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RWC, relative water content 

SEM, cryo-scanning electron microscopy 

SOS1, salt overly sensitive 1, Na+/H+ antiporter  

SOS2, salt overly sensitive 2, a serine/threonine protein kinase 

SOS3, salt overly sensitive 3, a myristoylated calcium binding protein 

SV, slow-activating vacuolar channels 



Preliminaries 

xxv 

SWC, shoot water content 

TEA, tetraethylammonium chloride 

TMS, tri-methyl-silyl 

TPK, tonoplast K+-permeavle channels 

TUNEL, terminal deoxynucleotidyl transferase DUTP nick end labeling 

Vanadate, sodium orthovanadate 

V-ATPase, vacuolar type H+-ATPase

VI-NSCC, voltage independent nonselective cation channel

VP, vacuolar pyrophosphotase 

WT, wild type 
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Abstract 

Wheat and barley are ranked the second and fifth most important crops in terms of dry 

matter production. Both of them are classified as glycophytes, and their production is 

strongly affected by soil salinity. Thus, given the extent of land salinization in the world 

and predicted population growth to 9.3 billion by 2050, creating salt tolerant wheat and 

barley germplasm remains one of highest priorities for breeders.  

Salinity tolerance is a complex physiological trait composed of numerous sub-traits 

controlled by multiple regulatory pathways. Until now, most studies were focused on 

traits related to sodium, such as Na+ exclusion from uptake, control of xylem Na+ loading, 

Na+ retrieval from the shoot or vacuolar Na+ sequestration. However, it is not Na+ but the 

K+/Na+ ratio in the cytosol that ultimately determines plant performance under saline 

conditions. In recent years, K+ retention in root mature zone has emerged as an important 

component of salt tolerance mechanisms in many plant species. However, whether the 

importance of cell’s ability to maintain K+ in plant overall salt tolerance can be 

extrapolated to other root zones or tissues (e.g. leaves) remained obscure prior to this 

work. Also elusive remained the essentiality of root Na+ exclusion and vacuolar Na+ 

sequestration in various root tissues. Furthermore, the relative contribution of each of the 

above salt tolerant mechanisms towards the overall salinity tolerance remained unclear, 

especially at the tissue specific level.   

Supported by the Grain Research and Development Corporation of Australia, this work 

was designed to fill the above gaps in our knowledge by addressing the following specific 

aims:  

1) to investigate the role of mesophyll K+ retention in the overall salt tolerance in

wheat and barley and to reveal the molecular and physiological identity of ion channels 

involved in mediating NaCl-induced K+ efflux from leaf mesophyll cell in these species;  

2) to investigate the role of leaf tissue tolerance in the overall salt tolerance in wheat

and barley and its relative contribution in each species; 

3) to elucidate the role of the tissue specific Na+ distribution in the cytosol and

vacuole of various root zones and its function in salt stress signalling and adaptation; 

4) to quantify the relative contribution of root Na+ exclusion from the cytosol,

vacuolar Na+ sequestration, and cytosolic K+ retention in the overall salt tolerance at the 

tissue specific level; 
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5) to develop rapid and reliable screening methods of evaluation some key 

physiological traits conferring salinity stress tolerance to be used in breeding programs.  

To accomplish the above goals, a broad range of electrophysiological, molecular, 

physiological, pharmacological, and imaging experiments was conducted to investigate 

the relationship between the overall salt tolerance and the above mentioned components 

of salt tolerance mechanisms at various levels of plant structural organisation. Our results 

showed that mesophyll K+ retention is an important (and previously overlooked) 

component of salt tolerance mechanisms in both wheat and barley. Significantly less 

NaCl-induced K+ efflux from leaf mesophyll occurred in bread wheat compared with 

durum wheat. Strong and positive correlation (r = 0.64, P < 0.001) was found between 

mesophyll K+ retention ability and overall salt tolerance in wheat. This is consistent with 

the general concept that bread wheat is more salt tolerant than durum wheat. Similar 

results were also obtained for barley, in which a significant positive correlation (r > 0.55, 

P < 0.01) was found between mesophyll K+ retention and the overall salt tolerance. 

Pharmacological experiments revealed, however, that NaCl-induced K+ efflux in 

mesophyll was mediated by different transport systems in wheat and barley. In wheat, 

non-selective cation channels (NSCC) mediated NaCl-induced K+ efflux from leaf 

mesophyll, whereas in barley this efflux occurred predominantly through the 

depolarization activated outward-rectifying K+ channels (KOR). Chloroplast-generated 

reactive oxygen species (ROS) dominated the process of NaCl-induced K+ efflux in 

wheat mesophyll. It is concluded that targeting mesophyll K+ retention is an unexploited 

resource and might be a promising way to improve salt tolerance in both wheat and 

barley. A high throughput screening method was also developed based on Microelectrode 

Ion Flux Estimation technique (MIFE). 

The use of a whole-plant phenotyping has a potential caveat of ignoring genotypic 

variability in the plant’s ability to control Na+ delivery to the shoot. To eliminate the 

possible confounding effect of roots, excised wheat and barley leaves were immersed into 

50 mM NaCl solution mimicking salt accumulation in the apoplast in field plants grown 

under saline conditions. Significant positive correlation (r > 0.50, P < 0.01) between 

relative chlorophyll content index (CCI) and the overall salt tolerance was found for 

barley. This correlation was largely due to preferential accumulation of Na+ in mesophyll 

cell vacuoles of tolerant varieties, while in sensitive varieties substantial quantities of Na+ 

were detected in chloroplasts (revealed by Sodium Green fluorescence imaging). To a 

great surprise, strong negative correlation (r = 0.77, P < 0.001) between relative 
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chlorophyll content index (CCI) and the overall salt tolerance was found in 45 wheat 

varieties, even in separate clusters of bread (r = 0.48, P < 0.05) and durum wheat (r = 

0.59, P < 0.01). These results indicate that the lack of effective Na+ exclusion ability in 

salt sensitive wheat varieties is compensated by their better ability to handle Na+ 

accumulated in the shoot via tissue-tolerance mechanisms. This work has also suggested 

that changes in relative chlorophyll content (measured as CCI) in excised leaves can be 

used as a reliable indicator of leaf tissue tolerance. 

Root Na+ exclusion was deemed as an important component in plant salt tolerance. 

Previous studies showed that Na+ exclusion ability in root mature zone in wheat was 

mainly mediated by SOS1-like Na+/H+ antiporters expressed preferentially in the root 

apex. The relative contribution of this trait to the overall salt tolerance in wheat and 

barley remains, however, to be quantified. In this work, the ability of root cells to extrude 

Na+ from cytosol to apoplast was studied by measuring the extent of Na+ efflux from the 

root elongation zone in nearly 100 wheat and barley genotypes, using the MIFE 

technique. The measured Na+ efflux was sensitive to amiloride (a known inhibitor of 

Na+/H+ exchangers) and correlated (r = 0.36, P < 0.05) with the magnitude of H+ influx in 

barley root elongation zone implicating the presence of the functional SOS1 exchangers 

in the root plasma membrane of barley. In wheat, a significantly (P < 0.01) higher Na+ 

efflux from root elongation zone was found in bread rather than durum wheat, as well as a 

significant positive correlation (r = 0.41, P < 0.01) was found between root Na+ exclusion 

ability and the overall salt tolerance in this species. No significant correlation (r = 0.20, P 

> 0.05) was found between root Na+ exclusion ability and the overall salt tolerance in

barley. The electrophysiological results were consistent with the relative expression level 

of HvSOS1 in the barley root apex. Taken together this data suggests that Na+ exclusion 

from the root apex is an important component of the tolerance mechanism in salt 

excluders such as wheat but not in the salt includers such as barley.   

By using CoroNa Green dye, the Na+ distribution between the cytosol and vacuole in 

root cell was studied using confocal laser microscopy technique. The highest overall Na+ 

intensity was found in the root elongation zone in both bread and durum wheat, 

suggesting Na+ might be used in osmotic adjustment and turgor maintenance to drive root 

expansion growth. In bread wheat, salinity stress tolerance correlated positively with 

cell’s ability to sequestrate Na+ into vacuole in the root mature zone but not in the apex. 

In contrast to wheat, in barley the ability to sequestrate Na+ into vacuole has been 

significantly and positively correlated with its overall salt tolerance in the root elongation 
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zone. The significant and negative correlation between vacuolar Na+ sequestration and the 

overall salt tolerance in wheat root elongation zone was interpreted as the evidence that 

higher vacuolar Na+ sequestration in salt sensitive wheat varieties is required to 

compensate its poor root Na+ exclusion ability. Interestingly, significantly higher 

cytosolic Na+ intensity was found in the meristem root cells in salt tolerant but not 

sensitive bread wheat species, while no significant difference in vacuolar Na+ intensity 

was detected between them. Similar results were also obtained between bread and durum 

wheat. This suggests that in addition to its role in cell division, root meristem zone also 

participates in, or executes, a role of the salt sensor, at least in wheat. No significant 

difference of biomass and relative water content was found between the plants with intact 

and cut (to remove the root meristem zone) roots under salt stress. Interestingly, 

significantly higher chlorophyll content as well as Fv/Fm were found in plants with intact 

rather than cut roots under salt stress, although no significant difference in leaf Na+ 

content was observed. The results indicate that the pattern of Na+ transport to the shoot 

and its distribution in the leaf cells under salt stress was affected by the removal of the 

root meristem zone, suggesting a role of the root meristem as a source of some long 

distance signal travelling to the shoot to facilitate its adaptation to salinity, at least in 

wheat. 

Interestingly, in contrast to strong correlation in the root mature zone, no correlation 

was found between the cytosolic K+ retention in barley root elongation zone and its 

overall salt tolerance. Together with the fact that NaCl-induced K+ efflux from barley root 

elongation zone was 2.3 folds higher (P < 0.01) than that from mature zone, it suggests 

that higher magnitude K+ efflux in root elongation zone might be required to turn on the 

“metabolic switch” function to convey salt stress signals. In contrast to the depolarization 

activated KOR channel mediated NaCl-induced K+ efflux in root mature zone, cytosolic 

K+ retention in root elongation zone was mediated mainly by the voltage-independent 

NSCC channels, showing the channel specificity in regulating cytosolic K+ retention in 

different root zones. Although no significant correlation was found between the overall 

salt tolerance and both cytosolic K+ retention and Na+ exclusion in barley root elongation 

zone, vacuolar Na+ sequestration was strongly and positively correlated with the overall 

salt tolerance. However, increased transcripts levels of HvNHX1 and HvVP1 by 

themselves were not sufficient to achieve efficient vacuolar Na+ sequestration. This points 

out to the essentiality of post-transcriptional modifications to achieve gene’s function. It 

also indicates the essentiality of preventing Na+ back leak from vacuole to cytosol by 
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efficient control of Na+ permeable slow (SV) and fast (FV) vacuolar channels. Overall, 

the results showed that mechanisms involved in K+/Na+ homeostasis in conferring salinity 

stress tolerance are regulated in a highly tissue- and cell type- specific manner. 

In conclusion, this work has provided a significant conceptual advance in our 

understanding of tissue-specificity of salt stress signalling and tolerance in cereals. It also 

emphasised the importance and a requirement to study salinity tolerance mechanisms at 

the tissue specific, in addition to traditional whole-plant phenotyping. One of the most 

significant discoveries was demonstration that mesophyll K+ retention is a very 

significant (and previously overlooked) component of salinity tolerance, in both wheat 

and barley. Targeting the QTL of mesophyll K+ retention ability and pyramiding it at the 

top of other salinity tolerance mechanisms might be a promising way for breeding robust 

salt tolerant genotypes. Also essential is the demonstration that root Na+ exclusion from 

uptake is important for wheat but not for barley. Another important finding is that, in a 

contrast to the root mature zone, cytosolic K+ retention in barley root elongation zone is 

not correlated with its overall salt tolerance and is mediated by different ionic 

mechanisms. These findings require a major rethinking of breeding strategies for these 

two species. The future work should be focused on the root meristem and its role in salt 

tress sensing and long-distance signalling. It will be also essential to reveal the relative 

contribution of various components (e.g. activities of NHX1, vacuolar H-PPase, and 

FV/SV channels) towards vacuolar Na+ sequestration, and the modes of their regulation, 

both at transcriptional and post-translational levels.  

 

 

 

 

 

 

 



Chapter 1. General introduction 

1 

Chapter 1 

General introduction 

1.1 Background 

Land salinization is a worldwide issue that threatens agricultural production. It is 

estimated that by 2050 the world population will reach 9.3 billion (FAO 2013), and global 

food production will need to increase by 70% by that time (Tester and Langridge, 2010). 

More than 800 million hectares of land is affected by salinity (Munns and Tester, 2008). 

Since most crops are sensitive to salt, a shortage of food supply can be forseen if no large 

improvement in crop salt tolerance is achieved. The complexity of plant salt tolerance 

mechanism is one of the main reasons impeding the improvement of crop salt tolerance. 

High salinity in soil increases the osmolality, reduces the water avaibility and disrupts the 

ion balance of crop plants.  

Wheat and barley, the major crops today, are amongst the first domesticated species 

(Ullrich, 2011) and on a global scale are ranked as the second and fifth most important 

crops in terms of dry matter production (Baik and Ullrich, 2008). Both of them are 

classified as glycophytes, and their production is strongly affected by soil salinity. Thus, 

given the extent of land salinization in the world and the fact that in many countries areas 

used to cultivate wheat and barley overlap with salinity belt (e.g. in Australia), identifying 

salt tolerant wheat and barley germplasm remains one of highest priorities for breeders. In 

the light of predicted rapid population growth, improving salinity tolerance in wheat and 

barley is an urgent task to cope with the possible shortage of food supply in the near 

future. 

Salinity tolerance is a complex physiological trait composed of numerous sub-traits and 

controlled by multiple regulatory pathways (Shabala and Cuin, 2008). This includes (but 

is not limited to) osmotic adjustment in root and leaf tissues; Na+ exclusion from root 

uptake; control of Na+ loading into the xylem and its retrieval from the shoot; vacuolar or 

tissue-specific Na+ sequestration; cytosolic K+ retention; and ROS (reactive oxygen 

species) detoxification/tolerance. The similarity of size of Na+ and K+ and thus the 

competative binding with enzymes by Na+ has been deemed as one of the main reason for 

Na+ toxicity. Until now, most of the studies in wheat and barley has focused on traits 

related to sodium, such as Na+ exclusion from uptake, control of xylem Na+ loading, Na+ 
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retrieval from the shoot or vacuolar Na+ sequestration. However, it is not Na+ but the 

K+/Na+ ratio in the cytosol which is important for plant performance under saline 

conditions (Maathuis and Amtmann, 1999; Hauser and Horie, 2010).  

In recent years, the ability of the root mature zone to retain K+ in cytosol for its overall 

salt tolerance has emerged in many species as an important mechanism, e.g. barley (Chen 

et al., 2005, 2007c), wheat (Cuin et al., 2008), lucern (Smethurst et al., 2008), and poplar 

(Sun et al., 2009). However, all the measurements were done in root mature zone, 

whether the importance of K+ retention in overall salt tolerance can be extrapolated to 

other tissues e.g. leaf mesophyll or root apex has never been considered. Achieving better 

K+ retention at the whole plant level under salt stress should be attributed to the regulation 

of K+ retention at tissue- and cell- specific level by a complicate network.  

When Na+ enters the root cell it causes a depolarization of the membrane potential, 

inducing K+ release from cytosol to apoplast and disruption of cytosolic K+/Na+ 

homeostasis culminating in the generation of ROS. Since the first report of 

overexpression of AtNHX1 Na+, K+/H+ exchanger improved salt tolerance in Arabidopsis 

(Apse et al., 1999), expressing NHX1 to improve salt tolerance was widely reported in 

many species, e.g. wheat (Xue et al., 2004; Saqib et al., 2005b), rice (Chen et al., 2007a), 

cotton (He et al., 2007), maize (Yin et al., 2004), tomato (Zhang and Blumwald, 2001), 

peanut (Banjara et al., 2012), tobacco (Gouiaa et al., 2012), and Brassica napus (Zhang et 

al., 2001) etc. However, recently, it has been found that there is no clear improvement of 

overall salt tolerance in Arabidopsis (Yang et al., 2009) and barley (Adem et al., 2015) by 

overexpressing NHX1. Furthermore, most studies are focused on the whole plant level 

and little attention is paid to the tissue and cell specific role of vacuolar Na+ sequestration 

in overall salt tolerance.     

In most crops, salinity stress tolerance is correlated with its ability to control 

accumulation of Na+ in the shoot or leaves (always termed as sodium exclusion) 

(Matsushita and Matoh, 1991; Garthwaite et al., 2005; Cuin et al., 2010; Munns et al., 

2012). However, most researchers didn’t distinguish between Na+ exclusion from 

shoot/leaves and Na+ extrusion from root uptake, and rather used them as synonyms. The 

reduced Na+ accumulation in shoot could be achieved multiple mechanisms: 1) reduced 

rate of the unidirectional Na+ uptake by plant roots; 2) enhanced root Na+ extrusion back 

into rhizosphere; 3) reduced rate of Na+ loading into the xylem; and 4) enhanced retrieval 

of Na+ from the shoot and its recirculation back to roots. So, which of these (very 

different) mechanisms plays the main role in achieving the reduced Na+ accumulation in 
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the shoot, or they might be differentially coordinated at species or even tissue specific 

level? The actual role of the Na+ extrusion from root uptake (e.g. SOS1-mediated Na+ 

efflux) in overall salt tolerance was also not properly targeted and interpreted, at least at 

tissue specific level. So far, SOS1 (salt overly sensitive 1) Na+/H+ antiporter is the only 

transporter which has been characterized to mediate Na+ efflux from cytosol to apoplast 

in plant cell. Mutation of SOS1 showed increased salt sensitivity in many plants e.g. 

Arabidospsis (Shi et al., 2000), tomato (Olías et al., 2009b), and Thellungiella halophila 

(Oh et al., 2009) etc. Also the increased salt tolerance by overexpression SOS1 was found 

in Arabidopsis (Shi et al., 2003, Yang et al., 2009), tobacco (Yue et al., 2012), and tomato 

(Olías et al., 2009a). 

Basically, the above mentioned three components, i.e. Na+ extrusion from the cytosol 

to apoplast, vacuolar Na+ sequestration, and K+ retention in cytosol, play the main role in 

controlling K+/Na+ homeostasis. However, most of our knowledge about these 

mechanisms is obtained from the whole plant level, its physiological role in overall salt 

tolerance at the tissue and cell specific level is rarely studied. Also, the role of leaf tissue 

specific salinity stress tolerance in the overall salt tolerance in wheat and barley is still 

obscure. 

1.2 Outline of the chapters 

The thesis contains 11 chapters and one appendix. Besides the general introduction 

(chapter 1), literature review (chapter 2), and general discussion (chapter 11), it covers 

aspects of the role of mesophyll K+ retention (chapter 3, 4, 5, and appnedix 2), leaf tissue 

specific salt tolerance (chapter 6), tissue specific vacuolar Na+ sequestration in root cells 

(chapter 7, 8, and 9), and root Na+ extrusion (chapter 8, and 9) in overall salt tolerance in 

nearly 50 wheat and 50 barley varieties. A brief summary of the main content in each 

chapter of this thesis is shown below.  

Chapter 1 contains a brief introduction of the background and the structure and aims of 

the present thesis are introduced.  

Chapter 2 provides the general background information about how plants maintain the 

K+/Na+ ratio under salt stress. The mechanisms of plants to alleviate Na+ toxicity and the 

importance of mesophyll K+ retention in plant salt tolerance, and also the molecular 

identity of the ion channels and transporters involved.  
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Chapter 3 describes the methodological setup of measuring the ability of leaf 

mesophyll to retain potassium under salt stress via MIFE technique and links it with the 

possibility of screening salinity tolerance in wheat and barley.  

Chapter 4 describes aspects of using MIFE technique to measure NaCl-induced K+ 

efflux to screen overall salt tolerance in barley genotypes, and suggests that in salt-

sensitive genotypes, increased H+ extrusion may be needed for charge balancing the 

activity and also provide the driving force for the high affinity HAK/KUP K+ transporters 

required to restore cytosolic K+ homeostasis.  

Chapter 5 describes how the ability of leaf mesophyll to retain K+ is strongly and 

positively correlated with overall salt tolerance in wheat, and that bread wheat possesses 

better mesophyll K+ retention ability than durum wheat. It also reveals that in contrast to 

the root mature zone, it is not voltage-gated KOR channels but the non-selective cation 

channels that played a major role in mediating NaCl-induced K+ efflux in wheat 

mesophyll. 

Chapter 6 describes aspects of developing and validating a high-througput assay for 

leaf tissue specific salinity stress tolerance in wheat and barley. It reveals that in contrast 

to the strong positive correlation between leaf tissue specific salinity stress tolerance and 

overall salt tolerance in barley, salt sensitive wheat varieties have better ability to handle 

Na+ accumulated in the shoot via leaf tissue specific salinity stress tolerance mechanisms 

to compensate its poor root Na+ extrusion ability. 

Chapter 7 describes aspects of quantifying Na+ distribution in different root zones in 

bread wheat and investigates the tissue-specific role of vacuolar Na+ sequestration in 

overall salt tolerance. It reveals that vacuolar Na+ sequestration ability is positively 

correlated with salinity stress tolerance in the root mature zone but not in the root apex, 

and the root meristem zone might execute or participate in the role of the “salt sensor”. 

Chapter 8 describes aspects of cell-specific regulation of ionic homeostasis in the 

context of salinity stress tolerance using the root elongation zone as a case study, and 

reveals the physiological and molecular idenetity of mechanisms in controlling K+/Na+ 

homeostasis. 

Chapter 9 describes aspects of the tissue specific role of vacuolar Na+ sequestration and 

Na+ extrusion in overall salt tolerance in bread and durum wheat, and the effect of 

removing the root meristem zone on Na+ distribution in leaf mesophyll cells of wheat 
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under salt stress. It reveals that bread wheat showed significantly higher vacuolar Na+ 

sequestration ability than durum wheat only in the root mature zone, and that removal of 

the root meristem zone affects the Na+ distribution in leaf cells. 

Chapter 10 is a chapter of general discussion and includes practical recommendations 

for improving crop salt tolerance. 

Appendix 1 describes a high throughput protocol for using MIFE technique to screen 

mesophyll K+ retention ability for crop breeding for salinity tolerance 

Appendix 2 describes a series of pharmacological experiments to investigate the role of 

ROS in regulating NaCl-induced K+ efflux in wheat leaf mesophyll and reveals that 

chloroplast-generated ROS dominates NaCl-induced K+ efflux in wheat leaf mesophyll. 

1.3 Aims of the research 

The aims of this thesis were five-fold: 

1) to investigate the role of mesophyll K+ retention in overall salt tolerance in wheat 

and barley, and understand the possible difference of identity of channels 

mediating NaCl-induced K+ efflux in leaf mesophyll cell in wheat and barley; 

2) to investigate the role of leaf tissue tolerance in overall salt tolerance in wheat and 

barley and the possible difference in its contribution;  

3) to investigate the role of the tissue specific Na+ distribution in cytosol and vacuole 

in root zones in overall salt tolerance in wheat and barley; 

4) to investigate the role of Na+ extrusion in the root elongation zone in overall salt 

tolerance in wheat and barley;  

5) to develop rapid and reliable screening methods of evaluation some key 

physiological traits conferring salinity stress tolerance to be used in breeding 

programs.  
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Chapter 2  

Literature Review 

 

2.1 Introduction  

According to their ability to tolerate saline environments, plant species are classified as 

glycophytes (all cultivated species; mostly salt sensitive) and halophytes (naturally salt 

tolerant plants). Many glycophytes are particularly intolerant of salt, with their growth 

being inhibited by NaCl concentrations as low as 25−50 mM (Haro et al., 1993). Sodium 

salts dominate in many saline soils of the world (Rengasamy, 2006; Tavakkoli et al., 

2010) and an ECe of 4 dS/m (equivalent to 40 mM NaCl) is considered as a threshold of 

salinity (Munns and Tester, 2008). It is estimated that the progressive increase in soil 

salinization may result in a loss of about 30% of the arable land within the next 25 years 

(Wang et al., 2003). To meet the projected demand by feeding 9.3 billion people by 2050, 

global agricultural production must be increased by 60% from its 2005–2007 levels (FAO 

report 2013).  

Salinity tolerance is a complex, polygenic trait (Flowers, 2004; Zhu, 2000) that is 

affected by not only physiological mechanisms but also environmental factors. Also, both 

additive and non-additive effects contribute to its inheritance (Koyama et al., 2001; 

Dehdari et al., 2007). Therefore, understanding the mechanisms underlying plant salt 

tolerance would benefit in breeding robust salt tolerant species and thus would provide a 

feasible way to mittigate the possible food shortage in future.  

Na+ is classified as a beneficial element and as such is not essential for plants, with a 

possible exception of some C4 species where small amounts of Na+ in the soil have 

beneficial effects on plant photosynthetic performance (Kronzucker et al., 2013). Higher 

Na+ levels accumulated in the cytosol cause Na+ toxicity in crops (Luan et al., 2009). 

Accumulation of high Na+ in cytosol not only can disrupt various enzymatic processes 

(Tester and Davenport et al., 2003), but also put an energetic burden on the cell due to the 

requirement of organic solutes synthesis to compensate for the extrusion of Na+ for 

osmotic adjustment (Raven, 1995; Munns and Tester, 2008). Also, the similarity of the 

hydrated ionic radii of Na+ and K+ is one of the main reasons for Na+ toxicity in plants 

under salt stress (Blumwald 2000). At the cellular level, many metabolic reactions are 

catalysed by K+ with at least 80 enzymes requiring K+ (Evans and Sorger, 1966; Suelter, 
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1970). Protein synthesis also requires high potassium concentration (Anschutz et al., 

2014; Shabala and Pottosin, 2014). Therefore, a proper ratio between intracellular levels 

of K+ and Na+ is considered to be of a fundamental importance to plant function and 

growth (Maathuis and Amtmann, 1999).  

K+/Na+ homeostasis has been long regarded as a key determinant of plant salinity stress 

tolerance (Yamaguchi and Blumwald, 2005; Chen et al., 2007b, d; Takeda and Matsuoka, 

2008; Luan et al., 2009; Olías et al., 2009b; Cuin et al., 2012). In rice, the strongest yield 

reduction was found in cultivars with the lowest K+/Na+ ratio (Asch et al., 2000). K+ 

concentration in plant cell cytosol was regarded as ~100 mM (Wang and Wu, 2013). 

Under saline condition, Na+ concentration can be elevated from a few mM (non-saline 

condition) to 30-100 mM in plant cell cytosol (Munns and Tester, 2008; Kronzucker and 

Britto, 2011). Thus the cytosolic K+/Na+ ratio in plant cells is many folds higher than in 

saline external media like seawater where the K+/Na+ ratio is 0.02 (10.4 mM K+ and 480 

mM Na+, Page and Cera, 2006).  

The present review is predominantly focused on the ability of higher plants to alleviate 

Na+ toxicity under salinity stress. As such, the focus is on the mechanisms and the 

molecular identity of transporters involved in Na+ uptake and sequestration within plant 

tissues. The physiological and molecular mechanisms behind regulation of K+ acquisition 

and maintenance of K+ homeostasis under salt stress are covered in details in the 

experimental chapters. 

2.2 Regulation of Na+ transport in plants  

2.2.1 Control of Na+ uptake by the root 

Na+ efflux from the cell is an active process under the presence of elevated levels of 

Na+ outside the cell (Apse and Blumwald, 2007). The ion exchange activity between Na+ 

influx into plant cells (through ion channels e.g. high affinity K+ transporter HKT and 

non-selective cation channels (NSCC)) and Na+ efflux (through a Na+/H+ transporter (e.g. 

SOS1)) refers to the net Na+ accumulation in plant cells under salt stress. Until now, 

SOS1 is the only transporter which has been characterized in Na+ extrusion from cytosol 

to the apoplast. GUS analysis showed that SOS1 was mainly expressed in the root apex in 

Arabidopsis (Shi et al., 2002).  

It is widely accepted that Na+ extrusion exerts an important role to protect plants under 

salinity stress. Whether this is a trait related to root or shoot, however, has remained 

unclarified. Most studies of the importance of Na+ extrusion in salt tolerance are based on 
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shoot/leaf Na+ content or even at whole plant level (Al-Karaki 2000; Byrt et al., 2007; 

Møller and Tester 2007; James et al., 2011; Munns et al., 2012; Roy et al., 2013). Our 

knowledge of the role of root Na+ extrusion in overall salt tolerance at the physiological 

level is still rare, especially at tissue or cell type specific level. The discussion of the 

importance of root Na+ extrusion in overall salt tolerance in plants can be found in 

Chapters 9 and 10.  

