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Abstract 

 Soil salinity impedes crop production in 30% of irrigated land area and 7% 

of dry land agriculture (FAO, 2008). Members of the group II High affinity K+ 

Transporter (HKT) gene family have been implicated in Na+ transport in 

taxonomically diverse species making these genes potential targets in crop 

improvement for salt tolerance. The aim of this study was to improve our 

understanding of group HKT gene organisation and function in bread wheat. 

 

 A member of the TaHKT2;1 family was previously identified as a Na+ 

transporter with a possible role in root Na+ uptake. The full-length cDNA sequence 

of this member was used as a basis to query the International Wheat Genome 

Survey Sequence and to characterize the homeologous gene family (Chapter II). 

Six TaHKT2;1 genes were characterized including four functional and two 

pseudogenes on chromosome arm 7AL, 7BL and 7DL. The homeologous members 

contained variable protein domains responsible for cation specificity and in salt 

responsive cis-regulatory elements in gene promoters. The functional genes were 

expressed under low and high NaCl conditions in roots and leaf sheaths, but were 

down regulated in leaf blades. Aneuploid wheat lines null for each gene showed that 

the individual members of the TaHKT2;1 multi-gene family were not involved in 

controlling Na+ uptake from the external medium into roots but may have a role in 

‘excluding’ Na+ from leaves or possibly involved in maintaining K+ status in the 

plant and therefore a new role for group II HKT genes was proposed in bread 

wheat. 

 

 Knowledge on rice HKT genes and the whole genome sequence was used in 

comparative gene analysis to identify remaining orthologous wheat group II HKT 

genes (Chapter III). A distinct gene family, TaHKT2;2, was identified with a single 

copy of the gene on each homeologous chromosome arm 7AL, 7BL and 7DL. The 

proteins encoded by members of the TaHKT2;2 gene family revealed more than 

93% amino acid sequence identity but ≤52% amino acid identity compared to the 

proteins encoded by the TaHKT2;1 family. Similar to orthologous rice genes on 

chromosome 6L, TaHKT2;1 and TaHKT2;2 genes were closely linked, located 

approximately 3kb apart on wheat chromosomes 7AL, 7BL and 7DL, forming a 

static syntenic block in the two species. Most members of both TaHKT2;1 and 

TaHKT2;2 showed expression and maintenance of transcript levels in root, sheath 

and leaf blade tissue of plants for  control (no added NaCl treatment) and under 

200mM NaCl conditions. However, a 2-3 fold differences for TaHKT2;1 7DL-1 and 

TaHKT2;2 7AL-1 in some tissue may indicate their involvement in controlling Na+ 

accumulation in a tissue specific manner. The chromosomal region on 7AL 
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containing TaHKT2;1 7AL-1 co-located with a QTL for shoot Na+ concentration and 

yield in some saline environments. Evidence indicated that neither TaHKT2;2 nor 

TaHKT2;1 were associated with primary root Na+ uptake but TaHKT2;1 may be 

associated with trait variation for Na+ ‘exclusion’ from leaves and yield in some, but 

not all, saline environments. 

 Phylogenetic analysis of TaHKT2;1 and TaHKT2;2 gene families in wheat and 

related grasses revealed a single relatively recent gene duplication event in an 

ancestral species resulting in two distinct phylogenetic lineages in the group II HKT 

genes, identifying two subfamilies I and II (Chapter IV). The proteins were highly 

conserved in the structural core and the main functional domains but variable 

between subfamilies in the cytoplasmic and external domain. A subset of codons in 

external loops of subfamily I proteins showed signatures of episodic adaptive 

evolution identifying these sites as targets of selection and potentially important in 

molecular function. 

 

 This study identified two phylogenetically distinct group II HKT 

families with differences in copy number, gene sequences and encoded proteins. 

TaHKT2;1 was involved in potentially redundant functions for root-to-shoot Na+ 

transport influencing leaf Na+ ‘exclusion’. The group II HKT genes did not appear to 

involve in root uptake of Na+ but rather a potentially different role for ion transport 

in tissues. The collective findings of this study revealed a broader role for individual 

group II HKT genes in bread wheat which could include affinities for different 

cations, or other indirect roles in interconnected biological pathways possibly 

through a coordinated network of physiological processes and biochemical 

pathways which together influence Na+ trafficking within the plants. This indicates 

the possibility that gene members did not have major effects but specific 

combinations or allelic variations of some group II HKT can be utilized to enhance 

“collective plant response” in saline stress through wheat pre-breeding activities.  
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I dedicate this thesis to my parents and teachers  

 

"Because a tree in spring buds and comes greenly into leaf, are those leaves 

therefore the tree? If the newborn twigs and their leaves were all that existed, they 

would form a vague halo of green suspended in mid-air, but surely that is not the 

tree. It is the trunk and limbs that give the tree its grandeur and the leaves 

themselves their meaning" 

"Adding a Dimension" by my childhood favourite author Isaac Asimov 
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Chapter I 

General Introduction 

 

“Salinity, which causes gradual loss of farm and grazing land to rising salt levels 

in soil, is fast becoming a silent killer of agricultural productivity in the irrigated 

systems” ICARDA, Nov 1, 2015 

 

Soil salinity and bread wheat production 

Soil salinity impedes global crop production including 19.5% of irrigated land 

and 2.1% of dry land agriculture affecting  a total area of 397 million ha of saline 

and 434 million ha sodic soils (FAO, 2016; http://www.fao.org). Saline soils are 

characterized by electrical conductivity of saturated-soil extract (ECe) higher than 4 

dS/m due to the presence of high concentrations of soluble salts (USDA-ARS, 

http://www.ars.usda.gov/Main/docs.htm?docid=3267); 4 dS/m for NaCl is 

equivalent to approximately 40 mM NaCl in the extract, so it would be more 

concentrated in the soil water at field capacity. Saline soils can contain a range of 

dissolved salts, including NaCl, Na2SO4, MgSO4, CaSO4, MgCl2, KCl, and Na2CO3, 

that affect crop growth when at toxic levels. NaCl is the most prevalent salt 

representing up to 50-80% of total solutes [1, 2] and so has been the focus of 

much work on salinity and its effects on crop yields. While soils can be naturally 

saline from salts in the parent rock or the deposition of salt from oceans, salinity 

can also develop under irrigation when salts in water accumulate in the root zone 

[2]. Salinity will become a further problem as more arable lands are under 

increasing irrigation, extension of agriculture to marginal lands or changes in 

climatic conditions [3, 4]. Therefore, salt tolerant varieties of major crops such as 

bread wheat (Triticum aestivum) are needed for saline production environments to 

improve the global agricultural economy and meet global demand for grain.   

Soil salinity has variable effects on yields of bread wheat and other small 

grain cereals possibly due to different physiological and biochemical processes that 

regulate ion uptake and utilisation in these species. Bread wheat is a moderately 

salt tolerant crop with no significant yield loss when soil salinity (ECe) is up to 6 

dS/m but yield reduces by approximately 7% for each unit increase above this 

threshold [5]. Consequently, in field conditions where salinity reaches 10 dS/m, 

bread wheat will survive but with reduced yields whereas other crops such as rice 

(Oryza sativa) would normally succumb before maturity. In contrast, barley 
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(Hordeum vulgare) can survive extended periods at salt concentrations higher than 

250 mM NaCl (equivalent to 50% seawater) [6]. Soil salinity inhibits plant growth 

and development by reducing available water (sometimes referred to as chemical 

or osmotic “drought”), interfering with nutrient uptake and causing specific ion 

toxicities such as high Na+ or Cl- in tissues [7]. However, evidence from controlled 

experiments showed a clear Na+ specific damage in bread wheat that can be more 

severe than the toxic effects caused by other ions such as Cl-[8]. Therefore, Na+ 

specific effects in bread wheat have been of interest to understand physiological, 

biochemical and genetic mechanisms that contribute to tolerance of high NaCl 

levels.  

Broadly, three major traits are the basis of saline tolerance in both 

glycophytes and halophytes, including osmotic tolerance, ion exclusion and, tissue 

ion tolerance [6] and plants make use of a combination of these mechanisms to 

survive under saline conditions. This review identifies the molecular determinants of 

transport mechanisms involved in regulation of tissue Na+ that enable bread wheat 

surviving in salt stressed conditions. Similar mechanisms were examined and 

compared in other small grain cereals and the model species Arabidopsis, wherever 

possible and relevant, to gain a better understanding of the complex biological 

processes of salinity tolerance across species.  

 

Growth and stress response of bread wheat under saline conditions 

In saline conditions plants suffer deleterious effects due to high salt 

concentrations in the external medium but also the toxic levels of salt (ions) in-

planta. These phenomena results in a two-phase growth response in bread wheat 

[9]. The initial osmotic phase is caused by the increased ion concentrations in the 

external medium that impede water uptake by roots resulting in osmotic stress and 

reduced root and shoot growth. The immediate response to osmotic stress is 

closure of stomata and reduced transpiration [6] resulting in a reduced rate of 

photosynthesis. Furthermore, water stress causes reduced cell turgor pressure and 

can also decrease cell wall elasticity and inhibited shoot and root growth and 

subsequently reduce tillering [6]. Collectively, these effects resulted in the 

immediate and severe growth retardation under salt stress. Interestingly, 

symptoms observed in osmotic stressed bread wheat are strikingly similar to a 

drought response [10]. Experiments using different osmotica have shown that 

these effects are non-specific to either Na+ or Cl- [11] but due to plant response to 

a low (i.e. more negative) soil water potential causing water stress . However, a 

salt-specific aspect of short-term growth inhibition was recognized in relation to 
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long distance cellular signalling of osmotic stress in bread wheat [12]. Although the 

growth reduction caused by salt induced osmotic stress is non-specific, it can be 

immediate and of apparent greater magnitude than Na+ or Cl- specific effects, 

particularly in moderate saline conditions [9]. Bread wheat and other Triticeae 

species including Hordeum vulgare (barley) and Triticale when grown in 0 to 250 

mM NaCl did not significantly differ in their growth during the initial 4 weeks or first 

phase of the salt stress response [9], so that limited inherent genetic variability or 

tolerance has been identified in bread wheat or related species for ”osmotic stress 

tolerance”.  

The “ion specific phase” is caused by a disproportionate presence of ions, 

specifically Na+ within the tissues that inhibit ion homeostasis and cellular 

metabolism. High concentrations of Na+ (>100 mM NaCl) in the cytoplasm can 

inhibit essential cellular metabolism [13] specifically inhibiting enzymes activated 

by K+[14]. Plants transpire 50 times more water than they retain [6] resulting in 

the progressive accumulation of solutes via transpiration stream in the leaves. 

Thus, while roots can maintain cytosolic Na+ concentrations relatively constant [14, 

15], in leaf tissue cytosolic Na+ concentrations unduly increase under saline 

conditions [16]. Consequently, the leaf blade is the most susceptible tissue to Na+ 

toxicity in saline stressed plants. Growth and expansion enable salts to be diluted in 

young leaves, and stored in the large vacuoles, but Na+ rapidly accumulates to 

toxic levels causing injury and necrosis in mature leaves. The loss of mature leaves 

results in reduced supply of assimilates to the growing tissues and when the 

proportion of dead leaves is more than 60% of total shoot dry mater, growth is 

linearly reduced with increasing leaf blade Na+ concentration in bread wheat [17]. 

Although sensitive bread wheat genotypes developed salt induced leaf injuries 

within 2 weeks, tolerant germplasm did not show significant differences in reduction 

of leaf area expansion or total dry matter until five weeks of salt stress at 150 mM 

Na+[9]. The physiological mechanisms and genes by which tolerant genotypes 

reduce the rate of Na+ accumulation in the leaf blade and delay occurrence of toxic 

symptoms is, therefore, of great interest for genetic manipulation in crop 

improvement for tolerance in the ion specific phase.  

 

Mechanisms of salt tolerance  

Although micro quantities of Na+ can have beneficial roles in growth and 

development [18, 19], all plants need to alleviate effects of toxic levels of Na+ by 

energy-dependant transport mechanisms [18]. Roots can use Na+ as an inorganic 

vacuolar osmoticum for adjustment and turgor balance enabling water uptake 



4 

 

under highly negative soil water potential in saline conditions [20]. Tolerant plants 

are capable of achieving an equilibrium status to utilize Na+ while eliminating toxic 

effects in sensitive photosynthetic and actively growing tissues by two major 

mechanisms  including the control of ion flow into shoots (‘ion exclusion’) and 

compartmentalization of ions in vacuoles to maintain cytoplasmic integrity for 

metabolism (‘tissue tolerance’).  

Bread wheat accessions vary for biomass or yield under saline conditions, 

[21, 22] and the mechanism during the ion specific phase can be either tissue 

tolerance or salt exclusion. Although some studies emphasised that leaf Na+ 

exclusion measured by Na+ concentration or shoot K+/Na+ accumulation were useful 

for breeding and selecting saline tolerance [16, 23-26], alternative evidence 

contradicted this notion and showed that tissue tolerance and leaf Na+ exclusion 

varied independently in bread wheat germplasm [16]. It seems that in bread wheat 

tissue tolerance and leaf Na+ exclusion can function in an additive manner and, 

consequently, similar level of salt tolerance can result from these two major 

mechanisms. Similar conclusions were derived from studies in rice [27] supporting 

the view that tolerance could involve the interaction of both mechanisms. An 

example was when a SNF1-related kinase/CBL-interacting protein kinase gene that 

co-located with a QTL for Na+ exclusion in Arabidopsis was expressed in transgenic 

barley and showed improved leaf Na+ exclusion. Barley has naturally high levels of 

tissue tolerance and enhanced Na+ exclusion in transgenic plants had an additive 

effect significantly increasing crop biomass under saline field conditions [28]. This 

raises the possibility of manipulating genes from different independent but 

synergistic genetic and physiological mechanisms related to salt exclusion and 

tissue tolerance to accelerate breeding of salt tolerance in bread wheat.  

 A systematic and detailed understanding of the physiological and genetic 

complexity of individual tissue and organ specific mechanisms would, therefore, 

facilitate individual trait based selection approaches in early stages of breeding in 

contrast to phenotype selection for yield in bread wheat in saline environments. 

