2;1-e, HvHKT2;1-i1 and HvHKT2;1-i2 

transcripts were detected (Figure 3.21) which is consistent with HvHKT2;1-i transcript 

analysis in barley (Figure 3.23). Amplification patterns showed non- significant 

differences between HvHKT2;1-i1 and HvHKT2;1-i2 transcripts. HvHKT2;1-e transcripts 

differed significantly with lesser transcripts than either HvHKT2;1-i1 or HvHKT2;1-i2 

while under induced growth conditions significantly higher transcripts of HvHKT2;1-i1 

were observed. Interestingly, significantly higher HvHKT2;1-i2 transcripts were observed 

under non-induced growth conditions suggesting a leaky expression driven by the 

galactose promoter.  
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Figure 3.21: Transcript analysis of trk1, trk2 expressing HvHKT2;1-i (with both 
introns) at different KCl concentrations (shown on X-axis as 0, 10 and 25 mM) 
under induced and non-induced growth conditions. Transformed mutant yeast strains 
trk1, trk2 was grown and RNA was extracted at all the concentrations while pool 
indicates the cDNA combined from yeast growing at all the concentrations (0, 10 and 25 
mM separately). 18S rRNA was used as internal control for this experiment. a) HKT 
transformed trk1, trk2 yeast mutant growing at 2 % galactose-raffinose (induced). b) 
Transformed trk1, trk2 yeast mutants grown on 2 % glucose (non-induced). HvHKT2;1-e 
(HKT fragment amplified with F1R1 comprising 1st exon region), HvHKT2;1-i1 and 
HvHKT2;1-i2 products from 1st and 2nd intron-exon junction amplified using F2R2 and 
F3R3 respectively. Results are shown as means + SE (n = 3) at P = 0.05. 
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3. 9 Expression profiling of HvHKT2;1-i in barley 

Seeds of barley were taken from plants grown at Biosaline Research Station 

Pakka Ana, Toba Tek Singh, where barley and kallar grass lines were screened for salt 

tolerance. Both the grass species (barley and kallar grass) were screened for salt tolerance 

and grew well under 100 – 200 mM salt stress in field conditions. Low transcript 

accumulation of HvHKT2;1-i expression was observed in control barley plants. Similar 

results were obtained in transcript profiling of LfHKT2 gene from kallar grass. 

Barley seeds were grown in normal irrigation and soil conditions without any 

stress. When plants developed a leaf, some of them were watered with 50 mM NaCl and 

others with 100 mM NaCl to find the changes in HKT expression. Control barley plants 

were irrigated with and without any stress conditions. Barley leaves were used for RNA 

extraction and reverse transcription product was used for relative quantification of HKT 

transcripts. NanoDropTM was used for RNA quantification and normalization of cDNA’s 

for quantitative analysis. Three primer sets were used; F1R1 from 1st exon region and 

F2R2 and F3R3 for amplification of first and second intron respectively. Product length 

and position is shown in Figure 3.22. Difference in amplification plots was seen as shown 

in relative quantification in qPCR (Figure 3.23 and Appendix 9 – 11). Two housekeeping 

genes, elf1α and 18S rRNA was used in this study as internal control for relative 

quantification of HKT transcripts. Changes in expression levels were observed when 

normal barley plants (irrigated with normal canal water) were compared with salt treated 

barley plants as shown in Figure 3.23. Regulation of gene expression was clearly seen 

from transcript profiling under salt stressed (50 mM and 100 mM) and normal conditions 

of irrigation i.e. without salt stress (0 mM NaCl).  
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Figure 3.22: Portions of HKT gene were used for measuring relative expression 
levels of HvHKT2;1-i. Proportion of three transcripts were detected in barley plants 
irrigated with 0 mM NaCl, 50 mM NaCl and 100 mM NaCl. a) Three different products 
of HvHKT2;1-i were amplified; HvHKT2;1-e (HKT fragment amplified with F1R1 
comprising 1st exon region), HvHKT2;1-i1 and HvHKT2;1-i2 products from 1st and 2nd 
intron-exon junction amplified using F2R2 and F3R3 respectively. b) A biological repeat 
of semi-quantitative PCR analysis of barley plants showing corresponding fragment 
lengths with a 1 kbp Ladder (Fermentas). 
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Figure 3.23: Quantitative PCR (qPCR) analysis of barley plants to find out relative 
expression levels of HvHKT2;1-i. X-axis represents different transcripts detected in real 
time while transcript abundance is shown on Y-axis. Barley plants irrigated with 0 mM 
NaCl, 50 mM NaCl and 100 mM NaCl for determining relative expression of transcripts. 
Proportion of three different product of HvHKT2;1-i were amplified; HvHKT2;1-e (HKT 
fragment amplified with F1R1 comprising 1st exon region), HvHKT2;1-i1 and 
HvHKT2;1-i2 products from 1st and 2nd intron-exon junction amplified using F2R2 and 
F3R3 respectively. The cDNA’s from the three treatments were combined to make a pool 
for comparative relative quantification. Standard error bars were given at 5 % level of 
confidence. Results are shown as means + SE (n = 3) at P = 0.05. 
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3. 10 Expression patterns of HvHKT2;1-i in transformed tobacco plants  

Tobacco leaf disc were transformed with HvHKT2;1-i-PSPDK1677 construct 

using GV3101 Agrobacterium strain. Out of 70 transgenic events, 30 events were 

selected on the basis of better growth and performance for relative quantification. Plants 

were selected on dual antibiotics (streptomycin and spectinomycin) on MS media for 4 – 

6 weeks. Transgenic tobacco plants were shifted from MS medium to soil pots when they 

had attained good vigor (3 – 4 leaves).  Transgenic plants were initially tested for HKT 

transcript analysis by irrigating them with distilled water. Some of the plants were also 

watered containing 50 – 100 mM NaCl salt. Leaf yellowing was observed as symptoms 

of salt stress in transgenic tobacco while control plants turned yellow totally and dried up 

after 3 – 4 weeks. Water was withheld for 10 – 15 days to see the difference in growth 

response of transgenic and control plants (Figure 3.24). RNA was isolated from 

transgenic plants and 2 µg RNA was used for reverse transcription. Reverse transcription 

products (100 ng) were used in all the cases as standard comparison of transcripts using 

18S rRNA as internal control. Normalization of RNA and cDNA was carried out for 

relative quantification of HKT transcript analysis using NanoDrop. Different transgenic 

events exhibited various patterns of transcripts with alternate forms in relative 

quantification by qPCR analysis while nothing amplified from control tobacco plants 

(Figure 3.25).  
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Figure 3.24: Transgenic tobacco plants irrigated with water containing 100 mM 
NaCl. Salt stress symptoms can be seen as yellowing of leaves. a – b) Control plant 
before and after salt water treatment respectively while c – f are different transgenic 
events after salt water treatment.  
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Figure 3.25: Transcript abundance of HvHKT2;1-i-PSPDK 1677 transformed 
tobacco plants. On X-axis (a – c) shows transformation events (transgenic tobacco 
plants) while Y-axis represents transcript abundance. Standard error bars were given at 5 
% level of confidence. Results are shown as means + SE (n = 3) at P = 0.05. 
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3. 11 Transient gene expression in tobacco (N. benthamiana) 

HvHKT2;1-i was transiently expressed in N. bentahmiana with two constructs 

(Figure 3.28) HvHKT2;1-i-PMDC84 (Figure 3.26: b, c, d, e, f and g) and HvHKT2;1-i-

pMBb7Fm-Ubiq (Figure 3.26: h, i, j, k and l). HvHKT2;1-i was cloned without stop 

codon to get in frame cloning with GFP for fluorescent microscopic studies to find out 

whether HvHKT2;1-i produce any functional protein. N. bentahmiana plants were grown 

in glasshouse at 25 ˚C and 16/8 hours light and dark period. Eight to ten week old plants 

were selected for transient gene expression studies. For each construct 10 plants were 

selected. Healthy leaves were selected for Agrobacterium infiltration. Six to seven leaves 

of each plant were infiltrated with Agrobacterium harboring HKT in PMDC84 or 

HvHKT2;1-i-pMBb7Fm-Ubiq. After injecting the Agrobacterium-cultures, plants were 

totally covered with plastic bags and left in a glasshouse. After 48-72 hours leaves were 

used to make slides from those particular areas (Figure 3.26 showing spots where 

Agrobacterium infection resulted in light green to light yellow) for GFP studies under a 

confocal microscope. Confocal studies showed GFP (green fluorescent protein) signals 

on plasma membrane (Figure 3.27) of N. benthamiana leaves transiently expressing 

HvHKT2;1-i indicating that properly spliced transcripts were produced. Alternate splice 

variants (different products of the same gene) were seen in relative quantification analysis 

of HvHKT2;1-i in yeast (Figure 3.20 – 3.21), in barley under native promoter conditions 

(Figure 3.23) and in stably transformed N. tabacum (Figure 3.25) and from functional 

complementation tests in yeast (Figure 3.12 – 3.16). 
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Figure 3.26: N. benthamiana plants were used for Agrobacterium infiltration and 
transient gene expression studies. Light yellowish spots show the areas of Agro-
infiltration. 

 

 

 

 

 



Chapter 3                                                                                                                    Results 

112 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.27: Transient gene expression studies in N. bentahmiana. Confocal 
microscopic studies showing HKT protein localization on plasma membrane from 
leaf samples of transiently expressed HKT-FGP fusion protein. a) Leaf section 
viewed from control plant showing auto-fluorescence. b) Under bright field c) same leaf 
with GFP fluorescence. d) Red fluorescence showing guard cells from the same site as 
“b”. e – i show different leaves and infiltration sites with different constructs; HvHKT2;1-
i-PMDC84 (b, c, d, e, f and g) and HvHKT2;1-i-pMBb7Fm-Ubiq (h, i, j, k and l). 
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3. 12 Arabidopsis floral dip transformation and real time qPCR analysis 

Wild type Arabidopsis were grown in environmentally controlled growth 

chambers. HvHKT2;1-i was cloned without a stop codon in frame with GFP in both the 

expression vectors PMDC-84 and pMBb7Fm-Ubiq (Figure 3.28). Two constructs 

HvHKT2;1-i-PMDC84 (Curtis and Grossniklaus, 2003) and HvHKT2;1-i-pMBb7Fm-

Ubiq, were used for Arabidopsis transformation by the floral dip method (Figure 3.29). 

Arabidopsis florets were used twice for floral dip after a week interval to get maximum 

number of transformants. It was done to increase the chances of getting more 

transformants from each plant. Seeds were collected from mature plants. Transgenic 

Arabidopsis plants were selected on MS media supplemented with 25 – 30 µg/µl of 

hygromycin (HvHKT2;1-i-PMDC84) and spectinomycin (HvHKT2;1-i-pMBb7Fm-Ubiq) 

for 2 weeks. RNA was extracted from leaves of transgenic Arabidopsis and 2 µg of RNA 

was used for reverse transcription. Hundred nanogram of reverse transcription product 

was used for relative expression analysis of transgenic plants using 18S rRNA as internal 

control. Relative quantification shown over-expression of HvHKT2;1-i in some 

transgenic Arabidopsis plants (Figure 3.30).  
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Figure 3.28: HvHKT2;1-i (HvHKT2;1 with introns) cDNA without stop codon cloned 
in PMDC-84 and pMBb7Fm21GW-UbiqL vectors. 
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Figure 3.29: Different stages of Arabidopsis transformation by Agrobacterium 
mediated floral dip method. A) Arabidopsis flowering, B) Arabidopsis plants covered 
with plastic wrap after floral dip, C) Plastic wrap removed after overnight covering, D) 
Mature Arabidopsis showing seed pickup stage. 
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Figure 3.30: Transcript analysis of wild type Arabidopsis (Columbia) transformed with HvHKT2;1-i-PMDC84 construct. The 
x-axis shows transformation events (transgenic plants) while Y-axis represents transcript abundance. Control plant showed no 
amplification (plant # 8) with primer pair from 35S promoter region within vector sequence. Results are shown as means + SE (n = 3) 
at P = 0.05. 
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3. 13 Wheat transformation by Agrobacterium-mediated gene delivery method  

Wheat variety “Punjab-2011” was transformed by the Agrobacterium mediated 

transformation method (He et al., 2010) by HvHKT2;1-i-PMDC84 and HvHKT2;1-i-

pMBb7Fm-Ubiq (see material method for details and Table 2.2). HvHKT2;1-i was cloned 

without stop codon in pENTR DEST-52 Gateway entry vector. Entry clone was used to 

sub-clone HvHKT2;1-i (in frame cloning) with GFP in both expression vectors (see 

construct details in Figure 3.28). Transgenic plants were selected on hygromycin 

(PMDC84 construct) and BastaTM (pMBb7Fm-Ubiq construct) as shown in Figure 3.31 

(different stages of wheat transformation from callus induction to plant regeneration). 