2.2.2 Na+ sequestration in vacuole 

Na+ sequestration in the vacuole is mediated by Na+/H+ antiporters and is regarded as a 

common mechanism in plants (Apse et al., 1999; Mansour et al., 2003; Rahnama et al., 

2011). Compartmentation of Na+ in the vacuole prevents elevation of cytoplasmic Na+, 

raises the cytosolic K+/Na+ ratio and contributes to the vacuolar osmotic potential 

(Maathuis and Amtmann, 1999). As described early, overexpression of a gene NHX1 

responsible for Na+, K+/H+ exchanger improves salt tolerance in many species. In barley, 

tolerant genotypes were shown accumulating significantly more Na+ in their excised 

leaves compared with sensitive genotypes suggesting that the activity of the Na+/H+ 

tonoplast exchanger should be much higher in salt tolerant genotypes than sensitive 

genotypes (Shabala et al., 2010). This is in accordance with the root depletion experiment 

showing that Na+ concentration (based on the root FW) remaining in the growth solution 

is about 40% less in salt tolerant than sensitive varieties (Chen et al., 2007b). 

Significantly higher vacuolar Na+ intensity in root mature zone cells was shown in salt 

tolerant compared to sensitive bread wheat varieties (Cuin et al., 2011). Also, the 

expression level of AtNHX1 was significantly increased in leaves, particularly in older 

leaves of Arabidopsis, under salt stress (Shi and Zhu, 2002a). In addition, most of these 

studies are in shoots, less attention was paid to the role of root vacuolar Na+ sequestration 

in overall salt tolerance, especially at the tissue and cell type specific level. This is also 

one of the research targets of the present thesis.  

2.2.3 Control of xylem Na+ loading and unloading  

Ions are absorbed by roots and then transferred to shoots through xylem loading. 

Control of xylem Na+ loading is important for plant salt tolerance. Xylem Na+ loading can 

be achieved by plasma membrane located SOS1 Na+/H+ antiporter (Apse and Blumwald, 

2007; Shabala, 2013; Maathuis, 2014), CCC co-transporter (Colmenero-Flores et al., 

2007), or SKOR channel (if xylem loading of Na+ is passive) (Wegner and de Boer, 
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1997). Shi et al. (2002) reported that SOS1 Na+/H+ antiporter is critical for controlling 

long-distance Na+ transport from root to shoot in Arabidopsis, and suggested that SOS1 

may function in xylem Na+ loading under mild salt stress. Overexpression of SbSOS1 

enhances xylem Na+ loading and confers salt tolerance in transgenic tobacco (Yadav et 

al., 2012). Recently, Zhu et al. (2015) showed that with down-regulation of SOS1-like 

Na+/H+ antiporter in Nax lines there was a reduction in overall net xylem Na+ loading and 

accumulation in the shoot and improved salt tolerance. GUS expression analysis showed 

that CCC co-transporter is preferentially expressed at the xylem/symplast boundary, 

suggesting its role in xylem Na+ loading (Colmenero-Flores et al., 2007).  

Besides loading Na+ into xylem, another important process regarding Na+ transport in 

xylem is Na+ unloading from xylem. AtHKT1 transporter was located on the plasma 

membrane in xylem parenchyma cells in leaves and induced Na+ unloading from xylem 

vessels to xylem parenchyma cells (Sunarpi et al., 2005). TmHKT7 transporter was 

associated with Nax1 loci and suggested that TmHKT7-A2 could control xylem Na+ 

unloading in roots and sheaths (Huang et al., 2006). HKT1;5 (HKT8) is strongly 

associated with Nax2 loci in durum wheat and its homeologous loci Kna1 in bread wheat 

removes Na+ from xylem in roots and leads to a high K+/Na+ ratio in leaves (Byrt et al., 

2007). For more information about the importance of the HKT1 family of Na+ 

transporters in Na+ unloading from xylem refer to Huang et al. (2008). 

2.2.4 Na+ recirculation from shoot to root via phloem 

Many studies have suggested that Na+ recirculation from shoots to roots is an efficient 

way to protect leaf cells from Na+ toxicity (Kong et al., 2012). For most salt sensitive 

plants, the ability to sequester Na+ into leaf vacuoles is poor and probably the Na+ 

recirculation from shoots to roots via the phloem sap is the main mechanism involved in 

prevention of Na+ delivery to leaf cells (Berthomieu et al., 2003). It has been suggested 

that apart from the shoot growth rate (Davenport et al., 2007) the rate of recirculation of 

Na+ to the roots via phloem is the final factor affecting Na+ concentrations in shoots. The 

recirculation of Na+ back to the roots via phloem and its role in overall salt tolerance has 

been reported for several species, including lupin, Trifolium alexandrinum, sweet pepper, 

and maize (Tester and Davenport, 2003). In rice, SKC1, encoding a member of HKT-type 

transporter, is hypothesised to be involved in the recirculation of Na+ by unloading it from 

the xylem (Ren et al., 2005). The recirculation of Na+ from shoots to roots may help 

distribute Na+ more evenly within the whole plant so that other detoxifying mechanisms, 
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including sequestration in vacuoles, would become more effective (Ren et al., 2005). In 

Arabidopsis, expression of the AtHKT1 gene, corresponded to the sas2 locus (sodium 

overaccumulation in shoot), was shown to be restricted to the phloem tissues in all 

organs; and the AtHKT1 gene was involved in the Na+ recirculation from shoots to roots, 

probably by mediating Na+ loading into the phloem sap in the shoots and unloading in 

roots (Berthomieu et al., 2003). However, Davenport et al. (2007) showed that in 

Arabidopsis AtHKT1 contributes to the control of both Na+ accumulation in the roots and 

retrieval of Na+ from the xylem while not being involved in root influx or recirculation in 

the phloem.  

2.2.5 Na+ secretion  

Secretion of ions by specialized salt glands is a well-known mechanism for regulating 

the mineral content of many halophytic plants (Liphschitz et al., 1974). These specialized 

cells (e.g. bladder cells) are thought to serve as a peripheral salinity and/or water storage 

organ to improve survival under high salinity or water deficit stress conditions (Agarie et 

al., 2007). In Rhodes grass, the salt glands can secrete both Na+ and K+, but the ability to 

secrete Na+ is greater than that of K+ secretion (Kobayashi et al., 2007). In Aeluropuse 

littoralis, excreted salts from special salt glands which were scattered on the both leaf 

surfaces were mostly sodium and chloride (Barhoumi et al., 2007). In Avicennia marina 

leaves, the number of salt glands increased with external salt concentrations and rates of 

salt secretion are enhanced greatly when plants are transferred to increasingly strong 

saline solutions (Chen et al., 2010). Also, through using epidermal bladder-cell-less 

mutant of common ice plant (Mesembryanthemum crystallinum), Agarie et al. (2007) 

showed that epidermal bladder cells contribute to succulence by serving as a water 

storage reservoir and to salt tolerance by maintaining ion sequestration and homeostasis 

within photosynthetically active tissues. In quinoa, the Na+ concentration in leaf sap was 

significantly higher in both brushed and non-brushed old leaves than young leaves which 

are taken from the plants after treatments with 400 mM NaCl for 3 weeks (Bonales-

Alatorre et al., 2013b). Also, young quinoa leaves rely heavily on epidermal bladder cells 

for Na+ sequestration, however, old leaves store Na+ in mesophyll cell vacuoles as it 

possesses only a few non-collapsed bladders compared with the numerous and inflated 

epidermal bladder cells in young leaves (Bonales-Alatorre et al., 2013b).  

2.3 Actual Na+ concentrations in plant cell cytosol: still a mystery 
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Glycophytes vulnerability to high external Na+ condition is related to a poor ability to 

tolerate the increased cytosolic Na+. However, until now, one basic unresolved issue 

regarding plant salt tolerance is the actual concentration of Na+ in cell cytosol. A number 

of approaches have been used to assess the absolute values for Na+ concentrations in the 

cells or cell cytosol including isotope flux analysis such as 22Na+ flux analysis (Binzel et 

al., 1988) and 24Na+ (Schulze et al., 2012), Na+ selective ion microelectrode (Dagostino 

and Lee, 1982; Carden et al., 2003), X-ray microanalysis (Pitman et al., 1981; Binzel et 

al., 1988), and others. There is still a controversy regarding the toxic level of cytosolic 

Na+ concentration in glycophyte plant cells with one side claiming nearly 30 mM as a 

threshold of cytosolic Na+ concentration (Tester and Davenport, 2003; Munns and Tester, 

2008) while another suggests a range between 50 and 200 mM (Kronzucker and Britto, 

2011). In rice suspension cells, cytosolic Na+ concentration was found to be about ~5 and 

~12 mM in tolerant and sensitive varieties under control condition, respectively (Anil et 

al., 2007). In Arabidopsis root hairs, the measured Na+ concentration is lower than 65 

mM under salt stress (90 mM NaCl, 20 min) (Halperin and Lynch, 2003). Carden et al. 

(2003) found that in salt stressed barley root cortical cells, the Na+ concentration in the 

cytosol ranged between ~10–30 mM. In halophytes, Na+ concentration in cell cytosol 

under salt stress ranged between 60 and 200 mM (Flowers et al., 2015).  

2.4 Na+ as a nutrient  

Na+ is one of the most soluble minerals that is easily accessible to plants. Uptake of 

ubiquitous Na+ is desirable as a way to build osmotic potential, absorb water and sustain 

turgor, although excess Na+ may be toxic (Pardo and Quintero, 2002). Plants use various 

ways to control excessive intracellular levels of Na+. The existence of an ATP-driven Na+ 

transport mediated by a Na+-ATPase at the plasma membrane has been showed in lower 

plants e.g. marine algae Heterosigma akashiwo (Wada et al., 1989; Shono et al., 2001) 

and moss Physcomitrella patens (Lunde et al., 2007). 

Na+ ions are taken up into cells against the electrochemical gradient via several 

pathways, such as non-selective cation channels and the sodium transporter HKT1 (Ward 

et al., 2003). Under K+ starvation, moderate amounts of Na+ can promote plant growth, 

and a possible explanation for this is the fact that Na+ may replace K+ in its osmotic 

function in the vacuole and thereby make available more potassium to the cytosol (Mӓser 

et al., 2002a; Rodríguez-Navarro and Rubio, 2006). Low to moderate Na+ concentrations 

are commonly found to be a benign and even beneficial element, which can stimulate 
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growth of many plant species, particularly when plants are K+-deprived (Schulze et al., 

2012). For more information about the dual role of Na+ in a plant’s life cycle, please refer 

to the recent review by Kronzucker et al. (2013). 

Evolution would not allow plants to do some futile work and thus to waste the 

cherished energy from photosynthesis. A narrow focus on the toxic effects of sodium may 

be impedeing the understanding of the complexity of plant salt tolerance. Halophytes are 

naturally salt (Na+) tolerant plants (Flowers and Colmer, 2008; Shabala 2013). The 

growth of halophyte Salicornia europaea was stimulated under 200 mM NaCl compared 

to the non-saline condition (Lv et al., 2012). Thus, learning from halophytes about its 

mechanisms to utilize Na+ as a nutrient or prevent Na+ accumulation in cell cytosol has 

been regarded as a useful strategy to improve salt tolerance in glycophytes (Flowers and 

Colmer, 2008; Flowers et al., 2010; Ruan et al., 2010; Shabala, 2013; Shabala et al., 

2014).  

2.5 Molecular identity of channels and transporters mediating Na+ 

transport and sequestration 

Na+ transport from saline soil to the shoot can be divided into several steps: (1) initial 

influx of Na+ into root cells; (2) Na+ efflux from root cells to the external solution; (3) 

Na+ transfer into the xylem for transport to the shoot; (4) removal of Na+ from the xylem 

in the shoot, before entry into leaf blades; and (5) recirculation of Na+ from leaf blades to 

other tissues including the roots (Davenport et al., 2005). Furthermore, other type of cells 

and cell compartments such as the apoplast and endodermis are also involved in Na+ 

transport process. Here, I briefly review some channels and transporters involved in Na+ 

transport and the most recent model about the channels and transporters involved in Na+ 

uptake, efflux, and distribution is shown in Fig. 1. 

 

2.5.1 SOS1, Na+/H+ antiporter 

SOS1 (salt overly sensitive) Na+/H+ antiporter is responsible for Na+ extrusion in plant 

cells (Shi et al., 2000, Shabala et al., 2005). AtSOS1 belongs to CPA1 (monovalent 

cation/proton antiporters) family, located on plasma membrane (Gierth and Mӓser, 2007). 

The SOS1 gene was mapped to chromosome 2 at 29.5 ± 6.1 centimorgans (Wu et al., 

1996). SOS2 and SOS3, genes found in the same root-bending screen, regulate SOS1 

activity. SOS3 is a myristoylated calcium binding protein (CBL4, Luan et al. 2009) that 
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recruits SOS2 to the plasma membrane. SOS2, a serine/threonine protein kinase (CIPK24, 

Luan et al., 2009), activates SOS1 by phosphorylation and dramatically increases Na+/H+ 

exchange activity in isolated plasma membrane vesicles (Apse and Blumwald, 2007). The 

AtSOS2/3 signalling complex has also been suggested to be involved in the regulation of 

other pathways and proteins that are related to salt stress, including ABA synthesis and 

the transporters AtNHX1, AtAKT1 and AtHKT1 (Kronzucker and Britto, 2011). AtSOS4 

is involved in pyridoxal phosphate (vitamin B6) synthesis and root hair development (Shi 

and Zhu, 2002b), while AtSOS5 is probably a cell-surface proteoglycan essential for cell 

expansion and for normal root growth under saline conditions (Shi et al., 2003).   

2.5.2 HKT transporters  

HKT transporters are members of a large superfamily found in plants, bacteria and 

fungi (Zhang et al. 2010). HKT transporters in plants have been classified into two 

subclasses: HKT1;X and HKT2;X. The division of the family into two major branches is 

associated with a glycine/serine substitution of a residue predicted to be in the first pore 

loop of the protein (Platten et al., 2006). All members of subfamily 1 have a serine at this 

position (for the motif S-G-G-G) and show preferred Na+ conductance, whereas members 

of subfamily 2 (except for the revertant OsHKT2;1 in which glycine has reverted to 

serine) have a glycine and show superior K+ conductance (for the motif G-G-G-G) 

(Platten et al., 2006; Kronzucker and Britto, 2011). The main role of HKT1;1 until 

recently was believed to be in regulating Na+ distribution between root and shoot rather 

than in mediating primary Na+ entry into roots. Despite the better K+ conductance 

members of the HKT2 family have been clearly shown to be involved in primary Na+ 

uptake in roots especially OsHKT2;1 in Japonica rice (Kronzucker and Britto, 2011). 

Also, it is known now that the quantitative trait loci Nax1 and Nax2 in durum wheat are 

linked to HKT1;4 and HKT1;5 transporters, respectively (James et al., 2011), as well as 

Kna1 in bread wheat being linked to HKT1;5 transporter (Byrt et al., 2007).    

2.5.3 NHX 

The intracellular NHX transporters compose the subclass one of the cation/proton 

antiporter family (putatively a very large number in plants). It plays a crucial role in not 

only Na+ accumulation in vacuoles but pH regulation and K+ homeostasis, regulating 

processes from vesicle trafficking and cell expansion to plant development (Rodríguez-

Rosales et al., 2009). Most members of this family have been identified as Na+/H+ 
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antiporters (Wang and Wu, 2013) but a few are K+/H+ antiporters. Most of the NHX 

family members are located on the tonoplast (e.g. AtNHX1, AtNHX2, AtNHX3, 

AtNHX4, ItNHX1, ItNHX2, and OsNHX1); others are located on the endomembrane 

system (e.g. AtNHX5, AtNHX6, and LeNHX2), and to date only AtNHX8 is located on 

the plasma membrane (Gierth and Mӓser, 2007). As vacuolar Na+ sequestration has been 

considered to be an important determinant to plant salinity tolerance, studies focusing on 

Na+/H+ antiporter and its pathway/network could provide insights to the understanding of 

plant salinity tolerance.   

2.5.4 NSCC channels 

Electrophysiological studies suggest that Na+ influx across the plasma membrane 

occurs via NSCC/VIC in root cortical cells (Demidchik and Tester, 2002; Apse and 

Blumwald, 2007; Zhang et al., 2010). Indeed, Na+ permeability of VI-NSCC has been 

demonstrated in a range of tissues and species and there is now substantial evidence that 

root Na+ influx is to a large extent catalysed by VI-NSCC (Demidchik and Maathuis, 

2007). In a seminal study on Arabidopsis thaliana, different cation permeabilities relative 

to Na+ were: K+ (1.49) > NH4
+ (1.24) > Rb+ (1.15) > Cs+ (1.10) > Na+ (1.00) > Li+ (0.73) 

> TEA (0.47); in wheat, the series was: NH4
+ (2.06) > Rb+ (1.38) > K+ (1.23) > Cs+ (1.18) 

> Na+ (1.00) > Li+ (0.83) > TEA (0.20). In rye root, the series were: K+ (1.36) = Rb+ 

(1.36) > Cs+ (1.17) > Na+ (1.00) > Li+ (0.97) > TEA (0.41) (Kronzucker and Britto, 

2011). Among different VI-NSCC such as CNGC (cyclic nucleotide gated NSCC), amino 

acid gated NSCC, and ROS-NSCC, CNGC has attracted more attention than others. 

Maathuis and Sanders (2001) showed that cyclic nucleotides regulated VIC channels 

showed no selectivity among monovalent cations in Arabidopsis root cells.  
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2.6 K+ homeostasis in plant salt tolerance: K+ concentration in cell 

compartments 

Many approaches have been used to detect the cytosolic K+ concentration in plant cells, 

e.g. 42K+ flux analysis (Hajibagheri et al., 1988; Schulze et al., 2012), K+ selective ion 

microelectrode (Trębacz et al., 1994; Walker et al., 1995; Carden et al. 2003) or 

longitudinal ion profiles (Jeschke and Stelter, 1976, Hajibagheri et al., 1988), X-ray 

microanalysis (Pitman et al., 1981; Hajibagheri et al., 1988). The optimal concentration of 

cytosolic K+ for enzyme activation in glycophytes was previously regarded as being 

around 150 mM (Leigh and Wyn Jones, 1984; Chen et al., 2005; Cuin et al., 2008) or 

between 100-200 mM (Pardo and Quintero, 2002; Luan et al., 2009), but it is now 

generally accepted to be slightly lower at around 100 mM (Dreyer and Uozumi, 2011; 

Wang and Wu, 2013). A big variation of cytolplasmic K+ concentration was found in 

halophytes, ranging from 32 mM in Spartina townsendii (Koyro and Stelzer, 1988) to 225 

mM in Atriplex amnicola (Jeschke et al., 1986).  

K+ concentration in chloroplast was found to be around 200 mM in spinach grown 

under non-saline conditions (Robinson et al., 1983; Robinson and Downton, 1984), which 

dropped to ~120 mM in plants grown under saline condition (Robinson et al., 1983; 

Robinson and Downton, 1984). Choroplast K+ concentration varied significantly in 

halophytes under non-saline condition, e.g. 232 mM in Suaeda australis (Robinson and 

Downton, 1985), 45 mM in Suaeda maritima (Harvey and Flowers, 1978). Choroplast K+ 

Fig. 1 The most recent 

model about the 

transport proteins 

involved in Na+ uptake, 

efflux, and distribution. 

The model is taken 

from Maathuis 2014, J 

Exp Bot 65: 849-858. 
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concentration in Suaeda australis and Suaeda maritima dropped to 73 (Robinson and 

Downton, 1985) and ~ 29 mM (Harvey et al., 1981; Hajibagheri et al., 1984) under salt 

stress, respectively.  

Vacuolar K+ concentration is commonly within the range of 20 to 200 mM, depending 

on the potassium availability and tissue types (Ashley et al., 2006). In K+ replete barley 

vacuolar K+ concentration in leaf epidermis and mesophyll cell was around 200 mM and 

root epidermis and cortex was around 150 mM (Leigh, 2001). Under salt stress vacuolar 

K+ concentration in both barley and durum wheat generally ranged from 40‒100 mM in 

mesophyll cells and 10‒50 mM in epidermal cells (James et al., 2006b). Apoplastic K+ 

concentration may vary between 10 and 200 or even reach up to 500 mM (Wang et al., 

2013). At present, we still lack knowledge about the K+ concentration in other plant cell 

organelles e.g. mitochondria, ER (endoplasmic reticulum), and golgi. The K+ homeostasis 

in these organelles might be an interesting target for better understanding the effect of salt 

stress in regulation of plant metabolism and protein transport at the whole cell level in 

future. 

2.7 The importance of K+ retention ability in plant salt tolerance  

K+ is recognized as a rate-limiting factor for crop yield and quality, and is the major 

cationic inorganic nutrient in non-hylophytes (Maathuis et al., 1997; Maathuis and 

Amtmann, 1999; Shabala, 2003; Pettigrew, 2008; Dreyer and Uozumi, 2011), comprising 

up to 10% of dry matter (Britto and Kronzucker, 2008; Véry and Sentenac, 2003). The 

function of K+ in plant life cycle includes 1) acting as a dominant counterion to balance 

the negatively charged proteins and nucleic acids, 2) enzyme activation, 3) stabilization of 

protein synthesis, 4) formation of membrane potential, 5) osmoticum for turgor pressure, 

6) maintenance of cytosolic pH homeostasis etc. (Shabala, 2003; Dreyer and Uozumi, 

2011; Wu et al., 2013). Not surprisingly, K+ plays an important role in plant response to 

not only biotic stress such as disease and pests, but also to abiotic stresses, e.g. drought, 

salinity, cold and frost, and waterlogging (Cakmak, 2005; Wang et al., 2013). It is also 

suggested that K+ loss is a critical step in initiation of plant programmed cell death (PCD) 

(Peters and Chin, 2007). As mentioned above, K+ is essential for many metabolic 

reactions at the cellular level. Salinity stress induces chronic K+ deficiency in plants 

(Pardo and Quintero, 2002), and the capacity of plants to counteract salinity stress 

strongly depends on K+ availability (Maathuis and Amtmann, 1999). K+ deficiency leads 

to growth arrest, impaired phloem transport of sucrose, redistribution of K+ from mature 
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to developing tissues, reduced photosynthesis, reduced water content, and replacement of 

K+ with an alternative osmoticum (Tsay et al., 2001).  

In contrasting wheat varieties, the mean K+ efflux after salt application was found to be 

significantly different (2 fold) and strongly and negatively correlated with plant yield at 

harvest (Cuin et al., 2008). In salt-stressed barley roots, salt tolerant varieties showed 3-

fold higher ability to retain K+ in the roots by minimizing NaCl−induced K+ efflux from 

epidermal cells, and also solution depletion experiments showed that salt tolerant 

genotypes were able to loose approximately 80% less K+ than salt sensitive barley 

genotypes (Chen et al., 2007b). Moreover, by using the contrasting varieties of lucerne, 

Smethurst et al. (2008) found that the tolerant varieties had better K+ retention ability in 

roots than the sensitive varieties. Similar results were also reported for poplar (Sun et al., 

2009). Taken together, these results suggest that the ability of root cells to maintain K+ in 

cytosol under salt stress is important for the plants overall salt tolerance.   

2.8 Molecular identity of channels and transporters mediating K+ 

homeostasis 

In most soils, free K+ levels are below 1 mM so active transport is required to reach the 

higher concentration of cytosolic K+ (around 100 mM) in plant cells. Potassium transport 

across plant membranes is mediated by at least seven major families of cation transporters 

and the most recent model of channels and transporters involved in K+ uptake, efflux, and 

distribution is shown in Fig. 2. 

Typical dual-affinity mechanisms are known in K+ uptake in higher plants: high 

affinity K+ uptake mechanism and low affinity K+ uptake mechanism which mediate K+ 

transport at low (below 0.2 mM) and relatively high (above 0.3 mM) external K+ 

concentration, respectively (Wang and Wu, 2013). Until now, seven channel and 

transporter families involved in K+ transport have been well characterized  including:  (1) 

voltage-gated shaker-type potassium channels (AKT1, SPIK, KAT1, KAT2, AtKC1, 

AKT2, GORK); (2) voltage-independent tandem-pore potassium (TPK) channels (TPK1 

(KCO1), TPK2 (KCO2), TPK3 (KCO6), TPK4 (KCO4) and TPK5 (KCO5)); (3) voltage-

independent Kir-like (K+ inward rectifier) channel (KCO3); (4) non-selective cation 

channels (constitutive plasma membrane NSCC, cyclic nucleotide-gated channels 

(CNGC), slow vacuolar (SV) channel, fast vacuolar (FV) channel, glutamate receptors 

(GLR)); (5) KUP/HAK/KT transporters (KUP1, KUP2, KUP4, HAK5 etc.); (6) HKT 

transporters (HKT2 subfamily); (7) K+/H+ antiporters (NHX1/NHX2, CHX13, CHX17, 
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CHX23 etc.). The unique common feature of all K+ channel subunits identified so far is 

the presence of a conserved pore region (P domain) which contributes to K+ conductivity 

(Czempinski et al., 2002). The highly conserved selectivity filter comprises the 

characteristic amino acid motif TxGYGD in the pore loops (Dreyer and Uozumi, 2011).  

LCT1 transporter is a wheat polypeptide shown by heterologous expression in yeast to 

mediate low-affinity transport of a wide range of cations (monovalents e.g. Rb+, Na+, 

Ca2+, Cd2+, but not Zn2+) (Schachtman et al., 1997; Diatloff et al., 2006). Furthermore, 

Colmenero-Flores et al. (2007) showed that AtCCC encodes the homologue of the animal 

bumetanide-sensitive Na+/K+/2Cl− co-transporter. Also, OsCCC1 has been shown to play 

a significant role in K+ homeostasis and rice plant development (Kong et al., 2011).  

 

              

2.9 Conclusion 

Due to the complexity of plant salinity tolerance and the multigenic nature of the traits, 

there was modest progress in elucidating the molecular mechanisms behind plant salinity 

tolerance. Although plant salt tolerance mechanisms are characterized, our limited 

understanding of the coordination and networking of these mechanisms (especially at the 

tissue and cell type specific level) in plant overall salt tolerance compromised and delayed 

the efforts to breed salt tolerant crops. Also, more work is required to better understand 

the role of salt tolerance mechanisms (from physiological/molecular level to tissue 

specific level) in plant salinity tolerance traits e.g. the ability to maintain K+/Na+ ratio 

homeostasis. The latter can be achieved mainly through Na+ extrusion/sequestration and 

K+ retention.  

Fig. 2 The most recent 

model of the transport 

proteins involved in K+ 

uptake, efflux, and 

distribution. Taken 

from Ahmad and 

Maathuis 2014, J Plant 

Physiol 171: 708-714. 
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Chapter 3 

Ability of leaf mesophyll to retain potassium is essential to 

confer salinity tolerance in wheat and barley# 

 

Abstract 

This work investigated the importance of the ability of leaf mesophyll cells to control K+ 

flux across the plasma membrane as a trait conferring tissue tolerance mechanism in 

plants grown under saline conditions. Four wheat (Triticum aestivum and Triticum 

turgidum) and four barley (Hordeum vulgare) genotypes contrasting in their salinity 

tolerance were grown under glasshouse conditions. Seven to 10 day-old leaves were 

excised, and net K+ and H+ fluxes were measured from either epidermal or mesophyll 

cells upon acute 100 mM treatment (mimicking plant failure to restrict Na+ delivery to the 

shoot) using non-invasive microelectrode ion flux measuring (the MIFE) system. To 

enable net ion flux measurements from leaf epidermal cells, removal of epicuticular 

waxes was trialled with organic solvents. A series of methodological experiments was 

conducted to test the efficiency of different methods of wax removal, and the impact of 

experimental procedures on cell viability, in order to optimise the method. A strong 

positive correlation was found between plants’ ability to retain K+ in salt-treated leaves 

and their salinity tolerance, in both wheat and especially barley. The observed effects 

were related to the ionic but not osmotic component of salt stress. Pharmacological 

experiments have suggested that voltage-gated K+ permeable channels mediate K+ 

retention in leaf mesophyll upon elevated NaCl levels in apoplast. It is concluded that 

MIFE measurements of NaCl-induced K+ fluxes from leaf mesophyll may be used as an 

efficient screening tool for breeding in cereals for salinity tissue tolerance.    

Keywords   

Potassium retention, salinity tolerance, sodium, membrane depolarization, ion channel, 

H+-ATPase   

Abbreviations 

BSM, basic salt media; BSTFA, N,O-bis-trimethylsilylacetamide; MAS, marker-assisted 

selection; MIFE, microelectrode ion flux estimation; MP, membrane potential; NSCC, 

non-selective cation channels; PCD, programmed cell death; PSII, photosystem II; TEA, 
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tetraethylammonium chloride; TMS, tri-methyl-silyl; TUNEL, terminal deoxynucleotidyl 

transferase dUTP nick end labeling; Vanadate, sodium orthovanadate. 

3.1 Introduction 

Salinity affects over 800 million hectares of agricultural land, which impacts crop 

production across the globe (Rengasamy, 2010). To match the predicted population 

growth with food supply salt tolerant crops have to be bred and recommended to growers.  

Salinity stress tolerance is a complex polygenic trait that is conferred by multiple 

physiological mechanisms (Flowers, 2004; Shabala and Cuin, 2008; Munns and Tester, 

2008).  Because of this, pyramiding physiological traits contributing to salinity tolerance 

is arguably the only practical way to improve salinity stress tolerance in crops. This also 

poses a question of what specific trait should be used to identify the source of salt 

tolerance genes to be used in marker assisted selection (MAS)-based breeding programs. 