Both glycophytes and halophytes have similar mechanisms for tissue tolerance and 

leaf Na+ exclusion, even though the relative importance and effectiveness of 

individual mechanisms would vary considerably. Therefore, model species such as 

Arabidopsis and rice are useful in gaining fundamental insights on the physiological, 

molecular and genetic components of these mechanisms. The following sections 

reviews a selection of previous studies on salt tolerance mechanisms in bread 

wheat and how integrating physiological and gene information from related grass 

and model species such as rice and Arabidopsis can confirm or identify alternative 

biological pathways for tissue tolerance or leaf Na+ exclusion. 
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Tissue tolerance 

 Plants capable of tissue tolerance can withstand high tissue Na+ 

concentration with less damage of cells, tissues or organs. Tissue tolerance is a 

composite effect of three major mechanisms namely, sequestration of Na+ in 

vacuoles, synthesis of compatible solutes and detoxification of reactive oxygen 

species [28]. Halophytes and some crop species such as barley are able to 

compartmentalize Na+ into vacuoles of cells in the shoot and root, to prevent 

accumulation of Na+ in the cytosol [29]. As such these species tolerate high tissue 

Na+ concentration with less risk of detrimental effects on cellular metabolism. 

Storage of Na+ in vacuoles serves a dual purpose by preventing accumulation of 

Na+ in the cytoplasm and contributing to osmotic adjustment that facilitates water 

uptake [20] resulting in increased osmotic tolerance. Na+ compartmentalization in 

vacuoles provides a conducive environment for cellular metabolism and 

photosynthesis in the cytosol and organelles (i.e. mitochondria and chloroplasts). 

However, most glycophytes including bread wheat are less effective at Na+ 

compartmentalization than halophytes and rapidly develop leaf senescence and 

necrosis with increasing tissue Na+ concentration.  

 Compartmentalisation of Na+ in vacuoles is achieved by a tonoplast-bound, 

class I Na+/H+ antiporters, such as the Arabidopsis Na+/H+ exchanger (NHX1)[30]. 

Constitutive over expression of NHX1 showed increased vacuolar Na+ accumulation 

and Na+ tolerance in transgenic plants [31]. Gene orthologs of NHX1 identified 

analogous physiological mechanisms in bread wheat [32-34]and rice [35], 

implicating a similar functional role in tissue tolerance under saline conditions in 

cereals. However, the transporter protein encoded by NHX1 has a similar Michaelis 

constant (Km) value for both K+ and Na+[36] in Arabidopsis, so the proteins may 

mediate K+/H+ exchange rather than Na+/H+ exchange if Na+ concentration in the 

medium does not exceed K+[37]. Loss of function of NHX1 (and NHX2 isoform)in 

Arabidopsis resulted in severely impaired vacuolar K+ accumulation but was 

dispensable for Na+ compartmentalization [37], indicating a functional redundancy 

of NHX genes for Na+ accumulation. Therefore, it is plausible that the function of 

NHX in salt tolerance is predominantly in maintaining K+ homeostasis rather than in 

sequestration of Na+ in to the vacuole. Consequently, the function of NHX is 

conditioned by ion composition and concentration of the external environment and 

requires complex manipulation to achieve a specific phenotype. The action of NHX1 

is coupled with vacuolar H+-ATPase and H+-phyrophosphatase that generate 

electro-chemical gradients of H+ across the tonoplast to facilitate transport of ions 

[38, 39]. Over expression of H+-ATPase and H+-phyrophosphatase gene orthologs 

increased Na+ sequestration and enhanced salt tolerance in transgenic 
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Arabidopsis[40] and bread wheat [41]. These findings, collectively, indicated similar 

functional roles of genes involved in compartmentalization between bread wheat 

and other species but further studies to manipulate the genes to obtain desirable 

phenotypes would provide further information on their specific biological role. 

 A recent study based on root Na+ concentrations [29] showed there was no 

significant difference in the degree of vacuolar Na+ sequestration between salt 

sensitive and tolerant bread wheat varieties indicating that tissue tolerance of root 

cells did not significantly contribute to enhanced salt tolerance in at least three 

tolerant bread wheat varieties evaluated. On the other hand, higher vacuolar Na+ 

sequestration in leaf conferred increased salt tolerance in other different bread 

wheat cultivars [16, 42, 43] indicating a tissue specific  contribution of this trait in 

overall plant tolerance.  Interestingly, desirable phenotypes with enhanced capacity 

for tissue tolerance have been identified amongst close relatives of bread wheat 

[28, 44] that can be utilised as potential donors of beneficial genes to enhance 

bread wheat germplasm for salt tolerance.  

 

Leaf Na+ exclusion 

 Na+ exclusion minimises entry and accumulation of Na+ in leaves. Bread 

wheat biomass production and yield under salt stress is strongly correlated with low 

concentration of Na+ in leaves, providing strong evidence that Na+ exclusion is a 

main mechanism of salt tolerance in bread wheat [45, 46], but contradicting 

findings were reported in other studies [47]. Analysis of Na+ trafficking in bread 

wheat and other cereal species showed that roots need to exclude 98% of the ions 

and maintain 2% concentration in the xylem (relative to the concentration in the 

external medium) preventing ion accumulation in the shoots and elevated 

concentrations than in the soil solution [6]. Indeed, some bread wheat varieties are 

capable of excluding 97-99% of the Na+ in the roots resulting in 0.3-1.6 mM in the 

shoot xylem [48]. Bread wheat and other cereal species can restrict Na+ trafficking 

into leaf blade by one or more of five transport processes at different morphological 

stages within the plant (Figure 1). These include: (1) selectively restricting Na+ 

uptake by soil-root-symplast interface; (2) root Na+ extrusion; (3) reduced net 

xylem loading in root by xylem parenchyma; (4) unloading of Na+ from xylem at 

upper parts of roots, stem base, and leaf sheath by xylem parenchyma; and (5) 

loading of Na+ in shoots into phloem and recirculation to the roots [5]. These 

mechanisms and the associated genes of the transport proteins involved would, 

therefore, provide further understanding on the biological process that can be 

manipulated in improving bread wheat for salinity tolerance. 
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Figure 1. Na+ trafficking in bread wheat involving major transporter systems. The 

arrows indicate direction of ion transport. Wheat HKT genes are indicated in blue. 

Asterix indicate mechanical processes where no transporter systems are involved. 

The thick arrows to the left of the figure represent proportion of Na+ transport 

across tissues/organs as percentages in wheat. Genes related to High Affinity 

Potassium Transporter (TaHKT), Non-Selective Cation Channels (NSCC), Low 

Affinity Cation Transporter (LCT1), Na+/H+ exchanger (TaNHX), Salt Overly 

Sensitive (TaSOS1) are indicated. 
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Na+ uptake at soil-root-symplast 

 The kinetics and mechanism of sodium transport into plant roots is a bi-

phasic character as demonstrated in barley [49]. At low external concentrations 

(typically,<1 mM) Na+ flux is mediated by high-affinity transport systems (HATS) 

that are suppressed by both Ca2+ and K+ and  influenced by counter ions (e.g. Cl-, 

F-, SO4
2-), temperature and a small range of metabolic inhibitors. Some members of 

the HKT family from rice, and Aveneae and Triticeae tribes of the Poaceae family 

such as TaHKT2;1, OsHKT2;1 and HvHKT2;1 mediate Na+ uptake in high affinity 

range [50] have been studied and their function in ion transport have been inferred 

in heterologous expression systems such as Xenopus oocytes and yeast [51]. 

However, the fact that terrestrial plants including bread wheat can survive in the 

absence of Na+ (<1μM),  Na+ coupled transport is not vitally important [52] and, 

therefore,  K+/Na+ co-transport is probably not the primary function of TaHKT2;1 

family. 

 At high or saline external Na+ concentrations low-affinity transport systems 

(LATS) are active.  The negative electrical potential difference at the plasma 

membrane of root cells (-140 mV) favours a passive entry of Na+ from the soil 

solution [53]. However, measurements of unidirectional 22Na+ transport showed 

that resistant and sensitive bread wheat varieties did not significantly differ in their 

rate of root Na+ uptake [42, 54] eliminating the possibility that tolerant bread 

wheat varieties have higher capacity for selection against Na+ at the root-soil 

interface. The multiple kinetic components associated with Na+ influx in plant roots 

are summarised in Table 1 and their role in Na+ trafficking in bread wheat are 

detailed in Figure 1. Three major molecular systems accounting for a major fraction 

of Na+ exchange at the root-soil interface were identified including non-selective 

cation channels (NSCC) [55], low affinity cation transporters (LCT1)  [56] and high 

affinity potassium transporters (HKT) [20, 57]. K+ channels such as KAT1 and 

AKT1[58], and K+ transporter family HAK/KUP/KT[30] may also have minor roles in 

root Na+ uptake. There are two types of plant NSCC, the glutamate like receptors 

(GLRs) and cyclic nucleotide gated channels (CNGCs). Both have low selectivity for 

monovalent cations under a range of ionic conditions and, therefore, have an 

important role in nutrient ion uptake but, simultaneously, low ion selectivity results 

in a large fraction of Na+ entering roots via NSCC[59, 60]. All characterized CNGC 

mediate K+ and Na+ transport, except CNGC2 which is incapable of Na+ transport 

[61]. As such, significantly lower shoot Na+ concentrations were observed in 

Arabidopsis CNGC loss of function mutants [62]. However, Na+ inward current 

generated by CNGCs is partially inhibited at 0.5 to 5 mM Ca2+ activity in bread 

wheat roots [55, 60] and, consequently, Ca2+ can be effectively used in 
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ameliorating Na+ toxicity in some saline soils [63-65]. Although direct evidence is 

unavailable, LCT1 is also speculated to be involved in Na+ uptake based on protein 

and transport properties [56]. 

 

Table 1. Transporter proteins and putative function in Na+ transport at soil-root-

symplast interface 

 

 

Futile Na+ Cycling 

 In roots of bread wheat, the net uptake of Na+ was very low relative to 

unidirectional influx, predicting high rates of Na+ efflux to the external medium  

[73, 74]. A fraction of the Na+ is sequestered in the vacuoles but balancing Na+ 

influx with Na+ export from the cytoplasm back into the apoplast or external 

medium (also termed ‘futile cycling’) is a mechanism of reducing the Na+ load into 

root xylem [75, 76].Approximately 90% of Na+ entering into the root symplast can 

be subsequently be removed by extrusion into the rhizosphere in some plants [74]. 

Given that  98% of Na+ is excluded from shoot by root processes [6], the Na+ efflux 

by roots in bread wheat can be significant in determining shoot Na+ concentrations.  

 Function Category of genes References 

P
la

s
m

a
 m

e
m

b
ra

n
e
 

Passive Na+ influx High affinity potassium transporters (HKT)  [51, 66] 

 Non-selective cation channels (NSCC) [67] 

 Low affinity cation transporters (LCT1) [56] 

 K+ channels KAT1 and AKT1   

Active Na+ efflux   Na+/H+ antiporters [68-70] 

High affinity active K+ 

influx  

K+/H+ symporters  

passive K+ efflux  Outward rectifying K+ channels (KOR)  [52] 

passive or active K+ 

influx 

K+ uptake transporter/high-affinity K+ 

Uptake/K+ transporter (KUP/HAK/KT)  

Inward rectifying K+ channels (KIR) 

[71] 

T
o
n
o
p
la

s
t Active Na+ efflux  Na+/H+ antiporters [69] 

Passive Na+ influx/efflux Slow–activated vacuolar channels [72] 

Passive Na+ influx/efflux Fast-activated vacuolar channels  
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 Removal of cytosolic Na+ to the apoplast or rhizosphere is mediated by 

plasma membrane H+ driven Na+ antiporter proteins of the Na+: H+ antiporter 

(NHA) family [30]. Members of this gene family, particularly Salt Overly Sensitive 

(SOS1), have been well studied in Arabidopsis [68-70]. SOS1 is preferentially 

expressed in epidermal cells at the root tip and in parenchyma cells at the 

xylem/symplast boundary of roots, stems, and leaves [69]. Since root tip cells are 

incapable of vacuolar Na+ compartmentalization (as these cells are evacuolate), 

extrusion of cytoplasmic Na+ into the apoplast or rhizosphere by SOS1 is of 

importance to reduce effects of salinity stress. Activity of plasma membrane Na+ 

efflux systems that are mediated by a SOS1-like homolog and energized by plasma 

membrane H+-ATPase was detected in root epidermal cells of relatively salt tolerant 

bread wheat variety "Kharchia 65" by electrophysiological measurements using the 

microelectrode ion flux estimation (MIFE) technique [42]. An ortholog of 

Arabidopsis SOS1, TaSOS1, was identified in the bread wheat variety Chinese 

Spring based on sequence similarity [77]. Tissue expression studies showed that 

TaSOS1 was induced by salt treatment in roots and leaves and heterologous 

expression of TaSOS1 in yeast showed a significant reduction in major Na+ efflux 

systems whilst increasing K+ content [78]. Similarly, the rice orthologOsSOS1 

showed a capacity for Na+/H+ exchange and transgenic expression of OsSOS1 

suppressed the salt sensitivity of a sos1-1 Arabidopsis mutant [79]. Therefore, it 

appears that AtSOS1, OsSOS1and TaSOS1 regulates Na+ efflux systems in a similar 

manner to adjust cytoplasmic Na+ concentration. Na+ extrusion can occur in other 

tissues where SOS1 is not expressed and, therefore, it is likely that other antiporter 

genes and mechanisms are involved. One such possibility is the cation H+ exchange 

(CHX) family which includes both K+:H+ and Na+:H+ antiporters and some CHXs 

which have been implicated in salinity tolerance [80]. However, orthologs of these 

genes have not yet been characterized in bread wheat. 

 

Radial transport of Na+ across roots 

 Na+ entering the root symplast via the plasma membrane of epidermal cells 

is transported radially across the cortex into the stele symplastically. Na+ is also 

transported by the bulk flow of water via root apoplast, at least to the endodermis 

with Casparian bands. Casparian bands in the endodermal cell layer is a barrier 

against apoplastic flow [81] yet in some species, such as rice, a significant level of 

apoplastic by-pass flow can occur at endodermis break points such as root branch 

points or root apices [82]. In bread wheat, however, apoplastic flow is less than 5% 

of the bulk flow so that it is at least ten fold less compared to that in rice [83]. 