Cetyltrimethylammonium bromide (CTAB) method was used for extraction of genomic 

DNA from wheat leaves (Sambrook et al., 1989). Gene integration was confirmed in 

transgenes in T1 progeny by conventional PCR (Pastori et al., 2001). Wheat was 

transformed with the aim of comparative studies from crop species to model systems like 

Arabidopsis, tobacco and yeast. 
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Figure 3.31: Wheat transformation stages by Agrobacterium mediated 
transformation method. Wheat variety Punjab – 2011 was transformed with constructs 
shown in Figure 3.28. Different stages of wheat transformation are shown as: A) 
Embryos placed on MS plates; B) Callus induction; C) Embryogenic callus showing 
green spots and D-F) Plant regeneration.   
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DISCUSSION 

In this study, cDNA’s were cloned for HvHKT2;1 and LfHKT2;1 encoding high affinity 

K+ uptake from salt tolerant barley (Hordeum vulgare) and kallar grass (Leptochloa fusca) 

grown at Biosaline Agriculture Research Station Pakka Anna, Toba Tek Singh, Pakistan. 

The translated amino acid sequences from both the grass species showed 99 % homology 

to HvHKT2;1 (Haro et al., 2005), 92 % to TaHKT1 (Schachtman and Schroeder, 1994) 

and 41 % homology to AtHKT1 (Uozumi et al., 2000). As HvHKT2;1 showed only 1 % 

difference with LfHKT2, for that reason HvHKT2;1 was used for functional 

characterization and Na+/K+ transport processes. Both the cDNA’s contained two 

insertions corresponding to introns (Figure 3.1) previously being reported for PhaHKT1-

u (Takahashi et al., 2007). ) 

HvHKT2;1-i (HvHKT2;1 with both the introns) was stably expressed in Nicotiana 

tabacum, transiently expressed in Nicotiana benthamiana for detecting functional protein 

and protein localization and heterologous expression for functional complementation in 

yeast was done to answer: 1) whether the introns are stably integrated? 2) Whether 

HvHKT2;1-i with introns can complement the growth function in yeast potassium uptake 

deficient mutant trk1, trk2 by using Hygromycin assay? 3) Does HvHKT2;1-i produce 

any functional protein? and 4) To find out transport properties and high affinity 

potassium uptake activity of HKT in yeast and stably transformed tobacco plants. Real 

time quantitative PCR was used to confirm alternate splicing, intron retention and un-

splicing events with primer pairs designed for amplifying the region containing exon-

intron junction sites from the flanking regions of both introns and a third primer from 

exon region just before first intron in HvHKT2;1. The primer pairs (Table 2.8) showed 

100 % similarity to reported HKT sequences of Hordeum vulgare (Accession # 

JN5477409.1) and Leptochloa fusca (Accession # JN5477411.1) and showed no 

resemblance with tobacco, yeast or Arabidopsis.  
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The sequence of PCR product from exon region showed 100 % identity with HKT from 

both species, while from intron-exon junction, it showed 99 – 100 % similarity with 

wheat (Triticum aestivum accession # DQ015706.1). Short fragments of HKT amplified 

with the same set of primers as used for full length HKT cDNA of barley and Kallar grass 

cDNA library were observed. Short fragments of HKT were amplified each time and it 

was found that the transcript levels were different in all the cases. Neither intron 1 nor 

intron 2 was spliced out from HKT cDNA’s completely (Figure 3.1). Out of 258 bases in 

2nd intron, last 224 bases are present in short fragment of 471 bases at 3ʹ-end (Figure 3.3 

– 3.5). The amount of amplified product (of short fragment) as seen from the gel pictures 

was always more in comparison to full length gene amplified with the same pair of 

primers (Figure 3.5).  

The short 471 bp fragment of HKT appeared in barley and kallar grass (Figure 3.5) that 

retained the 2nd intron (last 224 bases out of 258) every time using the same pair of 

primers as used for amplification of full length HKT gene. That suggested an alternative 

splice event that may be related to nonsense-mediated decay which is a post-

transcriptional mechanism for regulating gene expression. These processes have created 

complexity in gene regulation and proteome diversity. The importance of alternative 

splicing in introns in modulating nonsense mediated decay was reported in Arabidopsis  

(Kalyna et al., 2011). This area of research should be extended to other plant species 

beside model systems like Arabidopsis and rice. Furthermore, particularly under stress 

conditions, crop species should be studied for alternative splicing and intron retention 

events which are thought to be involved in plant’s adaptation under such conditions.  

Comparison of HKT sequences from kallar grass and barley HKT2 by BLAST alignment 

at NCBI, showed 92 % identity with TaHKT1 (AAY42148.1-100 % Query Coverage), 70% 

with PhaHKT1 (BAE44384.1- 81 % QC), 42 % with AtHKT1 (NP567354.1-85 % QC) 

while 44 % with Sctrk1 (EDV12642.1- 85 % QC) and ScTrk2 (EJS42862.1- 75 % QC) 

showed 58 % identity at the amino acid level (For structural comparison of HKT protein 

from first pore loop see Figure 3.6). Sequence of specific amino acid residues that are 

thought to be important for Na+/K+ discrimination (Diatlo et al., 1998; Kato et al., 2001; 

Maser et al., 2002; Rubio et al., 1995; Rubio et al., 1999; Tholema et al., 2005) is 
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conserved in all the pore loops showing that both the isolated gene from kallar grass and 

barley are GGGG K+ transporters belonging to subfamily 2 of HKT (Platten et al., 2006).  

The majority of alternative splicing events in plants have not been functionally 

characterized yet. Evidences have suggested involvement of these events in functional 

importance in response to stress conditions in plant that may impact domestication and 

trait selection (Barbazuk et al., 2008). For that reason introns appearing in HKT 

transcripts in barley were functionally characterized in yeast potassium uptake deficient 

mutant strain CY162 (tr1, trk2) and wild type yeast strain was included for 

complementation analysis. Initial transcript profiling of the HKT gene was done in barley 

and kallar grass. Besides isolation of LfHKT2 (Accession   # JN547410) from the kallar 

grass cDNA library, it was also used to isolate and characterize Leptochloa fusca 

vacuolar proton-inorganic pyrophosphatase (Accession # GQ387485.2) and Na+/H+ 

antiporter (Accession # JF933902) genes both of which were complete cDNA’s without 

introns. This further clarified the impression of presence of any DNA contamination in 

cDNA library as is clear from vacuolar pyrophosphatase and NHX1 isolated from the 

same source without any introns. However, characterization of any other transporter or 

channel protein in heterologous (yeast or frog oocytes) and plant system at same time has 

not been known so far that explained the stable integration of introns.  

Expression of individual transporters in heterologous systems holds a promisingly 

powerful approach in plant physiology research for functional characterization of ion 

trafficking. Yeast cells play a crucially important role among all heterologous system 

used for expressing plant transporters. A wide range of molecular tools can be applied by 

heterologous expression in yeast as it shares some transporters and membrane 

energization mechanisms with plants (Rodriguez-Navarro, 2000). Therefore, a yeast 

expression system was used for functional characterization of HvHKT2;1 with introns. 

This approach of studying gene function was more reliable than gene knockouts in many 

cases in which disruption of the function of a deleted gene has pleiotropic effects (Dreyer 

et al., 1999).  

HKT nucleotide sequence from kallar grass and barley showed that the first six trans-

membrane domains spanning first three pore loops are present before the first intron, 

while the last two transmembrane domains are truncated because of the appearance of 2nd 
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intron. This is probably the first report of functional characterization of HKT transporter 

with intron retention events in heterologous as well as in plant system (from model sytem 

to crops). Expression of HvHKT2;1 containing these insertions in trk1, trk2 yeast mutant 

deficient in K+ uptake still shown Na+/K+ symport (Figure 3.10 – 3.16) and high affinity 

K+ transport function (Figure 3.17 – 3.19). Growth rates of yeast K+ uptake deficient 

mutant strain trk1, trk2 expressing HvHKT2;1 (having both the intron intact) was 

observed after every 12 hours and found to mediate high affinity K+ uptake. K+ was 

supplied in mM concentration as KCl salt in induced and un-induced growth conditions. 

The inoculum (yeast transformants grown overnight at 28 – 30 ˚C shaker at 100 mM KCl) 

for each culture (0, 10, 25, 50, 75, 100, 150 and 200 mM) was used in a way that the 

volume taken to inoculate has an OD600 of 1.00. Zero value is considered as minimal zero 

as the initial inoculum used for growing each culture was taken from an overnight grown 

culture in 100 mM KCl Uracil deficient liquid media SC – U (drop out base). Results 

showed high affinity K+ transport function of HvHKT2;1 transformed trk1, trk2 yeast 

mutant at lower K+ growth conditions i.e. minimal zero and 10 mM in the drop out media 

(Figure 3.17 – 3.19). 

Transformed yeast strains (trk1, trk2 and wild type) were grown in galactose inducible 

media for gene induction at 100 mM KCl before drop out studies (see material method 

for details). The trk1, trk2 potassium uptake deficient yeast strain (Gaber et al., 1988) 

expressing HvHKT2;1-i showed growth recovery in drop out media plate with Glucose 

while the empty vector did not grow (Figure 3.10 b). Addition of 10 mM KCl resulted in 

better growth of HvHKT2;1 transformed trk1, trk2 yeast under uninduced (Figure 3.10 c) 

and induced (Figure 3.11b) conditions respectively as compared to trk1, trk2 expressing 

control (empty vector). Addition of 50 mM KCl at 1/100th dilution of OD600 of 1.00 

showed better growth of trk1, trk2 expressing HvHKT2;1 under induced conditions. 

Better growth of trk1, trk2 on expression of HvHKT2;1 was clearly seen as compared to 

the control vector under induced growth conditions showing strong induction of galactose 

inducible promoter which was also shown by enhanced transcript levels. These findings 

clearly suggest that the K+ transport ability of trk1, trk2 expressing HvHKT2;1-i under 

both induced and un-induced condition in drop out media. Moreover leaky expression of 

galactose inducible promoter was seen on uracil drop out sold as well as in liquid cultures 
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when growth of yeast strains were compared under induced and un-induced growth 

conditions (Figure 3.10 c and 3.11 b). This is also seen for drop out studies in liquid 

cultures for growth studies of trk1, trk2 transformed HVHKT2;1 and control vector 

(Figure 3.17 – 3.19).  

Transformed yeast mutant (trk1, trk2) and wild type yeast strains grown at 100 mM KCl 

under induced (2 % galactose-raffinose) conditions in drop out studies on yeast peptone 

dextrose media (YPD). Drop out experiments were performed on yeast peptone dextrose 

media supplemented with different concentrations of Hygromycin and salts of K+/Na+ 

chloride to investigate the ion transport characteristics. Hygromycin assay (Seto-Young 

et al., 1996) was used to study K+/Na+ transport in yeast (Ali et al., 2006). Hygromycin is 

an aminoglycoside that inhibit yeast growth by hyperpolarization of cell membrane 

(Calero et al., 2000). As Hygromycin carries more positive charge it moves from non-

selectable cation channel (NSCC) into the cell and creates ion competition at NSCC for 

monovalent cations like K+, Na+, Rb+, Li+ etc. This helps in blocking the ion movement 

at NSCC, thus any transporter or channel, which is cloned and expressed on membrane if 

working efficiently will move the particular ion into the cell across membrane thereby 

reducing the toxicity caused by Hygromycin. Supplementing an ion in the media (YPD) 

if results in recovery of the yeast growth by overcoming the hyperpolarization and cell 

death, gives a strong evidence of an efficiently working transporter on plasma membrane 

that is enabling the movement of ion thereby helping it to survive in the presence of 

Hygromycin. As cell membrane is more negative inside, binding of Hygromycin results 

in cell membrane depolarization and ultimately cell death. Sensitivity of yeast growth to 

aminoglycoside Hygromycin B and its use as an assay system for functional 

characterization has been reported in earlier studies (Ali et al., 2006; Calero et al., 2000; 

Seto-Young et al., 1996).  

Growth sensitivity of trk1, trk2 yeast mutant was complemented when HvHKT2;1 was 

expressed in trk1, trk2 in the presence of Hygromycin when different concentrations of 

K+ and Na+ were used in YPD plates. The conditions were set for functional 

complementation in YPD medium using Hygromycin where only HvHKT2;1 transformed 

trk1, trk2 mutant grows while trk1, trk2 expressing empty/control vector unable to grow. 