Various agronomical traits such as germination, survival and growth rates; the extent of 

leaf injury; biomass production (Mano and Takeda, 1997; Eleuch et al., 2008; Zhou et al., 

2012; Xu et al., 2012) and whole-plant physiological characteristics such as CO2 

assimilation; chlorophyll content; shoot Na+ and K+ content (James et al., 2002; Chen et 

al., 2005; Munns et al., 2006) have been frequently advocated. To the large extent, the 

choice has been determined by the convenience (e.g. its cost- and time-efficiency) of the 

measuring procedure. This is hardly right as the screening technique should target the 

mechanism directly contributing towards salinity stress tolerance. Striking the right 

balance is not an easy task.  

Until now, researchers have focused predominantly on traits related to sodium, such as 

Na+ extrusion from uptake, control of xylem Na+ loading, Na+ retrieval from the shoot, or 

vacuolar Na+ sequestration (Blumwald et al., 2000; Horie and Schroeder, 2004; Munns 

and Tester, 2008; Plett et al., 2010; Cuin et al., 2011). However, it is not Na+ but the K+/ 

Na+ ratio in the cytosol which determines plant performance under saline conditions 

(Maathuis and Amtmann, 1999; Shabala and Cuin, 2008). K+ is recognised as a rate-

limiting factor for crop yield and quality, directly contributing to cell turgor and hence 

growth (Dreyer and Uozumi, 2011). At the cellular level, maintaining intracellular K+ 

homeostasis is essential for enzyme activation, stabilization of protein synthesis, 

neutralizaiton of negatively charged proteins, formation of membrane potential, and 

maintenance of cytosolic pH homeostasis (Shabala, 2003; Dreyer and Uozum, 2011).  

Potassium also plays an important role in controlling apoptosis in animal tissues (Hughes 
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and Cidlowski, 1999), and a direct causal link between plant ability to control fluxes of 

K+ across the plasma membrane and programmed cell death (PCD) was reported for a 

range of abiotic stress conditions (Shabala et al., 2007b, Demidchik et al., 2010), 

including salinity.   

We have previously reported a strong correlation between plant ability to retain K+ and 

salinity tolerance in both barley (Chen et al., 2005; Chen et al., 2007c,d) and wheat (Cuin 

et al., 2008; Cuin et al., 2012), as well as provided strong evidence for the heritability of 

this trait (Chen et al., 2007b; Cuin et al., 2012). All these studies were done in roots. 

However, it is ultimately a plant’s ability (or inability) to control the K+/ Na+ ratio in 

photosynthetically active leaf tissues that determines its photosynthetic competence (and 

hence growth and yield) under saline conditions. Indeed, each of above Na+-related 

mechanisms (e.g. extrusion from uptake; restricted loading into xylem; and retrieval from 

the shoot) has potential limitation and cannot operate indefinitely in a broad range of 

salinities. Exposure of the plant to longer durations and more severe salt stress increases 

the chance that one of these mechanisms will fail and high amounts of Na+ will be 

delivered to the shoot with a transpiration flow. This will result in significant membrane 

depolarisation and a massive K+ leak from leaf mesophyll (Shabala and Cuin, 2008). The 

consequence of this will be reduced metabolic (e.g. Rubisco; Osaki et al., 1993) activity, 

reduced cell turgor, impaired Na+ sequestration in the vacuole (resulting from K+ 

requirements for vacuolar PP-ase activity; Davies et al., 1992), and a danger of 

undertaking PCD resulting from increased activities of proteases and endonucleases at 

low cytosolic K+ (Demidchik et al., 2010). Thus, the ability of leaf mesophyll cells to 

control K+ flux across the mesophyll plasma membrane may be a very essential 

component of tissue tolerance mechanisms, contributing to overall plant performance 

under saline environment. However, to the best of our knowledge, no studies have been 

conducted so far looking at the extent of genetic variability in this trait.  Thus, the aim of 

this study was two-fold: (1) to determine to what extent salinity tolerance in wheat and 

barley is related to the ability of mesophyll tissue to retain K+ when exposed to elevated 

NaCl levels in the apoplast, and (2) to develop efficient screening protocols allowing 

rapid assessment of a large number of samples for the above trait.  

3.2 Materials and methods 

3.2.1 Plant material 
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Four wheat (Triticum aestivum cultivars Kharchia 65 and Baart 46, and Triticum 

turgidum spp. durum cultivars Wollaroi and Tamoroi) and four barley (Hordeum vulgare 

cultivars CM 72, Gairdner, TX9425, and Naso Nijo) varieties, contrasting in their salinity 

tolerance, were used in this study. Among wheats, bread wheat variety Kharchia and 

durum wheat variety Wollaroi were previously reported as being tolerant, while Baart and 

Tamaroi were sensitive to salt (Cuin et al. 2008). Among barley varieties, CM72 and 

TX9425 were deemed tolerant, while Gairdner and Naso Nijo were highly sensitive 

(Chen et al., 2007c; Xu et al., 2012). All seeds of these varieties were obtained from 

various sources in the past and multiplied in our laboratory. Plants were grown using 

University of Tasmania glasshouse facilities essentially as described in Chen et al. 

(2007d). Two to 3-weeks old plants were used for measurements. 

3.2.2 Sample preparation and wax removal trials 

Seven to 10 day-old leaves were excised by a razor blade and brought into the 

laboratory. The presence of epicuticular waxes poses a methodological problem for ion 

flux measurements (Shabala and Newman, 1999) in cereals, and removing these without 

altering cell function was required to develop an efficient screening protocol.  Leaf 

cuticular wax removal was trialled with different solvents (either 25% or 96% methanol, 

or analytical grade hexane), application methods (immersion or rubbing) and duration of 

application (for the rubbing procedure). The effect of these procedures on efficiency of 

wax removal, ability to measure K+ flux and toxicity to the plant was determined, as 

outlined below. 

After wax removal, leaves were immediately and thoroughly rinsed in running distilled 

water for several minutes. Small leaf segments (approx. 5× 8 mm), were cut and left 

floating (rubbed surface down) on experimental Basic Salt media (BSM) solution (0.1 

mM CaCl2 and 0.5 mM KCl; pH 5.7 non-buffered) overnight in the dark to minimize 

possible confounding effects of tissue damage on ion fluxes (Shabala and Newman, 

1999). Net ion fluxes were then measured from the epidermal leaf surface on which 

cuticular wax was removed. To measure net fluxes of K+ and H+ from leaf mesophyll, a 

cross-sectional cut was made across the middle part of the leaf blade exposing leaf 

mesophyll tissue. Cut samples (from 7 to 10 day-old leaves) were then placed onto the 

surface of BSM solution and kept in the dark until measured. 

3.2.3 Wax analysis 
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To compare the efficiency of wax removal methods, epicuticular wax was extracted 

from segments of wheat using dichloromethane with docosane (C-22 alkane) as an 

internal standard (2 mg docosane was diluted in 100 ml dichloromethane).  Leaf segments 

were soaked in 10 ml of solvent for 5 mins with gentle stirring.  This solution was 

decanted, taken to dryness under a stream of N2, then derivitized with a double TMS (tri-

methyl-silyl) method. Briefly, 10 µl of pyridine and 40 µl of BSTFA (N,O-bis-

trimethylsilylacetamide) was added, samples were then heated at 80 ºC for 20 min, then 

taken to dryness. A second smaller volume of pyridine and BSTFA was added; samples 

were heated at 80 ºC for 15 min, and then dried again. Samples were analysed by 

combined gas chromatography-mass spectrometry (GC-MS) on a Hewlett-Packard 5890 

Gas chromatograph coupled to a Hewlett-Packard 5970B mass selective detector. One-

microliter injections were made in the splitless mode, with an injection temperature of 

300 °C and transfer line temperature of 290 °C.  The column was a 25 m x 0.32 mm HP1 

(0.17 μm film thickness), with a temperature program of 60 °C (held for 1 min) to 300 °C 

at 10 °C/min, with an 8-min hold time at the final temperature.  Mass spectra were 

collected over the range m/z 40 to m/z 550 at two scans per second.  Total wax was 

expressed as the ratio of C28 alcohols (the TMS derivatives) to the C22 internal standard.  

3.2.4 Non-invasive ion flux measurements 

Net K+ and H+ fluxes were measured using the non-invasive microelectrode ion flux 

estimation (MIFE) technique (UTas Innovation Ltd., Hobart, Tasmania) essentially as 

described previously (Shabala and Shabala, 2002, Tegg et al.; 2005). The theory of MIFE 

measurements is available elsewhere (Newman, 2001). Briefly, microelectrodes were 

pulled from borosilicate glass capillaries (GC150-10; Clark Electrochemical instruments, 

Pangbourne, Berks, UK), dried in the oven at 225 ºC overnight, and then silanized with 

tributilchlorosilane (catalogue no. 90796; Fluka, Busch, Switzerland). Dried and cooled 

microelectrodes were backfilled with appropriate solutions (15 mM NaCl + 40 mM 

KH2PO4; pH 6.0 adjusted using NaOH for H+ or 200 mM KCl for K+). Then, the tip of 

the electrodes was filled with commercially available ionophore cocktails (K+, 60031; H+, 

95297, Fluka, Busch, Switzerland), and prepared microelectrodes were calibrated using a 

set of appropriate standards before and after use. Only electrodes with a slope of above 50 

mV per decade and correlation 0.999 or better were used.  

3.2.5 Experimental procedure 
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Leaf samples were mounted in a Perspex holder and placed into measuring chambers 

filled with measuring solution (0.1 mM CaCl2 and 0.5 mM KCl). Electrodes were 

mounted on a 3D-micromanipulator (MMT-5, Narishige, Tokyo, Japan), tips were 

positioned close together and at 40 m from the leaf sample. The angle between the tip of 

electrodes and measured exposed mesophyll cells was set to 30º. During measurements 

the electrodes were moved by a computer-controlled hydraulic manipulator between two 

positions, 40 and 110 m from the leaf surface, in a 12-s square-wave cycle. Net ion 

fluxes were calculated from recorded electrical potential differences using cylindrical 

diffusion geometry (Newman, 2001). Under 200 X microscope, the exposed mesophyll 

cell can be easily distinguished from other cells (to make sure that the measured ion 

fluxes were dominantly originated from nesophyll cells) and the exposed area of 

mesophyll cells was calculated and recorded accordingly. Net ion fluxes were measured 

for 5-10 min under control (BSM) conditions, before 100 mM NaCl was added to the bath 

followed by another 50 to 60 min of measurements. In some experiments, 170mM 

mannitol treatment (isotonic to 100mM NaCl) was used of NaCl. 

3.2.6 Membrane potential measurements 

Conventional KCl–filled Ag/AgCl microelectrodes with tip diameter 0.5 m were used 

to measure membrane potential of wheat leaves segments. Measurements were taken 

from at least four individual plants for each treatment, with 4 to 5 measurements taken 

from each leaf segment. Membrane potentials were recorded for at least 30 secs after the 

potential stabilised following cell penetration. Measurements were carried out on 

epidermal cells treated with the most efficient method of wax removal (as described in the 

section Results).  

3.2.7 Chlorophyll fluorescence 

The maximal photochemical efficiency of PSII was estimated by measuring the 

chlorophyll fluorescence Fv/Fm ratio (Smethurst and Shabala, 2003) of the leaf segments 

that were subjected to different wax removal methods.   

3.2.8 Pharmacology 

Further insights into mechanisms underlying leaf ability to retain K+ upon salinity 

treatment were obtained by conducted a series of pharmacological experiments using 

barley variety Gairdner. In these pharmacological experiments, leaf segments were pre-

treated with either 20 mM tetraethylamonium chloride (TEA+; a known blocker of K+ 
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selective channels), or 1 mM sodium orthovanadate (Na3VO4 ; a known inhibitor of P-

type H+ATPase) before being exposed to NaCl treatment. All chemicals are from Sigma, 

St. Louis, MO. 

3.2.9 Statistical analysis  

Data were analysed with SPSS 16.0 for windows (SPSS Inc., Chicago, IL, USA). All 

data are given as mean ± SE (n = sample size). All of the replicates are biological 

replicates. Significance was determined by one-way ANOVA based on Duncan’s multiple 

range test. Significant differences (P≤0.05) between treatments were denoted by different 

lower case letters. 

3.3 Results 

3.3.1 Methodological aspects of ion flux measurements from leaf epidermis and 

requirement for wax removal 

The leaf surface is covered by a cuticle which is composed of a matrix of the 

biopolymer cutin and waxes of various composition that are usually referred to as 

epicuticular waxes (Bewick et al., 1993).  Epicuticular waxes plays an important role in 

plant function, including prevention of non-stomatal water loss, defending leaves from 

bacterial and fungal pathogens, alleviating detrimental effects of abiotic stress such as UV 

damage, and playing a role in the interaction between plants and insect herbivores 

(Bewick et al., 1993, Rhee et al., 1998). However, their presence makes the leaf surface 

highly hydrophobic and almost impermeable to water and ion movement, posing a 

methodological problem for ion flux measurements (Shabala and Newman, 1999). Both 

wheat and barley have significant wax deposits (data not shown). When challenged with 

stress factors, these species displayed little if any ion exchange across the leaf surface 

when wax was present (Fig. 1A). The 100 mM NaCl treatment caused no detectable K+ 

flux signal when measured from untreated leaf epidermis, with epicuticular waxes present 

(Fig. 1A; closed circles). This may be caused by either waxes restricting Na+ uptake into 

the epidermal cells (thus, preventing NaCl-induced plasma membrane depolarization and 

associated K+ efflux as reported for other non-cutinised leaf tissues; Shabala, 2000; 

Shabala et al., 2006), or by preventing K+ leakage from beneath the epicuticular barrier, 

or both. This poses a serious methodological issue and prevents studying the effect of 

salinity on ionic relations in leaves with the microelectrode MIFE technique. 
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An efficient way to deal with the problem may be to remove wax deposits by some 

organic solvents, e.g. chloroform, methanol, ethanol, and hexane (Bewick et al., 1993, 

Shabala and Shabala, 2002; Živanović et al., 2005; Agrawal et al., 2007). The extent of 

the wax removal will be critically dependent on the concentration of solvent used, and the 

duration of exposure. While the longer and higher treatments will certainly assure more 

effective wax removal, leaf intoxication is likely to occur. Thus, the process of removal of 

epicuticular waxes needs to be finely balanced. 

                  

We investigated the above problem first by using analytical grade hexane and rubbing 

the leaf surface with hexane-wetted cotton buds for various number of times (hence, 

different exposures). Rubbing the leaf surface with hexane 5 or 10 times did not enable 

measurement of NaCl-induced K+ fluxes from epidermal cells under salt treatment (Fig. 

1A-C). Longer exposures to hexane (20 rubs) make NaCl-induced K+ flux detectable 

(Fig. 1A-C), however this treatment also caused significant leaf intoxication as judged by 

a very significant decline in leaf chlorophyll fluorescence characteristics (Fv/Fm values; 

Fig. 1D). Thus, it was concluded that hexane was not suitable to be used for efficient wax 

removal to measure net ion fluxes from leaf epidermal cells without affecting their 

metabolism.  

Fig. 1. Ion fluxes measured from leaf surface after removal of cuticular waxes by hexane. 

Transient net K+ fluxes (A) and transient net K+ fluxes; (B) of Kharchia 65 leaf measured 

after rubbing by hexane for 5, 10, and 20 times; (C) initial (steady-state) K+ fluxes; (D) 

peak K+ fluxes. Means ± SE (n=4-6). Within each treatment different lowcase letters 

indicate significant differences by Duncan’s multiple range test at p < 0.05. 
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Methanol was another organic solvent used in an attempt to remove wax from the leaf 

surface. No response to salt treatment was detected in leaves rubbed five times with 25% 

methanol, while 10 and 20 rubs resulted in a detectable K+ efflux, with the flux magnitude 

being proportional to exposure to methanol (Fig. 2A). When 96% methanol was used, the 

most efficient treatment was using 10 rubs (Fig. 2B). However, even in this case wax 

deposits were clearly seen on the leaf surface after rubbing (data not shown), and the 

amount of wax deposits removed was only approx. 50% (Fig.1C). Leaf immersion in 

methanol for either 5 or 20 minutes (without rubbing) was less efficient for wax removal 

than rubbing (Fig. 2B).  

            

          

Fig. 3.  Assaying leaf 

viability after removal of 

cuticular waxes by 

methanol. (A) chlorophyll 

fluorescence Fv/Fm values. 

Mean ± SE (n = 12-15); (B) 

membrane potential values. 

Mean ± SE (n = 10-12). 

Fig. 2.  Ion fluxes measured 

from leaf surface after 

removal of cuticular waxes 

by methanol. (A) kinetics of 

K+ flux responses of rubbing 

different times by 25% 

methanol; (B) kinetics of K+ 

flux responses of rubbing 

different times by 96% 

methanol and soaking in 5 

and 20 min in 96% 

methanol. Mean ± SE (n = 

5-8). 
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3.3.2 Plant ability to retain K+ in salt-treated leaves correlates with salinity tolerance 

Four wheat cultivars contrasting in salinity tolerance (salt tolerant Kharchia 65 and 

Wollaroi; salt sensitive Baart 46 and Tamaroi) were studied for their ability to retain K+ 

when treated with high (100 mM) concentration of NaCl. In biological terms, this 

treatment mimics the failure of plants to control xylem Na+ loading and, therefore, 

addresses the issue of tissue tolerance in leaves. Net K+ fluxes were measured from leaf 

epidermis after removal of cuticular waxes with the optimal method described above (i.e. 

10 rubs of 96% methanol).  

There were strong correlations between the magnitude of NaCl-induced K+ flux and 

salinity tolerance for the three parameters analysed; peak K+ efflux upon NaCl exposure 

(Fig. 4A), average K+ efflux over 15 min (Fig. 4B), and steady-state K+ efflux at the end 

of transient (Fig. 4C). K+ efflux measured from tolerant Kharchia 65 (bread) and Wollaroi 

(durum) varieties was only 50% of that measured from two sensitive varieties (Fig. 4).  

  

  

 

 

Fig. 4. Net K+ fluxes measured 

from the epidermal leaf surface 

of 4 wheat cultivars contrasting 

in salinity tolerance. Epidermal 

waxes were removed by 

rubbing the leaf surface 10 

times by 96% methanol. (A) 

peak K+ flux values; (B) total 

amount of K+ leaked from the 

mesophyll tissue over 15 min 

period; (C) steady- state K+ flux 

values; Filled bars – bread 

wheats (Kharchia 65 – tolerant; 

Baart 46 – sensitive); open bars 

– durum wheats (Wollaroi– 

tolerant; Tamaroi – sensitive). 

Mean ± SE (n = 5 - 7). 
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The above efflux of K+ upon NaCl treatment may originate either directly from the leaf 

epidermis, from the underlying mesophyll layer, or both. Since mesopyll is the most 

important metabolically active tissue in plants, its ability to retain K+ was expected to be 

more essential to leaf salinity tissue tolerance. Thus, the extent of NaCl-induced K+ leak 

from wheat and barley mesophyll was also investigated in direct experiments (Fig. 5, Fig. 

6). 

    

The observed results were consistent with our observations for epidermal tissue. In 

wheat, the average K+ efflux from mesophyll (Fig. 5A, B) was 3 to 4-fold higher 

compared with the flux from epidermal cells (Fig. 4B). This is hardly surprising, given 

the lack of blocking effect of the cuticle on ion fluxes measured from mesophyll tissue. 

The qualitative patterns of genetic variability in K+ retention in mesophyll were generally 

consistent with epidermal data (Fig. 5B). Similar to data from epidermis, salt-sensitive 

durum wheat Tamaroi showed a 2-fold higher K+ leak from its mesophyll, compared with 

tolerant durum wheat variety Wollaroi (significant at P < 0.05; Fig. 5B). The difference 

between bread wheats was also consistent with epidermal data (Fig. 5B).   

Fig. 5. Net K+ (A, B) and H+ (C, D) flux responses measured from the mesophyll tissue of 4 wheat cultivars 

contrasting in salinity tolerance (as above). To expose mesophyll, the excised leaf (middle part) was cut to 

segments (roughly 5 × 8 mm) by a sharp blade angularly. (A) kinetics of K+ flux responses; (B) total amount of 

K+ leaked from the mesophyll tissue over 15-min period; (C) kinetics of H+ flux responses; (D) peak H+ flux 

values. Mean ± SE (n = 6-10). Within each treatment different low case letters indicate significant differences 

by Duncan’s multiple range test at p < 0.05. 
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Previously, a genetic variability in K+ retention in barley roots was attributed to better 

control of membrane potential and higher H+ pump activity (Chen et al., 2007c).  In order 

to investigate the relationship between K+ and H+ response in wheat leaf mesophyll cells 

under salt stress, NaCl-induced net H+ flux was also measured. Significantly more H+ flux 

was pumped out from mesophyll cells of the two bread wheat varieties, as compared with 

durum wheat (Fig. 5C, D). This is consistent with the general consensus that durum wheat 

is generally more sensitive to salt than bread wheat (Munns and Tester, 2008; Cuin et al., 

2009).  

The strong correlation between the magnitude of NaCl-induced K+ efflux and salinity 

tolerance was even more pronounced in barley (Fig. 6A, B). Both peak and steady-state 

K+ fluxes were significantly higher in two sensitive varieties (Gairdner and Naso Nijo) 

compared with two tolerant varieties (CM 72and TX9425). No clear trends were observed 

for H+ flux data (Fig. 6C, D). 

 

Fig. 6. Net K+ (A, B) and H+ (C, D) flux responses measured from the mesophyll tissue of 4    barley cultivars 

contrasting in salinity tolerance (CM72 and TX9425 – tolerant; NN and Gairdner – sensitive). To expose 

mesophyll, the excised leaf (middle part) was cut to segments (roughly 5 × 8 mm) by a sharp blade angularly. (A) 

kinetics of K+ flux responses; (B) steady-state (20 min after stress onset) and peak K+ flux values; (C) kinetics of 

H+ flux responses; (D) steady-state H+ flux values. Mean ± SE (n = 14-46). Within each treatment different low 

case letters indicate significant differences by Duncan’s multiple range test at p < 0.05. 
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3.3.3 The observed effects are related to specific ionic but not osmotic component of 

salt stress 

Acute 100mM NaCl treatment causes rapid cell shrinking thus concentrating the 

internal K+ and other solutes and creating a chemical gradient favoring passive K+ leak 

from the cell. 

To ensure that the observed difference in K+ retention is not attributed to genetic 

variability in elasticity modules among genotypes but is indeed related to regulation of 

plasma membrane K+ transporters, additional experiments were undertaken using 170mM 

mannitol (a non-ionic osmolyte isotonic to 100mM NaCl). Contrary to NaCl treatment, all 

plants took up but not lost K+ in response to isotonic mannitol treatment (Fig. 7A), 

suggesting that rapid changes in cell volume were not the reasons behind observed the 

NaCl-induced K+ efflux. These results are consistent with our previous observation on 

both root (Shabala and Lew, 2002; Chen et al., 2005) and mesophyll (Shabala, 2000) 

tissues showing high specificity of observed ion flux responses. Moreover, no significant 

(at P <0.05) genotypic difference in osmotic adjustment was found between cultivars, 

with all genotypes increasing their net K+ uptake by approximately 200 nmolm–2 s–1 (Fig. 

7B). Thus, the observed effects are indeed related to specific ionic but not osmotic 

component of salt stress. 

  

3.3.4 Pharmacology data suggests involvement of voltage-gated K+ permeable 

channels in K+ retention in leaves  

Fig. 7. Net K+ fluxes measured from the mesophyll tissue of four barley cultivars contrasting in salinity 

tolerance (CM72 and TX9425, tolerant; NN and Gairdner, sensitive) in response to 170mM mannitol treatment 

(isotonic to 100mM NaCl). (A) Kinetics of K+ flux responses; (B) the magnitude of K+ flux response; [a 

difference between steady-state (before stress) and peak K+ flux values]. Mean ± SE (n = 6). 
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The magnitude of the peak NaCl-induced K+ flux from leaf mesophyll was strongly (~ 

70%) inhibited by TEA, a known blocker of K+-permeable plasma membrane channels 

(Shabala et al., 2007b) (Fig. 8A, B). Leaf pre-treatment with 1 mM vanadate (a known 

blocker of P-type H+-ATPase), exacerbated detrimental effects of salinity on K+ retention 

in leaf mesophyll. Both peak- and steady-state K+ efflux values were significantly higher 

(Fig. 8A, B), suggesting that membrane potential maintenance provided by H+-ATPase 

plays an important role in controlling K+ fluxes across the mesophyll plasma membrane. 

Consistent with this notion, vanadate treatment significantly reduced the magnitude of 

NaCl-induced H+ efflux from mesophyll tissue (Fig. 8C, D). Interestingly, however, leaf 

pre-treatment with TEA also reduced the magnitude of NaCl-induced H+ efflux, 

suggesting a possibility of a feedback control over H+-ATPase activity by cytosolic K+.   

 

 

3.4 Discussion 

3.4.1 Potassium retention in mesophyll is essential for salinity tolerance  

Fig. 8. Ion fluxes measured from mesophyll after cutting barley leaf (Gairdner). (A) transient net K+ fluxes; (B) 

calculation of K+ fluxes; (C) transient net H+ fluxes; and (D) calculation of H+ fluxes. Means ± SE (n=24-30). 

Within each treatment different low case letters indicate significant differences by Duncan’s multiple range test 

at p < 0.05. 
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The previous work in our laboratory has emphasised the importance of K+ retention in 

roots of a range of plant species, including barley (Chen et al., 2005; Chen et al., 2007c, 

d) and wheat (Cuin et al., 2008; Cuin et al., 2012). Here we report that K+ retention in leaf 

mesophyll is also essential to confer salinity stress tolerance in these species (Fig. 5, 6). 

At the cellular level, K+ catalyses many metabolic reactions and there are at least 80 

enzymes known that require K+ (Evans and Sorger, 1966; Suelter, 1970); most of these 

are present in leaf mesophyll. Thus, inability of mesophyll cells to retain K+ will result in 

substantial decline in leaf photochemistry, ultimately affecting plant growth and biomass 

accumulation. In addition to activation of enzymes, K+ is used as a major counter ion for 

cytoplasmic polyanions, control of photoassimilate loading into phloem, and is essential 

for the formation and maintenance of plasma membrane potential and electrogenic 

process in chloroplast membranes (Hedrich and Schroeder, 1989; Fang et al., 1995; 

Marschner et al., 1996; Talbott and Zeiger, 1996). Potassium also plays a critical role in 

determining cell fate and transition to PCD, by controlling caspase (in animal systems; 

Hughes and Cidlowski, 1999) or protease and endonuclease (in plant systems; Demidchik 

et al., 2010) activity. It was shown earlier that Arabidopsis gork mutants lacking outward 

rectifying depolarization-activated K+ (KOR) channels and, thus capable to retain more 

K+ under saline conditions, had less than 1/3 of TUNEL-stained nuclei compared with 

wild type plants (Demidchik et al., 2010). We believe that a similar scenario is applicable 

in the case of leaf mesophyll in wheat and barley, and that salt-induced damage to leaf 

lamina observed as necrotic spots on leaf tips in wheat and barley may be a result of 

mesophyll cells undergoing PCD as a result of K+ loss. Direct quantification of PCD 

related events (such as cytochrome C release; nuclei TUNEL staining, or DNA laddering) 

is needed to support this hypothesis.   

3.4.2 Downstream targets 

Several types of K+ permeable channels at the mesophyll plasma membrane may 

mediate K+ efflux upon salinity stress (Shabala, 2003). This includes Shaker-like 

outward-rectifying K+-selective KOR channels and non-selective cation channels 

(NSCC). KOR channels (GORK in Arabidopsis) are activated by membrane 

depolarisation at potentials more positive than Ek (Hosy et al., 2003; Véry and Sentenac, 

2003). NSCCs appear to form a large, heterogeneous group of channels, with 40 putative 

NSCCs revealed in the Arabidopsis genome sequence (Mäser et al., 2001; Demidchik et 

al., 2002). Most of these are only weakly voltage-dependent but may be activated by other 
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factors such as mechanical tension, calcium, cyclic nucleotides and glutamate (Demidchik 

et al., 2002; Demidchik and Maathuis, 2007). NSCCs discriminate poorly between K+ and 

Na+ (K+/Na+ selectivity ratios between 0.3 and 3, Demidchik et al., 2002) and, thus, could 

mediate both Na+ uptake and K+ efflux under saline conditions. 

It was shown that acute NaCl treatment results in substantial depolarisation of plasma 

membrane in leaf mesophyll (e.g. beans – Shabala, 2000; Arabidopsis - Shabala et al., 

2006; tobacco – Shabala et al., 2007b). Thus, accumulation of substantial amounts of 

NaCl in the leaf apoplast may activate KOR channels and result in K+ leakage from the 

mesophyll. Our pharmacological data reported here suggests that this scenario is also true 

for barley mesophyll. Indeed, K+ leakage was substantially suppressed by using TEA, a 

known blocker of KOR channels (Fig. 8) but enhanced in leaves pre-treated with 

orthovanadate, a known inhibitor of P2B type of H+-ATPase. H+-ATPase is primarily 

responsible for maintenance of plasma membrane potential (Sze et al., 1999), and 

suppression of its activity prevents plant ability to restore (otherwise depolarised) 

membrane potential, resulting in larger K+ leakage via depolarization-activated KOR 

channels.  