Therefore, in bread wheat, it is likely that radial flow of Na+ predominantly occurs 
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TaHKT2;1 
NSCC 
LCT1 

TaSOS1 

via the symplast. Physiological studies on vacuolar Na+ distribution in saline 

stressed bread wheat roots identified specific cell types regulating radial Na+ 

transport that reduces Na+ concentration in the root xylem [84].  Two distinct Na+ 

gradients across the root indicate rapid uptake and sequestration in the vacuole or 

efflux into apoplast or external medium by groups of tissue and cell types including: 

(1) epidermis and the outer cortex and (2) pericycle and xylem paranchyma [84] 

(Figure 2). Therefore, unlike other grass species such as rice where significant 

apoplastic Na+ flow has been observed [85], it appeared that bread wheat has 

efficient control over radial transport of Na+. However, the genetic basis and 

transporter molecules controlling this mechanism are not understood.  

 

   

 

 

 

 

 

Figure 2. Radial transport of Na+ across epidermis, cortex, endodermis and into the 

stele of wheat roots. Dotted black arrows indicate direction of symplastic and 

apoplastic pathways respectively and the solid arrows represent transporter 

systems. Designation of genes that encode transporter proteins involved in the 

relevant process is indicated. Dotted blue arrows indicate mechanisms where the 

controlling transporter systems are unknown in wheat.  

  

1 

3 

3 

7 

6 

5  

 

    

 

 
 

 

 

 

    

 

 
 

 

 

 
 

 

 

 

 

 

 

 
 

7 

4 

5 
6 

Epidermis Cortex Endodermis Stele 

TaNHX1 

TaHKT1;5 

Na
+
 influx 1 

  2 Na
+ 

efflux into vacuole: Vacuolar Na
+ 

sequestration   

 3 Na
+ 

efflux into external environment: Futile Na
+ 

cycling  

Apoplastic Na
+ 

transport and   4 Symplastic Na
+ 

transport: Radial transport of Na
+
  5 

Xylem Na
+ 

loading and  6 Xylem Na
+ 

unloading: Net xylem loading of Na
+
  7 

2 



12 

 

Net xylem loading of Na+ in roots 

 Loading of Na+ into xylem occur in the xylem parenchyma and can be active 

or passive. However, under saline conditions at low respiration the Na+ content in 

xylem is typically in the range 10-30 mM [86, 87]. The calculated Nernst potential, 

given a membrane potential of xylem parenchyma around 70-80 mV [88], indicates 

that xylem loading would likely be an active process. The plasma membrane bound 

Na+/H+ antiporter, SOS1, is hypothesized to be involved in xylem loading in 

Arabidopsis, and evident through expression of SOS1 in epidermal cells at the root 

tip and in parenchyma cells at the xylem/symplast boundary of roots, stems, and 

leaves [69]. However, while sos1 mutants accumulated less Na+ in shoots 

compared to wild type at 25 mM external Na+ concentrations, the mutants showed 

accumulation of Na+ in the root xylem and shoots at 100 mM external Na+[69]. 

Therefore, it is likely that SOS1 is involved in loading Na+ into the xylem under mild 

salt stress, whilst SOS1 appears to be critical for controlling long-distance Na+ 

transport from root to shoot by retrieval of Na+ from the xylem stream under 

severe salt stress. Other potential candidates that control Na+ loading to the xylem 

in roots include the outward-rectifying K+ channels KORC and NORC [89]. Although 

SOS1ortholog, TaSOS1, has been characterized [42, 77, 78], its role in xylem 

loading has not been studied and further work is needed to understand Na+ loading 

process to the xylem in bread wheat.  

 

Xylem Na+ unloading 

In cereal species, Na+ loaded into root xylem is progressively removed prior 

to transportation into leaf blade in roots and sheath tissues and internodes at stem 

elongation [46, 90]. Studies on fluxes of 22Na+ showed that while influx and efflux 

for root cells was not significantly different between tetraploid and hexaploid bread 

wheat, the rate of transport of Na+ from root to shoot was fifteen times less in 

bread wheat [45]. This indicated that although there was no significant difference in 

net root uptake, less Na+ was transported to the shoot in bread wheat involving 

mechanisms that removes Na+ from the xylem before accumulating in the leaves. 

Therefore, it appears that retention in root and sheath has a combined effect in 

controlling leaf Na+ concentration in bread wheat. 

Genetic studies identified a major quantitative trait locus (QTL), Kna1, for 

low leaf blade Na+ concentration and leaf K+/Na+ ratio on bread wheat chromosome 

4D detected over a range of environments [25, 45]. Gene expression and functional 

analysis by RNA interference identified a HKT type transporter gene TaHKT1;5, as a 



 
 

13 

 

candidate for Kna1[91]. Similarly, the rice OsHKT1;5 (an ortholog of TaHKT1;5) 

was co-located with the functionally analogous locus, SKC1[92]. The orthologous 

gene in Arabidopsis AtHKT1;1 was shown to be associated with retrieval of Na+ 

from the root xylem whereby the knockout mutants, athkt1;1, caused increased 

shoot Na+ concentration [93]. Unidirectional flux measurements using 22Na+ 

showed that accumulation of Na+ in these mutants was not associated with 

increased root influx or phloem recirculation, confirming that AtHKT1;1 gene was 

primarily responsible for retrieval of Na+ from xylem reducing shoot Na+ 

concentration [93]. It is likely, therefore, that the bread wheat and rice orthologs of 

HKT genes have similar function resulting in low leaf blade Na+ phenotypes. 

Furthermore, introgression of TmHKT1;5-A, that is co-located with Nax2 locus 

(functionally analogous to kna1) into durum wheat, resulted in reduced leaf Na+ 

concentration and improved grain yield by as much as 25% when grown in saline 

soils [94]. Interestingly, the introgression of TmHKT1;5-A in bread wheat by 

recurrent selection significantly reduced leaf Na+ concentration in recombinant 

inbred lines compared to parental bread wheat lines. Therefore, it seems that 

TaHKT1;5 and orthologs in different species have a significant control over root to 

shoot Na+ transport and stacking of multiple copies of this gene in bread wheat 

may have an additive effect on the phenotype to reduce leaf Na+ and progressively 

enhancing salt tolerance [95]. In addition to root to shoot Na+ gradient, a 1 to 4 

fold difference in sheath to leaf blade Na+ ratio was observed amongst bread wheat 

genotypes, indicating the presence of genes and mechanisms that control sheath 

Na+ retention [95]. Genetic mapping in a durum wheat population identified a 

major QTL, Nax1 that accounted for 38% of phenotypic variation for leaf blade Na+ 

in F2 lines [96]. Nax1 co-segregated with two copies of the HKT type transporter 

genes on chromosome 2A originally from Triticum monococcum, TmHKT1;4-A1 

(identified as pseudogene) and TmHKT1;4-A2 that was expressed in the sheath. 

Therefore, TmHKT1;4-2 was identified as a candidate gene for Nax1[96, 97]. 

However, bread wheat orthologs of TmHKT1;4 have not been studied and it is a 

distinct possibility that this gene may have continued to evolve in hexaploid bread 

wheat from its original A genome progenitor species. However, introgression of 

Nax1 in bread wheat increased Na+ retention capacity in the sheath by 2 fold [95] 

indicating a distinct capacity for enhancement of Na+ accumulation in leaf blade of 

bread wheat by genetic manipulation.  

In summary, members of the HKT gene family have been implicated to play 

an important role in controlling Na+ transport into shoot by retention in roots and 

sheaths for maintaining low Na+ concentration in leaf blades. Further studies on 

bread wheat orthologs of HKT genes and their allelic status resulting in diverse low 
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leaf blade Na+ phenotypes would provide details on the molecular and physiological 

role of these genes in improving salt tolerance in bread wheat.  

 

Phloem re-circulation of Na+ 

Barley plants efflux 10% of the Na+ which is imported in the xylem via the 

phloem into the stem base or root [98]. Phloem recirculation continues after salt is 

removed from the root medium and can have a long term effect on the plant [98]. 

There is no clear evidence in bread wheat that indicates a significant contribution of 

phloem Na+ recirculation as a mechanism in salt tolerance.   

 

Molecular determinants of salt tolerance in bread wheat 

 Two parallel processes, leaf Na+ exclusion and tissue tolerance (mediated by 

membrane transporter systems such as NCCG, SOS, NHX and HKT) protect bread 

wheat plants during the ion specific phase of salt stress. Tissue tolerance has not 

been widely studied in bread wheat in mature plants and field conditions, despite 

that evidence indicated a contribution of this trait in salt tolerance in some elite 

cultivars [42]. Leaf Na+ exclusion is likely to be a composite effect of several 

transporter mechanisms and the HKT gene family was identified in tissue and/or 

organ specific functions contributing at different control points for Na+ trafficking in 

plants. However, bread wheat excludes about 98% of the salt in the soil solution 

when taking up water allowing only 2% to be transported in the root xylem and to 

the shoots [48]. Thus root processes have a critical contribution in maintaining low 

tissue Na+ concentration through the plant.  Candidate genes encoding transporter 

proteins involved in Na+ transport in the root include two HKT members. At the 

root-soil interface the group II HKT, TaHKT2;1, provides a  potential entry point for 

Na+ so that down regulation of this gene enhanced salt tolerance [66].  On the 

other hand, at the root xylem, a group I HKT, TaHKT1;5, contributed in Na+ 

unloading from xylem controlling net xylem loading and consequently, down 

regulation of this genes increased leaf Na+ concentration [91]. Significant 

contribution by these individual genes indicate that members of the HKT gene 

family, individually and collectively, control Na+ trafficking in roots possibly through 

interactions and networking with other transporter genes such as SOS1 or NHX . 
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The High affinity potassium transporter (HKT) genes 

Plant HKTs encode a diverse group of proteins with a wide distribution in all 

main branches of the plant kingdom. More than one hundred members of HKT 

transporters have been reported in published literature or represented in gene and 

protein databases. These proteins are implicated as having important roles in K+ 

and Na+ regulation in domesticated crops such as rice, bread wheat and barley to 

more primitive plants, such as Selaginella moellendorffii and Physcomitrella patens 

[99]. The HKT transporters have different tissue expressions, membrane locations 

and variable ion selectivity properties within and between plant species. 

 

Evolution and HKT protein structure  

Phylogenetic analysis of plant K+ transporters revealed a monophyletic 

group, the super family of K+ transporters (SKT) [100, 101]. SKT includes a large 

group of K+ transporter proteins from diverse species [100, 101] including K+ and 

Na+ transporters in the plant HKT family [51, 102-104], K+ transporters (TRK) of 

fungi [105], KtrB subunit from the Na+ dependent K+ uptake system, Ktr of bacteria 

[106], K+ translocating subunit TrkH of the Trk system of archaea and bacteria 

[107] and KdpA, the K+ translocating subunit from the P-type ATPase KdpFABC of 

bacteria and archaea [100, 108, 109]. Sequence homology provided evidence that 

plant, animal and fungal SKT proteins were evolutionally related to 2TM-type 

bacterial K+ channels, similar to KcsA [101]. Experimental determination of the 

crystal structure of KcsA K+ channel from Streptomyces  lividans[110, 111] and 

TrkH transporter from Vibrio parahaemolyticus [112, 113] enabled a comparative 

protein analysis to identify structural domains of proteins encoded by HKT genes 

based on amino acid sequence homology between K+ channels and transporters. 

The KcsA K+ channel consists of homo-tetramers. Each of the four subunits has two 

transmembrane helixes including outer helix (M1) and inner helix (M2) and an 

intervening pore helix or P-loop domain [111]. The central permeation path is 

created by the assembly of the homo-tetramers where the narrowest portion of the 

path is located at the external half of the protein and acts as the ion selectivity 

filter. The selectivity filter is composed of a highly conserved amino acid motif, 

TVGYGD. The back-bone carbonyl oxygen atoms of these five residues face to the 

centre of the path and the electronegative carbonyls form five similar, equidistantly 

placed, rings that provide five binding sites for hydrated K+ and act as a selectivity 

filter. Similarly the homology based models proposed for HKT structure have four 

successively arranged M1PM2s that fold symmetrically forming the permeation 

path. In HKTs, however, the four protomeric M1PM2s are covalently bonded and 
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arranged in a single polypeptide. Distinct from the P-loops in K+ channels ending in 

a GYG (glycine–tyrosine-glycine) filter motif [110] in HKT a single amino acid, Gly 

or Ser, is conserved in this position [106, 114]. The homology-based protein 

models for HKT are in agreement with the transmembrane profiles and topology 

obtained based on hydrophobicity analysis [51]. Detailed experimental work on the 

protein encoded by Arabidopsis AtHKT1;1 subsequently confirmed the predicted 

topology and the proposed protein model for HKT [111]. The sequence homology 

and analogy between the protein structural models supported the hypothesis that 

HKT may have evolved from ancestral small K+ channel type prototypes from 

bacteria by at least two gene duplications followed by two gene fusion events [115, 

116] (Figure 3). 

 

 

 

Figure 3. A model of bacterial, fungal and plant HKT protein evolution based on 

sequence homology from a ancestral small K+ channel type prototype from 

bacteria. The grey cylinders and lines represent trans-membrane and 

interconnecting loop domains respectively. Orthologous fungal and plant proteins 

did not have the ion binding domains, represented as green circles, attached to the 

-COOH end.  
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In addition to the filter signature, specific structural motifs and single amino 

acid residues identified various functional domains in SKT but not in K+ channels. A 

conserved single positive residue in the middle of the eighth and last trans-

membrane domain of HKT/Trk/Ktr transporters that corresponded to amino acid 

residue 519 in TaHKT2;1 and  residue 487 in AtHKT1;1, is crucial for the function of 

these transporters [117] but not for the function of K+ channels. Similarly, an intra-

membrane loop in the sixth trans-membrane domain (M2C) in SKT, but not in K+ 

channels, forms an ion gate inside the SKT channel that determines K+ selectivity 

[116]. Therefore, it appears that SKT proteins have subsequently evolved 

differently to K+ channels possibly assuming functional diversification for ion 

transport within plants. 

Functional divergences of HKT genes were revealed by studying their 

phylogeny and evolution. Higher plant HKTs identified two phylogenetically distinct 

clusters, group I and group II [118]. Group I HKTs have been characterized from 

both monocot and dicot species but group II HKTs are confined to grass species. 