At this condition, effect of K+ and Na+ salts were checked in terms of complementing 
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phenotype. Wild type and potassium uptake deficient yeast mutant trk1, trk2 transformed 

with HvHKT2;1 and control vector grew on YPD medium (Figure 3.10 a). Addition of 

Hygromycin in YPD resulted in growth sensitivity of trk1, trk2 yeast mutant expressing 

control vector while growth retardation of trk1, trk2 expressing HvHKT2;1 gradually 

seen as the concentration of Hygromycin was increased from 10 – 25 µg/µl  and finally 

its growth seized at 50 µg/µl (Figure 3.12: a – c). Eventually trk1, trk2 unable to grew at 

100 µg/µl (Figure 3.12 d). Addition of 10 mM KCl at 50 µg/µl Hygromycin resulted in 

growth recovery of HvHKT2;1 transformed trk1, trk2 while the control didn’t  grow 

(Figure 3.13). Similar results were obtained when 10, 25, 50 and 75 µg/µl hygromycin 

was supplemented with 25 mM KCl as with 10 mM KCl (Figure 3.14). Results revealed 

better growth response of HvHKT2;1 transformed trk1, trk2 at 10 mM KCl as compared 

to 25 mM KCl, indicating a high affinity K+ transport function as seen when grown in 

drop out liquid media supplemented with different concentrations of KCl (Figure 3.17 – 

3.19). trk1, trk2 expressing empty vector started growing when 10 µg/µl Hygromycin is 

supplemented with 50 mM KCl suggesting competition at NSCC and enabling yeast to 

survive (Figure 3.15 a), showing marked difference in phenotype between HvHKT2;1 

transformed trk1, trk2 potassium uptake deficient mutant strain as compared to trk1, trk2 

expressing control (empty vector). Increasing the concentration of hygromycin showed 

growth sensitivity of yeast as seen at 10 and 25 mM KCl supplemented with different 

concentrations of hygromycin. At 100 µg/µl of hygromycin, trk1, trk2 expressing either 

HvHKT2;1 or empty vector unable to grew (Figure 3.12 d), but supplementing 50 – 75 

mM KCl at this concentration of hygromycin enabled trk1, trk2 yeast mutant expressing 

HvHKT2;1 to grow (Figure 3.15: e – f) while trk1, trk2 transformed with empty vector 

still did not grow. Results from these assays clearly showed Hygromycin sensitivity of 

trk1, trk2 yeast mutant and growth recovery of HvHKT2;1 transformed trk1, trk2 with 

addition of KCl in YPD media, indicating a K+ uptake system expressing on plasma-

membrane. As far wild type yeast strain is concerned, HvHKT2;1 transformed wild type 

yeast showed sensitivity to Hygromycin while wild type expressing the control vector 

grew better (Figure 3.12 – 3 .15). This may be attributed to mechanisms like RNA 

silencing operating in the cell, as trk1and trk2 transporters were actively operating in 

wild type yeast. The transcripts produced by HvHKT2;1 have homologous conserved 
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regions to trk1, trk2. It might be possible that they silenced the transcripts produced by 

trk1, trk2 transporter in wild type yeast strain.  

Growth recovery of trk1, trk2 expressing HvHKT2;1-i was also seen when YPD media 

was supplemented with milli-molar concentration of NaCl and Hygromycin in 

micrograms/microliter. YPD solid containing 25 µg/µl Hygromycin, when supplemented 

with 25 mM NaCl showed better growth activity at zero dilution (OD600 equal to 1.00) as 

seen in Figure 3.16c. Same results were observed when concentration of Hygromycin and 

NaCl is increased to 50 µg/µl and 50 mM respectively (Figure 3.16d). These evidences 

have shown Na+ transport ability of HvHKT2;1 transformed trk1, trk2 yeast mutant.  

Transcript profiling of HvHKT2;1 transformed wild type and trk1, trk2 showed 

differential splicing and intron retention in HKT transcripts. Yeast strains expressing 

HvHKT2;1 and control vector were grown overnight in induced (2 % Galactose + 

Raffinose) and un-induced (2 % Glucose) growth conditions (100 mM KCl for trk1, trk2 

transformed strain only) for transcript analysis. Real time quantitative PCR in trk1, trk2 

mutant and wild type yeast strain expressing HvHKT2;1 showed different products of the 

same gene while nothing amplified from yeast strains expressing empty vectors (Figure 

3.20). More transcripts were seen under induced (Figure 3.20b) as compared to un-

induced (Figure 3.20a) growth condition while the amplification patterns remained the 

same under both conditions. These results suggested alternate splicing, differential 

splicing and intron retention events in HvHKT2;1 transcripts in transformed yeast strains.  

To further investigate the regulated gene expression of HKT transcripts, trk1, trk2 yeast 

mutant transformed with HvHKT2;1 and control vector were grown under induced and 

un-induced conditions at 0, 10 and 25 mM KCl. No amplification was obtained from trk1, 

trk2 yeast expressing empty vector (control). Gene specific primers were used that gave 

amplification products from trk1, trk2 expressing HvHKT2;1 (Figure 3.20 – 3.21). 

Transcript levels from the three regions (exon first, 1st and 2nd intron) showed differences 

that were seen to be increased as the concentrations of KCl in the media was increased. 

More transcripts were observed at 100 mM KCl under induced conditions (Figure 3.20b) 

while transcript levels decreased as the concentration of KCl was reduced (Figure 3.21a). 

However under galactose inducible conditions more transcripts were observed indicating 

a strong induction as the concentrations of KCl increased. While looking at transcript 



Chapter 4                                                                                                              Discussion 

125 
 

levels of each fragment amplified in real time, differential regulation was always there 

with more transcripts comprising 2nd intron and fewer transcripts with exon always at 100 

mM KCl (Figure 3.20). At lower KCl conditions (0, 10 or 25 mM) comparatively more 

transcripts were found to contain 1st intron with little differences between transcripts 

containing 2nd intron and first exon region at 0 and 10 mM KCl. Transcript levels 

decreased as the concentration is further increased from 10 mM indicating a higher 

affinity at lower K+ level (Figure 3.21). Different proportions of three transcripts were 

detected in real time quantification experiments in barley (Figure 3.22). Up-regulation of 

gene expression was seen with significantly higher transcript levels pertaining to 

HvHKT2;1-i1 in barley plants irrigated with 100 mM NaCl than either at 50 mM or 0 

mM. Abundance of HvHKT2;1-e transcripts after HvHKT2;1-i was seen showing 

significant differences while maintaining similar trends at each level (0, 50 and 100 mM). 

Abundance of HvHKT2;1-e  transcripts than those with retained introns and presence of 

alternative forms suggests that perhaps relatively more transcripts of this type triggers 

tolerance mechanism at higher sodium stress conditions. Different transcript patterns 

were detected for HvHKT2;1-i2 which were significantly higher at 50 mM NaCl than 

control (0 mM), with least transcripts detected in plants irrigated with 100 mM NaCl. 

Overall, significantly higher transcript levels were detected for HvHKT2;1-i1 than either 

HvHKT2;1-e or HvHKT2;1-i2 (Figure 3.23) suggesting mixed proportions of truncated 

transcripts after 2nd intron, transcripts with both introns and possibly some transcripts 

starting before first intron to the last stop codon at 3ʹ end. In all the conditions more 

transcripts were found with 1st intron. While looking at 2nd intron, transcript levels were 

found to increase at 50 mM NaCl while transcript levels remained almost same in control 

barley plants and barley plants watered with 100 mM NaCl (Figure 3.23). Differential 

regulation of transcripts has been reported in genes involved in salinity tolerance in rice 

(Cotsaftis et al., 2011), that are in consistent with our findings on HKT. All these results 

from yeast transcript analysis conformed the findings from barley HKT transcript analysis 

with the same pair of primers, indicating presence of un-spliced transcripts in promise 

with (Golldack et al., 2002), regulated gene expression, alternative splicing events and 

intron retention (Kesari et al., 2012; Ner-Gaon et al., 2004) events in HKT transcripts 

suggesting a complex mechanism of transcript regulation of numerous important genes 
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for plant development and adaptation comprising those that are linked to transcription 

factors, RNA processing factors and stress response genes (Kalyna et al., 2011). 

Relating the growth rates to transcript levels of HvHKT2;1-i transformed trk1, trk2 yeast 

mutant, strong induction was seen at transcript levels as the concentration of KCl in the 

media was increased. Marked differences were seen in  growth rates between induce and 

un-induced conditions of growth (Figure 3.17 – 3.19) at each level (0 mM, 10 mM, 25 

mM and 100 mM KCl). Decline in growth rates were observed as the concentration of 

KCl goes beyond 25 mM after 12 hours under both induced and un-induced growth while 

30 – 70 fold increase in proportion of three transcripts was seen under induced conditions 

as compared to transcript levels under un-induced growth conditions at 100 mM (Figure 

3.20). This suggests enhanced transcription at higher KCl concentrations but optimum 

growth conditions were met at lower K+ ion concentrations (10 mM KCl) under induced 

growth conditions. Significant differences were seen in transcript levels under both 

growing conditions, with many fold increase in transcripts under induced conditions. 

These results were consistent with the findings of HvHKT2;1 transcript profiling in 

barley from where HvHKT2;1 was originally isolated, cloned and used for yeast 

expression system (Figure 3.23).  

Quantitative analysis (qPCR) of HKT in barley using gene specific primers (three primer 

pairs, one from first exon, and other two from the flanking regions of intron 1 and 2 

respectively) shown different transcript levels along with different products as seen from 

melting curves suggesting different transcripts being produced under salt stress (NaCl) or 

normal condition of watering in barley (Figure 3.22 – 3.23). Results from cloning and 

sequence analysis suggested alternative splicing, exon skipping and intron retention in 

HKT transcripts from barley and kallar grass.  

Alternative splicing in HKT transporters has also been reported in rice OsHKT1 where 

retention of one intron in larger transcripts predicted to encode a dysfunctional shorter 

HKT protein because of the appearance of a stop codon in intron (Golldack et al., 2002). 

Golldack et al., (2002) have proposed that incomplete splicing might be a possible 

mechanism to retain transcripts containing intron retention event in the nucleus or stress 

conditions might result in reduction of translatable transcripts as shown by different RT-

PCR fragment. From these studies, it can be assumed that, alternate splicing helps plants 
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to produce transcripts which are necessarily play important roles under specific stress 

condition. Furthermore, these processes can regulate gene expression, especially 

transporters or/and ion channels, which enables the plant to adapt to a particular stress. 

Results showed up-regulation of HvHKT2;1 transcripts in barley leaves under increasing 

NaCl stress conditions (Figure 3.23) which are consistent with previous findings where 

up-regulation of HvHKT2;1 transcript levels were seen in both shoots and roots under K+ 

limiting growth conditions and in shoots under conditions of high Na+ (Mian et al., 2011). 

Up regulation of transcripts was seen in leaves and roots in tobacco plants over-

expressing GmHKT1 under stress conditions by RT-PCR analysis (Chen et al., 2011). 

Up-regulated gene expression was also observed under 100 mM NaCl in Arabidopsis 

shoots expressing HKT1 by the soil bacterium Bacillus subtilis (Zhang et al., 2008). 

Regulated gene expression in HKT1 from Suaeda salsa was observed with different 

development stages, being up-regulated under K+ starvation and NaCl stress (Shao et al., 

2008). There might be other possibilities that are beyond our current understanding on 

these processes and also due to the fact that findings on the role of introns are just in 

preliminary era. Current research is supported by the work on presence of introns in the 

transcripts, their role in gene regulation, proteome diversity and complexity, alternative 

splicing, intron retention in the transcripts and their role in adaptation to a particular 

stress condition (Kesari et al., 2012; Ner-Gaon et al., 2004; Pagani et al., 2000; Reddy, 

2007; Zhang and Gassmann, 2007). 

To further validate the results, transcript profiling of HvHKT2;1 was also done for 

transformed tobacco with HvHKT2;1-i-PSPDK construct (Figure 3.7). All the transgenic 

events showed similar patterns for intron retention and alternative splicing as shown in 

barley and yeast. A few events were seen where transcript levels for exon 1st were found 

more as compared to either intron 1 or 2 (event 6, 11, 12, 17, 18 and 22; Figure 3.25). 

These events occur, entirely due to the difference in integration site in the genome. 

Transgenic and control plants were exposed to 100 mM NaCl to determine salt related 

effects on plant growth. Control plants after watering with 100 mM sodium chloride 

solution showed symptoms of physiological drought and wilting within 24 hours. 

Gradually, older leaves started turning yellow and this effect progressed to younger 

leaves eventually resulting in drying up of older leaves first and then the younger leaves 
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(Figure 3.24). These symptoms were also observed in transgenic plants as shown in low 

levels of HvHKT2;1-i (Figure 3.25) but a few of them restored their growth after normal 

watering (without salt) while control plants unable to recover from drying under similar 

conditions of watering after 4 days. Furthermore, in any case, increased ability of plant to 

cope up with a particular stress is well known to be integration dependent as some 

transgenic events performed better than others.  

On the basis of experimental findings, it was seen that beside un-spliced HKT transcripts, 

spliced transcripts were also produced in kallar grass and barley leaves. These findings 

suggested that both these species cannot splice out the two introns completely and 

proposed that somehow some elements in the introns are regulating these splicing events 

that resulted in production of shorter fragments of HKT under salt stressed or normal 

conditions  of growth (under salinity or normal watering conditions). Also because these 

plant species were growing in salt affected area for screening of germplasm and they 

were thriving under NaCl stress since long, alternative splicing became a permanent 

feature in these species which did not change even when plants were raised under salt 

free or normal conditions of watering. Furthermore, expression of HvHKT2;1 transcripts 

in barley was enhanced as the concentration of NaCl in the soil is increased indicating 

that HKT transcript regulations are linked to the changes in salt concentration or more 

specifically Na+ ions in soil. It is also seen that correct splicing of OsHKT1;4 and 

transcript abundance controls Na+ accumulation in specific leaf blade in rice. Moreover, 

alternative splicing interplays complex mode of gene transcription and protein structure 

which can best be explained by the allelic variation of leaf blade Na+ accumulation 

(Cotsaftis et al., 2012). Alternative splicing has been reported in rice and Arabidopsis 

(Cotsaftis et al., 2012; Wang and Brendel, 2006) with different transcript splice junctions 

that resulted in transcripts with shuffled exons, alternative 5' or 3' splicing sites, intron 

retention events and different transcript termini in Arabidopsis (Ner-Gaon et al., 2004). 