The overall amount of K+ leaked from wheat mesophyll was substantially smaller 

compared with appropriate amount leaked from barley (see Figs 5and 6 for comparison). 

This is somewhat counterintuitive, given the fact that barley is always classified as more 

tolerant to salinity compared with wheat (Greenway and Munns, 1980). However, these 

findings are in good agreement with our early observations on wheat and barley roots. 

Indeed, the magnitude of NaCl-induced K+ loss from wheat roots was only approx. 10% 

of that measured in barley under similar conditions (Cuin et al., 2008). Moreover, while 

K+ retention in barley roots showed a strong positive correlation with activity of the 

plasma membrane H+-ATPase and its ability to maintain more negative membrane 

potential (Chen et al., 2007c), no such correlation was found in wheat (Cuin et al., 2008). 

It may be suggested, therefore, that the pathway of K+ leakage from both root and leaf 

tissues differ substantially between wheat and barley. In barley, voltage-gated KOR 

channels are obviously the dominant mechanisms (Chen et al., 2007c) and these are 

activated immediately upon acute NaCl treatment as discussed above. In wheat, the major 

bulk of K+ leakage may occur through NSCC. These channels show only weak voltage 

dependence (Demidchik and Maathuis, 2007) and as such, are not expected to be 

dramatically activated by Na+ entering the cell. However, NSCC channels are known to 

be directly activated by various forms of ROS (Demidchik et al., 2003, 2007), and ROS 
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accumulation in both plant root and leaf tissues (Cavalcanti et al., 2007) is widely 

reported under saline conditions. Moreover, ROS accumulation is a much slower process 

compared with the almost instantaneous membrane depolarization upon acute saline 

stress. As such, ROS-induced activation of NSCC will be more gradual and take much 

longer then instantaneous activation of voltage-gated KOR channels. This may explain 

larger K+
 leakage from barley compared with wheat tissues under conditions of acute salt 

stress in our experiments. Under long-term stress conditions, however, ROS-induced K+ 

leak may become more essential, which may explain generally higher salt sensitivity of 

wheat compared with barley (Munns and Tester, 2008).        

3.4.3 Suitability for screening 

Our finding of importance of K+ retention in leaf mesophyll for salinity tolerance in 

cereals may be of significant importance to plant breeders. To be useful in MAS-based 

breeding programs, however, this trait should be reliably estimated using some relatively 

inexpensive and user-friendly high-throughput technology. The non-invasive MIFE 

technique show great potential of development as such high-throughput tool. In principle, 

simple measurements of K+ concentration in the external solution after adding NaCl to 

stress the plants by a commercial ion-selective electrode may potentially be used as a 

cheap proxy for this method. However, the resolution of this method will be at least an 

order of magnitude lower. The method is also prone to significant methodological errors 

as the biggest changes detected are in the vicinity of mesophyll tissue, and positioning the 

macroelectrode at a fixed and close distance to the tissue may be technically challenging. 

Thus, while MIFE technique-based measure of NaCl-induced K+ efflux from leaf 

mesophyll was recommended remains the most preferred current method, the feasibility 

of using simple K+ concentration measurements are worth a proper investigation. 

In this work, ion flux responses were measured from both epidermal and mesophyll 

tissues, with consistent results. For obvious reasons, measuring NaCl- induced K+ efflux 

in mesophyll is easier to conduct, as these measurements eliminate a requirement for 

additional labour- and time-consuming procedures of removing epicuticular waxes. 

Cutting a leaf segment and exposing mesophyll tissue takes only a few seconds; 

immobilising these segments in prefabricated Perspex holders is also a matter of seconds 

and requires no special skills. 

Net K+ fluxes were measured in this study for up to 30 min upon NaCl addition. 

However, for screening purposes, much shorter (e.g. 2-3 minutes) measurements will 
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suffice. Indeed, peak K+ flux responses occurred at ~ 1.5 min after NaCl treatment (Fig. 

6B), and peak values were proven to be a sensitive physiological index for tissue 

tolerance in barley (Fig. 6). Thus, even allowing several minutes for electrode positioning 

and manipulation in the chamber, one complete record will require no longer then 6-7 min 

(including immobilization time). The current MIFE configuration allows parallel 

recording of up to 3 specimens; this amounts into 25 to 30 specimens per hour, or 160 to 

200 specimens per standard business day. Moreover, existing MIFE electronics has an 8-

channel amplifier, and the above limitation of 3 channels is caused merely by the type of 

manipulator used for electrode positioning. For a relatively modest cost, the latter can be 

automated (e.g. using robotic arm) enabling 8 specimens to be processed simultaneously. 

Altogether, it will increase the screening capacity to over 500 specimens per day, which is 

large enough to be termed as high-throughput.   

 

 



Chapter 4. Screening mesophyll K+ retention ability in barley 

37 
#, This chapter has been published as: Wu H, Zhu M, Shabala L, Zhou M, Shabala S (2015) Journal of 

Integrative Plant Biology 57: 171–185. 

Chapter 4 

K+ retention in leaf mesophyll, an overlooked component of 

salinity tolerance mechanism: a case study for barley# 

 

Abstract  

Plant salinity tolerance is a physiologically complex trait, with numerous mechanisms 

contributing to it. In this work we show that the ability of leaf mesophyll to retain K+ 

represents an important and essentially overlooked component of a salinity tolerance 

mechanism. The strong positive correlation between mesophyll K+ retention ability under 

saline conditions (quantified by the magnitude of NaCl-induced K+ efflux from 

mesophyll) and the overall salinity tolerance (relative fresh weight and/or survival or 

damage under salinity stress) was found while screening 46 barley genotypes contrasting 

in their salinity tolerance. Genotypes with intrinsically higher leaf K+ content under 

control conditions were found to possess better K+ retention ability under salinity and, 

hence, overall higher tolerance. Contrary to previous reports for barley roots, K+ retention 

in mesophyll was not associated with an increased H+-pumping in tolerant varieties but 

instead correlated negatively with this trait. These findings are explained by the fact that 

increased H+ extrusion may be needed to charge balance the activity and provide the 

driving force for the high affinity HAK/KUP K+ transporters required to restore cytosolic 

K+ homeostasis in salt-sensitive genotypes. 

Keywords  

Cytosolic K+ homeostasis; ion flux; membrane potential; membrane transport; tissue 

tolerance 

 

4.1 Introduction 

K+ is recognized as a rate-limiting factor for crop yield and is the major cationic inorganic 

nutrient in non-halophytes (Maathuis and Amtmann, 1999; Shabala, 2003; Pettigrew, 

2008; Dreyer and Uozumi, 2011), comprising generally 4 - 6% of plant dry matter. K+ 

plays an important role in plants response to major abiotic stresses such as drought, 

salinity, cold and frost, and waterlogging (Cakmak, 2005; Wang et al., 2013; Shabala and 

Pottosin, 2014).  
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In broad terms, plants salinity stress can be divided into two phases: osmotic phase 

(rapid response to change in osmotic potential) and ionic phase (gradual Na+ 

accumulation) (Fortmeier and Schubert, 1995; Munns et al., 2002; Munns and Tester, 

2008). Various mechanisms are employed by glycophytes to deal with detrimental effects 

of salinity including Na+ extrusion from uptake, Na+ sequestration in vacuoles, osmotic 

adjustment, control of xylem loading of Na+, its retrieval from the shoot, and reactive 

oxygen species (ROS) detoxification (reviewed in Tester and Davenport, 2003; Colmer et 

al., 2005; Munns et al., 2006; Munns and Tester, 2008; Shabala and Pottosin, 2014). 

Accordingly, numerous attempts have been undertaken to modify plant salinity tolerance 

by tampering with one of the above mechanisms, both by transgenic (e.g. increasing de 

novo synthesis of organic osmolytes, Huang et al., 2012 ; overexpressing tonoplast NHX 

Na+/H+ exchangers to improve vacuolar Na+ sequestration, Apse et al., 1999; enhanced 

Na+ extrusion from roots by over-expressing SOS1 plasma membrane Na+/H+ antiporter, 

Shi et al., 2003) and traditional (quantitative trait loci (QTL) mapping for Na+ exclusion 

from the shoot; Lindsay et al., 2004; Genc et al., 2010; Munns et al., 2012). However, the 

progress is still much less than one would hope. 

Another important trait that emerged over the last decade is K+ retention in roots 

(Shabala and Cuin, 2008). Salt tolerant barley variety showed higher K+ content in root 

than salt sensitive variety when grown under saline conditions (Liang, 1999). A strong 

positive correlation between root’s ability to retain K+ when challenged with NaCl and 

overall plant salinity tolerance was reported for several species including barley (Chen et 

al., 2005, 2007b, c), wheat (Cuin et al., 2008, 2012), lucerne (Smethurst et al., 2008), and 

poplar (Sun et al., 2009). The essentiality of the above correlation was attributed to the 

critical role of cytosolic K+ homeostasis for a broad range of metabolic processes in root 

cells (Shabala and Cuin, 2008).  

Leaf mesophyll is central to photosynthetic plant performance and, ultimately, biomass 

gain. Plant performance under stress conditions largely depends on efficiency of 

photosynthetic machinery. In this context, cytosolic K+ homeostasis in mesophyll cell 

may be essential to maintenance of optimal photosynthetic performance (Carkmak, 2005). 

Reduced CO2 assimilation capacity was reported for K+ deficient cotton (Bednarz and 

Oosterhuis, 1999), hickory (Jin et al., 2011), sugar beet (Terry and Ulrich, 1973), and 

barley (Degl’Innocenti et al., 2009) species. Also, it was estimated that an expanding leaf 

cell has to accumulate solutes at a rate of~ 66 mosmol kg-1 h-1; 50% of this quantity is 

attributed to accumulation of K+ (Boscari et al., 2009). Thus, the accumulation rates of K+ 
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in leaf cells may limit the rate of its expansion (Volkov et al., 2009), especially under 

saline conditions. The importance of maintaining high shoot K/Na ratio was repeatedly 

suggested as a hallmark feature of salt-tolerant crops (Dasgan et al., 2002; Ren et al., 

2005; Hauser and Horie, 2010). Ball et al. (1987) showed that salinity induced K+ 

deficiency caused a loss of functional photosystem II in leaves of grey mangrove. Similar 

result was found in spinach, where the photosynthetic capacity was related to the bulk 

lamina K+ content (Chow et al., 1990).  

While most salinity-related papers quantified shoot K/Na ratio on a whole-tissue basis, 

the importance of intracellular and intercellular ion sequestration should be not 

overlooked (Leigh and Storey, 1993; Fricke et al., 1994, 1996). K+ is actively transported 

into the vacuole of both epidermal and mesophyll cells (Cuin et al., 2003; Bassil et al., 

2011) and can be potentially used as a buffer to compensate for salt-induce K+ reduction 

in the cytosol. Vacuolar K+ concentrations in barley leaf mesophyll decreased by 50-80 

mM during NaCl treatment (Fricke et al., 1996; Cuin et al., 2003). At the same time, 

cytosolic K+ has been barely changed by salinity (a decline in a(K) from 79 to 64 mM; 

Cuin et al., 2003). However, it appears that not all vacuolar K+ is available to be used for 

cytosolic K+ homeostasis maintenance in leaf mesophyll (Fricke et al., 1996), making a 

need to draw K+ from extracellular sources. One of these sources is leaf epidermis.   

In barley, leaf epidermal cells occupy about 27% of the total leaf symplastic volume 

(Dietz et al., 1992), and the patterns of ion distribution differ dramatically between 

mesophyll and epidermis in barley leaves (Huang and van Steveninck, 1989; Dietz et al., 

1992; Fricke et al., 1996; Leigh and Storey, 1993; Leigh and Tomos, 1993; Fricke et al., 

1996; Karley et al., 2000; Conn and Gilliham, 2010). Contrary to mesophyll, epidermal 

cells do not require a minimum vacuolar K+ concentration of 20-60 mM to keep the 

cytosolic K+ concentration at a metabolically sustainable level (Fricke et al., 1996), and a 

5-fold decrease in both vacuolar and cytosolic K+ concentrations was reported for 

epidermal leaf cells grown under saline conditions (Cuin et al., 2003).  Using an X-ray 

microanalysis technique, Leigh and Storey (1993) showed that at low shoot K+ 

concentrations, K+ was preferentially located in mesophyll cells, with relatively few 

epidermal cells having detectable levels of this element. Given the fact that salinity can 

reduce shoot tissue K+ content by several fold (Muralitharan et al., 1992), the importance 

of maintaining cytosolic K+ homeostasis under saline conditions is beyond any doubt. 

Boscari et al (2009) have identified three major K+ transport systems operating in 

barley leaf mesophyll. HvAKT2 inward-rectifying K+ channels showed strongest 
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expression in leaf tissue, followed by the high-affinity HvHAK4 K+ transporter. HvAKT1 

expression in leaf was weak, only 3-4 % as compared with roots (Boscari et al., 2009). 

Interestingly, however, no significant changes in gene expression levels were found in 

leaf mesophyll tissue (Boscari et al., 2009), despite major changes in K+ concentrations 

and osmolality of cells. These results are consistent with our observation of roots 

(Shabala and Cuin, 2008) and suggest that it not increased K+ uptake but instead K+ 

retention in mesophyll cell that matters.  

Despite a clear evidence for leaf mesophyll cells possessing highly efficient 

mechanisms for maintaining cytosolic K+ homeostasis (see above), to the best of our 

knowledge no attempt to evaluate and validate K+ retention ability of leaf mesophyll as a 

trait contributing to overall salinity stress tolerance was conducted for any species at a 

scale sufficient to convince breeders. As the very best, all the previous papers reported a 

link between the overall shoot potassium content and salinity tolerance in barley (Liang, 

1999; Chen et al., 2005, 2007d; Flowers and Hajibagheri, 2001) but stop short of 

characterising the extent of net K+ exodus from the cytosol into apoplastic space. With 

many confounding factors involved (e.g. genotypic- and stress-related difference in root 

K+ acquisition; radial transport; xylem loading; and delivery to the shoot), establishing the 

role of K+ retention in mesophyll as a component of tissue tolerance mechanisms was not 

possible by the whole-organ level.   

In this work, we have extended our seminal work using just a few contrasting barley 

varieties (Wu et al., 2013) to undertake a large-scale validation of the essentiality of K+ 

retention in leaf mesophyll as a component of salinity tolerance mechanism in barley. By 

screening nearly 50 barley genotypes contrasting in their salinity tolerance, we are 

reporting the strong positive (r > 0.55, P < 0.01) correlation between mesophyll K+ 

retention ability under saline conditions (quantified by the magnitude of NaCl-induced K+ 

efflux from mesophyll) and the overall salinity tolerance (relative fresh weight and/or 

survival or damage under salinity stress). We also show that, contrary to previous reports 

for barley roots (Chen et al., 2007c), K+ retention in mesophyll was not related to 

increased H+-pumping in tolerant varieties. These findings are explained by the fact that 

increased H+ extrusion may be needed to charge balance the activity and provide the 

driving force for the high affinity HAK/KUP K+ transporters required to restore cytosolic 

K+ homeostasis in salt-sensitive genotypes.   

4.2 Results 
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4.2.1 Large variability in growth performance under saline conditions  

 

 

   A dramatic difference in plant growth was observed between barley varieties grown 

under 300 mM NaCl treatment for 40 days in a glasshouse (Suppl. Fig. S1). This was 

further confirmed by measuring agronomical characteristics such as fresh weight (FW) 

and plant damage index (Fig. 1). A six-fold variation was found between relative FW 

values of the most and the least tolerant barley varieties, with values ranging from 0.06 

(e.g. 94% reduction compared with control) to 0.38 (e.g. 62% reduction) (Fig. 1A). Large 

variability was also observed in the damage index of barley varieties tested, with the 

damage index ranging from 0.25 (most tolerant) to 9.5 (least tolerant) (Fig. 1B). Based on 

Fig. 1. Genetic variability of salinity 

tolerance in barley estimated as a (A) 

difference in the relative fresh weight, 

FW and (B) damage index. Based on 

these results, all varieties were 

separated into three major groups - 

sensitive, intermediate, and tolerant – 

according to their performance under 

saline conditions (panel B). A strong 

correlation between salinity effects on 

FW and damage index was found (C).   

 

Suppl. Fig. S1. Genetic variability of salinity tolerance in barley after 40 days salt treatment (300 mM NaCl). 

(A) Control (plants irrigated with tap water); (B) Salinity treatment (plants irrigated with 300 mM NaCl).    
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the latter results, all barley varieties were grouped into three major clusters: (i) sensitive 

(damage index 4 to 10), (ii) intermediate (damage index 2 to 4), (iii) tolerant (damage 

index < 2). Wild-type barleys were clustered as a sub-class of the tolerant group (index 0-

0.6) (Fig. 1B). Significant negative correlation (r = 0.46, P < 0.01) was found between 

relative FW and damage index (Fig. 1C), suggesting that either of these indices may be 

used as an indicator of salinity tolerance. 

         

Fig. 2. Screening barley plants for K+ retention in leaf mesophyll. Nine steps of experimental procedure 

are illustrated. (A) Plants are grown in the glasshouse; (B) cross–sectional cut is made on the excised 

leaf; (C) prepared cut samples are floated on the surface of BSM solution and kept in the dark 

overnight; (D) samples are mounted in a Perspex holder and treated with 100 mM NaCl for 0.5 h; (E) 

samples are transferred to the microscope stage into the Faraday cage; (F) ion selective electrodes are 

positioned next to exposed mesophyll; (G) net K+ and H+ fluxes are measured and displayed on the 

screen; (H) measured electrical signals are converted in net fluxes (in nmol m-2 s-1) and tabulated in an 

Excel-compatible format; (I) appropriate graphs are plotted.    
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4.2.2 NaCl-induced K+ flux from leaf mesophyll correlates with salinity tolerance in 

barley  

The protocol of measuring NaCl-induced K+ flux from leaf mesophyll via MIFE 

technique is illustrated in Fig. 2. 30 min exposure of leaf mesophyll to 100 mM NaCl had 

resulted in a massive K+ leak from the tissue, ranging from - 94 (in variety YWHKSL) to 

- 696 nmol m-2 s-1 (in Aizao 3) (Fig. 3A). Significant positive correlation (r = 0.37, P < 

0.05) was found between leaf K+ retention ability (lower K+ efflux) and relative FW (Fig. 

3B). Also significant was a correlation between leaf K+ retention ability and the damage 

index (Fig. 3C), with better performing varieties (lower damage index) showing less K+ 

efflux. Interestingly, the extent of this correlation is dependent on the cluster the plant 

belonged to. All tolerant and some intermediate varieties were more “robust” in terms of 

their K+ flux responses to NaCl (e.g. relatively small variability in the damage index, 

despite huge variation in NaCl-induced K+ flux). These varieties are termed as Group 1 in 

Fig. 3C. All sensitive (and some intermediate) varieties (termed as Group 2 in Fig. 3C) 

showed, on the contrary, much stronger dependence of their overall the damage index 

scoring from their ability to retain K+ in leaf mesophyll under saline exposures. In 

quantitative terms, both groups had high and significant (P < 0.01) correlation between 

K+ efflux and the damage index, but the slopes between two groups differed dramatically 

(-0.0167 in Group 2 vs -0.0039 in Group 1). The physiological rationale behind this 

observation may be that tolerance varieties may possess some other (additional) 

mechanisms to deal with salinity, while sensitive varieties rely heavily on K+ retention 

(e.g. tissue tolerance) for their survival. 

 

Fig. 3. Genetic variability in the ability of barley leaf mesophyll to retain K+ under saline conditions. (A) - 

steady-state net K+ fluxes measured from mesophyll cells after 30 min of 100 mM NaCl exposure. Mean ± 

SE (n=6−8). (B) - correlation between net K+ flux from leaf mesophyll and relative FW. (C) - correlation 

between net K+ flux and damage index. Here, all varieties were clustered into two groups based on their 

differential ability to retain K+ upon salinity exposure. Each point represents a separate variety.  
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4.2.3 K+ content correlates with K+ retention in mesophyll and salinity tolerance  

To better understand importance of the leaf K+ retention in plant salinity tolerance, we 

further measured K+ content in all barley varieties grown under control conditions. A 

two-fold difference was found in the leaf K+ content ranging from 0.84 to 1.61 mmol g−1 

DW (Fig. 4A). When we compared leaf K+ content and the damage index, a weak but 

significant positive correlation (r = 0.33, P < 0.05) between leaf K+ content and relative 

FW was found (Fig. 4B). Taken together, these results suggest that, in addition to its 

ability to prevent K+ loss from mesophyll, the initial K+ status is also an important 

determinant of salinity tolerance mechanism. Consistent with this notion, a significant 

positive correlation (r = 0.33, P < 0.01) was found between leaf K+ content and NaCl-

induced K+ efflux (Fig. 4C), suggesting a possible causal relationship between leaf K+ 

content and plants ability to prevent NaCl-induced K+ loss in mesophyll.  

 

4.2.4 Reduced H+ efflux and increased leaf K+ retention correlate with FW and 

survival in barley  

To gain insights into mechanisms underlying differential NaCl-induced K+ efflux from 

barley mesophyll, NaCl-induced H+ fluxes were also investigated. A broad variability of 

NaCl-induced H+ flux was found, with steady-state values ranging from +38 (net uptake; 

in ZUG293 variety) to -587 nmol m-2 s-1 (net efflux; in Aizao 3) (Fig. 5A). Contrary to 

Fig. 4. Genetic variability in leaf K+ content in barley plants grown under control condition and its relationship 

with the overall salinity tolerance. (A) - leaf K+ content (mmol∙g-1 DW). Mean ± SE (n=3). (B) - correlation 

between leaf K+ content and relative FW of plants grown under saline conditions (300 mM for 40 days). (C) - 

correlation between leaf K+ content and K+ retention in leaf mesophyll (estimated as net K+ efflux upon 100 mM 

NaCl treatment). Each point represents a separate variety.  
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previous observations on roots (Chen et al., 2007b), highly significant negative 

correlation was found between H+ flux and relative FW (r = 0.42, P < 0.01; Fig. 5B). Net 

K+ efflux correlated positively with net H+ efflux (r = 0.39, P < 0.01; Fig. 5C).  It has 

previously been showed that NaCl-induced H+ flux from barley leaf mesophyll was 

significantly inhibited by vanadate pre-treatment (Wu et al., 2013), implicating the 

involvement of H+-ATPase activity in this process. 

 

4.2.5 NaCl-induced ion flux patterns correlate with the ability of barley to maintain 

shoot water content  

Similar to other physiological parameters measured, high variability was found in shoot 

water content (SWC) among salt treated barley varieties screened, ranging from 0.52 (in 

variety ZUG 403) to 0.81 (in SYR 01) (Fig. 6A). Highly significant negative correlation 

was found between SWC and the damage index (r = 0.46, P < 0.01; Fig. 6B). A 

significant positive correlation was found between leaf K+ content and SWC (r = 0.39, P 

< 0.01; Fig. 6C), and between mesophyll K+ retention and SWC (r = 0.33, P < 0.05; Fig. 

6D), suggesting that ability of a plant to maintain K+ level in the leaf mesophyll may be 

instrumental in determining shoot water status under salinity stress. It also echoes the 

possible causal relationship between leaf K+ content and plants ability to prevent NaCl-

induced K+ loss in mesophyll. Further statistical analyses showed significant negative 

correlation between H+ flux and SWC (r = 0.47, P < 0.01; Fig. 6E).  

Fig. 5. Genetic variability in the magnitude of NaCl-induced H+ flux responses in barley. (A) -  steady-state net H+ 

fluxes measured from mesophyll cells after 30 min of 100 mM NaCl exposure. Mean ± SE (n=6−8). (B) - 

correlation between net H+ flux and relative FW of plants grown under saline conditions (300 mM for 40 days). (C) 

- correlation between net H+ and K+ fluxes measured from mesophyll cells after 30 min of 100 mM NaCl exposure. 

Each point represents a separate variety. 
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4.3 Discussion 

4.3.1 K+ retention in leaf mesophyll constitutes an important component of salinity 

tolerance mechanism  

K+ plays an important role in plant life acting as a dominant counterion to balance the 

negatively charged proteins and nucleic acids as well as being involved in enzyme 

activation, protein synthesis stabilization, membrane potential formation, maintenance of 

turgor pressure and cytosolic pH homeostasis, and mediating all types of plant 

movements (Shabala, 2003; Véry and Sentenac, 2003; Dreyer and Uozumi, 2011; Chérel 

et al., 2014; Anschütz et al., 2014). More than 50 enzymes are activated by K+ which 

cannot substitute by Na+; further, protein synthesis requires high K+ concentration (Tester 

and Davenport, 2003). Supply of K+ fertilizers ameliorates detrimental effects of salinity 

on plant performance (Cakmak, 2005; Shabala and Pottosin, 2014).  

A strong positive correlation between root’s K+ retention ability and salt tolerance was 

revealed in many species (Cuin et al., 2012; Chen et al., 2007b,c,d; Smethurst et al., 2008; 

Sun et al., 2009). Here we provide compelling evidence that K+ retention in the 

photosynthetic-active mesophyll tissue may be an equally important trait contributing to 

the overall salinity tolerance (Fig. 3). The R2 value for group 1 plants (include tolerant 

and intermediate genotypes; Fig. 3C) was as high as 0.43, suggesting that over 40% of 

genetic variability in salinity tolerance in this cluster was attributed to just one 

physiological trait, namely better cytosolic K+ retention. Thus, targeting this trait in the 

Fig. 6. Genetic variability in the shoot water content (SWC; % control) in barley and its relationship with overall 

salinity tolerance. (A) - all genotypes are ranked according to their SWC. (B) - correlation between SWC and 

damage index. (C) - correlation between SWC and K+ retention ability of leaf mesophyll estimated as net K+ efflux 

upon 100 mM NaCl treatment. (D) - correlation between SWC and NaCl-induced steady state H+ flux. Each point 

represents a separate variety. 
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breeding programs may open additional avenues in pyramiding the overall tolerance. The 

reported results may also explain previous reports of higher shoot (or leaf) K+ content 

found under salinity stress in salt tolerant compared with sensitive varieties in barley 

(Liang, 1999), tomato (Taleisnik and Grunberg, 1994; Al-Karaki, 2000), soybean (Essa, 

2002), and lucerne (Smethurst et al., 2008).  

         

Fig. 7. The suggested model depicting ionic mechanisms contributing to K+ retention in leaf 

mesophyll in barley. Upon NaCl exposure, the plasma membrane is depolarized by the massive entry 

of external Na+ via non-selective cation channel (NSCC) and results in K+ loss mediated by 

depolarization-activated K+ outward rectifying channel (KOR) channels. Cytosolic K+ homeostasis is 

disrupted. The accompanied production of ROS has detrimental effects of leaf photochemistry in 

chloroplasts and, in severe cases, could trigger PCD or lead to necrosis. ROS also activate NSCC 

exacerbating K+ loss from cytosol. Compared with salt sensitive genotypes, higher vacuolar K+ pool 

in the leaf mesophyll in salt tolerant barley genotypes allows plants to maintain cytosolic K+ 

homeostasis by releasing vacuolar K+ into cytosol; this process is mediated by tonoplast K+-

permeable channels (TPK in the model). It is also suggested that tolerant varieties may have higher 

Na+/H+ NHX exchanger activity and, thus, can replace vacuolar K+ by Na+ to maintain its osmotic 

pressure in vacuole. As K+ uptake by AKT1 into leaf mesophyll is inhibited by the membrane 

depolarization, plants should rely on high affinity K+ uptake to restore cytosolic K+ homeostasis (a 

HAK/KUP family K+/H+ co-transporter in the model). A concurrent K+ and H+ uptake through 

HAK/KUP exchanger results in a +2 net charge transfer and may further depolarise the plasma 

membrane, resulting in a futile cycle of K+. This process is partially compensated by higher ATPase-

driven H+-pumping activity in sensitive varieties.  
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In our electrophysiological experiments, salinity stress was applied to leaf segments of 

plants grown under control conditions and, thus, bypassed all possible uncertainties and 

confounding factors related to genotypic differences in plants’ ability to exclude Na+ from 

uptake or load it into the xylem. Interestingly, sensitive and tolerant barley varieties 

showed a different extent of dependence on their ability to retain K+ in leaf mesophyll 

(Fig. 3C), indicated by different slope of relationship between the damage index and net 

K+ efflux. As commented above, the physiological rationale behind this observation may 

be that tolerance varieties may possess some other (additional) mechanisms to deal with 

salinity (such as higher SOS1 or NHX activity; Fig. 7), while sensitive varieties must rely 

heavily on K+ retention (e.g. tissue tolerance) for their survival.   

Reflecting a true tissue tolerance mechanism, mesophyll K+ retention may be targeted 

in the breeding programs using the protocols described in this work (Fig. 2). Varieties 

identified in this work as possessing superior (YWHKSL, DYSYH, Numar) and poor K+ 

retention under salinity stress (Aizao 3; Mundah; Keel) can be used to produce double 

haploid populations to fine-map QTLs conferring tissue tolerance mechanisms in barley. 