HKT members from the two groups have characteristic gene and protein structural 

differences. Group I HKT genes have significantly larger introns compared to group 

II [118]. At the protein level, members of group I are distinguished from group II 

by a glycine to serine substitution at the filter position in the first P-loop. Functional 

analyses of Arabidopsis AtHKT1;1, bread wheat TaHKT2;1, and rice OsHKT2;1 and 

OsHKT2;2 showed that the glycine-serine substitution determined K+ selectivity of 

transporters [102, 119] whereby the serine and glycine residues were K+ selective 

or responsible for K+/Na+ transport modes, respectively. The evolution of HKT into 

two major groups, therefore, reflected an important division in protein function. 

However, exceptions to this rule were identified from different plant species, 

whereby OsHKT2;1 from rice, EcHKT1;2 from Eucalyptus and TsHKT1;2 from 

Thellungiella were permeable to K+ and Na+ despite having a serine residue in the 

filter position of the first membrane-pore-membrane [120, 121]. This indicated 

diversity arising from other potential functional domains. 

 

HKT protein function 

Although HKT transporters are phylogenetically related to fungal and 

bacterial K+ channels and transporters [115, 122] (Figure 3), not all plant HKT 

transporters are K+ permeable. HKT transporters can assume three main transport 

modes: (i) K+ selective, (ii) Na+ selective or (iii) Na+/K+ symport based on their 

function in heterologous expression systems [103, 104, 123].  
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Table 2. Functional domains/active sites for specific amino acids identified by 

inducing point mutations of HKT genes. 

Gene a Mutated phenotype Reference 

AtHKT1;1 

(E519Q) 

Reduced growth of CY162 yeast and 

Xenopus laevis at 1mM K+ 

[117] 

AtHKT1;1 

(K508Q) 

Reduced growth of CY162 yeast and 

X. laevis at 1mM K+ 

[117] 

AtHKT1;1 

(R487) 

Reduced growth of CY162 yeast and  

X. laevis at 1mM K+ 

[117] 

AtHKT1;1 

(S68G) 

Enhanced K+ permeation resulting 

growth of mutants in K+ minimal 

medium 

[102] 

OsHKT1;5 

(V395L) 

Decreased Na+ transport in rice [125] 

OsHKT2;1 

(S88G) 

Enhanced K+ permeation resulting 

growth of mutants in K+ minimal 

medium 

[102] 

TaHKT2;1 

(A240V) 

Reduced Na+ currents and  Increased 

salt tolerance in yeast cells  

[103] 

TaHKT2;1 

(E464Q) 

Increased salt tolerance in yeast cells [126] 

TaHKT2;1 

(L247F) 

Increased salt tolerance in yeast cells  [103] 

TaHKT2;1 

(N365S) 

Increased salt tolerance in yeast cells  [127] 

TaHKT2;1 

(Q270L) 

Increased salt tolerance in yeast cells  [127] 

TaHKT2;1 

(R519A) 

Reduced growth of CY162 yeast and  

X. laevis at 1mM K+ 

[117] 

TaHKT2;1 

(R519E) 

Reduced growth of CY162 yeast and 

X. laevis at 1mM K+ 

[117] 

TaHKT2;1 

(R519K) 

Reduced growth of CY162 yeast and  

X. laevis  at 1mM K+ 

[117] 

TaHKT2;1 

(R519Q) 

Reduced growth of CY162 yeast and  

X. laevis at 1mM K+ 

[117] 

TsHKT1;2 

(D207N) 

Reduced growth of CY162 yeast on 

minimal K+ media 

[120] 

TsHKT1;2 

(D238N) 

Reduced growth of CY162 yeast on 

minimal K+ media 

[120] 

a:Gene designation with the mutation resulting in a specific amino acid change at a 

given position of the predicted protein in parenthesis 
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Most HKT transporters are able to work in a bi-directional manner in and out 

of cellular membranes, however, the protein encoded by OsHKT1;1 from rice, was 

shown to be inward rectifying mediating no outward current when  expressed in 

Xenopus oocytes [124]. The ion transport properties of HKT were determined when 

point mutations within bread wheat TaHKT2;1 and Arabidopsis AtHKT1;1 improved 

K+ specificity and reduced Na+ influx in Xenopus oocytes and yeast indicating that 

the transport properties were determined by multiple structural components. A 

comparative analysis of these structural determinants, summarized in Table 2, is 

useful to predict functional variants among the different HKT genes within and 

between species.  

The permeable properties of HKT transporters were conditioned by internal 

and external factors. The bread wheat TaHKT2;1 functioning as Na+/K+ symporters 

in low K+ and Na+ , for example, does not transport K+ at high external Na+ 

concentrations and act as a Na+ uniporter in an heterologous expression system 

[103]. It was also suggested that the switch between transport modes was 

associated with HKT protein density, since when barley HvHKT2;1 was over 

expressed in yeast, the protein mediated Na+ or K+ uniport but when the expression 

level was significantly decreased, the transporter mediated Na+/K+ symport [128]. 

Two different mechanistic models have been proposed to explain the different 

permeability properties. The first is a pore model similar to K+ channels [115, 122, 

129] which accounts for the extremely high currents measured in Xenopus oocytes 

transformed with HKTs, which can be in the range typical for ion channels. The 

transporter protein encoded by rice OsHKT2;1, for example, mediated 30-60 x 1012 

ions sec-1 in Xenopus oocytes [130] and this was 6-12 times higher than the 

average rate of ion transporters [131]. The higher rate is similar to that of ion 

transport by ion channels which is typically 108 sec-1 [132]. However a pore model 

cannot explain the different uniport and symport transport modes observed for 

HKTs. An alternative model “carrier-mediated transport by an alternating-access 

model” [127, 133, 134] provided a possible mechanism for dynamic and variable 

permeation properties of HKT as opposed to the relatively static selectivity 

mechanisms for K+ channels. The alternating access model consisted of two 

coordination sites for partially hydrated cations that would thermodynamically 

facilitate Na+ uniport, Na+/K+ symport or K+ uniport, depending on the external 

conditions [135]. Although the general models for HKT transport properties are a 

useful guide for understanding the function of HKT, the application of these models 

needs validation to explain the role of specific ion transporters in plant tissues. 
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Transcriptional regulation of HKT 

Stress signals in saline conditions induce downstream regulatory 

mechanisms via the interaction between transcription factors and four major groups 

of cis-acting regulatory elements (CREs) that result in an immediate and 

widespread reprogramming of the spatial and temporal gene transcription. These 

include both abscisic acid (ABA)-independent and ABA-dependent CREs. The ABA 

independent pathways are associated with transcription factors of the 

Homeodomain Luecine Zipper protein (HD-ZIP) and DRE-binding protein (DREB2) 

families On the other hand, the basic leucine zipper (b-ZIP), myelocytomatosis 

oncogene (MYC), myeloblastosis oncogene (MYB) and the NAM, ATAF1,2 and CUC2 

(NAC) factors interact with ABA-responsive element (ABRE) and MYCRS/MYBRS in 

ABA-dependant manner during salt stress conditions. Evidence indicated an 

interface between these pathways was implicated by interaction of different cis-

acting elements [136].  

The promoter of HKT genes was revealed in studies on the Arabidopsis 

AtHKT1;1 promoter. Two tandem repeats (R1 and R2) were identified in the 

AtHKT1;1promoter region more than 3.9 kb upstream of ATG start codon. These 

act either as a repressor (R1) or enhancer (R2) elements on AtHKT1;1 expression 

[137]. In addition, the AtHKT1;1 promoter contains a putative small RNA target 

region and proposed to be responsible for differential methylation properties that 

contributed to the higher AtHKT1;1 expression in the roots compared to leaves 

[137]. Therefore, it was hypothesized that tissue-specific regulation of AtHKT1;1 

gene was a result of the action of cis-acting elements including a distal 

enhancer/repressor elements and small RNA-mediated DNA methylation. In 

addition, the plant hormone cytokinin also decreased AtHKT1;1 expression under 

salt stress in a trans-acting mechanism for gene regulation. External application of 

cytokinin resulted in less accumulation of Na+ in the shoots of cytokinin insensitive 

mutant plants (atarr1-12mutant plants) compared to the wild type [138]. 

Furthermore Arabidopsis cytokinin deficient mutant, ipt1,3,5,7 had a much higher 

AtHKT1;1expression in comparison to the wild type in the presence of 200 mM NaCl 

[139]. These findings indicated a cytokinin mediated down-regulation control of 

AtHKT1;1. Similarly the transcription factor ABA-INSENSITIVE 4 (ABI4) negatively 

regulated AtHKT1;1 expression. Consequently, the Arabidopsis abi4mutant showed 

enhanced salinity tolerance, whereas plants over expressing ABI4showed 

hypersensitivity to salinity [140]. The enhanced tolerance of mutants was 

attributed to higher expression level of AtHKT1;1 compared to wild type. Expression 

of AtHKT1;1 in wild type plants was repressed by binding of ABI4 transcription 

factor to the proximal region of the promoter. However, this repressor effect on 
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AtHKT1;1 expression was absent in abi4 mutants providing clear evidence for 

abscisic acid response of this promoter. A genetic screen for soil salinity-sensitive  

mutants enabled the isolation of sss1-1, which showed strong Na+ hypersensitivity 

in shoots [141]. The SSS1 locus encodes an AtrbohF protein, a NADPH oxidase 

class of enzyme that catalyses reactive oxygen species (ROS) production. AtrbohF 

mutants where ROS production is decreased in root pericycle and vascular 

parenchyma cells showed Na+ over accumulation in shoots with increased Na+ 

levels in xylem sap[141]. Therefore it was hypothesized that AtrbohF-mediated 

ROS production may also enhance AtHKT1;1-mediated Na+ unloading from the 

xylem sap and, thus, protect leaves from salinity stress. These observations 

identified possible trans-acting mechanisms that control expression of AtHKT1;1. In 

addition to allelic variation in the promoter, complex chromatin modification can 

regulate responses of plants to salt stress [142, 143]. For an example Arabidopsis 

plants pre-treated by applying mild salt stress showed higher tolerance when 

exposed to severe salt stress and this phenotype was attributed to epigenetic 

histone modifications that mainly affected expression of transcription factors [144]. 

The epigenetic control of HKT gene expression in bread wheat and other cereals is 

yet to be realised but the analysis in Arabidopsis will provide a valuable guide to 

further studies understanding the role of epigenetic regulation of HKT genes in 

grasses.  

Besides AtHKT1;1, the transcriptional regulation of other HKT genes is not 

well understood but what has been studied can contribute towards building the 

knowledge of similar or alternative transcription activating models in plants. HKT 

genes frequently show tissue-specific expression. The bread wheat genes TaHKT2;1 

is predominantly expressed in root and sheath but only marginally expressed in the 

leaf blade [66]. Similarly TaHKT1;5-D was predominantly expressed in the root 

stele, specifically within xylem parenchyma and pericycle cells adjacent to the 

xylem vessels [91] indicating these genes have tissue specific expression patterns. 

Furthermore, the group II HKT genes from different grass species were triggered by 

K+ starvation in the medium showing increased HvHKT2;1 transcript levels in both 

roots and leaves of barley, by approximately four- and two-fold, respectively [130]. 

Based on the observations made on the Arabidopsis AtHKT1;1, differential 

regulation of HKTs in tissues under variable conditions can be attributed to various 

cis- and trans-acting mechanisms. The NaCl-induced expression of rice OsHKT1;1 

mediated by MYB transcription factor, OsMYBc, supports this view. OsMYBc binds to 

AAANATNC(C/T) element in the OsHKT1;1 promoter and knockout mutants of 

OsMYBc gene decreased promoter activity of OsHKT1;1 with subsequent reduction 

in transcripts resulting in salt sensitivity [145]. Promoter variability and 

transcriptional regulation indicated the genes effectiveness in different 
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environments and therefore, knowledge of gene regulation is essential to 

understand the contribution of HKTs in crop saline tolerance.  

 

The role of group I HKTs in plants 

Group I HKTs have been identified from a wide array of dicot and monocot 

species, however, only a few have been functionally characterized. Group I HKTs in 

general are Na+ selective transporters and mostly studied in Arabidopsis. 

Arabidopsis has a single HKT gene, AtHKT1;1 where immune electron microscopy 

and AtHKT1 promoter–GUS reporter gene analysis localized the encoded protein to 

the plasma membrane of xylem parenchyma [146]. However, a lower level of 

expression was observed in the phloem [146]. Analysis by 22Na+ tracer experiments 

and mutants confirmed that AtHKT1;1 is associated with retrieval of Na+ from the 

xylem and accumulation in roots. This mechanism of Na+ retention in roots is 

described as the “xylem exclusion” model [93, 146] and shown to function in 

loading of Na+ into phloem in the shoot and subsequently transporting to the root 

via the phloem, known as the “Phloem recirculation model” [147]. However, 

subsequent studies showed only marginal effects of AtHKT1;1 in recirculation of 

Na+ via phloem or in primary root Na+ uptake [93]. Therefore, it is likely that 

AtHKT1;1is primarily involved in retrieval of Na+ from xylem in roots. Transgenic 

over-expression of this gene in mature stele of Arabidopsis roots decreased Na+ 

accumulation in shoots by 37-64% and enhanced levels of salt tolerance [146, 

148].  

Although a number of studies were done in Arabidopsis, only two members 

of the group I HKT gene families have been characterized from wheat including 

TaHKT1;5-D  from bread  wheat [91] and TmHKT1;4 from T. monococcum [97]. 

TaHKT5;1-D is a plasma membrane bound Na+ selective transporter. Transgenic 

inactivation of this member resulted in increased leaf blade Na+ concentrations, 

identifying a role for this gene in Na+ exclusion [78] analogous to the function of 

the orthologous gene in Arabidopsis (AtHKT1;1) and in rice (OsHKT1;5)[92]. 

TmHKT1;4 originated in the diploid species T. monococcum [97] which is the 

ancestral species to tetraploid and hexaploid bread wheats. Although detailed 

functional analysis has not been done, this gene co-located with a QTL associated 

with reduced sheath to leaf blade flow of Na+, providing evidence of its involvement 

in leaf Na+ exclusion [46, 149]. Therefore, the known group I HKTs from bread 

wheat and, indeed, most known HKTs from other species are associated with leaf 

Na+ exclusion [150, 151]. However recent evidence for group I HKT members from 

rice OsHKT1;3 expanded its physiological role as an alternative shunt conductance 
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for the H+ pumps in golgi membranes [152] and indicated the potential for group I 

HKT genes in diverse roles and not limited to Na+ exclusion. Therefore, further 

studies on group I HKTs from bread wheat and other species would provide a better 

understanding of the evolutionary processes on these genes for diverse roles in 

controlling ion balance or other physiological mechanisms within plants. 