Suggestions on the basis of results are in promise with the findings of Ner-Gaon et al., 

(2004) that intron retention is a prominent feature of alternative splicing and as such may 

play a regulatory function. Studies have also suggested that environmental factors play a 

vital role in alternative splicing in plants (Matsukura et al., 2010; Sugliani et al., 2010; 

Zou et al., 2011) which are promisingly consistent with current research findings.  
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Alternative splicing has not been observed in studies where a complete HKT1 and HKT2 

cDNA (without intron) were expressed in heterologous or plant system (Banuelos et al., 

2008; Haro et al., 2005; Mian et al., 2011). Under salinity, both shoot and root K+ 

concentration was found to be significantly associated with two SNP’s in 2nd intron in 

HvHKT2;1 (Qiu et al., 2011) linking intron retention to ion transport and salinity 

tolerance of HvKHT2;1. It can be proposed here that due to the presence of some 

elements in introns, alternative splice variants are produced. Furthermore, these features 

enable plants to strategize for adaptation to particular stress condition. These facts are 

supported by intron mediated alternative splicing of drought mediated proline 

accumulation in Arabidopsis, where a G to T transversion in 3rd intron and TA repeats in 

2nd intron in P5CS1 gene were found to be sufficient to promote alternative splicing of 

this gene. Moreover, exon skipping resulted in production of non-functional transcript in 

P5CS1 (Kesari et al., 2012). Kesari et al., (2002) have also suggested an association of 

alternative splicing of P5CS1 gene with adaptation to environmental conditions as a 

factor. On the basis of these findings, similar propositions can be assumed for HKT in 

barley and kallar grass under salt stress conditions.  

It has been observed in plants that more than 60 % of intron-containing genes undergo 

alternative splicing that varies from tissue to tissue, growth conditions and environmental 

factors. Studies have put forth the view that evolution of the complex network of gene 

expression has been influenced by alternative splicing (Syed et al., 2012). Mammalian 

systems have been extensively used for studying alternative splicing while much less is 

known in plants. Role of introns in alternative splicing is evident in human where “TG” 

and “T” insertions in the 3′-end of intron 8 led to exon skipping and produce apparently 

nonfunctional transcript associated with cystic fibrosis (Hefferon et al., 2004; Pagani et 

al., 2000). 

Expressed sequence data from Arabidopsis has shown 21.8 % alternative splicing events 

of which 56 % are intron retention and 8 % exon skipping. Also 21.2 % of expressed 

genes in rice display alternative splicing out of which 53.5 % show retained introns while 

exon skipping constitute 13.8 %. Presence of high frequency of retained introns is 

consistent suggesting existence of splice site recognition by intron definition in plants 

(Wang and Brendel, 2006). These evidences suggest intron retention and exon skipping 
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mechanism operating in barley and kallar grass which has become a permanent feature 

even when plants were growing without stress. There might be some other regulatory 

mechanisms linked with intron retention events in HKT transcripts that increase the 

complexity of interpreting association of these events to a particular environmental 

condition.  

To avoid the cumbersome method of pulling out the fusion tag protein, transient gene 

expression was used to find out the complete spliced out HKT protein and subcellular 

localization. Transient gene expression has been reported as a quick way of assessing 

plant tissues as a platform for protein production without involving time consuming and 

labor-intensive process of generation of stable transformation to produce transgenic 

plants (Andrews and Curtis, 2005). Transient assays is emerging as a tool for monitoring 

localization of fusion protein on plasma membrane (Horie et al., 2011) and sub cellular 

localization (Levy et al., 2005). Transient gene expression was used to find out whether a 

complete HKT protein is produced? If so, whether it’s localized properly on the plasma-

membrane? For this purpose, HvHKT2;1 cDNA containing both introns (without regular 

stop codon in or at the end of the open reading frame) was cloned in frame with green 

fluorescent protein (GFP) in plat expression vectors (Figure 3.28).  

Nicotiana benthamiana plants were used to transiently express the GFP fusion protein in 

leaf tissue by Agrobacterium infiltration method (Figure 3.26). Confocal microscopic 

studies revealed GFP signals on plasma-membrane provide strong evidence that some 

transcripts have spliced out introns properly hence producing a complete functional 

protein (Figure 3.27). Perhaps these properly spliced out transcripts have enabled trk1, 

trk2 yeast to complement K+ and Na+ uptake function. The other possibility would be the 

truncated version of HKT protein maintained K+/Na+ symport in trk1, trk2 mutant which 

suggested that the first six trans-membrane domains still enabled HvHKT2;1 to carry out 

K+ and Na+ ion transport across the membrane.  

Transient gene expression is emerging as a potential tool for cell specific transient gene 

expression studies for elucidating gene regulation and expression (Kajiyamaa et al., 

2008). GFP fusion  constructs were also used for subcellular localization of protein in 

yeast cells (Rajagopal et al., 2007), for subcellular localization of aquaporins in 

Arabidopsis (Boursiac et al., 2005), detection of potato proteins in sub-cellular 
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compartments in living cells (Bhaskar et al., 2009), living epidermal cells in onion 

(Banuelos et al., 2002) and PpENA1 on plasma membrane in plant (Jacobs et al., 2011). 

These studies provide strong evidence in support of our transient gene expression assays 

as a reliable method to detect fusion protein by confocal microscopy.  

Transient expression of a target gene infused with green fluorescent protein (GFP) is a 

reliable method to study expression of fusion protein and cellular and sub cellular 

compartmentalization by confocal microscopy (Banuelos et al., 2002; Levy et al., 2005). 

HvHKT2;1 GFP fusion constructs were also used for stable transformation of wheat and 

Arabidopsis for future studies to further elaborate the validation of results. The same 

constructs for GFP fusion protein studies were used as for transient gene expression 

(Figure 3.28 for GFP constructs). Localization of HvHKT2;1-GFP fusion protein was 

found by transient expression analysis at the plasma membrane of plant cell. The plasma 

membrane is also the site of expression of other HKT proteins, including PutHKT2;1 

(Ardie et al., 2009), McHKT1;1 (Su et al., 2003), AtHKT1;1 (Sunarpi et al., 2005), 

OsHKT2;4 (Lan et al., 2010) and OsHKT2;1 (Horie et al., 2007). 

Our findings strongly suggest intron mediated alternative splicing events in HvHKT2;1 

which are in promise with the previous work on Arabidopsis (Kesari et al., 2012) and 

regulated gene expression studies (Chen et al., 2009; Sugliani et al., 2010; Chen et al., 

2011). The aspect of complexity of protein as affected by the functional impact of 

alternative splicing and its importance in regulating plant processes is still under-studied. 

Variation in alternative splicing has also proposed to contribute plant adaptation to 

environment and therefore will impact future strategies for improving plant and crop 

phenotypes. These studies will help in answering the future research on the aspect related 

to introns and their evolutionary importance in HKT transporters, evolution of exon-

intron structure (Koralewski and Krutovsky, 2011), intron mediated alternative splicing 

(Kesari et al., 2012; Syed et al., 2012) and intron retention events, which are now thought 

to play important role in plant adaptation under stress conditions (Ner-Gaon et al., 2004) 

and thus propose a mechanism plants used during evolution.  
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RECOMMENDATIONS/FUTURE WORK  

To study gene regulation at transcript levels in more than one model system, Arabidopsis 

plants were also transformed in this study, to further elaborate and reach a point where 

strong evidence can be produced in support of the view that elements in intron retention 

events regulate alternative splicing and play important role in evolution. HKT cDNA’s 

from barley, kallar grass and rice were used to make constructs for yeast deletion studies 

and transmembrane domain functions, particularly the region before the first intron, as it 

is assumed that the first six trans-membrane domains still enabled the transporter to 

function as K+/Na+ symporter. Seeds of wheat transformed in 2010-2011 were grown in 

field (T0 generation), transgenic events were confirmed by conventional PCR and T1 

seeds were collected for next generation. To understand alternative splicing, intron 

retentions and exons skipping events in HKT transcripts and how these mechanisms are 

regulated, HvHKT2;1 with both the introns was transformed in wheat for comparative 

studies with model system like Arabidopsis, tobacco and yeast. Initial characterization of 

alternative splicing and intron retention events in HvHKT2;1 has already been done in 

barley under both salt stressed and normal conditions of watering. It is further proposed 

that intron retention events are not exclusive to salt sensitive plants rather it is a 

mechanism of gene regulation to control transcript level at a certain point. HKT 

transporters regulate transcript length by alternative splicing associated with elements in 

introns specifically speaking the sequences of nucleotides targeting splice site 

recognitions sequences in transcripts. Intron retention and its role in alternative splicing 

in connection to environmental factors can help strategies future research for crop 

improvement.  
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APPENDICES 

Appendix 1:  Recipe of 50X TAE buffer (1L) 

Chemicals Quantity Preparation 

Tris base 242 g Mix on stirrer and make up the volume to 

1 liter with ddH2O. Autoclave and store 

at room temperature. 

Glacial acetic acid 57.1 ml 

0.5M EDTA (pH 8.0) 100 ml 

 

Appendix 2:  Recipe of Luria-Bertini (LB) solid (1L) 

Chemical  Quantity Method 

Tryptone 10 g Mix chemicals (Tryptone, Yeast extract and NaCl) in 600 ml 

distilled water and keep the pH 7.5. Make the volume up to 

1000 ml and add Bacto agar at the end before autoclaving. 

Yeast extract 5 g 

NaCl 5 g 

Bacto agar 10 g 

 

Appendix 3:  Recipe of Luria-Bertini (LB) liquid (1L) 

Chemical  Quantity Method 

Tryptone 10 g Mix chemicals (Tryptone, Yeast extract and NaCl) in 600 ml 

distilled water and keep the pH 7.5. Make the volume up to 

1000 ml before autoclaving. 

Yeast extract 5 g 

NaCl 5 g 

 

 

Appendix 4:  Recipe of 6X gel loading buffer.  

1. Bromophenol blue   0.25 % (w/v) 

2. Xylene cyanol FF.   0.25 % (w/v) 

3. Glycerol    30.0 % (v/v) 

Dissolve in distilled water. 
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Appendix 5: Preparing culture media for yeast: Yeast nitrogen base without amino acids 

and ammonium sulfate (Sigma Aldrich, Y1251) 

Yeast nitrogen base has been prepared in such a manner as to eliminate all amine sources, 

so it is lacking in ammonium sulfate and the amino acids His, Met, and Trp. This 

nitrogen base provides vitamins, some trace elements, and salts as a basic nutrient for 

most fermentations. It often acts as the starting nutrient mix for dropout studies where 

fermentation conditions required the absence of one or more essential amino acids. In 

addition to the nitrogen, it also contains approximately: 

Vitamins: Biotin 2 µg/L, Calcium Pantothenate 400 µg/L, Folic acid 2 µg/L, Inositol 

2000 µg/L, Niacin 400 µg/L, p-Aminobenzoic acid 200 µg/L, Pyridoxine Hydrochloride 

400 µg/L , Riboflavin 200 µg/L, Thiamine Hydrochloide 400 µg/L. 

Salts: Potassium Phosphate monobasic 1gm/L, Magnesium Sulfate 0.5 gm/L, Sodium 

Chloride 0.1 gm/L, Calcium Chloride 0.1 gm/L  

Trace Elements: Boric Acid, Copper Sulfate Potassium Iodide, Ferric Chloride, 

Manganese Sulfate, Sodium Molybdate and Zinc Sulfate  

A typical recipe for 10X formulation as a growth medium is: 

1. Suspend 17 g of yeast nitrogen base (without amino acids without ammonium sulfate) 

and 50 gm ammonium sulfate in 100 ml of water. 

2. It may be necessary to warm the water slightly to completely dissolve the 

components. 

3. Filter-sterilize 10X solution using a 0.2 mm filter. Store in a refrigerator (2-8 ˚C) and 

use as needed. 

SC minimal medium (SC – U)  

1. Carbon source 2 % (Glucose for uninduced and Galactose + Raffinose for induced)  

2. SC – U powder, 0.75 gm/L 

3. Bring volume to 900 ml. Autoclave and add 100 ml (10X) stock of YNB after cooling 

in laminar flow. Store in a refrigerator (2 – 8 ˚C) and use as needed. 