This trait may be then added to more traditional (previously identified) traits to create 

salt-tolerant varieties via “pyramiding” approach (Flowers and Yeo, 1995; Shabala, 

2013). In the past, such work was done predominantly for QTLs related to Na+ exclusion 

traits. Selected examples include mapping Nax1 and Nax2 genes in durum wheat (Lindsay 

et al., 2004; James et al., 2006a; Munns et al., 2012) and HvNax3 and HvNax4 genes in 

barley (Shavrukov et al., 2010; Rivandi et al., 2011). Also, HKT2;1/2-like, HKT2;3/4-

like, HKT1;1/2-like, HKT1;3-like, HKT1;4-like, and HKT1;5-like genes (contributing to 

Na+ accumulation in the shoot) were mapped to the wheat–barley chromosome groups 7, 

7, 2, 6, 2, and 4, respectively (Huang et al., 2008). However, until now no QTLs related to 

K+ retention trait have been reported in barley and wheat. The present work provides a 

possibility to overcome this limitation and exploit QTLs associated with K+ retention in 

leaf mesophyll.   

4.3.2 Salt tolerant genotypes have intrinsically higher leaf K+ content 

Barley varieties screened in this work varied largely in their damage index (Fig. 1A), 

NaCl-induced K+ efflux from the leaf mesophyll (Fig. 3A), and initial leaf K+ status (Fig. 

4A). The fact that more tolerant plants contained intrinsically higher K+ levels in their 

leaves (Fig. 4A) may be indicative of several possible mechanisms involved (Fig. 7). 

First, these plants may simply have higher capacity for K+ uptake (e.g. higher HAK/KUP 
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activity; Fig. 7) and thus accumulated more K+ under non-stress conditions. Cytosolic K+ 

content is maintained at roughly the same level in all species (Leigh, 2001, Dreyer and 

Uozumi, 2011); thus the difference between genotypes will be most likely in the size of 

the vacuolar K+ pool. When exposed to salinity, all barley plants will start to lose K+ from 

leaf mesophyll (Fig. 3A). As this process is detrimental to normal cell metabolism, K+ 

leaked from the cytosol to apoplastic space will be quickly (within 10-15 min; Shabala et 

al., 2006) replaced on the expense of the vacuolar K+ pool. Even assuming that sensitive 

and tolerant varieties do not differ in their ability to control any other transport systems 

(which is not necessarily the case; see below), the larger the vacuolar K+ pool, the longer 

plants will be able to maintain the mesophyll cells’ viability (hence, lower damage index). 

Indeed, under 200 mM NaCl treatment, K+ activity in vacuole and cytosol was decreased 

respectively from 235 to 150 mM and 79 to 64 mM in barley leaf mesophyll (Cuin et al., 

2003), suggesting the possibility of releasing vacuolar K+ to cytosol to compensate 

cytosolic K+ loss under salt stress. This might explain the existence of a weak but 

significant positive correlation between initial leaf K+ content and the relative FW (Fig 

4B) reported in our work. These results are consistent with data reported by Ren et al. 

(2005) in rice who showed that with higher initial shoot K+ content, a NIL(SKC1) line 

which had better ability to maintain higher K+/Na+ ratio showed significantly higher K+ 

content after salinity stress than its isogenic control.  

Another contributing factor is a better ability of NaCl-challenged mesophyll cells to 

maintain plasma membrane potential. Indeed, both K+ uptake and efflux in leaf cells are 

mediated by an array of voltage-gated inward- (e.g. AKT1; KAT) and outward- (GORK) 

rectifying potassium-selective channels (Shabala, 2003; Véry and Sentenac, 2003; Chérel 

et al., 2014). As the voltage-current relationship for these channels is highly non-linear, 

even a small (e.g. 10 mV) difference in membrane potential may result in a several fold 

difference in net K+ flux along the cellular membrane (Chen et al., 2007c). The reported 

significant negative correlation between leaf K+ content and NaCl-induced K+ efflux from 

mesophyll (Fig. 4C) is consistent with this suggestion. 

Maintaining K+ homeostasis in cytosol of leaf mesophyll would help to provide 

conditions for photosynthesis under salinity stress and thus ensure plants’ life. High K+ 

content is also essential to reduce the amount of reactive oxygen species (ROS) in 

photosynthetically active mesophyll tissue (Cakmak, 2005). ROS are one of the 

molecules that signal the low K+ status in plants (Ashley et al., 2006), and high levels of 

ROS are detrimental to cellular structures, causing either programmed cell death (PCD) or 
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necrosis (Breusegem and Dat, 2006). K+ loss per se has also been suggested to be a 

critical step in PCD (Peters and Chin, 2007). Ion disequilibrium-induced PCD was shown 

to occur in yeast and Arabidopsis roots under salinity stress (Huh et al., 2002). K+ 

retention seems to play a critical role in preventing salinity stress-induced PCD. 

Expression of animal CED-9 anti-apoptotic gene in tobacco leaf mesophyll has resulted in 

improved plant phenotype under saline conditions and was linked with better K+ retention 

in mesophyll (Shabala et al., 2007b), and the number of cells undergoing PCD in 

Arabidopsis gork1-1mutants plants lacking functional outward-rectifying K+ channels 

was ten-fold lower compared with wild type (Demidchik et al., 2010). The mechanism 

beyond is that ROS-activated K+ efflux through GORK channels results in dramatic K+ 

loss from plant cells, which stimulates proteases and endonucleases, and promotes PCD 

(Demidchik et al., 2014). ROS were also shown to be able to activate K+-permeable non-

selective cation channels (NSCC) (Demidchik and Maathuis, 2007). Altogether, 40 

different NSCC have been found in Arabidopsis genome (Davenport, 2002); these may 

differ dramatically in their gating properties. Patch-clamp studies have provided explicit 

evidences that some of NSCC can be activated by various ROS species such as H2O2 or 

OH• (Demidchik et al., 2003; Demidchik and Maathuis, 2007; Zepeda-Jazo et al., 2011). 

Thus, it may be suggested that the difference between sensitive and tolerant varieties may 

be attributed to the difference in a population of NSCC and their sensitivity to ROS. This 

possibility is depicted in Fig. 7. The ability of plants to prevent salt stress-induced ROS 

production may also contribute to this difference. From this point of view, the better 

balancing of cytosolic K+ through releasing vacuolar K+ may reduce the production of 

ROS and thus prevent or delay the commencement of necrosis or PCD process in leaf 

mesophyll leading to better performance of the plant under salinity stress (Fig. 7).  

4.3.3 H+ efflux as a compensatory mechanism under salinity stress 

It was shown before that K+ retention ability in roots correlates positively with the 

maintenance of negative membrane potential (Chen et al., 2007c, barley) and higher H+ 

efflux (Maksimović et al., 2013, barley; Sun et al., 2009, poplar). Plant plasma membrane 

H+-ATPase is an electrogenic enzyme, which belongs to the P type family of cation-

translocating pumps, and builds a membrane potential and generates the proton-motive 

force that drives nutrient uptake across the plasma membrane (Palmgren, 2001; Pedersen 

et al., 2012). H+-ATPase mRNA accumulated in roots of Atriplex nummularia and 

tobacco culture cells under saline stress (Morsomme and Boutry, 2000), and a salt-
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tolerant barley varieties had 2.5-3 fold higher intrinsic level of H+-ATPase activity 

compared with sensitive ones in their roots (Chen et al., 2007c).  

In the present study, NaCl-induced H+ flux from leaf mesophyll varied between 

different barley varieties (Fig. 5A) but was correlated negatively with salinity tolerance 

(Fig. 5B). This is opposite to previous reports on barley roots (Chen et al., 2007c). Thus, 

it appears that the role of H+-ATPase and the pattern of its induction in root and leaf 

tissue differ dramatically, at least in barley. More studies are needed to explicitly explain 

this difference. At the moment, several possible mechanisms should be considered. First, 

the positive correlation between net K+ and H+ flux may be a part of the energy-saving 

strategy in salt tolerant varieties. While indeed increased H+-ATPase pumping activity is 

instrumental in restoring membrane potential and closing GORK-like channels (thus 

preventing or significantly reducing K+ loss from the cytosol; Chen et al. 2007c; Shabala 

and Cuin, 2008), this strategy is energy-demanding and draws upon available ATP pool. 

Moreover, it was shown that salt-sensitive barley varieties rely heavily on organic 

osmolytes for their osmotic adjustment to salt, while tolerant varieties use mainly 

inorganic ions for these purposes (Chen et al., 2007b). Thus, it can be hypothesised that 

salt-sensitive varieties may need more ATP to not only fuel plasma membrane H+-

ATPase pumps to restore the membrane potential but also maintain other important 

metabolic processes (e.g. de novo synthesis of compatible solutes) to survive under saline 

conditions. Second, it could be envisaged that sensitive varieties have less capacity to 

control net Na+ uptake and thus undergo higher membrane depolarisation. If this is the 

case, they will then need to have higher rate of H+-pumping to restore membrane potential 

and bring it to the level of tolerant varieties. Third, under depolarization conditions of 

salinity passive K+ uptake via AKT1 or KAT (Dennison et al., 2001; Pilot et al., 2003; 

Boscari et al., 2009) channels becomes thermodynamically not possible. Given the fact 

that sensitive varieties have intrinsically less amounts of K+ in their tissues (Fig. 4B) and, 

thus, are limited in their ability to maintain cytosolic K+ homeostasis on expense of 

vacuolar pool, the only remaining option is to rely on high-affinity K+ uptake. In leaf 

mesophyll, such uptake is mediate by the members of the HAK/KUP transporter family 

(Rubio et al., 2000) which co-transport K+ with H+. Thus, higher net H+ efflux in sensitive 

varieties may be essential to drive high-affinity K+ uptake aimed to restore cytosolic K+ 

homeostasis under salinity stress. Also, a concurrent K+ and H+ uptake through 

HAK/KUP exchanger results in a net charge transfer of +2 which and may further 

depolarise the plasma membrane, resulting in a futile cycle of K+. Higher ATPase-driven 
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H+-pumping may partially compensate this process. All these options (summarised in Fig. 

7) need to be evaluated in direct experiments.  

4.4 Materials and methods 

4.4.1 Plant material and growth for electrophysiological experiments  

46 barley (44 Hordeum vulgare L.; and two Hordeum vulgare ssp. Spontaneum, CPI 

11284-48 and SYR 01) varieties were used in this study. Seeds were obtained from 

multiples sources and multiplied in our laboratory. Five varieties were sowed every day in 

2 L pots (6 plants per pot) filled with the standard potting mix (Chen et al., 2007d). Plants 

were grown in December 2012 using the University of Tasmania glasshouse facilities 

essentially as described in our early publications (Chen et al., 2007d). Plants were 

irrigated with tap water by automatically watering system three times per day. Two to 3-

week old seedlings were used for non-invasive microelectrode ion flux (MIFE) 

measurements.  

4.4.2 Estimation of biomass and the damage index  

 

Fresh weight (FW) and dry weight were measured in glasshouse experiments. Similar 

to the above, plants were grown in Jan-Feb 2013 in the glasshouse facilities at the 

University of Tasmania. Twelve to 14 seeds for each variety were sown in a 4.5 L PVC 

pot filled with the standard potting mix. Seedling numbers were thinned to eight 

uniformed in each pot just before salinity treatment. Experiments were performed in 

triplicates. Plants were irrigated twice per day by an automatic watering system with 

dripper outlets for both control condition and salinity treatment. A saucer was placed 

under each pot. Salinity treatment (300 mM NaCl in irrigation solution) was started when 

Suppl. Fig. S2. Examples illustrating quantification of salinity damage to plants by scoring of the damage 

index (1 to 10 scale). Plants were grown in glasshouse and treated with 300 mM NaCl for 40 days. (A) Salt 

tolerant variety SYR 01; (B) intermediate salt tolerant variety Lixi 143; (C) salt sensitive variety Unicorn. 
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seedlings were five days old and lasted for 40 days. The damage index of each variety 

was scored 1 to 10 based on its performance under salinity treatment before harvesting. 

The higher damage index score represents the lower tolerance. An example of scoring the 

damage index is shown in Suppl. Fig. S2. A collective sample of the shoot biomass for all 

plants in each pot (eight in total) was taken. The shoot was cut 1 cm above the potting 

mix and its fresh weight was recorded immediately. Samples were then dried at 65 0C in a 

Unitherm Dryer (Birmingham, UK) for 72 h and the dry weight was recorded. Shoot 

water content (SWC) was calculated based on the difference between fresh and dry 

weight.  

4.4.3 K+ content estimation 

A 0.1 g of ground dry barley leaves was weighed (GR-120, A&D Company Ltd, Japan) 

and digested in 5 mL 70% HNO3 and 2 mL 30% H2O2 in a 120 mL Teflon digestion 

vessel in a microwave digester (MDS-2000 microwave digestion system, CEM 

Corporation, USA) for 1 h. The digested solution was then transferred to a 15 mL 

centrifuge tubes, diluted with distilled water to a final volume of 15 mL and centrifuged 

at 5000 g for 10 min at room temperature (Avanti J-30I centrifuge, Beckman Coulter, 

Germany). 0.2 mL of the supernatant was diluted to a final volume of 10 mL and K+ 

content was measured using a Flame Photometer (PFP7, Jenway, UK).    

4.4.4 Non-invasive ion flux estimation (MIFE) measurements  

Net ion fluxes (K+ and H+) were measured using MIFE (microelectrode ion flux 

estimation) technique (Shabala et al. 2006). Shortly, borosilicate glass capillaries 

(GC150-10; Clark Electrochemical instruments, Pangbourne, Berks, UK) were pulled out 

using a vertical puller. The pulled electrodes were then dried in an oven at 225ºC 

overnight, and silanized with tributilchlorosilane (Cat. No. 90796; Fluka, Busch, 

Switzerland). After drying and cooling, electrodes were back filled with backfilling 

solutions (15 mM NaCl + 40 mM KH2PO4; pH 6.0 adjusted using NaOH for H+ and 200 

mM KCl for K+) and tips of respective electrodes were front filled with commercially 

available selectophore cocktails (K+, Cat. No. 60031; H+, Cat. No. 95297, Sigma). 

Prepared ion selective microelectrodes were calibrated in two set of respective standards 

(with and without 100 mM NaCl added), before and after use. Only electrodes with a 

slope above 50 mV per decade and correlation 0.999 or higher were used.  

4.4.5 Screening mesophyll K+ retention ability by non-invasive MIFE technique  
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The overall experimental procedure for screening mesophyll K+ retention ability by the 

MIFE technique is illustrated in Fig.1. Plants were grown in a glasshouse (Fig. 2A). Small 

leaf segments (approx. 5× 8 mm) were cut from the middle part of the second leaf (7 to 10 

d old) exposing leaf mesophyll tissue for measuring net fluxes of K+ and H+ (Fig. 2B). 

Cut segments were immediately floated on the surface of the Basic Salt Media solution 

(BSM: 0.1 mM CaCl2 and 0.5 mM KCl, pH 5.7 non-buffered) (Fig. 2C) and kept 

overnight in the darkness to minimize possible confounding effects of tissue damage (see 

Shabala and Newman 1999 for justification and details). This procedure had no negative 

impact on leaf physiological characteristics and photochemistry, as judged by the absence 

of any significant changes in leaf chlorophyll content of chlorophyll fluorescence 

characteristics (Suppl. Fig. S3 A, B). 

    

Prepared samples were immobilized in the Perspex holder and placed in a chamber 

containing 100 mM NaCl + BSM solution for 0.5 h salinity pre-treatment (Fig. 2D). K+ 

and H+ electrodes were positioned next to exposed leaf mesophyll under x100 

microscopic magnification, ~40 μm above the mesophyll tissue (Fig. 2E and F). During 

measurements, electrodes were moved by a computer-controlled hydraulic manipulator 

between two position (40 and 110 μm above the leaf surface), in a 12-s square-wave 

cycle. Steady state NaCl-induced K+ efflux and H+ flux were recorded and displayed on a 

screen (Fig. 2G). Fluxes were measured for 5 minutes. The recorded voltage outputs of 

the electrodes were converted into net fluxes and expressed in nmol-2 s-1 using 

MIFEFLUX software (Newman, 2001; Shabala et al., 2006). The interpreted values of 

specific ion fluxes of the output results from MIFE measurements were shown in a excel 

format and plotted figure after averaging 6-8 replicates (Fig. 2H and I).  

Suppl. Fig. S3. Chlorophyll content (A) and chlorophyll fluorscence Fv/Fm ratio (B) of excised leaf 

segments floated after 10 h (overnight in darkness) in BSM solution, and after 30 min of 100 mM NaCl 

treatment. Mean ± SE (n=7).  
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4.4.6 Chlorophyll content and chlorophyll fluorescence measurements 

Leaf chlorophyll content and maximal photochemical efficiency of photosystem II 

(chlorophyll fluorescent Fv/Fm value) were measured in methodological experiments from 

both intact leaves and excised leaf segments floated on the surface of the BSM solution 

overnight, as descried above. These measurements were conducted using SPAD-520 

chlorophyll meter (Konica Minolta, Japan) and OS-30p chlorophyll fluorometer (Opti-

sciences, USA), respectively.  

4.4.7 Statistical analysis  

All data (given as mean ± SE, n = sample size) were analysed using SPSS 20.0 (SPSS 

Inc., Chicago, IL, USA). All of the replicates are biological replicates. The significance of 

the correlation between different parameters was determined by Bivariate Correlations 

based on Pearson Correlation (2-tailed). The data used for correlation analysis are the 

average values of measured independent parameters for each variety. Significance 

between different treatments was determined by one-way ANOVA based on Duncan’s 

multiple range test. Same lowercase letters mean no significant difference. 
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Chapter 5  

Durum and bread wheat differ in their ability to retain 

potassium in leaf mesophyll: implications for salinity stress 

tolerance# 

 

Abstract  

Understanding the intrinsic mechanisms involved in the differential salinity tolerance 

between bread and durum wheat is essential for breeding salt-tolerant varieties to cope 

with the global salinity issue threatening future food supply. In the past, higher salinity 

tolerance in bread compared with durum wheat has been attributed to its better ability to 

exclude Na+ from uptake. Here we show that another mechanism, namely more superior 

K+ retention ability in the leaf mesophyll, also contributes to this difference. A strong 

positive correlation (r = 0.64, P < 0.001) was found between NaCl-induced K+ efflux in 

leaf mesophyll and an overall salinity tolerance in 48 wheat varieties. However, while the 

above correlation was strong in bread wheat, it was statistically insignificant in durum 

wheat. Consistent with these findings, significantly higher relative leaf K+ content was 

found in bread than durum wheat. Contrary to root tissues, the role of voltage-gated K+ 

channels in retention in wheat mesophyll was relatively small, and non-selective cation 

channels played a major role in controlling intracellular K+ homeostasis. Moreover, a 

significant negative correlation between NaCl-induced mesophyll H+ flux and mesophyll 

K+ retention was found and interpreted as a compensatory mechanism employed by 

sensitive varieties to regain K+ leaked into the apoplast. It is concluded that bread and 

durum wheat show different strategies of coping with salinity, and that targeting 

mechanisms conferring K+ retention in leaf mesophyll may be a promising way to 

improve the overall salinity tolerance in these species. 

Keywords 

Cytosolic potassium homeostasis, plasma membrane, ion channel, ion flux, ROS, 

depolarization 
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Abbreviations 

BSM, basic salt media; DPI, diphenylene iodonium; Gd3+, gadolinium chloride; HKT, 

high affinity K+ transporter; GORK/KOR, K+ outward rectifying channel; MIFE, 

microelectrode ion flux estimation; NSCC, nonselective cation channel; QTL, 

quantitative trait loci; ROS, reactive oxygen species; SWC, shoot water content; TEA+, 

tetraethylammonium chloride 

 

5.1 Introduction 

Wheat is one of the major food crop species that provides nearly 55% of the 

carbohydrates consumed worldwide (Gupta et al., 1999). About 95% of the wheat grown 

worldwide is hexaploid bread wheat, with most of the remaining 5% being tetraplopid 

durum wheat (Shewry, 2009). In many sub-continent (e.g. India, Pakistan) and Middle 

East region (Iran, Egypt, Libya) wheat producing countries up to 10% of all wheat belt is 

affected by salinity (Colmer et al., 2006), while in some places such as Western Australia 

more than half of wheat farms are suffering from salinisation problem. Thus, in the light 

of predicted population growth to 9.3Bln by 2050 (Lee, 2011), improving salinity 

tolerance in wheat is an urgent task to cope with the possible shortage of food supply in 

the near future.  

Bread wheat is known to possess higher salt tolerance compared with durum wheat 

(Munns and Tester, 2008). This difference was previously attributed mainly to the better 

ability of bread wheat cultivars to exclude Na+ from uptake (Shah et al., 1987; Gorham 

1990; Colmer et al., 2006; Cuin et al., 2010; Munns et al., 2012). As a result, bread wheat 

accumulates less Na+ in the shoot (relative to durum wheat) and thus maintains higher 

K+/Na+ ratio in leaves (Gorham et al., 1987; Gorham, 1990; Dvořák et al., 1994; Munns et 

al., 2003; Lindsay et al., 2004); a trait that is considered to be most essential for salinity 

stress tolerance. However, maintaining high K+/Na+ ratios in photosynthetically-active 

mesophyll cells can be achieved not only by stronger Na+ exclusion but also by improved 

K+ retention in leaf mesophyll. Indeed, bread wheat showed not only lower shoot/leaf Na+ 

content but also higher K+ content compared with durum wheat (Shah et al., 1987, 

Gorham, 1990). However, to the best of our knowledge none of published papers 

addressed the issue of mechanisms underlying this difference, largely due to the lack of 

suitable techniques. Indeed, in most cases the authors analysed Na+ and K+ content in the 
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entire bulk of the leaf or shoot (Mass and Poss, 1989; Munns et al., 2000; Sairam et al., 

2002; Husain et al., 2003; Poustini and Siosemardeh, 2004; El-Hendawy et al., 2005; 

Cuin et al., 2010, 2012) using either AAS, ICP or flame photometry and were therefore 

unable to differentiate between ion accumulation patterns in various tissues and 

intracellular compartments. Several more advanced studies used cryo-scanning electron 

microscopy (SEM) X-ray microanalysis to quantify cellular and subcellular distribution 

of Na+ and K+ in various leaf tissues (James et al., 2006b; Husain et al., 2004). However, 

these papers did not address the issue of specific membrane transporters contributing to 

reported difference in K+ content between different tissues and/or compartments. It 

remains unclear whether higher K+ content in leaf mesophyll under saline conditions 

originate from higher rate of K+ uptake by roots, or is it due to higher xylem K+ loading 

and its transport to the shoot, or whether higher K+ content is associated with better K+ 

retention by leaf mesophyll.   

In our recent preliminary work, we have compared kinetics of net NaCl-induced K+ 

fluxes from the mesophyll tissue of four contrasting (two bread and two durum) wheat 

varieties (Wu et al., 2013) and reported a significant correlation between the ability of 

plants to retain K+ in leaf mesophyll after exposure to salinity, and the overall plant 

salinity tolerance. Here we have extended this work to undertake a large-scale validation 

of the essentiality of K+ retention in leaf mesophyll as a factor differentiating the extent of 

salinity tolerance between durum and bread wheat species. A strong positive correlation (r 

= 0.64, P < 0.001) between the ability of leaf mesophyll to retain K+ and the overall 

salinity tolerance (estimated as a damage index) was found while screening a large 

number (~ 50) of wheat genotypes. K+ retention ability in the leaf mesophyll (measured 

as the magnitude on net K+ flux in response to an acute salt treatment) was found to be 

significantly higher (1.7 folds difference) in bread than in durum wheat; also higher was 

the relative leaf K+ content in bread wheat in plants grown under saline conditions. We 

further discuss the molecular nature of ion transporters mediating K+ retention in leaf 

mesophyll and the prospects of using this trait in wheat breeding for salinity stress 

tolerance.   

5.2 Results  

5.2.1 Genetic variability in salinity tolerance in wheat 

Salinity stress (300 mM NaCl treatment given to pot-grown plants for ~ six weeks) 

severely affected plant growth, with relative fresh weight (FW) of salt treated plants being 
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below 20% of that in control (Fig. 1A).  A seven- fold difference was observed in the 

relative FW values of all 48 wheat varieties screened (Fig. 1A), with bread wheat 

varieties consistently outperforming durum ones (the difference significant at P < 0.001; 

Fig 1B). Also significant was the difference in the salinity tolerance between bread and 

durum wheat varieties quantified by the damage index (Fig. 1C). In bread wheat, the 

mean damage index was 3.55 ± 0.22, while in durum wheat the average value was 6.38 ± 

0.21 (significant at P < 0.001; Fig. 1D). A strong positive correlation (r = 0.79, P < 0.001) 

between the extent of plant salt tolerance (estimated as the damage index) and relative 

FW under saline conditions was found (Fig. 1E) suggesting that each of these 

agronomical indices can be used as a measure of salinity tolerance in wheat. 

 

Shoot water content (SWC) ranged from 90% to 60.3% in salt-grown plants compared 

to controls (Fig. 2A). Bread wheat genotypes were outperforming durum ones in their 

ability to maintain water in the shoot (90-81.7% vs 83.4-60.3% range; significant at P < 

0.001; Fig. 2AB). A strong and significant correlation between the relative SWC and a 

damage index (r = 0.89, P < 0.001) was found. Taken together, the above results suggest 

Fig. 1. Genetic variability of salinity tolerance in wheat. (A) Relative fresh weight (FW) of bread and durum wheat 

under salt stress. Plants were treated with 300 mM NaCl for 38 days under glasshouse conditions. (B) Pooled mean 

values of relative FW values for all bread wheat and durum wheat genotypes. (C) Damage index of bread wheat 

and durum wheat under salt stress on 0 to 10 scale (0 – no impact of salt stress; 10 (worst) – plants are dead). Mean 

± SE, n=24 (3 pots x 8 plants in each); (D) Pooled mean values of damage index for all bread and durum wheat 

genotypes. (E) Correlation between relative FW and damage index. Each point represents a separate variety. 
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that (1) a large variability in salinity stress tolerance exists among wheat accessions, and 

(2) bread wheat is indeed much more tolerant compared with durum wheat.  

     

5.2.2 K+ retention in leaf mesophyll is correlated with salinity tolerance 

Adding 100 mM NaCl to leaf mesophyll of control-grown plants (mimicking NaCl 

accumulation in leaf apoplast under saline conditions) resulted in an immediate and rapid 

net K+ efflux from measured leaf segments (Fig. 3A). Given the fact that electrodes were 

positioned above the mesophyll tissue under strong (x200 times) microscope 

magnification, and mesophyll and vascular bundle cells can be easily differentiated by 

their steady-state fluxes (Shabala et al., 2002), this NaCl-induced K+ efflux was 

interpreted as originating predominantly from the mesophyll cells. The extent of this 

efflux showed a seven-fold variability among 48 varieties screened (Fig. 3B), with 

average K+ efflux ranging from -1517 (highest) to -215 (lowest) nmol m–2 s–1 (Fig. 3B). 

On average, K+ loss from durum wheat mesophyll was twice higher compared with a 

similar loss from bread wheat (-457 ± 27 vs -811 ± 55 nmol m–2 s–1, respectively; 

significant at P < 0.001; Fig 3C). A strong and significant negative correlation was found 

between leaf K+ retention in MIFE experiments and plant damage index under saline 

conditions in glasshouse experiments (r = 0.64, P < 0.001; Fig. 3D). Also significant was 

a correlation between K+ retention and SWC (r = 0.71, P < 0.001; Fig. 3E). 

 

 

Fig. 2. Genetic variability in shoot water content (SWC) in wheat under salt stress. (A) Relative 

SWC of bread wheat and durum wheat. Plants were treated with 300 mM NaCl for 38 days under 

glasshouse conditions. (B) Pooled mean values of RWC for all bread and durum wheat genotypes. 

(C) Correlation between relative SWC and damage index. Each point represents a separate variety. 
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5.2.3 NaCl-induced K+ efflux in leaf mesophyll was significantly supressed by both 

TEA+ and Gd3+  

A rapid net H+ efflux was triggered from leaf mesophyll by 100 mM NaCl treatment 

(Fig. 4A). With a single exception for variety Hyperno, all other 47 varieties showed 

NaCl-induced average H+ efflux from the leaf mesophyll (Fig. 4A). Similar to K+, net H+ 

fluxes varied greatly between the varieties ranging from -215 nmol m–2 s–1 (highest; in 

Covelle) to -6 nmol m–2 s–1 (lowest; in Kalka) (Fig. 4B). No significant difference (at P < 

0.05) was found between durum and bread wheat for NaCl-induced average net 

mesophyll H+ flux (Fig. 4C). A weak but significant positive correlation (r = 0.35, P < 

0.05) was found between NaCl-induced net H+ and K+ fluxes from leaf mesophyll (Fig. 

4D).  