 

Role of group II HKTs 

 Group II HKTs assume a variety of transporter modes mediating K+ or Na+ 

uniport and Na+/K+ symport and evident through the heterologous expression of 

HKT genes in yeast (Saccharomyces cerevisiae) and Xenopus oocytes [51, 103, 

104, 119, 153-155]. A single family of group II HKTs is known in bread wheat [66, 

149], and one member of this family, TaHKT2;1, was functionally characterised 

previously [51]. In the presence of micromolar concentrations of Na+,TaHKT2;1 

identified  high-affinity K+/Na+ cotransport  at a stoicheometric ratio of 2 K+: 1 Na+ 

and K+ binding site with Km≈ 3 µM and Na+ binding  site with Km≈ 200 µM [103]. 

Therefore, this mechanism is highly selective for K+. In K+ deprived conditions, Na+ 

can act as a vacuolar  osmoticum or, at least to some degree, as an ionic substitute 

for K+ and “nutritional Na+ uptake”, therefore can be a physiologically relevant 

function of some of the group II HKTs. However, external Na+ is not essential for 

the growth or high affinity K+ transport in bread wheat and therefore the role of 

TaHKT2;1 in high affinity K+ transport is possibly not significant in  this species 

[52]. On the other hand at physiologically detrimental concentrations, Na+ block ion 

binding sites for K+ in and inhibit K+ transport and consequently, TaHKT2;1 may 

mediate low affinity Na+ transport at a Km≈ 16 mM. Transgenic bread wheat, where 

the orthologous gene TaHKT2;1 was down regulated by anti-sense RNA, showed a 

reduced Na+ concentration in roots and shoot compared to wild-type in the 

presence of high external Na+ (100–200 mM).  

 The rice ortholog OsHKT2;1 was assumed to have a role in the uptake of 

Na+ in K+ deprived conditions but was down regulated under saline conditions to 

avoid toxic Na+ accumulation [156]. Over-expression of OsHKT2;1 showed 

accumulation of Na+ in roots but not in shoots under low or sufficient K+ supply 

[157]. This indicated role of OsHKT2;1 for increasing root Na+ concentration but did 

not have a role in root to shoot transport of Na+. On the hand, over expression of 

the barley ortholog, HvHKT2;1 increased both root and shoot Na+ concentration.  

The functional differences indicated diverse inherent properties of these transport 

proteins in different species. It must be noted, however, that the different 

experimental systems may have affected these results indicating an environmental 
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response to how these gene function in plant systems. Nevertheless, it seems in all 

these species (bread wheat, barley and rice) the orthologous group II HKT genes 

were involved in root Na+ uptake, although the phenotypic effect on tissue and 

whole plant level seems to be different depending on the species and the 

experimental conditions. Therefore, root Na+ uptake especially in K+ starvation 

conditions, could be a potential role for these genes.  

 The rice genes OsHKT2;3 and OsHKT2;4 encode two K+-transporting class II 

HKT proteins. In contrast to other known group II HKTs K+ transport by OsHKT2;4 

did not require stimulation by extracellular Na+[158]. In addition to K+, OsHKT2;4 

also mediated Ca2+ and Mg2+ transport [158, 159] yet other studies challenged this 

possibility because Ca2+ permeability of OsHKT2;4  was not observed in 

heterologous expression or in planta [154]. However, these findings indicated the 

possibility of diverse ion permeable properties of the rice group II HKTs and, 

therefore, potentially different functional roles. Similar level of functional diversity 

has not been studied in bread wheat group II HKTs and the orthologous genes 

remain unknown. Therefore, further studies on the isolation and characterization of 

group II HKT genes in bread wheat will lead to an increased understanding of 

functional roles in bread wheat.  

 

Rationale for this thesis 

 The question raised in constructing the research hypothesis for this area of 

study is whether group II HKT genes are useful targets to develop crop salt 

tolerance in bread wheat by reducing net root Na+ uptake. Two related phenomena 

can be studied in detail to answer this question. Firstly, bread wheat can cope with 

threshold levels of Na+ in the shoots by preventing excess Na+ net uptake by the 

roots. Given the fact that bread wheat exclude about 98% of the salt in the soil, 

[48] biological processes in the root have a critical contribution in maintaining low 

tissue Na+ concentration through the plant. Secondly, transgenic wheat where the 

group II HKT member TaHKT2;1 was down regulated was comparatively salt 

tolerant indicating a distinct role for this gene in root Na+ uptake [66]. Therefore it 

appears that at least one member of the group II HKT family is a potential target to 

manipulate in developing salt tolerant germplasm by reduced net Na+ uptake.   

 Although a single member is known in bread wheat [51], rice identified four 

different group II HKT orthologs with potentially diverse functions [160]. Bread 

wheat is a hexaploid containing the A, B and D genomes (chromosome complement 

2n=6x=42) resulting from the hybridization of T. monoccoum/T. urartu complex, 
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Aegilops speltoides and T. tauschii as progenitor species and, therefore, the 

complexity of the genome gives rise to multigene families on  homeologous 

chromosomes. Despite one member thought to have a role in toxic root Na+ uptake, 

the group II HKT multigame family in bread wheat remain largely unknown. This 

thesis, therefore, seeks to answer three specific questions: 

1. How many group II HKT genes are present in the bread wheat genome 

and how variable are these genes? 

2. What are the potential contributions of these members in controlling 

tissue Na+ and/or K+ concentration under saline and non-saline 

conditions? 

3. What are the evolutionally relationships between these HKT members 

that broaden their potential function within plants? 

 

 This thesis aimed to develop a broader and inclusive understanding of group 

II HKT gene organisation and function in bread wheat. Identifying group II HKT 

orthologs and their involvement in controlling specific phenotypic traits (tissue Na+ 

and K+ concentrations) associated with salt tolerance will provide opportunities to 

enhance crop salt tolerance by targeting potential genes, traits and pragmatic 

strategies. To this end, three specific research objectives were pursued, each 

representing an experimental chapter in this thesis where the outcomes will be 

collectively used to increase the knowledge of group II HKT genes controlling 

processes regulating Na+ in bread wheat.  

 

Objective 1: To characterize the multi-gene family TaHKT 2;1 in bread 

wheat and the role of gene members in plant Na+ and K+ status 

 Given the fact that 98% of Na+ is excluded by root processes [6] genes 

involved in these processes provide potential targets to reduce Na+ accumulation in 

plants in saline soils. Evidence indicated that TaHKT2;1 mediated substantial Na+ 

influx under saline conditions makes it a potential candidate to reduce Na+  uptake 

by roots. Although a multigene family is hypothesised due to the homoeologous A, 

B and D genomes, only a single member of TaHKT2;1 has been identified to date 

[51, 66]. Therefore, members of the TaHKT2;1 gene family were characterised at 

genomic and transcript levels and predicted protein sequences were analysed. 

Furthermore, a functional role was implicated  by evaluating tissue Na+ 
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concentrations in bread wheat deletion lines null for each member of TaHKT2;1 

family. The outcomes of this chapter will provide a detailed molecular analysis of 

TaHKT2;1  gene family in bread wheat and their potential importance  in  regulation 

of Na+ in bread wheat. 

 

Objective 2: To identify orthologous group II HKT genes associated with 

shoot Na+ concentration in bread wheat by comparative gene analysis with 

rice  

Rice contains four phylogenetically distinct group II HKT genes, OsHKT2;1, 

OsHKT2;2, OsHKT2;3 and OsHKT2;4. However, only a single group II HKT, 

TaHKT2;1 gene is known in bread wheat and therefore, the number of other group 

II gene families and their functional role remains poorly understood. In this study, 

alternative group II HKT gene families and their members were investigated in 

bread wheat using a comparative gene analysis with rice and their potential 

function were ascertained by co-location with QTLs for trait variation under saline 

conditions using genetic mapping. The outcome of this study will enhance our 

knowledge of the diversity and significance of bread  wheat group II HKT genes and 

their involvement in trait variation (tissue Na+ and K+ concentrations) under 

different saline environments.  

 

Objective 3: To determine phylogenetic relationships and protein modelling 

to predict structural and functional differences between group II HKT in 

crop and model grasses 

Molecular evolution of large protein families in closely related species can 

provide useful insights on structural functional relationships.  In this study, 

information on bread wheat and rice group II HKTs will be used to identify 

orthologs from crop and model grass species using genome databases. Proteins 

encoded by orthologous genes will be studied by homology based protein structural  

models. The outcome of the study will provide new insights on the structural 

functional relationships between protein members of group II HKT from the grass 

species. 
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Preface to Chapter II 

 

 

Characterization of the multigene family TaHKT 2;1in bread wheat and the 

role of gene members in plant Na+ and K+ status 

 

 

 

 A single group II HKT has been previously studied in bread wheat and the 

full length cDNA of this member was used as a basis to identify and characterize 

the remaining members of the gene family. This chapter focused on the structural 

and functional genomics analysis of the TaHKT 2;1 gene family in bread wheat, 

using a combination of sequence analysis, deletion bin mapping, gene expression 

profiling and phenotypic characterisation. I did the major part of the work including 

the bioinformatic analysis, designing the experiments, generating and analysing 

data, interpretation of results and writing the manuscript. Dr. Tanveer Ul-Haq 

contributed in designing and conducting experiments for transcript analysis. 

Professor Timothy D. Colmer contributed in designing phenotyping experiments, 

data interpretation and by providing meaningful comments on the ideas presented.  

Professor Michael G. Francki contributed to design of all experiments, data 

interpretation and edited the manuscript. This chapter was published in BMC Plant 

Biology.  
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Preface to Chapter III

A comparative gene analysis with rice identified orthologous group II HKT 
genes associated with shoot Na+ concentration in bread wheat

Ariyarathna HACK, Oldach KH, Francki MG:      
A comparative gene analysis with rice 
identified orthologous group II HKT genes 
associated with shoot Na+ concentration in 
bread wheat. BMC Plant Biol 2016, 16:21. 
DOI:10.1186/s12870-016-0714-7 

59

  Although a single multi-gene family TaHKT2;1 was characterized from bread 
wheat (Chapter II), four individual group II HKT genes have been identified from 
the closely related species, rice and therefore it is reasonable to assume
that wheat mthat wheat may have evolved more than one group II HKT gene family. This 
chapter describes the identification and sequence of a new group II HKT 
multi-gene family in bread wheat using wheat genome sequence assemblies and 
homology to rice HKT genes. Furthermore, chromosome deletion bins and QTL 
mapping intervals were used to functionally associate group II HKT (TaHKT2;1 and 
TaHKT2;2) gene members to traits relevant to salt tolerance. 

    I conducted all experimental work and data analysis pertaining to this chapter. 
I designed and conducted the experiments, generated and analysed data, 
interpreted results and wrote the manuscript. Dr. Klaus H. Oldach (South Australia 
Research and Development Institute- SARDI) provided genetic map and 
phenotypic data of mapping population, contributed to interpretation of the data 
and edited the manuscript. Adjunct Professor Michael G. Francki contributed to 
design of all experiments, data interpretation and edited the manuscript. 

    This chapter was published in BMC Plant Biology.
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Preface to Chapter IV 

 

 

Phylogenetic relationships and protein modelling revealed two distinct 

subfamilies of group II HKT genes between crop and model grasses 

 

 

 As described in the previous two chapters, members of the two group II HKT 

multi-gene families characterized from bread wheat were quite divergent between 

but to a lesser extent within families. This chapter presents a phylogenetic and 

protein structural analyses of the group II HKTs in cereals and model grass species, 

based on FL cDNA sequences from rice, wheat, barley, Brachypodium, sorghum and 

maize in an attempt to understand diversity and evolutionary relationships that 

would provide insights on the function of proteins encoded by these genes.  

 

 I did the database searching and collation of sequences, analysis and 

interpretation pertaining to this chapter. Adjunct Professor Michael G Francki 

contributed to designing the experiments, data interpretation and edited the 

manuscript.  

 

 This chapter was recently published in Genome. 
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Chapter V 

General Discussion 

 

 Soil salinity is a major stress that restrains productivity of food crops. The 

premise of this study was to determine whether group II HKT genes and proteins 

are suitable targets for manipulation to develop salt tolerance in bread wheat.  

Despite presumptions of their role in Na+ uptake [1, 2], the collective outcome did 

not identify a significant involvement of these genes in controlling root Na+ uptake 

under the experimental conditions used in this study (Chapter II). Rather, this 

study revealed phylogenetically distinct group II HKT multi-gene families in bread 

wheat (and indeed, in other grass species) that are likely to have functionally 

diverse roles in controlling ion transport under saline and non-saline conditions 

(Chapter II, III and VI). Distinct from members of group I HKTs in bread wheat that 

have tissue specific roles for Na+ transport [3, 4], this study therefore identified the 

need for further investigations to decipher a broader perspective and understanding 

on the function of the proteins encoded by group II HKT genes in wheat and their 

interaction with biochemical and physiological processes under salt stress. 

 Group II HKT proteins showed divergence within predicted functional amino 

acid domains (Chapter II and III) and, therefore, it is a distinct possibility that 

individual genes are responsible for different affinities for K+ and /or Na+ or 

preferential transport of other cations. Although evidence is not available for wheat 

genes, rice has provided further insights in the evolutionary role of group II HKT 

genes and their ion transport properties in the plant. It appears that paralogous 

rice genes had undergone protein sub-functionalization during evolution whereby 

proteins encoded by OsHKT2;4 had high K+ permeability and a particularly low Na+ 

permeability [5] whereas the proteins encoded by OsHKT2;1 [6] and OsHKT2;2 [6, 

7] had higher selectivity for Na+ and low permeability for K+. It is, therefore, 

possible that wheat orthologs had undergone similar evolutionary processes and 

may have altered cation specificity amongst proteins encoded by paralogous wheat 

group II HKT genes, a hypotheses supported by evidence that proteins encoded by 

TaHK2;1 7BL-1 and TaHKT2;1 7BL-2  revealed an order of affinity 

(K+>Cs+>Rb+>Na+) for monovalent cations [1]. This indicated a possible 

involvement of the proteins encoded by different members of wheat group II HKT in 

uptake with stronger affinities for certain cations other than Na+. The affinity of HKT 

proteins for different cations was also supported by evidence of proteins encoded 

by barley group II HKT genes (HvHKT2;1) that mediated NH4
+ influx causing NH4

+ 
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toxicity [8]. Therefore, there is a need for further investigation on cation specificity 

of proteins encoded by individual group II HKT genes in bread wheat to enable a 

broader perspective for diverse functions in ion transport. In this context ion affinity 

studies and transporter characterization in heterologous expression systems for 

each group II HKT gene product could be a useful approach and provide data that 

could then aid in designing strategies to further investigate their function within the 

plant.  Modification of gene expression through transgenic approaches in model 

species such as rice may provide convenient systems to functionally characterize 

the gene members in planta. However, analysis in bread by mutational analysis 

through TILLING coupled with transgenic analysis would gain an accurate functional 

analysis of individual gene members.  These studies need to be extended to 

determine tissue and organ specific transport activity of the individual members for 

wheat in variable Na+ concentrations and other cations to understand the role of 

group II HKT during plant growth and development in different environmental 

conditions.  