The minimal media contains following amino acids; 0.01 % (Adenine, Arginine, 

Cysteine, Leucine, Lysine, Threonine, Tryptophan, Uracil) and 0.005 % (Aspartic Acid, 

Histidine, Isoleucine, Methionine, Phenylalanine, Proline, Serine, Tyrosine, Valine). For 

Uracil drop out media omit Uracil. For plates add 2 % Difco Agar (Fisher scientific) 
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Appendix 6: Quantitative PCR analysis on 96 well plate (layout of qPCR) in barley (Hordeum vulgare) for expression profiling of 
HKT transcripts. Three primer pairs were used (F1R1, F2R2 and F3R3) in triplicate. F1R1 primer is from exon region before first 
intron in HvHKT2;1, F2R2 used to amplify first intron and F3R3 for second intron in HvHKT2;1. RNA’s isolated from barley were 
reverse transcribed: control barley with no salt treatment (cDNA3), barley plant irrigated with 50 mM NaCl (cDNA2) and barley 
plants irrigated with 100 mM NaCl (cDNA1). Housekeeping gene (18S rRNA) was used as internal control.  For qPCR 96 well plate, 
well A – F were numbered from 1 – 48. 

cDNA1 cDNA2 cDNA3 cDNA Pool 
1 A1 HKT  

R1 
F1R1 28.20 10 B1 F1R1 24.55 19 C1 F1R1 25.02 28 D1 F1R1 24.85 

2 A2 HKT F2R2 30.05 11 B2 F2R2 26.65 20 C2 F2R2 27.45 29 D2 F2R2 28.18 
3 A3 HKT F3R3 31.18 12 B3 F3R3 25.84 21 C3 F3R3 27.26 30 D3 F3R3 26.50 
4 A4 HKT  

R2 
F1R1 28.16 13 B4 F1R1 24.67 22 C4 F1R1 25.05 31 D4 F1R1 24.99 

5 A5 HKT F2R2 29.63 14 B5 F2R2 26.14 23 C5 F2R2 27.07 32 D5 F2R2 27.63 
6 A6 HKT F3R3 31.36 15 B6 F3R3 26.33 24 C6 F3R3 27.74 33 D6 F3R3 27.07 
7 A7 HKT  

R3 
F1R1 28.57 16 B7 F1R1 24.79 25 C77 F1R1 25.22 34 D7 F1R1 25.17 

8 A8 HKT F2R2 30.29 17 B8 F2R2 27.00 26 C8 F2R2 27.81 35 D8 F2R2 28.38 
9 A9 HKT F3R3 31.17 18 B9 F3R3 26.11 27 C9 F3R3 27.28 36 D9 F3R3 26.74 

Housekeeping gene (18S rRNA) 
cDNA1 cDNA2 cDNA3 cDNA Pool 

37 F1 R1 19.359 40 F4 15.625 43 F7 15.793 46 F10  16.792 
38 F2 R2 19.366 41 F5 15.675 44 F8 15.801 47 F11 16.829 
39 F3 R3 19.479 42 F6 15.649 45 F9 15.849 48 F12 16.768 
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Appendix 7: Experiment layout on 96 well plates for transcript profiling of HvHKT2;1 
transformed wild type and trk1, trk2 yeast mutant yeast strain grown at 100 mM KCl 
overnight (Figure 3.18). The experiment was repeated twice with two repeats with 18S 
rRNA as housekeeping gene (internal control) for relative quantification. Wells were 
numbered from A – H ass 1 – 54. 
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Trk1 F1R1 

A2 2 Trk1 C2 29 Trk1 F2R2 

A3 3 Trk1 C3 30 Trk1 F3R3 

A4 4 Trk1 C4 31 Trk1 F1R1 

A5 5 Trk1 C5 32 Trk1 F2R2 

A6 6 Trk1 C6 33 Trk1 F3R3 

A7 7 HKT trk1,trk2 C7 34 HKT trk1,trk2 F1R1 

A8 8 HKT trk1,trk2 C8 35 HKT trk1,trk2 F2R2 

A9 9 HKT trk1,trk2 C9 36 HKT trk1,trk2 F3R3 

A10 10 HKT trk1,trk2 C10 37 HKT trk1,trk2 F1R1 

A11 11 HKT trk1,trk2 C11 38 HKT trk1,trk2 F2R2 

A12 12 HKT trk1,trk2 C12 39 HKT trk1,trk2 F3R3 

B1 13 Rg9 D1 40 Rg9 F1R1 

B2 14 Rg9 D2 41 Rg9 F2R2 

B3 15 Rg9 D3 42 Rg9 F3R3 

B4 16 Rg9 D4 43 Rg9 F1R1 

B5 17 Rg9 D5 44 Rg9 F2R2 

B6 18 Rg9 D6 45 Rg9 F3R3 

B7 19 HKT Rg9 D7 46 HKT Rg9 F1R1 

B8 20 HKT Rg9 D8 47 HKT Rg9 F2R2 

B9 21 HKT Rg9 D9 48 HKT Rg9 F3R3 

B10 22 HKT Rg9 D10 49 HKT Rg9 F1R1 

B11 23 HKT Rg9 D11 50 HKT Rg9 F2R2 

B12 24 HKT Rg9 D12 51 HKT Rg9 F3R3 

H5 25 Pool 1 H8  52 Pool 2 F1R1 

H6 26 Pool 1 H9  53 Pool 2 F2R2 

H7 27 Pool 1 H10  54 Pool 2 F3R3 

H11 ddH20 H12 ddH20 
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Appendix 8: Experiment layout of transformed wild type and potassium uptake deficient 
yeast strains (grown at 100 mM KCl) on 96 well plate for qPCR analysis with elf1α 
expression for relative quantification as internal control. The same experiment was 
repeated twice with two repeats using 18S rRNA as housekeeping gene.  The same plate s 
used in Appendix 7 was used and numbered from well E – H as 1 – 40. 
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E2 2 elf1α trk1 F10 22 trk1 

E3 3 elf1α HKT trk1,trk2 F11 23 HKT trk1,trk2 

E4 4 elf1α HKT trk1,trk2 F12 24 HKT trk1,trk2 

E5 5 elf1α Rg9 G1 25 Rg9 

E6 6 elf1α Rg9 G2 26 Rg9 

E7 7 elf1α HKT Rg9 G3 27 HKT Rg9 

E8 8 elf1α HKT Rg9 G4 28 HKT Rg9 

E9 9 elf1α Pool1 G5 29 Pool 1 

E10 10 elf1α Pool1 G6 30 Pool 1 

E11 11 elf1α trk1 
In

d
u

ce
d

 (
S

c-
U

, 
G

al
ac

to
se

) 
G7 31 trk1 
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) E12 12 elf1α trk1 G8 32 trk1 

F1 13 elf1α HKT trk1,trk2 G9 33 HKT trk1,trk2 

F2 14 elf1α HKT trk1,trk2 G10 34 HKT trk1,trk2 

F3 15 elf1α Rg9 G11 35 Rg9 

F4 16 elf1α Rg9 G12 36 Rg9 

F5 17 elf1α HKT Rg9 H1 37 HKT Rg9 

F6 18 elf1α HKT Rg9 H2 38 HKT Rg9 

F7 19 elf1α Pool2 H3 39 Pool 2 

F8 20 elf1α Pool2 H4 40 Pool 2 
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Appendix 9: Experimental layout on 96 well plate for transcript analysis of HvHKT2;1-i 
transformed trk1, trk2 yeast mutant at different KCl concentrations (0, 10 and 25 mM) 
under induced and un-induced growth conditions (Figure 3.21). Wells are numbered from 
A – H on 96 well plate. 

HvHKT2;1 trk1,trk2 Housekeeping 18S 

KCl (mM) 

In
du

ce
d 

Primers R1 R2 R3 

 
Minimal Zero 

F1R1 A1 B1 C1 G1 R1 

F2R2 A2 B2 C2 G2 R2 

F3R3 A3 B3 C3 G3 R3 

 
10 mM 

F1R1 A4 B4 C4 G4 R1 

F2R2 A5 B5 C5 G5 R2 

F3R3 A6 B6 C6 G6 R3 

 
25 mM 

F1R1 A7 B7 C7 G7 R1 

F2R2 A8 B8 C8 G8 R2 

F3R3 A9 B9 C9 G9 R3 

 
Minimal Zero 

U
n-

in
du

ce
d 

F1R1 D1 E1 F1 G10 R1 

F2R2 D2 E2 F2 G11 R2 

F3R3 D3 E3 F3 G12 R3 

 
10 mM 

F1R1 D4 E4 F4 H1 R1 

F2R2 D5 E5 F5 H2 R2 

F3R3 D6 E6 F6 H3 R3 

 
25 mM 

F1R1 D7 E7 F7 H4 R1 

F2R2 D8 E8 F8 H5 R2 

F3R3 D9 E9 F9 H6 R3 

cDNA Pool 
Induced and Un-induced 

F1R1 A10 B10 C10 H7 R1 

F2R2 A11 B11 C11 H8 R2 

F3R3 A12 B12 C12 H9 R3 

ddH2O without primer and template H10 H11 H12   
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Appendix 10: Quantification of RNA for normalizing the experimental conditions for 
relative quantification of transcripts. For cDNA synthesis approximately 2 µg was used 
for each reaction while for relative quantification 100 ng (nanogram) was used in each 
well for housekeeping as well as HKT gene expression analysis. 

Sample RNA For cDNA qPCR 

ng/ µl µg µl µg ng 

1 1817 1.817 1.2 2.1804 109.02 

2 2643 2.643 0.8 2.1144 105.72 

3 2505 2.505 0.8 2.004 100.2 

4 798.5 0.7985 2.7 2.15595 107.7975 

5 295.2 0.2952 7 2.0664 103.32 

6 318.2 0.3182 6.5 2.0683 103.415 

7 2512 2.512 0.8 2.0096 100.48 

8 885.7 0.8857 2.3 2.03711 101.8555 

9 614.4 0.6144 3.3 2.02752 101.376 

10 650.6 0.6506 3.1 2.01686 100.843 

11 2164 2.164 1 2.164 108.2 

12 567.1 0.5671 3.7 2.09827 104.9135 

13 949.8 0.9498 2.2 2.08956 104.478 

14 897.6 0.8976 2.3 2.06448 103.224 

15 931.9 0.9319 2.2 2.05018 102.509 

16 1695 1.695 1.2 2.034 101.7 

17 1341 1.341 1.5 2.0115 100.575 

18 1329 1.329 1.6 2.1264 106.32 

19 1655 1.655 1.3 2.1515 107.575 

20 1801 1.801 1.2 2.1612 108.06 

21 1245 1.245 1.7 2.1165 105.825 

22 596.7 0.5967 3.6 2.14812 107.406 

23 1683 1.683 1.3 2.1879 109.395 

24 92.67 0.09267 10 0.9267 46.335 

25 3011 3.011 0.7 2.1077 105.385 

26 1723 1.723 1.2 2.0676 103.38 

27 1089 1.089 1.9 2.0691 103.455 

28 1513 1.513 1.4 2.1182 105.91 
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Appendix 11: Quantification of RNA extracted from yeast transformed strains (wild type 
and potassium uptake deficient mutant) with empty (control) vector and HvHKT2;1. Two 
microgram RNA was used for reverse transcription and 100 ng of each sample was used 
for relative quantification (qPCR). 

 RNA cDNA qPCR 

Sample name ng/ µl µg µl µg ng 

trk1, trk2 115.7 0.116 18 2.083 52.07 

HKT trk1, trk2 133 0.133 16 2.128 53.20 

Rg9 140.5 0.141 15 2.108 52.69 

HKT-Rg9 143.3 0.143 15 2.150 53.74 

trk1, trk2 104 0.104 20 2.080 52.00 

HKT trk1, trk2 105.8 0.106 20 2.116 52.90 

Rg9 162.7 0.163 13 2.115 52.88 

HKT-Rg9 228.7 0.229 18.8 4.300 107.49 

trk1, trk2 375.7 0.376 11.2 4.208 105.20 

HKT trk1, trk2 117.1 0.117 18 2.108 52.70 

Rg9 257.5 0.258 16 4.120 103.00 

HKT-Rg9 231.9 0.232 18 4.174 104.36 

trk1, trk2 434.1 0.434 10 4.341 108.53 

HKT trk1, trk2 381.4 0.381 11.2 4.272 106.79 

Rg9 300.7 0.301 14 4.210 105.25 

HKT-Rg9 563.1 0.563 7.6 4.280 106.99 
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Appendix 12: Amplification plot of 18S rRNA gene from different transgenic tobacco 
plants showing the accuracy of quantification method using NanoDrop. 
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Appendix 13: Amplification plot of HvHKT2;1-i gene from different transgenic tobacco 
plants using three primer set F1R1, F2R2, and F3R3.  
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Appendix 14: RNA quantification showing graphic quality, 230, 260, 280 values and their ratios for DNA purity, using NanoDrop. 
RNA were extracted from wild type and potassium uptake deficient yeast mutant strain expressing control vector and HvHKT2;1. 
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Appendix 15: Antibiotic stock solutions, mode of action and storage conditions. All antibiotic stocks were kept at – 20 ˚C until use. 

Antibiotic details Stock preparation  Mode of action 

Ampicillin 

Fisher BioReagents  

(Cat # BP1760-5) 

Dissolve 1 gm of sodium ampicillin in sufficient H2O to make 

a final volume of 10 mL (final concentration 100 mg/ml). 

Pass ampicillin solution through 0.45 – or 0.22 μm sterile 

filter and store the ampicillin in aliquots at – 20 ˚C for 1 year 

(or at 4 ˚C for 3 month). 