Fig. 3. Genetic variability in 

NaCl-induced K+ efflux from 

leaf mesophyll and its 

correlation with salinity 

tolerance in wheat. (A) 

Representative examples of 

transient NaCl-induced net K+ 

flux from leaf mesophyll in 

bread (cv Westonia) and durum 

(cv Towner) wheat. Mean ± SE 

(n= 6). (B) Average K+ efflux 

values from leaf mesophyll in 

response to 100 mM NaCl 

from a range of bread and 

durum wheat cultivars. Mean ± 

SE (n= 5−13). (C) Pooled 

mean values of average K+ 

efflux for all bread and durum 

wheat genotypes. (D, E) 

Correlation between net NaCl-

induced K+ flux from leaf 

mesophyll and damage index 

(D) and SWC (E). Each point 

represents a separate variety. 
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NaCl-induced K+ efflux was inhibited by both 20 mM TEA+ (tetraethylammonium 

chloride, a known blocker of K+ selective channels), and 0.1 mM Gd3+ (gadolinium 

Fig. 5. Effect of some pharmacological agents on NaCl-induced 

net K+ efflux from leaf mesophyll. Leaf samples were pre-

treated in appropriate agent for 1 h prior to addition of 100 mM 

NaCl. One variety (Janz) was used in all measurements. (A) 

Kinetics of NaCl-induced net K+ fluxes. (B) Steady-state net K+ 

flux measured from leaf mesophyll (under control conditions) 

treated by appropriate pharmacological agents after 1 h; (C) 

Average K+ efflux over 10 min upon addition of 100 mM NaCl 

to leaf mesophyll from pre-treated samples and compared with 

steady-state background values. Mean ± SE (n= 4−5). 

Fig. 4. Genetic variability in NaCl-induced H+ efflux 

from leaf mesophyll and its correlation with salinity 

tolerance in wheat. (A) Representative examples of 

transient NaCl-induced net H+ flux from leaf mesophyll 

in bread (cv Westonia) and durum (cv Towner) wheat. 

Mean ± SE (n= 6). (B) Average H+ efflux values from 

leaf mesophyll in response to 100 mM NaCl from a 

range of bread and durum wheat cultivars. Mean ± SE 

(n= 5−13). (C) Pooled mean values of average H+ 

efflux for all bread and durum wheat genotypes. (D) 

Correlation between net NaCl-induced H+ and K+ 

fluxes. Each point represents a separate variety. 
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chloride, a known blocker of non-selective cation channels, NSCC) but not by 20 μM DPI 

(diphenylene iodonium, a known inhibitor of NADPH oxidase) (Fig. 5A). With an 

exception of DPI pre-treatment, all other treatments (e.g. TEA+, Gd3+, or their combined 

application) resulted in a significantly higher initial K+ flux from leaf mesophyll 

compared with control (Fig. 5B). TEA blocked 55% of NaCl-induced K+ efflux, while 

81% inhibition was found in the samples pre-treated with Gd3+ (Fig. 5C).  

5.2.4 The relationship between leaf K+ status and mesophyll K+ retention and overall 

salinity tolerance 

 

Total leaf K+ content varied broadly in wheat varieties under control conditions, 

ranging from the highest 1.99 mmol-1 g-1 DW (durum wheat Purple Grain) to the lowest 

0.90 mmol-1 g-1 DW (bread wheat Krichuaff). Higher leaf K+ content was found in durum 

wheat (1.46 ± 0.05) than in bread wheat (1.26 ± 0.04) (Fig. 6B; significant at P < 0.001). 

This result is consistent with previous findings showing that salt tolerance in wheat was 

associated with lower but not higher K+ content in plants under control condition (Cuin et 

al. 2010). In agreement with this a significant negative correlation was found between leaf 

K+ content under control condition and the overall salinity tolerance (r = 0.40, P < 0.01; 

Fig. 6C; r = 0.51, P < 0.001; Fig. 6D) and K+ retention in leaf mesophyll (r = 0.48, P < 

0.001; Fig. 6E). No or weak correlation (r = 0.24, P > 0.05; Fig. 6F) was found between 

leaf K+ content under control condition and NaCl-induced H+ flux in leaf mesophyll. In 

Fig. 6. Genetic variability in leaf K+ content in wheat. (A) Intrinsic variation in leaf K+ concentration in bread and 

durum wheat plants grown under control condition. Mean ± SE (n=3 (3 pots with eight plants in each)). (B) Pooled 

mean values of leaf K+ content for all bread and durum wheat genotypes shown in A. (C - F) Correlation between 

leaf K+ concentration in control-grown plants and salinity-induced damage index (C), SWC of salt-grown plants 

(D), the peak average NaCl-induced K+ (E) and H+ (F) flux from leaf mesophyll in wheat. Each point represents a 

separate variety. 
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contrast to previous finding in barley (Wu et al., 2015d), higher initial leaf K+ content in 

wheat showed no benefit to overall salinity tolerance (Fig. 6). 

Compared with seven-fold difference in both relative FW (Fig. 1A) and NaCl-induced 

K+ efflux (Fig. 3B), relative leaf K+ content of salt-grown plants showed only a three-fold 

variability, ranging from 1.05 (highest; in bread wheat Krichuaff) to 0.35 (lowest; in 

durum wheat Citr 7805) (Fig. 7A). On average, bread wheat leaves maintained more K+ 

under salt stress than those of durum wheat (0.80 ± 0.03 vs 0.68 ± 0.04; significant at P < 

0.01; Fig 7B). This is consistent with the evidence of stronger ability of bread wheat to 

retain K+ in leaf mesophyll shown in Fig. 3BC. A significant positive correlation was 

found between relative leaf K+ content and K+ retention in leaf mesophyll (r = 0.37, P < 

0.05; Fig. 7C), and relative SWC (r = 0.36, P < 0.05; Fig. 7F). At the same time relative 

leaf K+ content correlated negatively with the NaCl-induced net H+ flux (r = 0.35, P < 

0.05; Fig 7D) and the damage index (r = 0.40, P < 0.01; Fig. 7E).  

5.2.5 Correlation between salinity tolerance and K+ retention in leaf mesophyll is 

essential for bread but not durum wheat 

While leaf K+ retention has significantly correlated with salinity tolerance in all 48 

wheat varieties (Fig. 3), this correlation was driven essentially by the bread wheat (Fig. 

7). While analysed separately, a significant negative correlation between salinity 

tolerance and K+ retention in leaf mesophyll was found in bread wheat (r = 0.41, P <0.05; 

Fig. 8A) but not durum wheat (r = 0.17, P > 0.05; Fig. 8B). Also a weak relationship 

Fig. 7. Genetic variability in salinity-induced changes in leaf K+ content in wheat. Data shows leaf K+ 

concentration in plants grown at 300 mM NaCl. mM NaCl for 38 days and expressed as % of K+ 

concentration in control. (A) Mean relative K+ content in different bread and durum wheat cultivars. Mean ± 

SE (n= 3 (3 pots with eight plants in each). (B) Pooled mean values of relative leaf K+ content in salt-grown 

bread and durum wheat genotypes shown in A. (C - F) Correlation between relative leaf K+ concentration and 

the average NaCl-induced K+ (C) and H+ (D) flux from leaf mesophyll, salinity-induced damage index (E), 

and SWC of salt-grown plants (F) in wheat. Each point represents a separate variety. 
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between mesophyll K+ retention ability and SWC in saline-grown plants was found in 

durum wheat (r = 0.33, P > 0.05; Fig. 8D), while in bread wheat this correlation was 

strong and statistically significant (r = 0.48, P < 0.01; Fig. 8C).  

   

5.3 Discussion  

5.3.1 K+ retention is essential to maintain higher K+/Na+ ratio in bread wheat  

Similar to other species, salinity tolerance in wheat was always associated with higher 

tissue K+/Na+ ratio (Dubcovsky et al., 1995; Ashraf and Khanum, 1997; Munns et al., 

2000), and this ratio was higher in bread compared with durum wheat (Gorham et al., 

1987; Dvořák et al., 1994; Dubcovsky et al., 1995). As the bread wheat was also shown to 

have higher rate of Na+ exclusion from uptake (Dvořák and Gorham, 1992; Davenport et 

al., 1997; Cuin et al., 2009), it is not surprising that the higher K+/Na+ shoot ratio and the 

overall better salinity tolerance in bread compared with durum wheat was attributed to 

such Na+ exclusion. In this work we show that the above mechanism is only one of 

several possible mechanisms determining this trait, and that optimal K+/Na+ ratio in the 

shoot may also be determined by the superior ability of the plant to retain K+ in leaf 

mesophyll. Although a positive correlation between salinity stress tolerance and shoot K+ 

content was observed in many species (e.g. wheat - El-Hendawy et al. 2005; tomato - 

Taleisnik and Grunberg, 1994; Al-Karaki, 2000; soybean - Lӓuchli and Wieneke, 1979, 

Essa, 2002; Lucerne - Smethurst et al., 2008; barley - Liang et al., 1999), none of these 

works investigated the mechanisms behind this high shoot K+ content in tolerant cultivars. 

Fig. 8. Correlation 

between the average 

NaCl-induced net K+ 

efflux from leaf mesophyll 

and damage index (A, B) 

and SWC (C, D) analysed 

separately bread (A, C) 

and durum (B, D) wheat 

species. Each point 

represents a separate 

variety. 
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Here we show that K+ retention in mesophyll is one of the key mechanisms contributing 

to this trait.  

Potassium is recognized as a rate-limiting factor for crop yield (Maathuis and 

Amtmann, 1999; Pettigrew, 2008; Dreyer and Uozumi, 2011). Potassium concentration in 

soil is around 0.1 − 1 mM (Wang and Wu, 2013) while optimal K+ content in plants is 

more than 100-fold higher (Dreyer and Uozumi, 2011; Wang and Wu, 2013). Over 80 

metabolic enzymes are activated by K+ (Evans and Sorger, 1966; Suelter, 1970) and, thus, 

require high cytosolic K+ content.  Under salinity stress plants suffer from K+ deficiency 

(Grattan and Grieve, 1992), and K+ content of the shoot tissue can be reduced by several 

folds (Muralitharan et al., 1992). Supplying K+ fertilizers can ameliorate detrimental 

effects of salinity on plant performance (Cakmak, 2005; Shabala and Pottosin, 2014). 

Due to high K+ mobility in the phloem (van Goor and van Lune, 1980; Marschner et 

al., 1996), a very substantial part of K+ (up to 80% in some species; Jeschke and Pate, 

1991; Marschner et al., 1996) delivered to the shoot by the transpiration stream is 

returning back to the root. While this process plays an important role in controlling root 

K+ acquisition (Marschner et al., 1996), it may also potentially lead to a futile cycle. We 

believe this may be a case in wheat grown under saline conditions. In this context, 

sensitive varieties lacking efficient K+ retention in mesophyll will release more K+ in the 

apoplast; this K+ will then be returned to the root. This will be “interpreted” by the root as 

a signal to reduce K+ acquisition (Marschner et al., 1996; Ahmad and Maathuis, 2014; 

Anschütz et al., 2014), exacerbating K+ deficiency and arresting plant growth and cell 

metabolism, with the consequent penalties for yield.   

5.3.2 Targeting K+ retention in leaf mesophyll: an emerged opportunity for 

breeders?  

Until now, genetic improvement of salinity tolerance in wheat was focused largely on 

Na+ exclusion trait (Munns et al., 2002; Munns et al., 2006; Munns et al., 2012). Progress, 

however, is still much less than one would hope. Recently, Munns et al. (2012) have 

shown that the presence of TmHKT1;5-A gene (Nax2 locus), encoding a Na+-selective 

transporter located on the plasma membrane of root cells surrounding xylem vessels, 

increased durum wheat grain yield by 25% compared to near-isogenic lines without Nax2. 

Unfortunately, despite this improvement, the grain yield of transformed plants under 

saline conditions was still only 50% of plants grown under non-saline conditions. We 

have recently argued that the overall progress may be stronger if Na+ exclusion traits are 
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complemented by tissue tolerance traits (Shabala, 2013). One of components of the tissue 

tolerance mechanism is K+ retention in the cytosol. Indeed, in addition to being a crucial 

macronutrient as discussed above, potassium is also playing a major signalling role in 

plant adaptive responses (Anschütz et al., 2014). Two specific aspects deserve a separate 

comment. Salinity tissue tolerance relies strongly on plant’s ability to sequester Na+ in 

leaf vacuoles and, in addition to tonoplast Na+/H+ exchangers, relies heavily on vacuolar 

H+- pumps (Apse et al., 1999; Shabala, 2013). At the same time, cell ATP pool is 

expected to be significantly reduced under saline conditions, largely due to increased need 

for de novo synthesis of compatible solutes (Chen et al., 2007b). This leaves H+-PPase as 

the major driver for energising Na+/H+ exchanger activity. However, vacuolar H+-PPase 

activity is known to be K+ dependent (Rea and Poole 1993; Serrano et al. 2007), implying 

that the failure to retain K+ in mesophyll cell will compromise leaf tissue tolerance. 

Indeed, a strong negative correlation between NaCl-induced K+ efflux from mesophyll 

and overall salinity tolerance (Fig. 3) is in a full agreement with this notion. Another 

important aspect is essentiality of high cytosolic K+ in preventing stress-induced 

programmed cell death (Shabala et al., 2007a; Shabala and Pottosin, 2014). 

In our view, the next logical step would be to undertake a QTL mapping for genes 

conferring mesophyll K+ retention trait. In this work we have identified varieties with 

superior (Westonia and Persia 118 for bread wheat, Kalka and Hyperno for durum wheat) 

and poor (340 and Sokoll for bread wheat, C250 and Odin for durum wheat) K+ retention 

in leaf mesophyll under salinity stress. These varieties can be used as the potential parent 

lines to create a double haploid population and fine-map related QTLs. Then existing Na+ 

exclusion and (newly discovered) K+ retention traits may be pyramided to create salt 

tolerant wheat genotypes. As discussed in section 3.4.3 in Chapter 3, the MIFE technique-

based measure of NaCl-induced K+ efflux from leaf mesophyll (mesophyll K+ retention 

ability) was recommended remains the most preferred current method, the feasibility of 

using simple K+ concentration measurements are worth a proper investigation. 

Furthermore, although a strong positive correlation (r = 0.71, P < 0.001; Fig. 3E) was 

found between relative SWC and meshoyll K+ retention under salt stress, the relative 

SWC still was not recommended to be used for substituting for osmotic adjustment since 

osmotic adjustment is executed not only by ions (e.g. Na+, K+, and Cl‒ etc.) but also by 

compatible solutes such as proline, betaine. 

5.3.3 Identity of ion transport systems conferring K+ retention in leaf mesophyll  
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A specific mechanism underlying K+ efflux from wheat mesophyll remains largely 

unknown. By analogy with other plant systems, two possible candidates should be 

considered. One of them is K+ outward rectifying channel (KOR), and another one - non-

selective cation channel (NSCC). In barley roots, NaCl-induced K+ efflux was shown to 

be mainly mediated by depolarization activated KOR channels (Chen et al., 2007c) and 

strongly correlated with the extent of NaCl-induced depolarization of epidermal root 

cells. However, transient NaCl-induced K+ fluxes from wheat roots were only ~ 10% of 

those measured from barley (Cuin et al., 2008, 2010) and not related to membrane 

depolarisation. A recent comparison of barley and pea roots has also shown that in the 

latter species, K+ leak from the root is mediated predominantly by NSCC activated by 

stress-induced accumulation of reactive oxygen species (Bose et al., 2014a). We believe 

that the similar scenario may be applicable to wheat leaf mesophyll. Two lines of 

evidence support this statement. First, effect of NSCC channel blocker, Gd3+, was 

stronger than that of TEA (KOR channel blocker) under both control (Fig. 5B) and salt 

treatment (Fig. 5C). Second, in this work we report a significant negative correlation 

between the extent of NaCl-induced K+ flux from mesophyll and NaCl-activation of H+-

efflux (Fig. 4C, D). Given the fact that this NaCl-induced H+ extrusion is vanadate-

sensitive (Kerkeb et al., 2001; Wu et al., 2013) and, thus, most likely originates from the 

salinity-induced activation of the plasma membrane H+-ATPase, the above negative 

correlation may be suggestive that K+ efflux from wheat mesophyll is largely independent 

on the extent of plasma membrane depolarisation. Instead, the observed activation of H+ 

efflux (Fig. 4) by salinity may be interpreted as a compensatory mechanism involved in 

an attempt to regain K+ already leaked into apoplast. However, as H+ extrusion comes 

with energy cost (e.g. ATP to fuel H+ pump), higher rate of pumping in sensitive varieties 

may be an additional factor reducing available ATP pool and shunting down metabolic 

and growth processes in these genotypes. 

Interestingly, in contrast to K+ efflux inhibition by TEA and Gd3+, no effect of DPI (an 

inhibitor of NADPH oxidase), was found on K+ efflux from wheat leaf mesophyll (Fig. 

5). This suggests that NADPH oxidase is not likely to be a major source of ROS 

production in salt-treated wheat mesophyll tissues, and that other subcellular 

compartment(s) such as chloroplasts and/or mitochondria (Apel and Hirt, 2004; Peshev et 

al., 2013; Pottosin et al., 2014b; Bose et al., 2014b) play more central role in this process. 

In this context, patch-clamp experiments on Arabidopsis roots showed that TEA-sensitive 

depolarization-activated outward rectifying K+ channels were strongly activated by 
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hydroxyl radicals, OH• (Demidchik et al., 2010). OH• is known to be most reactive 

(toxic) of all ROS species (Halliwell and Cross, 1994; Apel and Hirt, 2004), and salinity-

induced increase in tissue OH• is widely reported (Bose et al., 2014b; Pottosin et al., 

2014b). These finding may explain some beneficial effect (~50% inhibition; Fig. 5) of 

TEA on salinity-induced K+ efflux from wheat mesophyll.  

In conclusion, our results strongly suggest that K+ retention in leaf mesophyll is an 

essential mechanism employed by bread wheat to deal with the detrimental effects of 

salinity. It also appears that the role of voltage-gated K+ channels in retention in wheat 

mesophyll is relatively small, and ROS-activated NSCC are most likely pathways for the 

observed K+ leak under saline conditions. This hypothesis has to be tested in direct patch-

clamp experiments in the future.   

5.4 Materials and methods 

5.4.1 Plant materials and growth conditions 

26 bread wheat (Triticum aestivum) and 22 durum wheat (Triticum turgidum spp. 

durum) were used in this study. All seeds were obtained from different sources and 

multiplied in our laboratory. Plants were grown in 2 L pots (6 plants per pot) filled with 

the fertilised standard potting mix in March-April 2013 using glasshouse facilities at the 

University of Tasmania essentially as described in Chen et al. (2007d). Plants were 

irrigated with tap water by automatic watering system three times per day. Leaves from 

two- to three- week old plants grown under control conditions were used for non-invasive 

microelectrode ion flux estimation measurements.  

5.4.2 Preparation of ion-selective microelectrodes for non-invasive ion flux 

measurements 

Net NaCl-induced K+ and H+ fluxes from leaf mesophyll were measured by using non-

invasive microelectrode ion flux estimation (the MIFE; Shabala et al., 2006) technique 

(also known in the literature as NMT). Briefly, borosilicate glass capillaries (GC 150-10; 

Harvard Apparatus, Kent, UK) were pulled to make the blank microelectrodes. These 

blanks were then oven-dried at 225 ºC overnight and silanized with tributylchlorosilane 

(No 282707, Sigma-Aldrich, St. Luis, MO, USA). After drying and cooling, silanized 

microelectrodes were filled with backfilling solutions (15 mM NaCl + 40 mM KH2PO4; 

pH 6.0 adjusted using NaOH for H+ and 200 mM KCl for K+), and the tip of the 

microelectrodes were then filled with commercially available ionophore cocktails (K+ 
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60031, H+ 95297; both from Sigma-Aldrich, St. Luis, MO, USA). Finally, all prepared 

ion selective microelectrodes were calibrated in a set of appropriate standards before and 

after use. Only microelectrodes with a slope of above 50 mV per decade and correlation 

of 0.999 or better were used.  

5.4.3 Screening K+ retention in leaf mesophyll in wheat by the MIFE technique 

 

Suppl. Fig. S1. The procedure of screening wheat varieties for their ability to retain K+ in leaf mesophyll 

using the MIFE technique. (A) Plants were grown in glasshouse until two to three weeks old; (B) One of the 

leaves was excised, and small leaf segments cut; (C) Samples were left floating on the surface of the BSM 

solution in a plastic Petri dish and kept in the darkness overnight; (D) Leaf samples were mounted in a 

Perspex and placed (submerged) in a Petri dish filled with BSM solution; (E) Ion selective microelectrodes 

were positioned 40 ìm from the exposed mesophyll tissue on a cross-cut section; (F) During measurements 

microelectrodes were moved between two positions, 40 and 110 μm from the mesophyll, by a computer-

controlled hydraulic manipulator in a 12-s square-wave cycle; (G) K+ and H+ electrode outputs were recorded 

and displayed on screen; (H) Using electrode calibration characteristics, measured electrical signals were 

converted into net fluxes (in nmol m-2 s-1) and tabulated in an Excel-compatible format; (I) recorded NaCl-

induced K+ efflux and H+ flux were plotted as figures.    
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In this work we developed a rapid screening method to assess a large number of wheat 

genotypes (48 varieties) for salinity tolerance based on the MIFE technique by measuring 

NaCl-induced K+ efflux in leaf mesophyll. Plants were grown in a glasshouse (Suppl. Fig. 

S1A) and 7–10 days old leaves were excised and used in experiments. Leaves were cut to 

small cross-sectional segments using a sharp blade (Suppl. Fig. S1B). Leaf segments were 

placed in a Petri dish containing basic salt media (BSM, 0.1 mM CaCl2 and 0.5 mM KCl; 

pH 5.7 non-buffered) (Suppl. Fig. S1C) and kept floating on the surface in darkness 

overnight to minimize possible confounding effects of tissue damage on ion fluxes 

(Shabala and Newman, 1999).  

    For MIFE experiments a leaf segment was mounted in a Perspex holder which was 

placed in a measuring chamber containing BSM solution and left for 40 min adaptation 

(Suppl. Fig. S1D). Tips of K+ and H+ selective microelectrodes were placed within a few 

micrometres one from another (Suppl. Fig. S1E), and located 40 μm away from the 

exposed leaf mesophyll using an inverted microscope (Suppl. Fig. S1F). During 

measurements microelectrodes were moved between two positions, 40 and 110 μm from 

the mesophyll, by a computer-controlled hydraulic manipulator in a 12-s square-wave 

cycle. NaCl-induced fluxes were recorded for 10 min from each of 48 wheat varieties 

screened. The recorded voltage outputs of the ion selective microelectrodes were 

calculated based on the recorded electrical potential using cylindrical diffusion geometry, 

and were converted into net ion fluxes using calibration values of the electrodes using 

MIFEFLUX software (Newman, 2001; Shabala et al., 2006). Suppl. Fig. S1G shows a 

computer screen with recorded ion fluxes. The values of ion fluxes (the output results) 

from the MIFE measurements were analysed in Excel format (Suppl. Fig. S1H,I).  
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5.4.4 Glasshouse experiments 

Effect of salinity on plant fresh (FW) and dry (DW) weight was investigated in the 

glasshouse experiments. Plants were grown in the glasshouse facilities at the University 

of Tasmania. 12 to 14 seeds of each variety were sown in a 4.5 L PVC pot using the 

standard potting mix (in triplicates). After emerging of the seedlings (roughly 6 days 

later) the plant numbers in each pot were uniformly thinned to eight plants, and salt 

treatment (300 mM NaCl) was applied for 38 days. A saucer was placed under each pot, 

and plants were irrigated twice per day by an automatic watering system with dripper 

outlets for both control condition and salinity treatment. The damage index (quantified on 

0 to 10 scale and based on the extent of leaf chlorosis and plant survival rate; Zhou et al. 

2012) was scored immediately before harvesting (Suppl. Fig. S2). The higher damage 

index score represents the lower tolerance. During harvest, the stem was cut 1 cm above 

the potting mix and shoot FW was measured immediately. A collective sample of the 

shoot biomass for all plants in each pot (eight plants in total) was taken. Samples were 

then dried at 65 0C for 72 h in a Unitherm Dryer (Birmingham, UK) and shoot DW was 

measured. Shoot water content (SWC) was calculated based on the relative difference 

between the fresh weight and the dry weight.  

5.4.5 Measuring leaf K+ content 

0.1 g of ground dry wheat leaves was used for ion extraction. Dried samples were 

mixed with 5 mL 70% HNO3 and 2 mL 30% H2O2 and digested in a 120 mL Teflon 

digestion vessel using a microwave digester (MDS-2000 microwave digestion system, 

Suppl. Fig. S2. Quantification of impact of salinity stress on plant performance by scoring of the damage 

index (0 to 10 scale). 0 – no visual symptoms of damage; 10 – plants are dead. Plants were grown in 

glasshouse under long term salt treatment (300 mM NaCl for 38 days). Two examples are show: (A) Salt 

tolerant bread variety Kharchia 65 showing only mildly signs of salt stress (average scoring index 1.83), 

and (B) salt sensitive durum variety Citr 7805, with most leaves being dead (average scoring index 8.16). 
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CEM Corporation, USA). The digested solution was transferred to a 15 mL centrifuge 

tube and toped up with distilled water to a final volume of 15 mL. The prepared samples 

were centrifuged at 5 000 g for 10 min at room temperature (Avanti J-30I centrifuge, 

Beckman Coulter, Germany). A volume of 0.2 mL of the centrifuged digested solution 

was diluted with distilled water to a final volume of 10 mL and used for measuring K+ 

content with a Flame Photometer (PFP7, Jenway, UK).    

5.4.6 Pharmacological experiments  

Mechanisms underlying NaCl-induced K+ efflux in leaf mesophyll were investigated 

further through a series of pharmacological experiments using one variety (bread wheat 

Janz). Leaf segments prepared as described above for MIFE measurements were pre-

treated for 1 h with one of: 20 mM tetraethylammonium chloride (TEA+, a known blocker 

of K+ selective channels), 0.1 mM gadolinium chloride (Gd3+, a known blocker of NSCC 

channels), and 20 μΜ diphenylene iodonium (DPI, a known inhibitor of NADPH 

oxidase), before starting MIFE measurements. Salinity treatment (100 mM NaCl) was 

given after recording initial ion fluxes for 5 min. All chemicals are from Sigma-Aldrich, 

St, Louis, MO. 

5.4.7 Statistical analysis  

All data (given as mean ± SE, n = sample size) were analysed by using SPSS 20.0 for 

windows (SPSS Inc., Chicago, IL, USA). All of the replicates are biological replicates. 

Comparison of different parameters between bread wheat and durum wheat were done by 

independent samples t-test. The symbol “**” states for P<0.01, and “***” states for 

P<0.001. The significance of correlations between different parameters was determined 

by Bivariate Correlations based on Pearson Correlation (2-tailed). The data used for 

correlation analysis are the average values of measured independent parameters for each 

variety. Significance between different pharmacological treatments was determined by 

one-way ANOVA based on Duncan’s multiple range test. Different lower case letters 

represent the significant differences while the same lowercase letters state for no 

significant difference. 
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Chapter 6 

Developing and validating a high-througput assay for salinity 

tissue tolerance in wheat and barley#  

 

Abstract  

Excised leaves were used to eliminate confounding contribution of sodium exclusion 

mechanisms and evaluate genetic variability in salinity tissue tolerance in a large number 

of wheat (Triticum aestivum and Triticum turgidum ssp. durum) and barley (Hordeum 

vulgare) accessions. Changes in relative chlorophyll content (measured as chlorophyll 

content index, CCI) in excised leaves exposed to 50 mM NaCl for 48 h was found to be a 

reliable indicator of leaf tissue tolerance. In both wheat and barley, relative CCI 

correlated strongly with overall plant salinity tolerance (evaluated in glasshouse 

experiments). To a large extent, this tissue tolerance was related to more efficient 

vacuolar Na+ sequestration in leaf mesophyll, as revealed by fluorescent Na+ dye imaging 

experiments. However, while in barley this correlation was positive, tissue tolerance in 

wheat correlated negatively with overall salinity tolerance. As a result, more salt-sensitive 

durum wheat genotypes possessed higher tissue tolerance than bread wheat plants, and 

this negative correlation was present within each of bread and durum wheat clusters as 

well. Overall, these results indicate that the lack of effective Na+ exclusion ability in 

sensitive wheat varieties is compensated by their better ability to handle Na+ accumulated 

in the shoot via tissue-tolerance mechanisms. Implications of these findings for plant 

breeding for salinity tolerance are discussed. 

Keywords 

Barley, Chlorophyll content, Excised leaf, Tissue tolerance, Vacuolar Na+ sequestration, 

Wheat, Triticum aestivum, Triticum turgidum ssp. durum, Hordeum vulgare 
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CCI, chlorophyll content index; FV, Na+ permeable fast-activating tonoplast channels; 

HKT, high affinity K+ transporter; MAS, marker assisted selection; NHX, Na+/H+ 

exchanger; ROS, reactive oxygen species; SOS, salt overly sensitive; SV, Na+ permeable 

slow-activating tonoplast channels 
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6.1 Introduction 

Wheat and barley are amongst the first domesticated species and on a global scale are 

ranked as the second (549 M mt) and fifth (129 M mt) most important crops in terms of 

dry matter production (Baik and Ullrich, 2008). Both of them are classified as 

glycophytes (i.e. species that cannot tolerate long term exposures to saline condition 

exceeding 200 mM), and their production is strongly affected by soil salinity, with 10% 

reduction in yield observed at 6.7 and 4.9 dS/m saline water irrigation, respectively 

(http://www.dpi.nsw.gov.au/agriculture/resources/soils/salinity/crops/tolerance-irrigated). 