 The evidence that some members of the TaHKT2;1 family had high 

transcript abundance in the root cortex with background levels in the steel but not 

in the epidermis [1, 2] supported the theory that proteins encoded by these genes 

are unlikely to be involved in uptake of Na+ from external environment via the 

epidermis but, instead, from the apoplast within the cortex. Cortical Na+ uptake can 

have two consequences, either futile cycling or vacuolar sequestration [9] resulting 

in controlled radial flow and reduced root to shoot flow of Na+ (Figure 2 in Chapter 

I). In fact Na+ distribution in the root tissues in wheat identified a  concentration 

gradient towards the epidermis (i.e. highest at the epidermis)  indicating that 

epidermal and cortical cells take up  and remove much of the Na+ from the 

transpiration stream before it reaches the endodermis functioning as a barrier to 

radial flow of Na+ [10]. Interestingly, the present study showed deletion of selected 

members of TaHKT2;1 and indeed the other genes collocated in the same wheat 

deletion bin (Chapter II ) or allelic variation of the gene members (Chapter III)  

that caused increased Na+ concentration in the shoot possibly as a result of 

increased transport from root to shoot.  Therefore, reduced radial flow of Na+  by 

increased cortical uptake resulting in reduced root to shoot flow and shoot Na+ 

concentration can be a physiologically relevant function of members of TaHKT2;1 

family (see model proposed in Figure 1). Moreover,  proteins encoded by TaHKT2;1 

genes may have a similar function in uptake of  Na+ from the apoplast to enhance 

sequestration of Na+ in the vacuoles of cells in the sheath. The predicted role of Na+ 

uptake in the root cortex or sheath cells indicated that members of TaHKT2;1 

family interact with  genes and pathways involved in salt exclusion by enhancing 
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Na+ efflux pathway in the root or tissue tolerance by enhancing Na+ vacuolar 

sequestration in the root and sheath.  

It is possible that proteins encoded by TaHKT2;1 can have beneficial effects 

on plants by reducing flow of Na+ into root xylem but, on the contrary, may also 

cause excessive metabolic costs and toxic effects as a result of enhanced futile 

cycling with increasingly high external ion concentration. With increasing external 

Na+ concentration, a balance in the influx to efflux ratio in futile cycling of Na+ can 

demand huge respiratory cost and, therefore, respiratory demand for futile cycling 

is thought to be a main reason for Na+ toxicity (i.e. reduced growth) in plants [11, 

12]. A direct link between cortical Na+ uptake by proteins encoded by members of 

TaHKT2;1 family and the metabolic demand for futile cycling and vacuolar 

sequestration has not been previously investigated, however it is possible that 

members of TaHKT2;1 could contribute synergistic and antagonistic effects in the 

root depending on the external ionic conditions. 

 

 

 

 

 

 

 

Figure 1. Hypothetical model for the role of proteins encoded by TaHKT2;1 gene 

members.  A. predicted outcome in the absence of Na+ uptake in the root cortex. B. 

predicted outcome in the presence of Na+ uptake in the root cortex. The grey 

shaded area represent Na+ gradient.  

  

 It was anticipated that the group II HKT genes of wheat would have a major 

effect in controlling uptake and transportation of Na+ in wheat but based on QTL 

and phenotypic analysis of deletion lines null for individual members they may 

contributed only a relatively moderate effect (≈ 25%) on tissue Na+ concentration 

(Chapter II).  Yet the possibility that individual group HKT genes have a small but 

cumulative effect in regulating Na+ transport cannot be excluded. Furthermore, 

 

 

 

 A 

B 

 
Na+ efflux 

Na+ uptake in the 
cortex by TaHKT2;1 

 Vacuolar Na+ sequestration 

Increased influx of Na+ into 
root xylem and flow into shoot Absence of cortical Na+ uptake 

Presence of cortical Na+ uptake by TaHKT2;1 
Decreased influx of Na+ into 

root xylem and flow into shoot 

External 
Environment 

Epidermis Cortex Endodermis Stele 



94 

 

interaction of group II HKT with other genes and proteins may have a profound 

effect on how Na+ is transported in cells and tissues. Field evaluation clearly 

identified a polygenic effect and environment interactions indicating that in bread 

wheat, response to saline condition is controlled by a number of genes with small or 

moderate phenotypic effects that showed considerable environmental dependency 

[13, 14]. Interestingly, most of the known gene candidates involved in saline 

tolerance  were annotated as membrane transporter genes (Chapter III) [3, 15, 

16], however, dynamic changes in plant metabolism, cyto-skeleton stability, 

signaling, reactive oxygen species and energy metabolism under saline stress 

indicate a concatenation of different biological processes involved in saline tolerance 

[17]. For example, in a study conducted using 34 plant species identified 2171 salt-

responsive proteins that were either up-regulated or down-regulated by salinity 

stress [18], indicating a complex interplay of genes, proteins and metabolites, with 

some molecules being common and others pertaining to a specific species. 

Therefore, omics technologies (genomics, transcriptomics, proteomics and 

metabolomics) would enable a deeper understanding of the multi-faceted nature 

with dynamic changes in cell, tissue, and whole plant level and how the proteins 

encoded by the group II HKT multi-gene families interact in the intricate biological 

pathways.  

 Omics data, reverse and forward genetics and evaluation of physiological 

pathways can be integrated for comprehensive modelling of biological processes 

leading to complex phenotypes such as saline tolerance using system biological 

approaches. Quantitative modelling and system biology approaches help in 

understanding intricate and interconnected phenomena where the outcome is not 

necessarily the sum of the individual effects and enable high confidence prediction 

of candidate genes or gene clusters involved in key biological processes and 

mechanisms that impact on whole plant performance under salt stress [19, 20, 21]. 

Therefore, with technological advances it would be feasible to develop pipeline 

systems to enable accurate predictions for group II HKT interacting with other 

genes contributing towards saline tolerance. 

Knowledge gained in this study can have several implications on crop 

improvement for salt tolerance. The significant level of variability among members 

of group II HKT at DNA and protein levels predicts functional diversity for ion 

selectivity and transport (Chapters II and III). However, these genes had weak to 

moderate effects and environmental dependency for salt tolerance related traits 

(Chapters I and II). Therefore,  knowledge gained using predictions, extrapolations 

and model systems are useful for further analysis but functionality of individual 

gene members needs to be experimentally determined including validation in field 
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evaluation if they to be of significant value in wheat improvement. Interestingly, 

allelic variation identified in group II HKT between cultivars can be utilized to 

enhance salt exclusion and yield in some environments (Chapter II), highlighting 

the importance to search wheat germplasm with alternative and superior alleles. 

However such applications would be a challenging task requiring high resolution 

framework maps and robust experiments to gauge minor variations between 

experimental units. Yet, despite that individual genes of TaHKT2;1 and TaHKT2;2 

families had minor phenotypic effects, the collective contribution by individual 

genes should not be underestimated, especially considering the activity of the gene 

members in roots. In non-halophytes like wheat, a large fraction of Na+ is removed 

from the transpiration stream by root ion transporter processes (24). Furthermore, 

response of wheat in saline conditions appears to be controlled by a number of 

genes having small or moderate effects (13, 14). Therefore, relying on potential 

candidate genes associated with major salt tolerance mechanisms that interact in 

specific saline conditions, and which can be identified by high throughput pipeline 

systems for gene identification and clustering (25, 26, 27), could be a promising 

approach to develop improved salt tolerance in wheat and the collective outcome of 

this study indicated that members of group II HKT will likely have an important role 

in such gene combinations. 

 

Conclusion and future studies 

 The probable diverse function of group II HKT genes in transporting Na+ and 

other possible cations under unstressed and salt stressed conditions is a significant 

outcome from this study. Moreover, it is likely that group II HKT multigene families 

are probably components of a larger biological system and, therefore, it is 

important to study these genes as components of more complex functional network 

of genes, proteins and metabolites. In this context a broader –omics approach 

would be valuable to understand similar and different interactions and the role of 

group II HKT genes in networks of molecular, biochemical and physiological 

mechanisms in any given developmental stage or environment. However, validation 

of gene function would be necessary to identify key regulatory components where 

group II HKT genes exert their effect. Reverse genetic approaches such as TILLING 

or transgenic analysis [19] coupled with a strategy to combine different genes and 

their variants in wheat genetic backgrounds would be valuable genetic material for 

functional characterization of multiple genes, gene clusters or gene networks and 

develop a more comprehensive understanding of the contribution of group II HKT 

and, indeed other interacting genes in survival of bread wheat in saline and non-

saline conditions.  
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Appendix 

Supplementary Figure S1 for chapter II. Hydrophobicity of predicted 
proteins from the functional members of the TaHKT2;1 gene family. 
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Supplementary Figure S1 for Chapter III. Amino acid sequence alignments of TaHKT2;1 and TaHKT2;2 proteins. Glycine 

molecules composing the cation selectivity filter domains are indicated by a red line.  
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Supplementary Figure S2 for Chapter III. DNA Sequence alignment of the OsHKT2;1-OsHKT2;4 intergenic region (A) and TaHKT2;1-

TaHKT2;2 intergenic region on 7AL, 7BL and 7DL (B). The complete sequence of PIF/Harbinger type MITE is highlighted in purple, 

remnants of a CACTA type transposon “DTC_Isidor” in blue and individual motifs of tandem duplications are in red, yellow, green and dark 

blue. Boxed sequences represent salt activated cis-acting regulatory elements and other regulatory motifs in the OsHKT2;4 and TaHKT2;2 

promoter regions.  

 

A 
 

         10         20         30         40         50         60         70         80         90        100        110        120        130        140        150                                      

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

AATTGCAATA TAGAACTGTT GTTCTCCAAC CAAGGCCGAG TTTAGTTCTA AAATTTTTCT TCAAACTTCA AATTTTTTTA TCGCATTAAA ACTTTTCTAT ACATACAGAC TTTCAACTTT TCCGTCACAT CGTTCCAATT TCAACCAAAC   

 

        160        170        180        190        200        210        220        230        240        250        260        270        280        290        300                             

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

TTCTAATTTT GACGTGAACT AAACACACCC CAAGTCTTTT TTTTTGTACT TGTATTAAGC CAGTCGCCAT CAAATTATCA ATGCAACTAA CACATGGAGT CATCAGTCCA CGTGATGTAT GTACCTAGTA GGTGCTAATT CCCAGTGAGT   

 

        310        320        330        340        350        360        370        380        390        400        410        420        430        440        450                             

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

GGTCTTAATA AACCTTCTCC GGTGTCTTTT ACAAAATTTG CTGAATTCAA GGACATCTTA AAACAATTAG TAACGATCAC GAGTTTACCT CCAGTTTCAG TCCAGAAATG CTTGTCCACT CGAACAATCG TACTTTGTCT GGATGAGTCC   

 

        460        470        480        490        500        510        520        530        540        550        560        570        580        590        600                             

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

GGTTGTAACA GCATGCTTGC ATTTATGGTG TACCATGGTC AGCAAGGAAC TGAATAGAGC AGTGGCTGAT AGAGGATTGA TTTCTGTCCA GTGATTTCTG TGCATGTCCT TTGAAGCATG GCATCAGAAT GCTTCCTAGC CATGAATTTT   

 

        610        620        630        640        650        660        670        680        690        700        710        720        730        740        750                             

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

 

GTAACAGCTA AACATGCTCC AGTGCTATCG ATTGGTAGTA GCTGCAATCT CTTTCTGGAT CATCAGTGCA GGACATACTC AAGGCAACCA AATCTATCTA TTAACTTATT AACTTATTAA AGGAAAAGAA AAAGGAGCCT ACACGTTCAC   

 

        760        770        780        790        800        810        820        830        840        850        860        870        880        890        900                             

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

TCTCACGGCC TAGAAATTCT CATATTACTC GGAGAAAAAG AAGAACAGAG TCCATATAGA AATATAATTT AAAAATAGTT GAAATTCGGA ATTAAAAAAT AAAGAATATT GGAAGAGGAG ACTAGAGTCC ATAAAGAAAT ACAATTTATA   

 

        910        920        930        940        950        960        970        980        990        1000       1010       1020       1030       1040       1050                            

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

AATAACTGAA ATTCGAAATT AGAAAATAAA GAATATTAGA AGAAGAGTAT AAAGTCCATA TAAAAATACA ATTAAGAAAT AATAGAAATT CGGAATTAAA AATAAGGAAT ATTAGAAGTA GAGTATAGAG TACATATAGA AATACAATTA   
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S2 Continued………….. 