It inhibits crosslinking of peptidoglycan 

chains in the cell wall. Cells growing in the 

presence of ampicillin synthesize weak cell 

walls, causing them to burst due to the high 

internal osmotic pressure. 

Gentamicin  

Sigma Aldrich 

Product # G8648 

Dissolve 500 mg of gentamicin sulfate salt in sufficient H2O 

to make a final volume of 10 mL (50 mg/ml) and use 15 – 20 

µg/ml final concentration.  Filter through a 0.22 µm filter to 

sterilize. 

Inhibits protein synthesis by binding to the 

ribosome and prevents translocation. 

Kanamycin  

Sigma Aldrich  

Product # K4378 

Dissolve 0.5 g of kanamycin into 10 ml of ddH2O (50 mg/ml). 

Filter through a 0.22 µm filter to sterilize. 

Inhibits protein synthesis by binding to the 

30s ribosomal subunit and prevents 

translocation. 

Spectinomycin 

Sigma Aldrich  

Cat # S4014 

Dissolve 500 mg of spectinomycin powder in 10 mL ddH2O 

(stock conc. 50 mg/ml). Filter sterilize streptomycin solution 

with 0.2 µm syringe filter.  

Inhibits protein synthesis (elongation) by 

interfering with peptidyl tRNA 

translocation. 

Streptomycin  

Sigma Aldrich  

Cat # S9137 

Dissolve 500 mg streptomycin sulfate powder in 10 mL 

ddH2O to make a stock of 50mg/ml. Filter sterilize 

streptomycin solution with 0.2 µm syringe filter.  

Inhibits protein synthesis by binding to the 

S12 protein of the 30s ribosomal subunit 

and blocking translation. 
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Appendix 16: Antibiotic stock solutions, mode of action and storage conditions. All antibiotic stocks were kept at – 20 0C until use. 
Small aliquots of 500 µL – 1 ml were made for convenience. 

Antibiotic details Stock preparation  Mode of action 

Hygromycin B 

Invitrogen 

Catalog # 10687-010 

Supplied as a 50 mg/ml solution and was used at a final 

concentration of 50 – 100 µg/ml. 

Acts by binding to the 80S subunit of the 

bacterial ribosome and inhibiting protein 

synthesis. 

Rifampicin 

Sigma Aldrich  

Cat# R7382 

Dissolve 500 mg of rifampicin in 10 ml of DMSO, DMF or 

methanol to get a final concentration of 50mg/ml. Do not filter 

sterilize. Rifampicin can be stable for up to two years when 

stored at – 20 ˚C and protected from light. 

Inhibits chloroplast RNA polymerase and 

may be used to study chloroplast-level 

DNA transcription in plants. 

Timentin 

Glaxo Welcome 

Dissolve 3.2 gm in 20 ml and use 1 ml/L (160 mg/L). Timentin is useful for selecting for 

penicillin resistance in cultures of gram 

negative bacteria that secrete large 

amounts of ß-lactamase – resistant cells are 

protected by ßlactamase retained within 

the periplasm, while exogenous ß-

lactamase is inactivated by the clavulinic 

acid, allowing the Ticarcillin to inhibit 

growth of any sensitive cells in the 

population. 
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Appendix 17: Filter sterilize NAA, BAP, IAA and Kinetin solution with 0.2 µm syringe filter. Aliquot (500 µL – 1 ml) were made for 
convenience and stored at – 20 ˚C until use. 
Reagent Stock preparation Mode of action or function 

Indole-3-acetic acid sodium salt  

Sigma Aldrich  

Cat # I5148 

CAS Number 6505-45-9  

Dissolve 0.04 gm IAA in 1ml ethanol (100 %). 

Make volume up to 40 ml with ddH2O. Use 1 

ml/L (Concentration 1 mg/ml). 

It is the most common naturally-occurring, 

plant hormone of the auxin class, with many 

different effects, such as inducing cell 

elongation and cell division, growth and 

development. 

6-Benzylaminopurine  

Sigma Aldrich  

Cat # B3408 

Dissolve 500 mg powder in 2 – 3 ml of 0.5 M 

HCl, heat gently and make volume to 10 ml by 

ddH2O to achieve final concentration of 50 

mg/ml.  

BAP is a synthetic cytokinin which together 

with auxins elicits plant growth and 

development responses, by stimulating cell 

division in plant growth media. 

1-Naphthaleneacetic acid  

Sigma Aldrich  

Cat # N0640 

 

Dissolve 500 mg in about 2.5 ml 95 % ethanol or 

2.5 ml of 1 M KOH or NaOH. Stir, heat gently 

and gradually add ddH2O to make volume to 10 

ml (Final conc. 50mg/ml).  

It is added to help induce root formation in 

various plant growth media (MS media). 

KINETIN 

 

Dissolve 100 mg Kinetin in 1ml (1 M NaOH). 

Make volume upto 100 ml (Conc. 1mg/ml).  

A type of cytokinin, a class of plant hormone 

that promotes cell division. 

UltraPure™ Ethidium Bromide 

Invitrogen 

Catalog # 15585-011 

Aqueous solution contains 10 mg/ml UltraPure™ 

Ethidium Bromide in high-purity water. Used to a 

final concentration of 32 µg/ml (add 32µl of 10 

mg/ml ethidium bromide in 1L). 

Sensitive fluorescent dye used to detect 

nucleic acids in agarose gels and Caesium 

chloride (CsCl) gradients. It can detect as 

little as 1 ng of nucleic acids in agarose gels.  

http://www.sigmaaldrich.com/catalog/search?term=6505-45-9&interface=CAS%20No.&lang=en&region=PK&focus=product
http://en.wikipedia.org/wiki/Plant_hormone
http://en.wikipedia.org/wiki/Auxin
http://en.wikipedia.org/wiki/Cell_(biology
http://en.wikipedia.org/wiki/Cell_division
http://en.wikipedia.org/wiki/Cell_division
http://en.wikipedia.org/wiki/Cell_division
http://en.wikipedia.org/wiki/Cytokinin
http://en.wikipedia.org/wiki/Plant_hormone
http://en.wikipedia.org/wiki/Cell_division
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Appendix 18: Making MS0 media for culturing mature wheat embryos 

For culturing mature embryos of wheat, MS0 media was prepared as: MS salts and 

vitamins (4.4 gm/L, PhytoTechnology Laboratories® Product ID: M519) was dissolved in 

900 ml ddH20 and sucrose (30gm/L) was added. Final volume was adjusted to 1L by 

ddH20. Phytagel (4.5 gm/L) was added after adjusting pH to 5.7 – 5.8. Media was 

autoclaved at 121 psi for 15 min. After autoclaving, let the media cooled down to 50 – 60 

˚C and filter sterilized 2, 4 – D was added (3 mg/L) in sterilized environment of Laminar 

Flow Hood. Media was poured in plates and jars under aseptic conditions of Laminar 

Flow Hood. 

Appendix19: Callus induction media 

Callus induction media was used for plating mature and immature embryos. The media 

was prepared as: MS salt and vitamins 4.4 gm/L, Casein 0.1 gm/L, Ascorbic Acid 0.1 

gm/L, MES 1.95 gm/L, Maltose 40 gm/L, Inositol 0.1 gm/L. Volume was brought to 1L 

and pH was adjusted to 5.7. Phytagel (4.5 gm/L) was added and media was autoclaved at 

121psi for 15min. After autoclaving, let the media cooled down to 60 ˚C and filter 

sterilized 2, 4 – D (2 mg/L) and Glutamine (0.5 gm/L) were added in sterilized 

environment of Laminar Flow Hood. 

Appendix 20: Half MS Media 

Half MS media was prepared as; MS salts 2.24 gm/L, Sucrose 30gm/L. Volume was 

brought to 1L and pH was adjusted to 5.7. Phytagel (4.5 gm/L) was added and media was 

autoclaved at 121psi for 15min.  

Appendix 21: Acetosyrigone (3',5'-Dimethoxy-4'-hydroxyacetophe-none) (Sigma 

Aldrich D12440-6) 

Dissolve in 70 % ethanol to give 10 mg/ml or 50 mM stock solution. Filter sterilize, 

aliquot and store at – 20 °C. 

Appendix 22: 2,4-Dichlorophenoxyacetic acid (2,4-D) (Sigma-Aldrich) 

1 mg/ml in ethanol/water (dissolve powder in ethanol then add water to volume). Filter 

sterilize, and store at -20 °C in 1 ml aliquots. 
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Appendix 23: Media used for culturing immature wheat embryo. IK media was used for shooting/regeneration. Plants which did not 
develop good root system were shifted to MS0 media. IAA, Acetosyrigone, glutamine, Timentin and Kinetin were made in distilled 
autoclaved water; filter sterilized though 0.2 µm syringe filter and added after autoclaving the media.  
 

Inoculation media IK media (Regeneration) 

MS salt 4.4 gm/L Macro 50 ml/L  (20X) 

MES  10 gm/L Micro 1 ml/L   (20X) 

Maltose 40 gm/L Vitamins 1 ml/L 

Casein 2 gm/L FeNaEDTA 1 mg/L  

Inositol 0.1 gm/L (100 mg/L) Myoinisitol 2 ml/L (200 mg/L) 

pH  5.7 Maltose 30 gm/L 

Phytagel 4.5 gm/L IAA 1 mg/L 

Autoclave and then add, 2,4-D 2 mg/L Kinetin 1 ml/L (1 mg/L) 

Glutamine 0.5 gm/L pH was adjusted to 5.7 and Phytagel was added (4.5 gm/L) 

Acetosyrigone 200 µM final conc. After autoclaving, media was cooled to 50 – 60 ˚C and Timentin was 

added (160 mg/L) in Laminar Flow Hood. 
Timentin 160 mg/L 
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Appendix 24: For making macronutrients all reagents were dissolved separately in distilled autoclaved water and use 50 ml/L for 
making callus induction and regeneration media for wheat tissue culture. For making micronutrients all ingredients were dissolved 
separately in distilled autoclaved water and use 1 ml/L for making callus induction and regeneration media for wheat tissue culture. 
Stock solutions were kept at – 20 ˚C. 
 

Vitamins Macronutrient Micronutrient 

Ingredients 1X 20X Ingredients 1X 20 X Ingredients 1X 20 X 

Thiamine HCl  10mg/L 200 mg/L NH4NO3 250mg/L 5gm/L MnSO4.7H2O 13.4mg/L 268mg/L 

Pyridoxine HCl 1mg/L 20 mg/L KNO3  1.5gm/L 30gm/L H3BO3  5mg/L 100mg/L 

Nicotinic Acid  1mg/L 20 mg/L KH2PO4 200mg/L 4gm/L ZnSO4.7H2O 7.5mg/L 150mg/L 

Ca-Pentathonate 1mg/L 20 mg/L MgSO4.7H2O 350mg/L 7gm/L KI 0.75mg/L 15mg/L 

Ascorbic Acid 1mg/L 20 mg/L CaCl2.2H2O 450mg/L 9gm/L Na2MoO4.2H2O 0.25mg/L 5mg/L 

FeNaEDTA 10 mg/L 200 mg/L  CuSO4.5H2O 0.025mg/L 0.5mg/L 

  CoCl2.6H2O  0.025mg/L 0.5mg/L 
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Appendix 25: Position of primers used for qPCR analysis in HKT transcripts (bold 
underlined parts represent primers). F1R1 amplify fragment from nucleotide 843 to 1046 
(exon), F2R2 amplify from 1142 to 1403 (Intron 1) and F3R3 amplify fragment of HKT 
from 1568 to 1881 (exon2). Three pore loops are present before the first stop codon while 
the fourth pore loop is truncated in two parts by the presence of 2nd intron.  
 