Given the extent of land salinization in the world (Rengasamy, 2006) and the fact that in 

many countries areas used to cultivate wheat and barley overlap with salinity belt (e.g. in 

Australia; Colmer et al., 2006), creating salt tolerant wheat and barley germplasm remains 

one of highest priorities for breeders.  

Salinity tolerance is a complex physiological trait composed of numerous sub-traits and 

controlled by multiple regulatory pathways. This includes (but is not limited to) osmotic 

adjustment in root and leaf tissues (Munns and Tester, 2008); Na+ extrusion from root 

uptake (Maathuis et al., 2014); control of Na+ loading into the xylem and its retrieval 

from the shoot (Munns and Tester 2008); vacuolar (Apse et al., 1999; Zhang et al., 2001; 

Gouiaa et al., 2012) or tissue-specific (Oh et al., 2009; Cuin et al., 2011) Na+ 

sequestration; cytosolic K+ retention (Shabala and Pottosin, 2014); and ROS (reactive 

oxygen species) detoxification/tolerance (Shabala and Pottosin, 2014).These mechanisms 

are usually grouped into three major clusters: (i) osmotolerance; (ii) sodium exclusion 

mechanisms; and (iii) tissue tolerance mechanisms (the latter three traits). Despite the 

significant progress that has been made in elucidating details of each of these specific 

mechanisms, the relative contribution of these components to overall salinity tolerance 

remains unclear, and only a few papers have tried to address this issue in direct 

experiments (Rajendran et al., 2009; Adem et al., 2014).  

Importantly, while each of the tissue tolerance components was characterised in details, 

both at physiological and molecular levels, little attention was paid to the issue of how 

these mechanisms are integrated to confer the overall salinity stress tolerance. For 

example, while vacuole Na+ sequestration by tonoplast NHX (Na+/H+ exchanger) 

exchangers is considered to be important to confer tissue tolerance in salt-grown plants 

(Apse et al., 1999; Fukuda et al., 2004b; Munns and Tester, 2008), such sequestration will 

be not efficient without preventing the back-leak of Na+ from vacuole via tonoplast slow 

http://www.dpi.nsw.gov.au/agriculture/resources/soils/
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(SV) and fast (FV) channels (Bonales-Alatorre et al., 2013a, b) and also without fuelling 

NHX activity by tonoplast H+-pumps (Shabala, 2013). Recent studies have added an 

additional layer of complexity in the relation to vacuolar Na+ sequestration, reporting low 

selectivity of NHX between Na+ and K+ and assigning the role of NHX antiporters to 

regulation of K+ and H+ homeostasis (Jiang et al., 2010; Bassil et al., 2011; Barragán et 

al., 2012). Another component of the tissue tolerance is cytosolic K+ retention (James et 

al., 2006b; Wu et al., 2013, 2014, 2015d). While a strong correlation between cell’s 

ability to prevent NaCl-induced K+ efflux from the cytosol in both root and leaf tissues 

and the overall salinity stress tolerance of various species was reported [e.g. barley (Chen 

et al., 2005, 2007c; Wu et al., 2013, 2015d), wheat (Cuin et al., 2008; Wu et al., 2013, 

2014), lucerne (Smethurst et al., 2008), and poplar (Sun et al., 2009)], the causal 

relationship between cytosolic K+ retention and vacuolar Na+ sequestration remains 

somewhat elusive. The same is true for ROS detoxification (a third component of tissue 

tolerance mechanism). While essentiality of keeping ROS levels under control, and an 

important role of both enzymatic and non-enzymatic antioxidant (AO) systems in plant 

salt stress responses are beyond any doubt (Ahmad et al., 2010; Gill and Tuteja, 2010), 

much less is known of how changing cytosolic K+ and Na+ concentrations affects cell’s 

AO activity.   

The use of a whole-plant phenotyping, while proved to be efficient in separating 

various tolerance components (James et al., 2002; Munns and James, 2003; Rajendran et 

al., 2009), has a potential caveat of ignoring genotypic variability in plant’s ability to 

control Na+ delivery to the shoot. Indeed, the lack of visual symptoms of salt stress such 

as chloropsis or necrosis in plant leaves after a month of growing under saline irrigation 

may be attributed to either efficient vacuolar Na+ sequestration in leaf mesophyll cells 

(hence, higher tissue tolerance), or higher SOS (salt overly sensitive) -like activity in root 

epidermis (hence, better Na+ extrusion from uptake (Cuin et al., 2011), or higher rate of 

Na+ retrieval from the xylem (Munns et al., 2012).  

The above problem may be partially resolved if excised leaves are used instead of 

whole plants, so the same amounts of Na+ will be present in the xylem sap within leaves 

at each specific time. Earlier we have validated this method by comparing the difference 

in tissue tolerance between leaves of four barley varieties contrasting in salinity stress 

tolerance (Shabala et al., 2010). In the current work, we extend that preliminary work to a 

broad range of barley and wheat accessions by screening tissue tolerance component of 

nearly 50 barley and 50 wheat genotypes with different overall salinity tolerance.  
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Being glycophyte species, barley is nonetheless classified as “salt includer” (Perez-

Lopez et al., 2010; Mian et al., 2011) and possess strong vacuolar Na+ sequestration 

ability (Garthwaite et al., 2005; James et al., 2006b). On the contrary, wheat is regarded 

as “salt excluder” (Kingsbury et al., 1984; Cuin et al., 2008; He et al., 2010) and varieties 

with superior tolerance show higher shoot Na+ exclusion ability (Colmer et al., 2005; 

Garthwaite et al., 2005). Thus, another aim of this work was to compare the role of the 

tissue tolerance component between wheat and barley, two cereal species with contrasting 

strategies of dealing with salinity.  

6.2 Materials and methods 

6.2.1 Plant materials and growth conditions  

Forty-seven barley (Hordeum vulgare L.) genotypes and forty-five wheat genotypes 

(25 bread wheat, Triticum aestivum; and 20 durum wheat, Triticum turgidum spp. durum) 

contrasting in their salinity tolerance were used in this study. All wheat seeds were 

received from the Australian Winter Cereals Collection while barley seeds were obtained 

from multiple sources and multiplied in our laboratory. Plants were grown between 

February and December 2013 in the glasshouse facilities at the University of Tasmania 

essentially described in Chen et al. (2007d). Plants were sown in 4.5 L PVC pots filled 

with a standard fertilised potting mix (see (Chen et al. 2007d) for details). A saucer was 

placed under each pot, and the plants were irrigated three times per day by an automatic 

watering system (Online Resource 1).  

 

6.2.2 Glasshouse experiments and overall salt tolerance evaluation 

Twelve to 14 seeds of each variety were sown in 4.5 L PVC pots filled with the 

standard potting mix, in triplicates. All varieties were labelled by serial numbers, and 

Online Resource 1. Genetic variability of overall salt tolerance in wheat grown in glasshouse under 300 mM NaCl 

for 5 weeks. a Plants were irrigated with tap water (control). b Salt treatment (plants irrigated with 300 mM NaCl).    
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arranged randomly in the glasshouse. After emergence plants were thinned to leave eight 

uniform seedlings in each pot, and salt treatment (300 mM NaCl) was applied for five 

weeks. No apparent symptoms of leaf chlorosis were found in wheat grown under control 

conditions which is irrigated with tap water (Online Resource 1a) but five weeks of 

salinity treatment resulted in a clear differentiation between varieties (Online Resource 

1b). The visual symptoms of salinity damage were scored as the damage index on zero to 

10 scale (0 – no visual symptoms of damage; 10 – plants are dead) using criteria such as 

the extent of leaf chlorosis, numbers of dead leaves, and plant survival rate (Zhou et al., 

2011; Wu et al., 2014; Online Resource 2). Each data point of the salt stress induced 

damage index was an average from 8 seedlings in a pot. The final value of the salt stress-

induced damage index for each variety was the averaged results from three replicates 

(three different pots for each variety). The above scoring was conducted as a blind test to 

avoid any subjectivity.  The aboveground biomass was then harvested, and samples were 

dried at 65 °C for 72 h in a Unitherm Dryer (Birmingham, UK) for further analyses. 

6.2.3 Experiments with excised leaves  

An experimental protocol to rapidly screen plants tissue tolerance to salinity was 

developed. In a separate set of experiments, plants were grown under control conditions 

(irrigated with tap water) as described above until five weeks old. The third youngest 

fully expanded leaf was excised at the leaf base and immediately inserted into a container 

containing tap water. Excised leaves were brought into the laboratory, further cut under 

the running tap water (to avoid a possible embolism) to the uniform size, and then 

inserted into a sealed 50 mL Falcon tubes containing 1/8 Hoagland solution with or 

Online Resource 2. Quantification of impact of salt stress on wheat performance by scoring of the damage index (0 

to 10 scale). 0 – no visual symptoms of damage; 10 –dead plants. Plants were grown in glasshouse and treated with 

300 mM NaCl for 5 weeks. The genetic variability in salt stress susceptibility and scoring index is illustrated by six 

representative varieties: a Titmouse S (average scoring index 1.83). b Opata (average scoring index 3.17). c Alex 

(average scoring index 4). d Sokoll (average scoring index 5). e Jandaroi (average scoring index 6). f Aus 19762 

(average scoring index 7.33). 
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without 50 mM NaCl (usually the Scholander measured Na+ concentration in the xylem 

steam of salt stressed plants). The choice of this concentration was driven by the fact that 

20 to 50 mM apoplastic Na+ concentrations are typically found in the xylem sap of plants 

grown under saline conditions (e.g. Shabala, 2013; Bose et al., 2014b). Thus, our 

experimental conditions mimicked ones expected to be found in a field.  Three individual 

leaves were inserted into each tube and immobilised by an elastic sponge (Online 

Resource 3). All leaves were immersed in 40 mL of solution by the same depth (~ 30 

mm), and tubes were sat on the steel racks in a growth cabinet ensuring the homogeneous 

light conditions for each leaf. The intensity of light in the growth cabinet was 150 µmol 

m-2 s-1 irradiance; 14h/10h day/night cycle and 26/20 ± 1.0 °C day/night temperatures. No 

significant chlorophyll content change (estimated by SPAD reading) and impairment of 

photosynthesis capacity (estimated by Fv/Fm value) were observed in excised leaves under 

control condition after 48h (Online Resource 4). The experiment was repeated in 

duplicate (with 6 biological replicates).    

     

      

Online Resource 4. Chlorophyll content (a) and maximum photochemical efficiency of PSII (Fv/Fm 

chlorophyll fluorescence values) (b) in excised barley leaves (variety Yerong) under control condition at 

the beginning (time zero) and at the end (48 h) of the experiment. No statistically significant (at P < 0.05) 

difference in either characteristic was observed. NS = not significant at P < 0.05. Mean ± SE, n = 6. 

Online Resource 3. Plant screening for salinity tissue tolerance in leaves. Excised barley leaves (variety 

Yerong) were placed in 50 mL Falcon tubes sealed with sponge at the top (a), with the leaf cut edge 

immersed into appropriate solution by the same depth (~30 mm) (b). 
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Leaf chlorophyll content index (CCI) was measured by a chlorophyll meter (SPAD-

502, Konica Minolta, Japan) at time zero (immediately after excision) and in 48 h. The 

CCI values of salt stressed excised leaves were measured from the top part of the leaf 

blade since this area shows the most severe symptom of chlorosis. The sample size was 

20 to 30 replicates, sufficient to account for any technical error. The maximal 

photochemical efficiency of photosystem II (chlorophyll fluorescent Fv/Fm value) was 

quantified by a chlorophyll fluorometer (OS-30p, Opti-sciences, Hudson, NH, USA) at 

the same time. For measuring the Fv/Fm, samples were kept under darkness for 15 min to 

remove all the electrons from the electron transport chain and make all photosynthetic 

reaction centres fully oxidized. Leaves were then placed into 1.5 mL Eppendorf tubes and 

stored in a freezer at -20 °C for sap nutrient analysis. A transpiration rate was calculated 

by the difference between the measuring amounts of water evaporated from each tube. 

For transpiration measurement, the amount of evaporated water was measured by 

quantifying amount of remaining water.  

6.2.4 Leaf ion content  

Sap Na+ content in salt-stressed excised leaves was analysed from freeze-thawed leaf 

samples as described elsewhere (Cuin et al., 2009). Dry leaf samples from the salt-

stressed whole plants in the glasshouse experiment were digested in a 120 mL Teflon 

digestion vessel in a microwave digester (MDS-2000 microwave digestion system, CEM 

Corporation, USA) using 70% HNO3 (5 mL) and 30% H2O2 (2 mL) per 0.1 g specimen. 

Both sap and digested samples were centrifuged at 5, 000 g for 10 min at room 

temperature (Avanti J-30I centrifuge, Beckman Coulter, Germany). After centrifuging, 10 

μL of the extracted sap or 0.2 mL of the digested solution was diluted to a final volume of 

10 mL in 25 mL beakers, and Na+ content was measured by a Flame Photometer (PFP7, 

Jenway, UK).    

6.2.5 Laser confocal microscopy measurements 

Barley plants were grown and excised leaves exposed to salinity as described above. 

Leaf segments of about 5 x 5 mm were then cut from the middle part of the leaf, avoiding 

major veins. Eight to 10 segments were incubated in Eppendorf tubes in 500 µL of the 10 

µM Sodium Green solution (S-6901, Molecular Probes). After 1 h of incubation in 

darkness, the samples were examined using confocal microscopy as described in our 

previous publication (Cuin et al., 2011). All specific details for methodological aspects 
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related to the use of fluorescent Na+ dye and quantification of intracellular Na+ 

distribution between the vacuole and cytosol are available from Wu et al. (2015a) and 

Bonales-Alatorre et al. (2013b). In brief, dye was reconstituted as a stock with anhydrous 

dimethyl sulfoxide before use. Confocal imaging was performed using an upright Leica 

Laser Scanning Confocal Microscope SP5 (Leica Microsystems, Heidelberg, Germany) 

equipped with a 40× oil immersion objective. The excitation wavelength was set at 488 

nm, and the emission was detected at 510-520 nm. Images were analysed with LAS AF 

software (Leica Microsystems). Cytosolic (chloroplast) and vacuolar signals were 

measured as mean intensity of the representative area of the same size within appropriate 

compartment. The background signal was measured from the empty region of the similar 

size, and then subtracted from the measured signal. Comparison of different levels of 

fluorescence between cells was carried out by visualizing cells with the identical imaging 

settings of the confocal microscope (i.e. exposure times, laser intensity, pinhole diameter 

and settings of the imaging detectors).  

6.2.6 Statistical analysis 

All data (given as mean ± SE, n = sample size) were analysed by using SPSS 20.0 for 

Windows (SPSS Inc., Chicago, IL, USA). All of the replicates are biological replicates. 

Comparison of different parameters between tolerant and sensitive groups was done using 

independent samples t-test. Asterisks indicate significance levels at *P < 0.05, **P < 0.01, 

and ***P < 0.001, respectively. The significance of correlations between different 

parameters was determined by Bivariate Correlations based on two-tailed Pearson 

Correlation. The data used for correlation analysis are the average values of measured 

independent parameters for each variety. 

6.3 Results  

6.3.1 Methodological aspects of plant screening for tissue tolerance 

Two barley varieties (TX 9425, tolerant; and Naso Nijo, sensitive; Fan et al., 2014) 

contrasting in their salt tolerance were used for quantifying the leaf tissue tolerance in 

preliminary experiments. After 48h treatment, salt-treated (50 mM NaCl) leaves showed a 

clear sign of chlorosis (Fig. 1b), which was reflected in a significant decline in the relative 

chlorophyll content (CCI values expressed as % of control; Fig 1c). This decline was 

much more severe in the salt-sensitive Naso Nijo genotype compared with tolerant 

TX9425 (significant at P < 0.01).  At the same time, no significant (at P < 0.05) 
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difference in the transpiration rate between these varieties was found (Fig. 1d). Thus, 

despite the amount of Na+ brought into the leaf mesophyll by transpiration stream was the 

same in both the varieties, the extent of the damage to photosynthetic machinery (judged 

by the relative chlorophyll content) was strikingly different. 

 

6.3.2 Barley tissue tolerance correlates with the overall salinity stress tolerance 

Fig. 2. Genetic variability in relative CCI in salt stressed excised barley leaves. a Relative (% of control) CCI values 

of all 47 barely varieties measured after 48 h exposure to 50 mM NaCl. b Correlation between relative CCI and 

overall salinity tolerance in barley (estimated as salt stress-induced damage index scored in glasshouse experiments; 

higher numbers denote susceptible varieties). c Correlation between relative CCI and damage index (scored in 

glasshouse experiments) amongst 47 barley varieties grouped into two clusters: tolerant (with the damage index < 5), 

and sensitive (with the damage index > 5). Mean ± SE, n = 6 − 9. Each point represents a variety. 

 

Fig. 1. Chlorophyll content 

and transpiration parameters in 

excised barley leaves exposed 

to 50 mM salinity treatment 

for 48 h. Two contrasting 

varieties - TX 9425 (salt 

tolerant) and Naso Nijo (salt 

sensitive) - were used.  a, b 

Leaf appearance before (time 

zero) and 48 hours after 

salinity exposure. c Relative 

chlorophyll content (CCI; % of 

control) **significant at P < 

0.01. d Transpiration rate. NS 

= not significant at P < 0.05. 

Mean ± SE, n = 6 – 9. 
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To test whether tissue tolerance contributes to the overall salinity tolerance in barley, 

47 barley varieties were screened. The relative CCI in barley ranged from the lowest 0.14 

± 0.01 (in cultivar 93-3143 C60) to the highest 0.79 ± 0.03 (in cultivar Honen) (Fig. 2a). 

A significant positive correlation (r = 0.33, P < 0.05; Fig. 2b) between the relative CCI 

and the overall salinity tolerance (judged by a damage index at harvest; Online Resource 

5) was found. When plants were divided into two groups: tolerant (with damage index < 

5), and sensitive (with damage index > 5), this correlation became much stronger within 

each group assessed (r = 0.50 and 0.67, respectively) (Fig 2c).     

6.3.3 Tissue tolerance in barley is related to higher vacuolar Na+ sequestration 

ability in the leaf mesophyll   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variety Index Variety Index Variety Index Variety Index

Berkut 1.83 Alex 4 SYR01 0.25 AC Burman 2.67

Kharchia 65 1.83 Zulu 5.33 TX 1 Clipper 2.75

Titmouse S 1.83 Citr 7792 5.67 YUQS    1 Schonner 3

Cranbook 2.5 AUS12746 5.83 CM72 1.25 93-3143 C60 3

Excalibur 2.5 Covelle 5.83 Honen 1.5 Lixi 143 3

Drysdale 2.83 Kalka 6 YWHKSL 1.5 YSM3 3

Westonia 3 Jandaroi 6 YYXT 1.5 Franklin 3.25

Opata 3.17 Tehuacan 60 6.17 Flagship 1.75 Hu 93-045 3.25

H7747 3.17 AUS16469 6.33 Gebeina 1.75 YSM1 3.25

Persia 6 3.17 Biskri ac2 6.33 Numar 1.75 Aizao 3 3.5

Persia 21 3.33 Purple Grain 6.33 ZUG293        1.75 Sahara 4

India 38 3.33 Tiimilia 6.33 DYSYH 2 Gairdner 4

Kukri 3.5 Hyperno 6.5 RGZLL 2 Yan89110  4.5

Halberd 3.83 Tamaroi 6.5 Xiaojiang 2 Yiwu Erleng  5

Sevillie 20 3.83 Jori 6.5 YU6472 2 YPSLDM  5

Iran 118 4.17 AUS19762 7.33 Barque 73 2.25 Dash 6

Iraq 43 4.17 Caparoi 7.5 CXHKSL 2.25 Macquarie 7

Iraq 50 4.17 Towner 7.83 Mundah 2.25 NN 7.5

Belgrade 3 4.33 C250 7.83 Keel 2.5 Haruna Nijo 7.75

Krichuaff 4.5 Citr 7805 8.16 Skiff 2.5 TF026 8

Sokoll 5 Dayton 2.5 YF374 8

Frame 5.17 Yan90260 2.5 KINU NIJO 6      8.5

Janz 5.17 Yerong 2.5

340 5.5 Zhepi 2 2.5

Baart 46 5.83 Brindabella 2.5

        Bread wheat          Durum wheat                               Barley

Online resource 5. Glasshouse experiments of 25 bread wheat, 20 durum wheat, and 47 barley varieties 

under long term salt stress (300 mM NaCl, ~5 weeks). Damage index was scored based on the extent of 

chlorosis and plant survival rate on zero to 10 scale (0 – no visual symptoms; 10 – dead plants). 
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Fluorescence dye microscopy was used to quantify Na+ distribution within the leaf 

mesophyll cells using another set of contrasting barley cultivars (Numar, tolerant; and 

Gairdner, sensitive; Chen et al., 2007c; Fig. 3a, b). In salt-tolerant cultivar Numar, most 

of Na+ was localised in the mesophyll cell’s vacuole, and the fluorescent signal from this 

compartment exceeded the one from chloroplasts by 2-fold (54.9 ± 4.9 vs 28.5 ± 1.2; Fig 

3c). In a contrast, in a salt-sensitive cultivar Gairdner the chloroplast signal was 4-fold 

higher compared with that originating from the vacuole (49.6 ± 3.1 vs 11.8 ± 0.8; Fig. 

3d), indicating poor vacuole Na+ sequestration ability in the latter variety.   

                 

6.3.4 Durum wheat possesses higher tissue tolerance compared with bread wheat 

Two contrasting bread wheat varieties (Kharchia 65, tolerant; and Baart 46, sensitive; 

Cuin et al., 2009) were used in preliminary experiments. Leaf exposure to 50 mM NaCl 

treatment for 48 h has resulted in a significant decline in chlorophyll content (Fig. 4). 

Pronounced chlorosis symptoms were observed in both genotypes (Fig. 4 a, b). Similar to 

barley, no significant (at P < 0.05) difference in transpiration rate was found between the 

genotypes (Fig. 4d). However, to a great surprise the negative impact of salinity on CCI 

was much more pronounced in (overall) salt-tolerant Kharchia 65 genotype (relative CCI 

values 0.26 ± 0.05 compared with 0.52 ± 0.07 for a sensitive Baart 46; Fig. 4c). 

Fig. 3. Visualisation of intracellular Na+ distribution in 

leaf tissues by the fluorescent Sodium Green dye. Two 

contrasting barley varieties (Numar, tolerant; 

Gairdner, sensitive) are used. a, b A typical (one of 8) 

fluorescent image of leaves after 48 h treatment with 

50 mM NaCl. c, d Quantification of intracellular Na+ 

distribution between the chloroplast and the vacuole in 

each variety. Mean ± SE, n = 45 to 55 cells from four 

to five individual leaves. ***Significant at P < 0.001. 
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To follow this counterintuitive observation, 45 bread and durum wheat varieties were 

screened, to investigate the relationship between tissue tolerance and the overall salinity 

tolerance in these species. Strong (nearly 15 folds) variability of relative chlorophyll 

content (CCI) was found (Fig. 5a). In bread wheat, Persia 6 showed the highest relative 

CCI (0.57 ± 0.08) and India 38 showed the lowest one (0.05 ± 0.01) (Fig. 5a). In durum 

wheat, the highest relative CCI was found in Aus 16469 (0.67 ± 0.03) and the lowest was 

in Alex (0.16 ± 0.06) (Fig. 5a). Consistent with our previous observations reported in Fig 

4, negative impact of apoplastic NaCl on leaf CCI values was stronger in bread (0.25 ± 

0.02) than in durum wheat (0.45 ± 0.03) (Fig. 5b; significant at P < 0.001). Consistent 

with the comparison of just two contrasting wheat varieties (Fig. 4) and in a contrast with 

the data reported for barley (Fig. 2b, c), relative CCI and the overall salinity tolerance 

(measured as a damage index at harvest; Online Resource 5) in wheat were correlated 

negatively (r = 0.77, P < 0.001; Fig. 5c). The negative correlation was found in both bread 

(r = 0.48, P < 0.05; Fig. 5d) and durum (r = 0.69, P < 0.001; Fig. 5e) wheat clusters.  

Fig. 4 Chlorophyll content and transpiration parameters in excised wheat leaves exposed 

to 50 mM NaCl for 48 h. Two contrasting varieties – Kharchia 65 (salt tolerant) and Baart 

46 (salt sensitive) - were used.  a, b Leaf appearance before (at time zero) and 48 hours 

after salinity treatment. c Relative chlorophyll content (CCI; % to control) **significant at 

P < 0.01. d Transpiration rate. NS = not significant at P < 0.05. Mean ± SE, n = 6 − 9. 
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The above difference in the extent of NaCl damage to leaf photosynthetic machinery 

was not related to a higher rate of delivery of salt into leaf mesophyll in bread wheat, as 

no significant (at P < 0.05) difference of transpiration rate was found between the pooled 

values of bread and durum wheat (Fig. 6b). Similarly, no significant correlation between 

relative CCI and transpiration rate was found in wheat (r = 0.28, P > 0.05; Fig. 6c). 

 

 

Fig. 6. Genetic variability in transpiration rate in wheat. a Transpiration rate values among 45 durum and 

bread wheat varieties. Mean ± SE, n = 6. b Pooled transpiration rate for bread and durum wheat clusters. 

NS = not significant at P < 0.05. Mean ± SE, n = 25 and 20 varieties, respectively. c Correlation between 

transpiration rate and relative CCI in all 45 wheat varieties screened. Each point represents a variety. 

Fig. 5. Genetic variability in the relative CCI in salt stressed excised wheat leaves. a Relative (% of control) 

CCI values of durum and bread wheat varieties measured after 48 h exposure to 50 mM NaCl. Mean ± SE, n = 

6. b Mean relative CCI values for durum and bread wheat pools. Mean ± SE, n = 20 and 25 varieties, 

respectively. ***Significant at P < 0.001. c Correlation between relative CCI and salinity damage index (scored 

in glasshouse experiments) in all 45 wheat varieties screened. d, e Correlation between relative CCI and overall 

salinity tolerance within durum and bread wheat clusters. Each point represents a variety. 
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6.3.5 Patterns of Na+ accumulation in wheat leaves   

 

Leaf Na+ contents in soil-grown plants treated with 300 mM NaCl for 5 weeks were 

substantially higher in durum compared with bread wheat (Fig. 7 a) and correlated 

positively with the overall salt induced damage index scored in glasshouse experiments (r 

= 0.79, P < 0.001; Fig. 7c). The same trend was observed for each of the clusters: bread (r 

= 0.73, P < 0.001; Fig. 7d) and durum wheat (r = 0.51, P < 0.05; Fig. 7e). Overall, pooled 

leaf Na+ content in durum wheat exceeded that of bread wheat by roughly 30% (3.35 ± 

0.12 vs 2.60 ± 0.08 mmol g−1 DW, respectively; significant at P < 0.001; Fig. 7b). 

Fig. 7. a Leaf Na+ content in wheat grown under saline conditions (300 mM NaCl irrigation for 5 weeks). 

b Pooled leaf Na+ values within durum and bread wheat clusters. Mean ± SE, n= 20 and 25 varieties, 

respectively. c Correlation between leaf Na+ content and salt stress induced damage index (scored in 

glasshouse experiments) in 45 wheat varieties. d, e Correlation between leaf Na+ content and salt stress-

induced damage index (scored in glasshouse experiments) analysed separately within durum and bread 

wheat clusters. Each point represents a variety. 

Fig. 8. a Leaf sap Na+ concentration in excised wheat leaves exposed to 50 mM NaCl for 48 h. Mean ± SE, n = 6. 

b Pooled leaf sap Na+ concentrations for bread and durum wheat clusters. NS = not significant at P < 0.05. Mean 

± SE, n = 25 and 20 varieties, respectively. c Correlation between sap Na+ content in excised leaves and 

transpiration rate in all 45 wheat varieties screened. d, e Correlation between sap Na+ content in excised leaves 

and transpiration rate analysed separately within durum and bread wheat clusters. Each point represents a variety. 
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However, when 50 mM NaCl was added directly to the transpiration flow (in experiments 

with excised leaves), no significant differences between the sap Na+ contents in salt-

stressed excised leaves in bread and durum wheat were found (Fig. 8a, b). A significant 

and positive correlation between transpiration rate and sap Na+ content in salt stress 

excised leaves was found in wheat (r = 0.52, P < 0.001; Fig. 8c). Similar results were also 

found separately for both bread (r = 0.54, P < 0.01; Fig. 8d) and durum (r = 0.45, P < 

0.05; Fig. 8e) wheat clusters 

6.4 Discussion 

6.4.1 Tissue tolerance in barley  

Barley is classified as the most salt-tolerant species of the cereals (Munns and Tester, 

2008), and it was suggested that this tolerance is most likely achieved by effective Na+ 

compartmentalization in leaf vacuoles (Garthwaite et al., 2005). Here we provide a direct 

experimental support for this notion. A significant positive correlation was observed 

between relative CCI and the overall salinity tolerance in each of barley groups (tolerant 

and sensitive; Fig. 2c) suggesting an important role of the tissue tolerance in the overall 

salinity stress tolerance in this species. Using fluorescent Na+ dye we also showed that at 

least a part of this tissue tolerance is conferred by more efficient vacuolar Na+ 

sequestration in tolerant varieties (Fig. 3).       