 

 
1060       1070       1080       1090       1100       1110       1120       1130       1140       1150       1160       1170       1180       1190       1200                            

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

AGAAATAATA GAAATTCGGA ATTAAAAATA AGGAATGTTA GAAGTATAGT ATAGAGTCCA TATAGGAATT TAAAACTAAC TAAAATTCAG AATAAACGTA ATAAAATTAA AAGTAGAGTT TAGAGTTCAT ATAAAAATAC AATTTACAAA  

  

        1210       1220       1230       1240       1250       1260      1270       1280       1290       1300       1310       1320       1330       1340       1350                            

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

TAACTAAAAT TTGAAATTAA AAAAAAACAT GAGAAGAATA GTCTAAAGTC GATATAGGAA TACAATTTAT ACGAATCTGA AATTCGAAAT TAAAAATTAA AGAATATTAA AAAATGAGTT TAGAGTCCAC ATAGAAATGC AATTAGAAAT   

 

        1360       1370       1380       1390       1400       1410       1420       1430       1440       1450       1460       1470       1480       1490       1500                            

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|........|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

AATAAAAATT CAAAATTAAA AAAAATATTG GAAGAAGTGA CTAGAGTCTA TATAAAAATA CAATTTACAG ATAACAAAAA TTAGAAATTT AAAAAAAAAT AAATATTGAA AGACGAGTCT AGAGTCCATA TAGGAATATA ATTTACAAAT   

 

        1510       1520       1530       1540       1550       1560       1570       1580       1590       1600       1610       1620       1630       1640       1650                            

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

AACTAAAATT TGATATTAAA AATAATTAAT AGCTAACACA TATATAAAAT ACAATATGAA TACTACACAT TAGTAGTTTC GTAAAGTTAA TTCAAAATTT AAAATTATGT TGTCATTTTA ATATATTTGA ATAATACATT GAGAAAACAT   

 

        1660       1670       1680       1690       1700       1710       1720       1730       1740       1750       1760       1770       1780       1790       1800                            

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

ATATGTTATT ATATGAGAGA AAATATAATG ATGTTAGCCG CGTAATCTGC GCGGGCCGTC ATGCTAGTTC AAATAACTTG CACGAAAGAG ATGAGTTGAA TATACTTACC TAAATGATAC TAAGTGGTGG TACCGTAATA ATTCTATTAA   

 

        1810       1820       1830       1840       1850       1860       1870       1880       1890       1900       1910       1920       1930       1940       1950                            

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

CCTTCTTGTT CAAATACAAA ATCTCAGAGA TGCTTTGGCA TCCATAAAAA AAATCACCAT ATCATTCCAG ATGTACTGTA ATCATTCTCG GGTTCTCCAT AAAAATTCAG AGATGATATC AAACAGAGGC ACTGTAATAA CTCTATTAAC   

 

        1960       1970       1980       1990       2000       2010       2020       2030       2040       2050       2060       2070       2080       2090       2100                            

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

CTTCGGATGT CGGCAATGTT ATACCAATTG CCAAGAATTT CAGTCAATTG GTTGAGGAGC ATGCCTGCCT GCTCTTTCAA TAACATGTCA TCTTGCTCAA ACAGTTGCTA TTCTCACCCA TTACACTTGC TTATCCACAG TCATAGTTGC   

 

        2110       2120       2130       2140       2150       2160       2170       2180       2190       2200       2210       2220       2230       2240       2250                            

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

CTTACCAGTA TGGCAAATAG AGGAACAAAA ATTCAGCACG CATGCAAGCA GTAGAGCACT TCTTTCTATG CTTTTTGCAA GCATTCGTGT ATCTACCTGC ATGCTCCGCA ACTTAACATC ATGTTCTGAA AGGCATCTCA ACTATGTTAC   

 

        2260       2270       2280       2290       2300       2310       2320       2330       2340       2350       2360       2370       2380       2390       2400                            

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

ACATGTCTTC CTCCTCTCCA CTAATATTAA CCAATAGACA GATACACTAT TACAGTGCCT TGTATATATA TACTCTCACT GAGATTGGTT GTCACCTTTA TATTTCAATA CAGCAGTTGT AGTTCCATCT TGAATCAAGA CAAACACAAT   

 

        2410       2420       2430       2440      

....|....| ....|....| ....|....| ....|....| . 

AAGGAGCTAG AGGCTCTGCC CTCTATCTCC AATGCCTATT C  
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S2 Continued………….. 
 

B. 
         10         20         30         40         50         60         70         80         90        100        110        120        130        140       150                                      

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

CGGAGGAAAG TTTCTGCTAG TCTTGGTCAT GCTCTATGGA AGGCTTAAGG TGTTCGCGGT GTCCACGGGT AAATCCTGGA AAGTATGATA CAGTTGGCCA AGACTAATTG CAAAGGCAAG TGTGCCAAAC TGGTATAACT GTCGCGTACT   

CGGAGGAAAG TTTCTGCTAG TCTTGGTCAT GCTCTATGGA AGGCTTAAGG TGTTCGCCGT GTCCACAGGT AAATCCTGGA GAGTATGATA CAGTTGGCCA AGACTAATTG CAAAGGCAAG TGTGCCAAAC TGGTATAACT GTCGCGTACT   

CGGAGGAAAG TTTCTGCTAG TCTTGGTCAT GCTCTATGGA AGGCTTAAAG CGTTTGCGGT GTCCACAGGT AAATCCTGGA AAGTATGATA CAGTTGACCA AGACTAACTG TAAGGGCAAG TGTGCCAAAC TGGTATAACT GCTGCGTACT   

 

        160        170        180        190        200        210        220        230        240        250        260        270        280        290       300                             

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

TGCAAGATGA ATCAGGTTTC TAGCTGGATC AATGGATGAA AAAAAATATG TTGGTGGATG TTGGGCATGC AATGGAAATT ATCTATCAAC GTGTGGCATC TTGACGTGTG TTCCGTAGAG TTGCAGCGGA AAGACAATTG AATTCTTATT   

TGCAAGACGA ATCAGGTTTC TAGCTGGATC AGTGGATG-- GAAAAATATG TTGGTGGATG TTGGGCATGC AATGGAAACC ATCTATCAAC GTGTGGCATC TTGACGTGAA TTCCGCAGGG TTCCAGCGGA AAGACAATTG AATTCTTATT   

TGCAAGACGA ATCAGGTTTC TAGCTGGATC AGTGGATGA- AAAAAATATG TAGGTGGATG TTGGGCATTC AATGGAAATC ATTTATCAAT GTGTGGCATC TTGACGTGGG TTCCGCAGAG TTGCAGCAGA AAGACAATTG AATTCTTATT   

 

        310        320        330        340        350        360        370        380        390        400        410        420        430        440       450                             

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

TTATTGTTA GGGCAGGGTT AGTATTACAC TATTACTTCA CACAATTTAC AATATAGAAA AAACTTGTGG GCCTTGACAC CCTATTTATA AGCACAGCTA ATGTTGCTCT ATCATTGTAG TACATACTAC ---A--CAGA AGTTCCGGGA   

CTTGTTGTTA GGGCAGGGTT AG-------- TATTACTTCA CACAATTTAC AATATAGAAA AAACTTG--- ---TTGACAC CCTATTTATA AGCACAGCTA ATGTTGCTCT ATCATTGTAG TACATAGTAC ---A--CAGA AGTTCCAGGA   

CTTATTGTTA GGGCGGGGTT AG-------- TATTACTTCA CACAATTTAC AATATAGA-- -----TGTGA GCGTTGACAC CCTATTTATA AGCACAGCTA ATGTTGCCCT ATCATTTTAG TACATACTAC TCTACGCAGA AGTTCCGGGA   

 

        460        470        480        490        500        510        520        530        540        550        560        570        580        590       600                             

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

GAAACTAGA- AAAAAGTTAC TTAATTATCG AAACTCAAAG CCTGAAGTTT GAATTAAAAT AATGAGCAAT ACCT-TGGTA TATTTTGTTG AGATCTTCAA AAGGTGTTCC ACAATTC--- ---------- -TAGTCAACA GGCAGAGCAA   

GAAACTAGAT TTTTTTTTAC TTAATTATCG AAACTCAAAG CCTGAAATTT GAATTAAAAC AATGAGCAAT ACCTTTGGTA TATTTTGTTG AGGTCTTCCA AAGGCGTTGC ACAATT---- ---------- CTAGTCAACA GGCAGAGAAA   

GAAACTACAA AAAAAATCAC TTAATTATTG AAACTCAAAG CCTGAAGTTT GAATTAAAAT AATGAGCAAT ACCT-TGGTA TATTTTGTTG AGGTCTTTAA AAGGCGTTCC ACAATTTATC GAGTTACTGA CTAGTCAACA GGCAGAGCAA  
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S2 Continued………….. 
 

 

        610        620        630        640        650        660        670        680        690        700        710        720        730        740       750                             

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

GCATGAAGAT CCAGCTAACA CGTCTGAGTT TTGCACTAAC GCATAATTGC TTCGGGACGT GAACATGTGA TGATCAATTC ATGCGAAGAA ATAATTGTAC ACGCAGATCA CGGAAGGCCA CCAGGGAAGG CAAAGTCATA GCGAACACAC   

GCATGAAGAT CCAGCTAACA CGCCTGAGTT TTGCACTAAC GCTTAATTGC TTCGGGACGT GAACATGTGG TGATCAATTC ATGCTAACAA ATAATTGTAC ACACAGATCA CGGAAGGCCA CCAGGGAAGG CGAAGTTATA GTGAACGCAG   

GCATGAAGAT CCAGCTAACA CGTCTGAGTT TTGCACTAAC ACATAATTGC TTCCGGACGT GAACATGTGG TGATCAGTTC ATGCGAAGAA ATAATTGTAC ATGCACATCA CGGAAGGCCA CCAGGGAAGG CAAAGTCATA GCGAACACAC   

 

        760        770        780        790        800        810        820        830        840        850        860        870        880        890       900                             

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

AAATCATGCA AAGCGATAGA GCCATTCAGT TGCGGGTTAT TGAGTTCACT GAACCTTGTC TGGTGTCTTC TTCCAAAGTA ACTACTCGTT AGCATCTTCA TATCAATAAC AATAACAGGT TTACCTCGAT TTTCAGTGAG CAATGACTTT   

AAATCATGCA AAGCGATAGA GCCATTCAGT TGCTGGTTAC TGAGTTCACT GAACCTTGTC TGGTGTCTTC TTCCAAAGTA ACTACTCGTT AGCATCTTCA TATCAATAAC AATAACAGGT TTACCTCGAT TTTCAGTGAG CAGTGACTTT   

AAATCATGCA AAGCAGTAGA GCCATTCAGT TGCTGGTTAT TGAAATCACT GAACCTTG-- ---------- --CC------ ---------- ----TC--CA TATCAATAAC AATAACAGGT TTACCTCAAT TTTCAGTGAG CAATGACTTT   

 

        910        920        930        940        950        960        970        980        990        1000       1010       1020       1030       1040     1050                            

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

CCATCCGAAA AAATATCATT TGAGTATGTC GGCCCTATTA GAAGTCCCAG TCGTATCCGC AAGAATAGCC TTTGGACTCA TCTTACCTCT TCAGCTCAGG ATCAATCAAG ACGTAACAAC GGCATGCCTC ATTTATGATG TACCATGGCT   

CCATCCGAAC AATTATCATT TGAGTATGTC GGCCCTATTA GAAGTCGCAG TCGTATCTGA AAGAATAGCC TTTGGACTCA TCTTATCTCT TCAGCTCAGG ATCAATCAAG ATGTAACAAC AGCATGCCTC ATTTATGATG CACCATGGCT   

CCATCCGAAC AATTATCATT TGAGTATGTC GGCCCTATTA GAAGTCCCAG TTGTATCCGC AAAAATAGCC TTTGGACTCA TCTTACCTCT TCAGCTAAGG ATCAATCAAG ATGTAACAAC AGCATGCCTC ATTTATGATG TACCATGGCT   

 

        1060       1070       1080       1090       1100       1110       1120       1130       1140       1150       1160       1170       1180       1190     1200                            

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

AGCAAGCAAC AGACTAGAAA GTGACTAACT GAGGGAAGTT TCCTGTCCAC TGGTGGCCTA TGCATGCCCC TTGAAGCATG GCATTAGAAC ACTTCCTGGC CATGAGTTCG GTCACAGCTA AACATGCAGC GTGTCATCAT CTTATTTTAT   

AGCAAGCAAC AGACTAGAAA GTGACTAACT GAGGGAAGTT TCCTGTCCAC TGGTGGTCTA TGCATGCCCC TTGAAGCATG GCATTAGAAC ACTTCCTGGC CATGAGTTCG GTCACAGCAA GACATGCAGC GTGTCATCGT TTTGTTTCAT   

AGCAAGCAAC AAACTAGAAA GTGACCAACT GAGGGAAGTT TCCTGTCCAC TGGTGGTCTA TGCATGCCCC TTGAAGCATG GCATTAGAAC ACTTCCTGGC CATGAGTTCA GTCACAGCTA AACATGCAGC GTGTCACCAT TTTGTTTCAT   
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S2 Continued………….. 
     