CACCACTAGTATGAGCTCGGTGAAAAGATTTTACCAAGATTTCATCCATATCAAGCTGCATAGCT
TTTGCCGTATCAGTAGATATGTTGTCGATTCAATAGCTTTTGTCTATCGATTTGTTGCATTGCAT
GTTCACCCCTTCTGGATCCAACTGTCCTACTTCCTTGCCATTGCTAACTTGGTTCAGTCCTCTTG
ATGTCGCTGAAACCAAGCAACCCCGACTTCAGTCCTCCTTACATTGACATGTTATTCTTGTCAAC
TTCTGCTCTAACAGTTTCTGGCCTCAGCACCATCACGATGGAGGACCTCTCAAGCGCTCAAATTG
TGGTCTTGACACTGCTCATGCTTGTAGGAGGGGAGATCTTTGTTTCACTCTTAGGGCTCATGCTT
AGAGTGAACCATCAAGACATGCCAGATCTTCCAAGAGTGAAGATCAGCTCAGTTCCTGTCGAGCT
TGAAGAGATAGACTTGGCCAACAGCATGGCACTCTCTGATGAGTCACAGCTTGAAGAAGCAACTC
ATGCAATTACACCCAAGAAATGTACAGGGTTGAAGAGGAGTAGGTCTGTCAAGTGCTTAGGATAT
GTGGTCTTTGGGTACTTTGCCGTGATCCATATCTTGGGCTTTCTGCTGGTTTTTCTGTATATAAC
TCGTGTGCCAACTGCAAGTGCACCACTCAACAAGAAAGGGATCAACATTGTGCTCTTCTCATTAT
CGGTTACCGTCGCCTCCATTGCAAATGGAGGACTCGTGCCGACGAATGAGAACATGGTCATCTTC
TCAAAGAATTCAGGCCTCTTGCTGCTGCTCAGTGGTCAGATTTTGGCAGGCAACTTATTGTTCCC
TCTCTTCCTTAGGTTACTGGTATGGTTCCTGGGGAGGCTCACAAAGGTGAAGGAGCTGCGGCTCA
TGATCAAGAATCCAGAGGAAGTGCATTTTGGTAATCTGCTTCCTAGGTTGCCGACTGTGTTTCTC
TCCTCGACAGCCATTGGCCTTGTAGCAGCTGGGGTCACAATGTTCTCCGCTGTTGATTGGAATTC
TTCCGTGTTTGATGGCCTCAGCTCTTATCAGAAGGCTGTCAATGCATTCTTCATGGTGGTGAATG
CAAGGCACTCAGGGGAGAATTCCATCGACTGCTCACTCATGTCACCCGCCATTATAGTACTATTC
ATTGTCATGATGTAAGTTCATGACTGCATGACACTTCATTAATCAATGTTTCATTTCATATCATT
TGATAAGTACTCCCCCTGTAAACTAATATAAAAGCATTTAGAACACTACTTTAGTAATCTAAACG
CTCTTATATTAGTTTACAGAGGGAGTAGTACTTACTTGCTTTAGAATCTCAAGATTTATGTGCGA
CAATTTACTTCTTGTCTCAGGTATTTGCCACCATCAGCAACATTTGCACCACCTGATGGAGATAT
TAAAACCACCAATGAGAACACGAAAGCCAAGAGAGGGTCGTTGGTGCAAAAATTGGCATTTTCAC
CACTCGGGTTTAACATCATCTTTGTAATAGTTGCCTGCATCACTGAAAGGAGAAGGCTCAGAAAT
GATCCACTCAACTTCTCAACCTTAAACATGATATTCGAGGTCATCAGGTGTGTTCTTCTTTGATA
TAATATAATTGAAATATTTCATTACTCTGCCGGTCAGCAAAGATGTAGAAAAGACAGTACAGCAA
TGGTAGCATAGACTAATGGTAAATAGCAGTTGCAGAATAACAGAATAGTAAAGTTAGTTCATAAA
CAGATCACTGTGTGTTTGCAAGAGCTAAACACGACAATAAACTGAACTCTCTTAGGACACAAAAT
CTAACTCGTGAATGCCTTTGACATTTTGTATGCTTTGTTTTGCAGCGCATATGGCAATGTAGGGT
TATCCACTGGTTACGGTTGTTCTAGGCTGCATCAGCTGCACCCAGAGATCATCTGCCAGGACAAG
CCATACAGCTTTTCTGGATGGTGGAGTGACGGAGGGAAGTTTGTGCTAATCTTGGCCATGCTCTA
TGGAAGGCTTAAGGCCTTCACGATGACCATGGGTAAATCCTGGAAAGTATGA 
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Appendix 26:  Transformation in Agrobacterium tumefaciens by electroporation. 

Only 2 l of each clone was used for electro-transformation by electro cell manipulator 600 (BTX 

San Diego, California). For electroporation the following protocol was used. 

1. Electroporation cuvettes 2 mm gap were placed on ice. 

2. Vials of frozen electro-competent cells of Agrobacterium were allowed to thaw on ice. 

3. Then 1 µl the recombinant plasmid was mixed with 50 l of electro-competent cells in the 

electroporation cuvettes on ice.  

4. The condition for electroporation was set as recommended by the manufacturer: 

Choose mode T    2.5 KV 

Set resistance R    R5 (129ohm) 

Set charging voltage    2.44 KV 

5. The electro-competent cells containing the DNA mixture were transferred to electroporation 

cuvette. 

6. Pulse was given and 1 ml of liquid LB medium was added immediately, mixed gently and 

transferred to a 1.5 ml Eppendorf tube and incubated at 28 C for 3 hour with vigorous 

shaking. 

7. 50 μl and 100 μl of transformed culture were spread on petri plates containing solid LB 

medium supplemented with rifampicin and spectinomycin so that only transformed cells 

should multiply. 

8. When the liquid was absorbed completely the plates were sealed with para film and kept at 28 

0C for 2-3 days.         . 

9. At the end of incubation colonies were picked with sterile toothpicks and cultured in 5ml 

liquid LB medium in 50 ml tube containing required antibiotics.  

10. Culture tubes were kept at 28 0C on shaker in Agrobacterium growth room for 48 hours with 

vigorous shaking. 

11. Transformants were confirmed through PCR. 
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Appendix 27: Plasmid DNA quantification showing graphic quality, 230, 260, 280 values and their ratios for DNA purity, using 
NanoDrop.  
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Appendix 28: Vector maps used in this study. 

Gateway cloning vector for construction of cDNA library (pDONRTM222) 

 

 

 

 

 

 

 

 

 

 

 

 

pMDC 84 for Plant transformation 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Continued on next page. 
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pSPDK1677, pB7WG2D,1 and pMBFm21GW-UBIL for plant transformation 
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Appendix 29:  Recipe of solutions used in miniprep plasmid isolation through alkaline 

lysis method 

Solution I ( Cell Suspension Solution) (50 ml) 

10 mM EDTA (pH 8.0) 1 ml 

25 mM Tris (pH 8.0) 1.25 ml 

Make the volume upto 50 ml with distilled water. 

Solution II (Denaturation Solution) (50 ml) 

0.2 M NaOH 400 mg 

1 % (w/v) SDS 500 mg 

Make the volume upto 50 ml with distilled water. 

Solution III (Neutralization Solution) (50 ml) 

Potassium acetate 14.7 g 

Glacial Acetic Acid 5.75 ml 

Set pH at 5.0 and bring the volume upto 50 ml with distilled water. 

 

 

Appendix 30:  LSD All-Pairwise Comparisons Test of CT values for housekeeping 

genes in trk1, trk2 yeast under induced and uninduced growth conditions at p < 0.05. 

Standard error for comparison is 0.5807, critical T Value 2.052 and critical value for 

comparison is 1.1916. 

 

Housekeeping Genes Mean CT Value Gene interactions 

1,1       1,2       2,1 

18S rRNA (1) Induced (1)    

18S rRNA (1) Uninduced (2) 0.353   

Elf1α (2) Induced (1) 6.901*   6.548*  

Elf1α (2) Uninduced (2) 6.899* 6.546*   0.002 

 

 

 

 



                                                                                                                             Appendices  

 

180 
 

 

 

 

 
 
Appendix 31:  Analysis of variance (ANOVA) table for HvHKT2;1-i gene expression in 
trk1, trk2 yeast mutant. Grand Mean 1.5559 CV 6.46. V004 (Replication), V001 (KCl 
concentrations; 0, 10 and 25 mM), V002 (Growth conditions; Induced and uninduced), 
V003 (Primers; F1R1, F2R2, F3R3). 
 

Sources of variation DF SS MS F P 

V004 2 0.2533    0.1267   

V001 2 4.3721    2.1860    216.08   0.0000 

V002 1 5.1381    5.1381    507.88   0.0000 

V003 2 7.0300    3.5150    347.44   0.0000 

V001 X V002          2 12.3479    6.1739    610.27   0.0000 

V001 X V003          4 8.6221    2.1555    213.06   0.0000 

V002 X V003          2 20.1051   10.0526   993.66   0.0000 

V001 X V002 X V003    4 5.5705    1.3926    137.66   0.0000 

Error 34 0.3440    0.0101   

Total 53 63.7831    

 
 
 
 
 
 
 
 
 



                                                                                                                                                                                                     Appendices  

 

181 
 

 
 
 
 
Appendix 32:  LSD of all-pairwise comparisons test at p < 0.05; standard error for comparison 0.0821, critical t-value 2.032 critical 
value for comparison 0.1669. HvHKT2;1-i expression analysis were done in trk1, trk2 yeast mutant showing significant differences on 
interaction of three treatments used viz. KCl, Growth conditions and primers. 

V001 V002 V003 Mean   1,1,1     1,1,2     1,1,3     1,2,1     1,2,2     1,2,3 

1 1 1 1.3639       

1 1 2 1.9881 0.6242*      

1 1 3 1.206 0.1579 0.7821*     

1 2 1 0.6133 0.7506* 1.3749* 0.5928*    

1 2 2 0.408 0.9559* 1.5801* 0.7980* 0.2052*   

1 2 3 1.3443 0.0196 0.6438* 0.1382 0.7310* 0.9362*  

2 1 1 1.9517 0.5878* 0.0364 0.7456* 1.3384* 1.5436* 0.6074* 

2 1 2 3.6527 2.2888* 1.6646* 2.4466* 3.0394* 3.2446* 2.3084* 

2 1 3 2.2084 0.8445* 0.2203* 1.0024* 1.5951* 1.8004* 0.8641* 

2 2 1 0.9895 0.3744* 0.9986* 0.2165* 0.3762* 0.5815* 0.3548* 

2 2 2 0.3801 0.9838* 1.6080* 0.8259* 0.2332* 0.0279 0.9642* 

2 2 3 1.2618 0.1021 0.7264* 0.0557 0.6485* 0.8537* 0.0825 

3 1 1 0.7483 0.6156* 1.2398* 0.4577* 0.135 0.3403* 0.5960* 

3 1 2 2.244 0.8801* 0.2559* 1.0379* 1.6307* 1.8359* 0.8997* 

3 1 3 1.4162 0.0523 0.5719* 0.2102* 0.8030* 1.0082* 0.072 

3 2 1 1.0771 0.2868* 0.9110* 0.1289 0.4639* 0.6691* 0.2672* 

3 2 2 0.5469 0.8170* 1.4413* 0.6592* 0.0664 0.1388 0.7974* 

3 2 3 4.6061 3.2422* 2.6180* 3.4001* 3.9928* 4.1980* 3.2618* 

 Continued to next page    
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V001 V002 V003 Means   2,1,1 2,1,2     2,1,3     2,2,1     2,2,2     2,2,3 

2 1 1 1.9517       

2 1 2 3.6527 1.7010*      

2 1 3 2.2084 0.2567* 1.4443*     

2 2 1 0.9895 0.9622* 2.6632* 1.2189*    

2 2 2 0.3801 1.5716* 3.2726* 1.8283* 0.6094*   

2 2 3 1.2618 0.6899* 2.3909* 0.9466* 0.2723* 0.8817*  

3 1 1 0.7483 1.2034* 2.9044* 1.4601* 0.2412* 0.3682* 0.5135* 

3 1 2 2.244 0.2923* 1.4087* 0.0356 1.2545* 1.8639* 0.9822* 

3 1 3 1.4162 0.5354* 2.2364* 0.7922* 0.4267* 1.0361* 0.1545 

3 2 1 1.0771 0.8745* 2.5756* 1.1313* 0.0876 0.6970* 0.1846* 

3 2 2 0.5469 1.4048* 3.1058* 1.6615* 0.4426* 0.1668 0.7149* 

3 2 3 4.6061 2.6544* 0.9534* 2.3977* 3.6166* 4.2260* 3.3443* 

 

 

 

 

 

 

Continued to next page 
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V001 V002 V003 Means   3,1,1     3,1,2     3,1,3     3,2,1     3,2,2  

3 1 1 0.7483       

3 1 2 2.244 1.4957*      

3 1 3 1.4162 0.6679* 0.8277*     

3 2 1 1.0771 0.3288* 1.1669* 0.3391*    

3 2 2 0.5469 0.2014* 1.6971* 0.8694* 0.5303*   

3 2 3 4.6061 3.8578* 2.3621* 3.1898* 3.5290* 4.0592*  

 
 
*   Significant at p < 0.05 
V001   KCl concentrations; Three levels as 1 (0 mM), 2 (10 mM) and 3 (25 mM) 
V002   Growth conditions; Two levels as 1 (Induced contains 2 % galactose) and 2 (Uninduced contains 2 % Glucose) 
V003   Primers used; Three primer sets as1 (F1R1 to amplify HvHKT2;1-e), 2 (F2R2 to amplify HvHKT2;1-i1) and 3  

(F3R3 to amplify HvHKT2;1-i2) 
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Appendix 33:  Analysis of Variance ANOVA) table for growth rate analysis of trk1, trk2 
yeast mutant expressing HvHKT2;1-i and empty vector (Control), section 3.6.2 page 96.  
 

Source DF SS MS F P 

V004 2 3.228 1.614   

V001 7 60.767 8.681 100.67 0.0000 

V002 1 44.989 44.989 521.73 0.0000 

V003 1 251.847 251.847 2920.66 0.0000 

V001X V002 7 39.492 5.642 65.43 0.0000 

V001 X V003 7 152.584 21.798 252.79 0.0000 

V002 X V003 1 40.313 40.313 467.51 0.0000 

V001 X V002 X V003 7 40.538 5.791 67.16 0.0000 

Error 62 5.346 0.086   

Total 95 639.103    

 
 
V001  KCl concentrations; Eight levels as 1 (0 mM or minimal zero), 2 (10 mM), 3 

(25 mM), 4 (50 mM), 5 (75 mM), 6 (100 mM), 7 (150 mM) and 8 (200 mM) 
V002  Growth conditions; Two levels as 1 (Induced contains 2 % galactose) and 2 

(Uninduced contains 2 % Glucose) 
V003  trk1, trk2 yeast mutant either expressing empty vector/control as 1, and 

HvHKT2;1-i as 2. 
V004  Replications 
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Appendix 34:  All-pairwise comparisons (LSD) test for growth rate analysis of trk1, trk2 

yeast strain expressing empty control vector and HvHKT2;1-i at p < 0.05, standard error 

for comparison 0.2398, critical t value 1.999 and critical value for comparison 0.4793. 

See description of V001 – V004 in appendix 33. 

V001 V002 V003 Mean 1,1,1     1,1,2     1,2,1     1,2,2     2,1,1     2,1,2 

1 1 1 0.192       

1 1 2 6.056 5.864*      

1 2 1 0.197 0.005 5.859*     

1 2 2 5.003 4.811* 1.053* 4.805*    

2 1 1 0.209 0.017 5.847* 0.012 4.794*   

2 1 2 3.916 3.724* 2.140* 3.719* 1.087* 3.707*  

2 2 1 0.181 0.011 5.875* 0.016 4.821* 0.028 3.734* 

2 2 2 10.803 10.611* 4.747* 10.606* 5.801* 10.595* 6.887* 

3 1 1 0.305 0.113 5.751* 0.108 4.698* 0.096 3.611* 

3 1 2 3.813 3.621* 2.243* 3.616* 1.190* 3.604* 0.103  

3 2 1 0.455 0.263 5.601* 0.257 4.548* 0.246 3.461* 

3 2 2 10.127 9.935* 4.071* 9.929* 5.124* 9.918* 6.211* 

4 1 1 2.442 2.250* 3.614* 2.245* 2.561* 2.233* 1.474* 

4 1 2 4.455 4.263* 1.601* 4.258* 0.548* 4.246* 0.539* 

4 2 1 2.706 2.514* 3.350* 2.509* 2.297* 2.497* 1.210* 

4 2 2 5.957 5.764* 0.100 5.759* 0.954* 5.748* 2.041* 

5 1 1 3.663 3.471* 2.393* 3.466* 1.340* 3.454* 0.253  

5 1 2 4.087 3.895* 1.969* 3.890* 0.916* 3.878* 0.171  

5 2 1 3.818 3.626* 2.238* 3.621* 1.185* 3.609* 0.098  

5 2 2 4.888 4.696* 1.168* 4.690* 0.115 4.679* 0.972* 

6 1 1 3.813 3.621* 2.243* 3.616* 1.190* 3.604* 0.103  

6 1 2 3.410 3.218* 2.646* 3.213* 1.593* 3.201* 0.506* 

6 2 1 3.317 3.125* 2.739* 3.120* 1.686* 3.108* 0.599* 

6 2 2 5.885 5.693* 0.171 5.688* 0.882* 5.676* 1.969* 

7 1 1 3.622 3.430* 2.434* 3.425* 1.381* 3.413* 0.294  

7 1 2 3.529 3.337* 2.527* 3.332* 1.474* 3.320* 0.387  
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7 2 1 3.885 3.693* 2.171* 3.688* 1.117* 3.676* 0.031  

7 2 2 6.872 6.680* 0.816* 6.674* 1.869* 6.663* 2.956* 

8 1 1 1.242 1.050* 4.814* 1.045* 3.761* 1.033* 2.674* 

8 1 2 1.769 1.577* 4.287* 1.572* 3.234* 1.560* 2.147* 

8 2 1 1.513 1.321* 4.543* 1.315* 3.490* 1.304* 2.403* 

8 2 2 2.823 2.631* 3.233* 2.625* 2.180* 2.614* 1.093* 

 
 
 
V001 V002 V003 Mean 2,2,1 2,2,2 3,1,1 3,1,2 3,2,1 3,2,2 

2 2 1 0.181         

2 2 2 10.80 10.622*      

3 1 1 0.305 0.123 10.499*     

3 1 2 3.813 3.631* 6.990* 3.508*    

3 2 1 0.455 0.273 10.349* 0.150 3.358*   

3 2 2 10.127 9.945* 0.677* 9.822* 6.314* 9.672*  

4 1 1 2.442 2.260* 8.361* 2.137* 1.371* 1.987* 7.685* 

4 1 2 4.455 4.274* 6.348* 4.150* 0.642* 4.000* 5.672* 

4 2 1 2.706 2.524* 8.098* 2.401* 1.107* 2.251* 7.421* 

4 2 2 5.957 5.775* 4.847* 5.652* 2.143* 5.502* 4.170* 

5 1 1 3.663 3.482* 7.140* 3.358* 0.150 3.208* 6.463* 

5 1 2 4.087 3.905* 6.717* 3.782* 0.274 3.632* 6.040* 

5 2 1 3.818 3.637* 6.985* 3.513* 0.005 3.364* 6.309* 

5 2 2 4.888 4.706* 5.916* 4.583* 1.075* 4.433* 5.239* 

6 1 1 3.813 3.631* 6.990* 3.508* 0.000 3.358* 6.314* 

6 1 2 3.410 3.228* 7.393* 3.105* 0.403 2.955* 6.717* 

6 2 1 3.317 3.136* 7.486* 3.012* 0.496* 2.862* 6.810* 

6 2 2 5.885 5.703* 4.919* 5.580* 2.072* 5.430* 4.242* 

7 1 1 3.622 3.440* 7.182* 3.317* 0.191 3.167* 6.505* 

7 1 2 3.529 3.347* 7.275* 3.224* 0.284 3.074* 6.598* 

7 2 1 3.885 3.704* 6.918* 3.580* 0.072 3.431* 6.241* 

7 2 2 6.872 6.690* 3.932* 6.567* 3.059* 6.417* 3.255* 



                                                                                                                             Appendices  

 

187 
 

8 1 1 1.242 1.061* 9.561* 0.937* 2.571* 0.788* 8.884* 

8 1 2 1.769 1.588* 9.034* 1.464* 2.044* 1.314* 8.358* 

8 2 1 1.513 1.331* 9.291* 1.208* 2.300* 1.058* 8.614* 

8 2 2 2.823 2.641* 7.981* 2.518* 0.990* 2.368* 7.304* 

 
 

 

V001 V002 V003 Mean 4,1,1 4,1,2 4,2,1 4,2,2 5,1,1 5,1,2 

4 1 1 2.442         

4 1 2 4.455 2.013*      

4 2 1 2.706 0.264 1.749*     

4 2 2 5.957 3.515* 1.502* 3.251*    

5 1 1 3.663 1.221* 0.792* 0.957* 2.293*   

5 1 2 4.087 1.645* 0.368 1.381* 1.870* 0.424   

5 2 1 3.818 1.376* 0.637* 1.112* 2.138* 0.155 0.269  

5 2 2 4.888 2.446* 0.433 2.182* 1.069* 1.225* 0.801* 

6 1 1 3.813 1.371* 0.642* 1.107* 2.143* 0.150 0.274  

6 1 2 3.410 0.968* 1.045* 0.704* 2.547* 0.253 0.677* 

6 2 1 3.317 0.875* 1.138* 0.611* 2.639* 0.346 0.770* 

6 2 2 5.885 3.443* 1.430* 3.179* 0.072 2.222* 1.798* 

7 1 1 3.622 1.180* 0.833* 0.916* 2.335* 0.041 0.465  

7 1 2 3.529 1.087* 0.926* 0.823* 2.428* 0.134 0.558* 

7 2 1 3.885 1.443* 0.570* 1.179* 2.071* 0.222 0.202  

7 2 2 6.872 4.430* 2.417* 4.166* 0.915* 3.209* 2.785* 

8 1 1 1.242 1.200* 3.213* 1.464* 4.714* 2.421* 2.845* 

8 1 2 1.769 0.673* 2.686* 0.937* 4.188* 1.894* 2.318* 

8 2 1 1.513 0.929* 2.942* 1.193* 4.444* 2.150* 2.574* 

8 2 2 2.823 0.381 1.632* 0.117 3.134* 0.841* 1.264* 
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V001 V002 V003 Mean 5,2,1 5,2,2 6,1,1 6,1,2 6,2,1 6,2,2 

5 2 1 3.818         

5 2 2 4.888 1.070*      

6 1 1 3.813 0.005 1.075*     

6 1 2 3.410 0.408 1.478* 0.403     

6 2 1 3.317 0.501* 1.571* 0.496* 0.093    

6 2 2 5.885 2.067* 0.997* 2.072* 2.475* 2.568*  

7 1 1 3.622 0.196 1.266* 0.191 0.212 0.305 2.263* 

7 1 2 3.529 0.289 1.359* 0.284 0.119 0.212 2.356* 

7 2 1 3.885 0.067 1.002* 0.072 0.475 0.568* 2.000* 

7 2 2 6.872 3.054* 1.984* 3.059* 3.462* 3.555* 0.987* 

8 1 1 1.242 2.576* 3.646* 2.571* 2.168* 2.075* 4.643* 

8 1 2 1.769 2.049* 3.119* 2.044* 1.641* 1.548* 4.116* 

8 2 1 1.513 2.305* 3.375* 2.300* 1.897* 1.804* 4.372* 

8 2 2 2.823 0.996* 2.065* 0.990* 0.587* 0.494* 3.062* 

V001 V002 V003 Mean 7,1,1 7,1,2 7,2,1 7,2,2 8,1,1 8,1,2 

7 1 1 3.622         

7 1 2 3.529 0.093       

7 2 1 3.885 0.263 0.356      

7 2 2 6.872 3.250* 3.343* 2.986*    

8 1 1 1.242 2.380* 2.287* 2.643* 5.630*   

8 1 2 1.769 1.853* 1.760* 2.116* 5.103* 0.527*  

8 2 1 1.513 2.109* 2.016* 2.372* 5.359* 0.271 0.256  

8 2 2 2.823 0.799* 0.706* 1.063* 4.049* 1.580* 1.054* 

V001 V002 V003 Mean 8,2,1      

8 2 1 1.513         

8 2 2 2.823 1.310*      
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Appendix 35:  Analysis of variance (ANOVA) table for expression analysis in barley 

plants gown at 0, 50 and 100 mM NaCl.  Variables are shown as; V001 as barley plants 

grown at three NaCl levels i.e. 1 (0 mM or control), 2 (50 mM) and 3 (100 mM), V002 

represents replications and V003 shows primer sets used as 1 (F1R1 for HvHKT2;1-e), 2 

(F2R2 for HvHKT2;1-i1) and 3 (F3R3 for HvHKT2;1-i2). 

 

Source DF SS MS F P 

V002 2 0.00929 0.00465   

V001 2 0.59368 0.29684 79.63 0.0000 

V003 2 3.10242 1.55121 416.13 0.0000 

V001 X V003 4 0.82899 0.20725 55.60 0.0000 

Error 16 0.05964 0.00373   

Total 26 4.59402    

 

Appendix 36:  All-pairwise comparisons test of expressional analysis of HvHKT2;1-i 

transcripts in barley plants unde different NaCl concentrations at p < 0.05, Standard Error 

for Comparison 0.0499, Critical T Value  2.120 and Critical Value for Comparison  

0.1057. 

V001 V003 Mean 1, 1 1, 2 1, 3 2, 1 2, 2 2, 3 3, 1 

1 1 0.4758        

1 2 0.7788 0.3030*       

1 3 0.3238 0.1521* 0.4551*      

2 1 0.5703 0.0945 0.2085* 0.2465*     

2 2 1.2486 0.7728* 0.4697* 0.9248* 0.6783*    

2 3 0.7247 0.2489* 0.0541 0.4010* 0.1544* 0.5238*   

3 1 0.6165 0.1407* 0.1623* 0.2928* 0.0462 0.6320* 0.1082*  

3 2 1.6046 1.1288* 0.8257* 1.2808* 1.0343* 0.3560* 0.8798* 0.9880* 

3 3 0.2778 0.1980* 0.5010* 0.0459 0.2925* 0.9707* 0.4469* 0.3387* 

V001 V003 Mean 3, 2       

3 2 1.6046        

3 3 0.2778 1.3267*       
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Appendix 37: A 206 bp sequence of 35S promoter region (from vectors expressing HKT 
under 35S) used for transgene confirmation by conventional PCR besides using the gene 
specific primers.  

TTGATGAAGTGACAGATAGCTGGGCAATGGAATCCGAGGAGGTTTCCCGATATTACCCTTTGTTG
AAAAGTCTCAATAGCCCTTTGGTCTTCTGAGACTGTATCTTTGATATTCTTGGAGTAGACGAGAG
TGTCGTGCTCCACCATGTTGACGAAGATTTTCTTCTTGTCATTGAGTCGTAAAAGACTCTGTATG
AACTGTTCGCC 

 

 

 

 

 

 

 

 

 

 

 