 

    1210       1220       1230       1240       1250       1260       1270       1280       1290       1300       1310       1320       1330       1340     1350                            

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

AGCACCACAA TCGCTTTTCT GACCATCACT GCTGGGCATC TTCAAGGGAA GAACCAACTG CAGAGTTCCA TAATCATCTT CTGCACATTC TTGTTTGCAT TGTGAAATTC TTTTTTTTTT CTGCATTGTG AAATTCAGAG ATGCTCTTAT   

AGCACCACAA TCACTTTTCT GACCATCACT GCTGGGCAAC TTCAAGGGAA GAACCAAATG CAGAGTTCCA TAATCATTTT CTGCACATTC TTGTTTACAT TGTGAA---T TTATTTTTTT CTGCATTGTG AAATTCAGAG ATGCTCTTAT   

AGCACCACAA TCACTTTTCT GACCATCACT GCTGGGCATC TTCAAGGGAA GAACCAAATG CAGAGTTCCA TAATCATTTT CTGCACATTC TTGTT----- ---------- ---------- -TGCATTGTG AAATTCAGAG ATGCTCTTAT   

  

      1360       1370       1380       1390       1400       1410       1420       1430       1440       1450       1460       1470       1480       1490     1500                            

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

ATCGATTTAA ATATTAAATA AAAGTTTGGC ATAACTTTTT GGAAACTCCA CTACCAGTAG CACTTACTAG ATGTTGTGCC ATTATTTCTC TACATATATG TAAGTAACAC TTTCACTTGT CTACTCTGGT GACCTGGTCG AGGTTGCTCT   

ATCGATTTAC ATATTAAATA TAAGTTTGGC ATAACTTTTG GGAAACTCCA CTACCAGTAG CACCA--TAC ATG------- --TA------ -AC---TATG TAAGCAACAC TTTC------ -----CTGGT GACCTGGTCG AGGTCGCTCT   

ATCCATTTAA ATATT--ATA AAAGTTTGGC ATAACTTTTG GGAAACTCCA CTACCAGTAG CACTTGCTAG ATGTTGTGCC ATTATTTCTC TACATATATG TAAGCAACAC TTTCACTTGC CTAGTCTGGG GACCTGGTCG AGGTTGCTCT   

 

  1510       1520       1530       1540       1550       1560       1570       1580       1590       1600       1610       1620       1630       1640       1650                            

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

TGGCGGGATG GCAGTTGGCA ATTTGTCTTC GTCTGGAAGC AAAGCCTTCA CTTGGCTAAT CTGGTGACGT GGTCATGGTT ACCC---GAA AAATGACAAT TGGCAAATGG TGAGAGAAAA TTTTAGTACA CATGCAAACT GTTCTTTCTA   

TGGCGGGATG GCAATTGGCA ATTTGTCTTC GTATGGAAGC AAAGCCTTCA CTTGCCTAAT CTGGTGATGT GGTCATGGTT ACCCTTTGAA AGATGACAAT TGGCAAATAG TGGGAGGAAA TTTTAGTACA CATGCAAACT GTTCTTTCTA   

TGGCGGGATG GCAATTGGCA ATTTGTCTTC GTATGGAAGC AAAGCCTTCA CTTGCCTAAT CTGGTGATGT GGTCATGGTT ACCCTTAAAA AGATGACAAT TGGCAAATGG TGAGAGGAAG TTTTAGTACA CATGGAAACT GTTCTTTCTA   

 

        1660       1670       1680       1690       1700       1710       1720       1730       1740       1750       1760       1770       1780       1790     1800                            

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

TGCTGCTTTA CCGTGCATTT GAGCATGTTG GTGCATGCTC CTAAGACATA ACATTAAATT CTGAAATGTA TCTTTTTCTG AAGATTAAAA TTTAAGAACT GATGATATAC TCCAATACTC CATTGGTAAA ATTTCACTTG TAAATGCCAG   

TGCTGCTTTA GCGTGCATTT -AGCATGTTG GTGCATGATC CTAAGACATA ACATTAAATT CTGAAAGGTA TCTTTTTCCA AAGATTAAAA TTTAAGAACT GATGATATAC TCCAATACTC CATTGATAAA GTTTTACTTG TAAATGCCAG   

TGCTGCTTTA GCGTGCATTT GAGCATGTCA GTGCATGATC CTAAAACATA ACATTAAATT CTGAAGTGTA TCTTTTTCCA AAGATTAAAA ATTAAGAACT GATGATATAC TCCAATACTC CATTGATAAA ATTTCACTTG TAAATGCCAG   
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S2 Continued………….. 
 

 

    1810       1820       1830       1840       1850       1860       1870       1880       1890       1900       1910       1920       1930       1940     1950                            

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

GCACATACAC TATAAAGAGC TCGAACCACT CCATTTAACT CCAATGCCTA GCCAGCTGCA TATCATCAGC TCATCTGTGT TTATTTTTCA GTCCATTGCT TTCGATCTTA GCTTGCTTTT GATTTACTTG TCCTAATTTT TTTTCATCGA   

GAACATACAC TATGAAGAGC TCGAACCACT CCATTTAACT CCAATGCCTA GCCAGCTGCA TATCATCAGT TCATCCGTGT TTATTTTTCA GTCCATTGCT TTCGATCTTA GCTTGCTTTT GATTCACCTG TCCTATATTT TTTTCATCGA   

GAACATACAC TATAAAGAGC TCGAACCACT CCATTTAACT CGAATGCCTA GCCAGCTGCA TATCATCAGT TCATCTGTGT TTACTTTTCA GTCCATTGCT TTCGATCTTA GCTTGCTTTT GATTCACTTG TCCTAT-TTT TTTTCATCAA   

 

        1960       1970       1980       1990       2000       2010       2020       2030       2040       2050       2060       2070       2080       2090     2100                            

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

CGTACTTGGT TTTGTTTCCT TGATGGCTTT GAACAAAGGT TAGTTGATTA TGGAATCGAA GCCTAAAGTC TGCATGGAAA TAATGAACAA TACCTCGGTA TATTTTGTTG AGGCGCTATC CAGTCTGAGT ACCGCACAAA TGATTCACTT   

CATACTTGGT TTTGTTTCCT TGATGGCTTT GAACAAAGGT TAGTTGATTA TGGAATCAAA GCCTAAAATC TGCATGGAAA TAATGAACAA TACCTTGGTA TATTTTGTTG AGGCGCTATC CAGTCTGAGT ACTGCACAAA TGATTCACTT   

CGTACATGGT TTTGTTTCCT TGATGGCTTT GAACAAAGGT TAGTTGATTA TGGAATCGAA GCCTAAAGTC TGCATGAAAA TAATGAACAA TACCTCGGCA TATTTTGTTG AGGCGCTATT CAGTCTGAGT ACTGCACAAA TGATTCACTT   

 

        2110       2120       2130       2140       2150       2160       2170       2180       2190       2200       2210       2220       2230       2240     2250                            

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

GAAGAAATAA TTGTACAAAC AGAACACGAA AGGCCATCAT ATAAGCCAAA GTCACAACAA ACGCCAAATC ATGCAAAGGG GTA-AGCTAT TGAGTTCAGT GAACCTTCTC TGGGGTCCTC TTCCAAAGTG AGGTGAATCC ATTAGCATCT   

GAAGAAATAA TTGTACAAAC AGAACACGAA AGGCCATCAT AGAAGCTAAA GTCACAACAA ACGCCAAATC ATGCAAAGGG GTAGAGCTAT TGAGTTCAGT GAACCTTCTC TGGGGTCCTC TTCCAAAGTG AGGTGAATCC ATTAGCATCT   

GAAGAAATAA CTGTACAAAT AGAACACAAA AGGCCATCAT AGAAGCCAAA GTCACAACAA ACACCAAATC ATGCAAAGGG GTAGAGCTAT TAAGTTCAGT GAACCTTCTC TGGGGTCCTC TTCCAAAGTG AGGTGAATCC ATTAGCATCT  

     

        2260       2270       2280       2290       2300       2310       2320       2330       2340       2350       2360       2370       2380       2390     2400                            

...|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

TCAGTCAGTA ACATTTACAG GTTTTACCTC AAGATGCCAA TCAAGCAACA CTCTCCATTT GAGCACCAAT TTGAGTAGAG AAATCCTAGC CGCATGCACT A-AAATAACC TCGGGACTCA TCTTACCTCC TCAGCTTAGG ACCAATCAAG   

TCAGTCCGTA ACATTTACAG ATTTTACCTC AAGATTCCAA TCAAGCAACA CTCCCCATTT GAGCACCAAT TTGAGTAGAG AAATCCTAGC CGGATGCACT TCAAATAACC TCGGGACTCA TCTTACCTCC TCAGCTTAGG ACCAATCAAG   

TCAGTCAGTA ACATTTACAG ATTTCACCTC AAGATTTCAA TCAAGCAACA CTCTCCATTT GAGCACAAAT TTGAGTAGAG AAATCCTAGC CGCATGCACT -CGAATAACC TTGGGACTCA TCTTACCTCC TCAGCTTAGG ACCAATCAAG   
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  2410       2420       2430       2440       2450       2460       2470       2480       2490       2500       2510       2520       2530       2540     2550                            

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

ATGTAACTGT ATCCTGGATT TGTGATGTAC CATGGTCAGC AGGGAACTGA CTACAAAGGG ACTAACTGAG AAAGGTTCTT GTCCACTTGT GTCTGTACAT TTCCCTTGAA GCATGGCATA GAATACTTCC TAGCCATGAG TTCCATTACA   

ATGTAACTGC ATCCTGGATT TGTGATGTAC CATGGTCAGC AGGGAACTGA CTAGAAAGGG ACTAACTGAG AAAGGTTCTT GTCCACTTCT GTCTGTACAT TTCCCTTGAA GCATGGCATA GAATACTTCC TAGCCATGAG TTCCATTACA   

ATGTAACTAC ATCCTGGATT TGCGATGTAC CATGCTGAGC AGGGAACTGA CTAGAAAGGG ACTAACTGAG AAAGGTTCTT GTCCACTTGT GTCTGTACAT TTCCCTTGAA GCATGGCATA GAATACTTCC TAGCCATGAG TTCCATTACA   

 

 

       2560       2570       2580       2590       2600       2610       2620       2630       2640       2650       2660       2670       2680       2690     2700                            

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

GCTAAACATG CTCTATGTCC TTGTAGCATA GCAGCTGCAA TCGCTTTCTG ACTCATTATT GCTGGACATC TTCAAGGAAA GAGCCAAAGG CAAAGTACCA AAATCGCTCT ATGCACATTC TTGTTTGCAC TTTACAACGC GAAATTCAGA   

GCTAAACATG CTCTGTGTCC TTGTAGCATA GCAGCTGCAA TCGCTTTCTG ACTCATTATT GCTGGACATC TTCAAGGAAA GAGCCAAATG CAAAGTACCA AAACCGCTCT ATGCACATTC TTGTTTGCAC TTTGCAATGC AAAATTCAGA   

GCTAAACATG CTCTGTGTCC TTGCAGCATA GCAGCTGCAA TCACTTTCTG ACTCATTATT GCTGGACATC TTCAGGGAAA GAGCCAAATG CAAAGTACCA AAATCGCTCT ATGGACATTT TTGTTTGCAC TTTGCAATG- AAATTTCAGA   

 

        2710       2720       2730       2740       2750       2760       2770       2780       2790       2800       2810       2820       2830       2840     2850                            

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

GGTGCTCTTA CATCCATCCA AAAAAAGTTT AGCATAGCTT CCAGGAAATT CCACAACCAG AACATACGAG C--------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

GGTGCTCTTA GATCCATCTA AAATAAGTTG ACCATAACTT CCAGGCAATT CCACTACCAG AACATACGAG CTGTTCCACC ACCTGAT--- --------TA TTGGCATGGC AACGGGAAAA ATTGTCTTCA AGGGAAGAGC CAAATGCAAA   

GGTGCTCTTA CATCCATCCC AAAAAAGTTC AACATGACTT CCAGGCAATT CCACTACCAG AACATACGAG CTGTTACACC ACCTGATCAA GCTTGCCTTA TTGGCATGGC AATGGGGAAA ATTGTCTTCA AGGGAAGAGC CAAATGCAAA   

 

        2860       2870       2880       2890       2900       2910       2920       2930       2940       2950       2960       2970       2980       2990     3000                            
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---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------   

GTACCAAAAT CGTTTTATGC ACAT------ ---------- ---------- ---------- -TCTTGTTTG CACTTTACAA TGAAAAATTC AGAGGTGCTC TTACATCCAT CCA-AAAAAA GATTACCATA ACTTCTGGGA AATTCCACAA   

GTACCAAAAT CGTCTCATGC ACATTCTTGT TTGCACTTTA CAATGCAAAA TTCAGAGGTG ATCTTGTTTG CACTTTACAA TGCAAAATTC AGAGGTGATC TTACATCCAT CCAAAAAAAA GTTTACCATA AATTCCAGGA AATTCCACCA   
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        3010       3020       3030       3040       3050       3060       3070       3080       3090       3100       3110       3120       3130       3140     3150                            
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---------- -----TGTTA CACCACCCGA TCAAGGTTGC CTTAGTGGCA TGGCAATTGG CAAATTGCCT TCTATGTAAA CAACACTTTC ACTTGCCTAC TCTGGTGAGC TGGTCATGGT TGCCGTTAGA AAGATGACAA TTGGCAAATG   

CCAGAACATA CGAGCTGTTA CACCACCTGA TCAAGGTTGC CTTAGTGGCA TGGCAATTGG CAAATTGCCT TCAATGTAAA CAACACTTTC ACTTGCCTAC TCTGGTGAGC TGGTCATGGT TGCCTTTAGA AAGATGACAA TTGGCAAATG   

CCAGAAC--- -----TGTTA CACCACCTGA TCAAGGTTGC CTTAGTGGCA TGGCAATTGG CAAATTGCCT TCTATGTAAA CAACACTTTC ACTTGCCTAC TCTGGTGAGC TGGTCATAGT TGCCTTTAGA AACATGACAA TTGGCAAATG   

 

        3160       3170       3180       3190       3200       3210       3220       3230       3240       3250       3260       3270       3280       3290     3300                            

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|  

GTGGGACAAA AATTTACCAC GCATTCAAAC TGTTCTTTTT CTAAGCTCGA TCTGCACGCC CGCATGCATA GCATTAAGTT CTGAAAGGTA TCTTTTTTTC CAAAGGAAAA T-ATGGAAGG CATCTCAAAC CGCATTGTCC ATGTCTGCTT   

GTGGGACAAA AATTTAGCAC GCATTCAAAC TGTTC-TTTT CTAAGCTCGA TCTGCATGCC CGCACGCATA GCATTAAGTT CTGAAAGGTA TCTTTTTTTC CAAAGAAAAA TTATGGAAGG CATCTCAAAC CGTATTGCCC ATGTCTGCTT   

GTGGGACAAA AATTTAGCAC GCATTCAAAC TGTTC-TTTT CTAAGCTCG- TCTGCACACC CGCACGCATA GCATTAAGTT CTGAAAGGTA TCTTTTTTTC CAAAAGAAAA T-ATGGAAGG CATCTCAAAC CGCATTGTCC ATGTCTGCTT   

 

        3310       3320       3330       3340       3350       3360       3370       3380       3390       3400       3410       3420                              

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....| 

GTCCACTAAC TTTGACCGGG CTGTATATAT ACTTCCATTG CTCACTTGTA CTTATAGTTG CCTGCTGAAT CAAGGCACAT ACATCAAAGA TATAGAGGCA CACTGCCATC TATCTAACTC CA  

GTCCACTAAC TTTGACCGGG CTGTATATAT ACTTCCATTG CTCACTTGTA CTTGTAGTTG CCTGCTGAAT CAAGGCACAT ACATCAAAGA TATAGAGGCG C--TGCCATC TATCTAACTC CA  

GTCCACTAAC TTTGACCGGG CTGTATATAT ACTTCCATTG CTCACTTGTA CTTGTAGTTG CCTGCTGAAT CAAGGCACAT ACATCAAAGA TATAGAGGCA CACTGCCATC TATCTAACTC CA  
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