Given the complexity of the salinity tissue tolerance mechanisms, the higher tissue 

tolerance in salt-tolerant barley genotypes reported in this work (Fig. 2) cannot be solely 

attributed to any single mechanism. While vacuolar Na+ sequestration ability is usually 

considered as a main component of tissue tolerance (Munns and Tester, 2008), it cannot 

be attributed to merely higher activity of tonoplast NHX Na+/H+ exchangers, as originally 

believed (Apse et al., 1999). At a very least, all the Na+ pumped into vacuole has to be 

safely locked in there and prevented from the back-leak into cytosol (Pantoja et al., 1989; 

Glenn et al., 1999; Shabala, 2013). This implies an efficient control over permeability of 

tonoplast slow (SV) and fast (FV) vacuolar channels (Bonales-Alatorre et al., 2013a, b), 

and it was shown recently that stress-induced increase in the level of compatible solutes 

(specifically, choline) may be pivotal to this process (Pottosin et al., 2014a). Also, we 

have shown earlier that barley varieties used in this work differ dramatically in the ability 

to retain K+ in leaf mesophyll under saline conditions (Wu et al., 2015d), with strong 

positive correlation reported between this trait and the overall salinity tolerance. At the 
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same time, high cytosolic K+ content is essential for a normal operation of tonoplast H+-

PPase (Serrano et al., 2007) that is essential to “fuel” Na+/H+ exchanger.  

The observed strong localisation of fluorescent Na+ signal to chloroplasts in salt-

sensitive barley variety (Fig. 3) may also be an important contributing factor. Stress-

induced increase in chloroplast Na+ content was previously reported in a range of plant 

species (Robinson et al., 1984; Wang et al., 2007; Slabu et al., 2009) and was found to 

disturb metabolism and finally impair the photosynthetic activity (Yeo and Flowers, 

1986). The accumulation of excessive Na+ in chloroplasts may directly cause ion toxicity 

and induce the subsequent oxidative stress (Hernández et al., 1995, Savouré et al., 1999), 

and may exhibit direct and indirect restrictions on dark and light reactions (Wang et al., 

2007).  It remains to be answered of whether higher chloroplast Na+ accumulation in 

sensitive varieties was attributed to poor ability of chloroplast transport systems to 

prevent Na+ from entering stroma, or higher vacuolar sequestration ability in tolerant 

varieties was sufficient to keep chloroplasts “sodium free”.   

6.4.2 Tissue tolerance in wheat    

To our great surprise, a strong negative correlation between tissue tolerance and overall 

salinity tolerance was found in either bread or durum wheat (Fig. 5), and tissue tolerance 

in durum wheat well exceeded one in bread wheat (Fig. 5). We interpret this as evidence 

for a compensation mechanism aimed to protect varieties with poor Na+ exclusion ability.   

As shown in Fig. 7, leaf Na+ content correlated negatively with the overall salinity 

tolerance in soil-grown plants, and was significant lower in bread than durum wheat (Fig. 

7b). This is consistent with the general concept that bread wheat has better Na+ exclusion 

ability (Gorham, 1987; Shah et al., 1987; Cuin et al., 2008) and possess stronger overall 

salinity tolerance (Cuin et al., 2008). This Na+ extrusion ability may be due to higher rate 

of Na+ efflux into rizhosphere origination from higher SOS1 Na+/H+ exchanger activity at 

root plasma membrane (Cuin et al., 2011), better control of Na+ loading into the xylem 

(Tester and Davenport, 2003), or higher rate of Na+ retrieval back into roots by HKT 

transporters at xylem parenchyma interface (Sunarpi et al., 2005; Horie et al., 2009). 

Once these mechanisms have been bypassed by adding Na+ directly to leaf apoplast 

(using excised leaves, as in this work), no significant difference in leaf Na+ content 

between bread and durum wheat was found (Fig. 8). Yet, leaf tissue tolerance in durum 

wheat exceeded that in bread wheat by nearly 2-fold (Fig. 5b). It is plausible then to 

suggest that the lack of effective Na+ exclusion ability in sensitive varieties is 
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compensated by their better ability to handle Na+ accumulated in the shoot via tissue-

tolerance mechanisms. In this context, it is worth mentioning that earlier Gregorio et al. 

(2002) reported that tolerant rice lines also showed the lack of tissue tolerance ability. 

6.4.3 Implications for breeders   

Despite some recent successes (e.g. Munns et al., 2012), the progress in plant breeding 

for salinity stress tolerance is slower when one may wish. While performing better than 

non-transformed controls, transgenic wheat plants overexpressing HKT (high affinity K+ 

transporter) (James et al., 2002; Munns et al., 2012) or NHX1 (Xue et al., 2004) genes still 

show significant (up to 50%) yield penalties compared with non-saline plants. It was 

argued that some of the traits the breeders tried to targets were often not compatible, and 

that salinity stress tolerance may be achieved only via pyramiding approach (Flowers and 

Yeo, 1995, Shabala, 2013). In this case, targeting vacuolar Na+ sequestration to improve 

the leaf tissue tolerance and pyramiding it with other salt tolerance mechanisms might be 

beneficial to the superior salt tolerant barley breeding program.    

Furthermore, our results reported here also highlight the possible caveats of the whole-

plant phenotyping as a breeding strategy. Indeed, if one is after genes conferring tissue 

tolerance in wheat then salt-sensitive varieties should be used as gene donors for this trait. 

This recommendation is counter-intuitive and, until now, was not taken into account by 

breeders. The suggested method of using excised leaves to overcome the confounding 

effects of Na+ exclusion mechanisms on quantification of tissue tolerance trait may 

overcome this limitation and arm breeders with effective way of screening plants for this 

important trait. This will allow to better use available Marker Assisted Selection (MAS) 

tools to create/breed a robust wheat and barley varieties which can perform well in saline 

soils. 
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Chapter 7 

Linking salinity stress tolerance with tissue-specific Na+ 

sequestration in wheat roots# 

 

Abstract  

Salinity stress tolerance is a physiologically complex trait that is conferred by the large 

array of interacting mechanisms. Among these, vacuolar Na+ sequestration has always 

been considered as one of the key components differentiating between sensitive and 

tolerant species and genotypes. However, vacuolar Na+ sequestration has been rarely 

considered in the context of the tissue-specific expression and regulation of appropriate 

transporters contributing to Na+ removal from the cytosol. In this work, six bread wheat 

varieties contrasting in their salinity tolerance (three tolerant and three sensitive) were 

used to understand the essentiality of vacuolar Na+ sequestration between functionally 

different root tissues, and link it with the overall salinity stress tolerance in this species. 

Roots of 4-d old wheat seedlings were treated with 100 mM NaCl for 3 days, and then 

Na+ distribution between cytosol and vacuole was quantified by CoroNa Green 

fluorescent dye imaging. Our major observations were as follows: 1) salinity stress 

tolerance correlated positively with vacuolar Na+ sequestration ability in the mature root 

zone but not in the root apex; 2) Contrary to expectations, cytosolic Na+ levels in root 

meristem were significantly higher in salt tolerant than sensitive group, while vacuolar 

Na+ levels showed an opposite trend. These results are interpreted as meristem cells 

playing a role of the “salt sensor”; 3) No significant difference in the vacuolar Na+ 

sequestration ability was found between sensitive and tolerant group in either transition or 

elongation zones; 4) The overall Na+ accumulation was highest in the elongation zone, 

suggesting its role in osmotic adjustment and turgor maintenance required to drive root 

expansion growth. Overall, the reported results suggest high tissue-specificity of Na+ 

uptake, signalling, and sequestration in wheat root. The implications of these findings for 

plant breeding for salinity stress tolerance are discussed. 

Keywords 

Bread wheat, cytosolic Na+, Na+ distribution, root zones, salinity stress tolerance, 

vacuolar Na+ sequestration 
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7.1 Introduction 

More than 800 million hectares (6%) of land are affected by salinity worldwide (Munns 

and Tester, 2008). As sodium is one of the most abundant metal elements, sodium salts 

dominate in many saline soils of the world (Rengasamy, 2006). High concentrations of 

salts in soils account for large decreases in the yields of a wide variety of crops all over 

the world (Tester and Davenport, 2003). In the light of predicted population growth to 9.3 

Billon by 2050 (Lee, 2011), global food requirements are expected to increase by 70 to 

110% (Tilman et al., 2011). Wheat is one of the most important crops which providing 

nearly 55% of the consumed carbohydrates world-wide (Gupta et al., 1999) but is not 

highly salt tolerant, and its commercial production is substantially reduced as the soil 

salinity level rises to 100 mM NaCl and is not possible in soils containing more than 250 

mM NaCl (Munns et al., 2006; Munns and Tester, 2008). Thus, improving salinity stress 

tolerance in wheat is an urgent task to cope with the possible shortage of food supply in 

the near future. This is especially true for the hexaploid bread wheat that composes about 

95% of all wheat grown world-wide (Shewry, 2009).  

Sodium uptake and sequestration has always been under spotlight of researchers aimed 

at finding the traits or genes which can be selected to improving salinity tolerance in 

wheat. Early studies using 22Na+ isotopes showed that salt tolerant wheat variety have 

significantly lower Na+ accumulation in the shoot (Davenport et al., 1997), suggesting an 

efficient Na+ exclusion mechanism. The following studies by Munns and colleagues 

(Munns et al., 2002, 2003, 2006; Munns and James, 2003; Lindsay et al., 2004) suggested 

that targeting Na+ exclusion from shoot was a promising way to improving salinity 

tolerance in this species. Indeed, under saline condition, flag leaf Na+ was significantly 

reduced from 326 mM in commercial variety Tomaroi to 87 mM in transformed Tamaroi 

plants that expressed TmHKT1;5-A gene enabling Na+-retrieval from the xylem (Munns et 

al., 2012). This has resulted in about 20% increase in wheat yield under saline field 

conditions (from 1.30 to 1.61 tonnes per hectare). Using microelectrode ion flux 

measuring MIFE technique, Cuin et al. (2011) found that Kharchia 65 (accepted as a 

“standard” for salinity tolerance in wheat by most breeders) had the highest root Na+ 

extrusion ability compared with other seven wheat varieties studied. Pharmacological 

experiments and experiments with transgenic Arabidopsis mutants have confirmed that 

this Na+ efflux was mediated by the plasma membrane SOS1 Na+/H+ antiporter. Similar 

studies conducted on sorghum (Yang et al., 1990), maize (Fortmeier and Schubert, 1995), 
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and tomato (Al-Karaki, 2000) have also suggested that plant’s ability to exclude Na+ from 

uptake in these species was positively correlated with the overall salinity tolerance. Even 

in lower plants the ability to avoid the accumulation of Na+ in cytosol is critical for its 

salinity tolerance (e.g. cyanobacteria; Allakhverdiev et al., 2000; Allakhverdiev and 

Murata, 2008). 

The above beneficial effects of Na+ exclusion from uptake was always attributed to its 

toxic effect on cell metabolism (Maathuis and Amtmann, 1999; Munns and Tester, 2008) 

and essentiality to maintain low level of Na+ in the cytosol. However, the same goal may 

be achieved by the efficient Na+ sequestration in the vacuole. The latter trait is commonly 

employed by halophytes (naturally salt-loving plants; Flowers and Colmer, 2008; Shabala 

and Mackay, 2011; Shabala, 2013; Bonales-Alatorre et al., 2013a, b), and some evidences 

were presented that salt-tolerant wheat varieties may also possess better vacuolar Na+ 

sequestration ability (e.g. Saqib et al., 2005b). However, most of these studies were 

conducted on leaves, while the role of Na+ sequestration in roots received less attention. 

In Thellungiella salsuginea, a halophytic relative of Arabidopsis thaliana, Oh et al. 

(2009) showed that vacuoalr Na+ fluorescent intensities in cortex cells of root tip region is 

higher in thsos1-4 than wild type. However, to the best of our knowledge, the issue of 

tissue-specificity of vacuolar Na+ sequestration between different root zones, and its link 

with the overall salinity tolerance, has never received a proper attention, neither in wheat 

nor in any other crop species.   

The root anatomy and functional structure can be generally divided into four different 

zones: (1) root meristem, (2) the distal elongation (or transition) zone, (3) elongation 

zone, and (4) mature zone (Verbelen et al., 2006; Baluška and Mancuso, 2013). So far, 

most studies of Na+ distribution in plant roots under salt stress was conducted either at the 

level of whole root (e.g. Matsushita and Matoh, 1991; Flowers and Hajibagheri, 2001; 

Rus et al., 2001), or were focused on cell-type-specific Na+ distribution in roots (Huang 

and van Steveninck, 1988; Storey et al., 2003; Oh et al., 2009, 2010). While these and 

some other (Li et al., 2012; Cuin et al., 2011) papers showed a heterogeneity of Na+ 

distribution within the root, none of them discussed the difference in Na+ patterning 

between intracellular compartments within functionally different root zones. In 

Thellungiella salsuginea, Na+ accumulated inside the pericycle in thsos1-4 mutant, while 

in the wild type it was confined in vacuoles of epidermal and cortical cells (Oh et al., 

2009). Cell-type-specific Na+ distribution patterns in hypodermis, cortex, endodermis, 

and pericycle were also studied in salinized grapevines using X-ray microscopy method 
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(Storey et al., 2003). Here, vacuolar Na+ was sequestered predominantly in endodermis 

and pericycle cells. However, to the best of our knowledge, no study has compared Na+ 

distribution between cytosol and vacuole in functionally different root zones within the 

same tissue, at least in bread wheat.   

In the present work, variability of vacuolar Na+ sequestration in four different root 

zones under salt stress was studied using six bread wheat varieties contrasting in their 

salinity tolerance. Cytosolic and vacuolar Na+ content in different root zones was 

quantified by CoroNa Green fluorescent dye imaging, and the link between tissue-specific 

vacuolar Na+ sequestrations in specific root zone and the overall salinity stress tolerance 

was explored. We report that the overall salinity stress tolerance correlates positively with 

vacuolar Na+ sequestration ability in the mature root zone but not in the root apex. At the 

same time, cytosolic Na+ levels in root meristem were significantly higher in salt tolerant 

than sensitive group, suggesting that meristem cells may play a role of the “salt sensor”. 

The overall Na+ accumulation was highest in the elongation zone, suggesting its role in 

osmotic adjustment and turgor maintenance required to drive root expansion growth. 

7.2 Materials and methods 

7.2.1 Plant materials and growth conditions 

Six bread wheat (Triticum aestivum) varieties contrasting in their salinity tolerance 

(tolerant - Persia 118, Cranbrook, and Westonia; sensitive - Iran 118, Belgrade 3, and 

340) were used in this study. All of the tolerant and sensitive bread varieties used in this 

study were chosen according to their grain yield (Cuin et al., 2009; Zhu et al., 2016). All 

seeds were obtained from the Australian Winter Cereals Collection and multiplied in our 

laboratory. Plants were grown in February-March 2013 in the glasshouse facilities at the 

University of Tasmania essentially as described in Chen et al. (2007d). 12 seeds for each 

variety were sown in 4.5 L PVC pots with the standard potting mix by triplicates. After 

emerging (roughly 6 days), salt treatment (300 mM NaCl) were applied for about five 

weeks. Plants were irrigated twice per day by an automatic watering system with dripper 

outlets, and were uniformly thinned to eight plants in each pot after roughly 10 days 

sowing. A saucer was placed under each pot. For confocal imaging experiments, seeds 

were sterilized with 5% commercial bleach for 15 min, and then washed thoroughly by 

the running tap water for a half hour. Seeds were then germinated in wet paper rolls in 

growth chambers at 23 ± 1°C (16 h light/ 8 h dark regime). Four days old wheat roots 
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were treated with 100 mM NaCl for 72 h, and then stained by CoroNa Green dye for the 

LSCM (laser scanning confocal microscopy) measurements as described below.  

7.2.2 Whole-plant performance assessing 

Before harvesting, plants “damage index” were scored on zero to 10 scale (0 – no 

visual symptoms of stress; 10 – dead plants; Supplementary Fig. S1). The higher damage 

index score represents the lower salt tolerance. Then, the stem was cut 1 cm above the 

ground, and shoot fresh weight (FW) was measured.  

             

7.2.3 Confocal laser scanning microscopy measurements 

Measurements of cytosolic and vacuolar Na+ content in wheat root cells using the green 

fluorescent Na+ dye CoroNa Green acetoxymethyl ester were essential as described in 

Bonales-Alatorre et al. (2013b). The dye has absorption and fluorescence emission 

maxima of approximately 492 and 516 nm, respectively. The dye was reconstituted as a 

stock with anhydrous dimethyl sulfoxide before use. The CoroNa Green indicator stock 

was added to 5 mL of measuring buffer (10 mM KCl, 5 mM Ca2+-MES, pH 6.1) and 

diluted to a final concentration of 15 mM. Ten millimetres-long root segments were cut 

from the apical (the first 10 mm from the apex) and mature (30 to 40 mm from the apex) 

root zones and incubated for 2h in the dark in a solution containing 20μM CoroNa Green. 

Suppl. Fig. S1.  Quantifying salinity tolerance 

in bread wheat by the damage index. The 

extent of salinity damage to plants was 

quantified on 0 (no visual symptoms of stress) 

to 10 (all plants are dead) scoring scale. Two 

examples – for tolerant variety Persia 118 (A) 

and sensitive variety 340 (B) – are shown. C – 

a correlation between damage index and shoot 

fresh weight in six bread wheat treated with 

300 mM NaCl for about 5 weeks. Each point 

represents a variety. 



Chapter 7. Vacuolar Na+ sequestration in wheat 

96 
  

After incubation, the samples were rinse in a buffered MES solution (pH 6.1) and 

examined using confocal microscopy. Confocal imaging was performed using an upright 

Leica Laser Scanning Confocal Microscope SP5 (Leica Microsystems, Germany) 

equipped with a 40× oil immersion objective. To analyse sodium intracellular localisation 

CoronaNa Green AM (Molecular Probes, USA) was used. The excitation wavelength was 

set at 488 nm, and the emission was detected at 510-520 nm. Comparison of different 

levels of fluorescence between cells was carried out by visualizing cells with the identical 

imaging settings of the confocal microscope (i.e. exposure times, laser intensity, pinhole 

diameter and settings of the imaging detectors). Images were analysed with LAS Lite 

software. Six to 8 individual roots (each from different plant) were used; and at least 2 

images were taken for each root zone. For analysis, several lines were drawn across the 

so-called “region of interest” (ROI; Fig 1A) in an appropriate root zone. Continuous 

fluorescence intensity distribution profiles (quantified in arbitrary units by LAS software) 

were then obtained and plotted in an Excel file (Fig 1B). The mean fluorescence intensity 

values for cytosolic and vacuolar compartments were then calculated for each cell by 

attributing signal profiles to root morphology (visualised by light microscopy images). 

The data was then averaged for all cells measured for the same treatment.  The 

background signal was measured from the empty region and then subtracted from the 

readings, to obtain corrected fluorescence values. Depending on the root zone, readings 

from between 70 and 300 cells were averaged and reported for each genotype. 

 

Fig. 1. Illustration of the quantification procedure for Na+ distribution between the cytosol and the vacuole.  

(A) - Several lines are drawn across the so-called “region of interest” (ROI) in an appropriate root zone. (B) - 

Continuous fluorescence intensity distribution profiles obtained by LAS software. The mean fluorescence intensity 

values for cytosolic and vacuolar compartments are then calculated for each cell by attributing signal profiles to 

root morphology (visualised by light microscopy images; not shown in a figure). The shown image was obtained 

from mature region of Persia 118 cultivar. The first 100 mm in (B) shows the Na+ fluorescence of the vessel cell.  
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A further validation of the above protocol was conducted using roots co-stained with 

CoroNa Green-AM and FM4-64, a dye that stains both plasma and vacuolar membranes 

(Oh et al 2010; Bassil et al. 2011) and allow a better resolution between intracellular 

compartments. After 1h incubation of 20μM CoroNa Green-AM (as described above), the 

same root samples were then incubated together with 20μM FM4-64 for another 1 h to 

visualize tonoplast. Then, roots were rinsed with buffer solution (10 mM KCl, 5 mM 

Ca2+-MES, pH 6.1) for 3 min for confocal imaging. For FM4-64 fluorescence, the 488-

nm excitation line was used and collected with a 615-nm long-pass filter. Results of this 

experiment are illustrated in Fig 2 showing intracellular Na+ distribution in the transition 

zone of cultivar Persia 118. Panel A shows distribution of CoroNa Green and FM4-64 in 

co-stained root samples, while panel B and C shows the same root stained with FM4-64 

and CoroNa Green, respectively. Two cells having multiple vacuoles (circled) were then 

selected for analysis (depicted in panels D and E). Two ROI lines were then drawn 

crossing two vacuoles in each of the cells. Intracellular Na+ distribution was then 

quantified (panel F). As one can see, two major peaks in each cell correspond to two 

vacuoles, while three troughs report values for cytosolic Na+.  

 

     

 

Fig. 2. Quantifying intracellular Na+ 

distribution between the cytosol and the 

vacuole by double staining procedure. 

Intracellular Na+ distribution is illustrated 

using the transition zone of cultivar 

Persia 118 as an example. (A) The root 

transition zone co-stained with Corona 

Green AM and FM4-64. The same root 

stained with FM4-64 dye (B) and 

CoroNaGreen (C). Two cells having 

multiple vacuoles (circled) were then 

selected for analysis (depicted in D, E). 

Two lines were then drawn across the 

“region of interest” (ROI) for each of the 

chosen cells in (C) (also shown in D and 

E, separately), crossing two vacuoles in 

each of cells. Intracellular Na+ 

distribution of the selected cells in C, D, 

and E was then quantified (F). 
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7.2.4 Statistical analysis 

All data (given as mean ± SE, n = sample size) were analysed by using SPSS 20.0 for 

windows (SPSS Inc., Chicago, IL, USA). All of the replicates are biological replicates. 

Comparison of cytosolic or vacuolar Na+ fluorescent intensity between different varieties 

in root zones was done by one-way ANOVA based on Duncan’s multiple range test. 

Different lowercase letters represent significant difference between varieties. Data with 

same lowercase letters are not significantly different at P < 0.05. Comparison of cytosolic 

or vacuolar Na+ fluorescent intensity between tolerant and sensitive group in different 

root zones was done by independent samples t-test. The significance levels are *P < 0.05, 

**P < 0.01and ***P < 0.001. The significance of correlations between different 

parameters was determined by Bivariate Correlations based on two-tailed Pearson 

Correlation. The data used for correlation analysis are the average values of measured 

independent parameters for each variety. 

7.3 Results  

7.3.1 Whole-plant performance 

Bread wheat varieties used in this study (three tolerant and three sensitive varieties 

were used (Cuin et al., 2009; Zhu et al., 2016)) showed big variability in salinity stress 

tolerance. Salinity damage index (a measure of salt tolerance; see Fig. S1A, S1B for 

details) ranged from the highest (most sensitive) 5.5 ± 0.5 in variety 340 to the lowest 

(most tolerant) 2.3 ± 0.4 in variety Persia 118 (significant at P < 0.01; Fig. 3A). Similarly, 

the highest shoot fresh weight (FW) was found in Persia 118 (1.5 ± 0.1 g/plant), while 

variety 340 showed the lowest shoot FW (0.6 ± 0.2 g/plant) (Fig. 3B). Accordingly, all 

varieties were grouped into tolerant and the sensitive clusters (Fig. 3C, D). The tolerant 

cluster showed much less damage (about 2-fold; P < 0.05, Fig. 3C) and 70% higher shoot 

biomass (significant at P < 0.05, Fig. 3D) compared with the sensitive cluster. A 

significant negative correlation (r = 0.95, P < 0.01) was found between shoot FW and 

damage index among all varieties (Fig. S1C).  
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7.3.2 Sodium accumulation profiles 

Before cell- and genotype-specific Na+ distribution was quantified, a series of 

methodological experiments was conducted to eliminate possible confounding effects of 

dye loading and stress-induced changes in intracellular ionic conditions on fluorescence 

measurements. First, CoroNa Green was calibrated in a cytosol–like solution (50 to 100 

mM K+; < 1 mM Ca2+; pH = 7.2) in a broad range of Na+ concentration (1, 3, 10, 30 and 

100 mM) in in vitro experiments. As shown in Fig 4, a 2-fold drop in background K+ 

concentration from 100 to 50 mM (mimicking NaCl-induced reduction in cytosolic K+ 

under stress conditions; Shabala et al. 2006) had no significant (P < 0.05) impact on 

fluorescence signal except the lowest (1 mM NaCl) concentration, which is well-below 

expected levels for cytosolic Na+ (Munns and Tester, 2008). Calibration characteristics 

were also insensitive to pH in physiological (5 to 7.2) pH range (data not shown). Thus, 

the possible difference in K+ retention ability or stress-induced changes in intracellular 

pH between genotypes had no confounding effects on CoroNa Green readings. Dye 

loading profiles were uniform between various Z-plains (Suppl Fig S2) suggesting that 2 

h of loading was sufficient to ensure its homogenous uptake by most cells.  

Fig. 3. Genetic variability of salinity 

stress tolerance in bread wheat. 

Damage index (A) and shoot fresh weight 

(B) of six bread wheat cultivars 

contrasting in their salinity tolerance after 

38 days of 300 mM NaCl treatment in 

glasshouse. Different lowercase letters 

represent significant difference between 

varieties at P < 0.05. C, D – average 

pooled data for tolerant and sensitive 

clusters shown in A & B. Mean ± SE (n= 

3; 24 plants in total, eight plants in each 

pots). Asterisk indicates significant 

difference between clusters at P < 0.05. 

Note: The salt tolerance of used varieties 

is based on their grain yield (Cuin et al., 

2009; Zhu et al., 2016).  
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Suppl. Fig. S2. Homogeneity of 

CoroNa Green fluorescence signal 

between various cell layers. 

(A, C) – Representative (one of 4) 

images of CoroNa Green fluorescence 

in the root apex of bread wheat cultivar 

Belgrade 3 taken at different focal 

depth (A – top cell layer; C – fifth cell 

layer; ~80 m deeper inside the root). 

(B, D) – Respective light images. (E, F) 

-   Mean fluorescence intensity values 

in cytosol (E) and vacuole (F) of cells 

in the first (shown in A) and fifth 

(shown in C) cell layers. Mean ± SE (n 

= 20-24). The difference between cell 

layers (different Z-plains) is not 

significant at P < 0.05, neither in 

vacuole nor in the cytosol. 

 

Fig. 4. Methodological aspects of CoroNa Green dye calibration. CoroNa Green dye was calibrated in vitro 

in a buffer solution containing different Na+ and K+ concentration. (A -D) – in vitro fluorescence images 

for two Na+ and two K+ concentrations used in experiment. One (of four) representative images is shown 

for each Na+ and K+ concentration; (E) – dose-dependency of Na+ fluorescence signals at 50 mM and 100 

mM KCl background.  Mean ± SE (n = 60; 4 images, 15 replicates recorded from each image). Asterisk 

indicates a significant (at P < 0.05) difference between K+ treatments. Please note that in most cases the 

error bar is smaller than the symbol per se. Note: The relationship between the applied Na+ and detected 

Na+ intensity is still non-linear even the X axis was changed to a linear scale. 
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Plants grown in Na-free solution (Milli-Q water) showed negligible small Na+ 

fluorescence signals (Fig 5) while root exposure to 100 mM NaCl for 72 h resulted in 

massive accumulation of Na+ in root tissues (Fig. 5).  

 

     

 

When the method was applied to all salt-grown plants, sodium distribution within the 

root showed a clear pronounced tissue- and genotype-specificity. The representative 

images for one tolerant (Persia 118) and one sensitive (Iran 118) variety for each of four 

measured zones (meristem, transition, elongation, and mature zone) are shown in Fig. 6, 

and the average fluorescence intensity of Na+ in cell vacuole and cytosol in each variety 

are quantified in Figs. 7-10.  

 

Fig. 5. The comparison of Na+ 

fluorescence intensity in salt-grown 

and Na-free roots.  

(A, C, E, G) - Na+ fluorescence 

intensity was measured in root of 

Persia 118 cultivar grown in the 

presence (100 mM NaCl for 72 h) 

and absence (milliQ water) of Na+ 

in the growth media. One (of 12) 

representative images is shown for 

each zone. (B, D, F, H) - Light 

images on the appropriate slides 

shown on the left. (I, J) – 

Quantification of cyotosolic and 

vacuolar Na+ in salt-grown and Na-

free roots. Mean ± SE (n = 42-96 

cells from 6 roots).   
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7.3.3 Root meristem 

Significantly higher quantities of Na+ were accumulated in the cytosol of meristematic 

cells in a tolerant compared with sensitive cluster (Fig. 7). Here, cytosolic Na+ intensity 

ranged from highest 179.9 ± 7.7 (in tolerant Westonia) to lowest 20.3 ± 1.2 (in sensitive 

Belgrade 3), declining in a sequence Westonia > Cranbrook > Persia 118 > Iran 118 > 

340 > Belgrade 3 (Fig. 7A). Overall, the amount of Na+ stored in cytosol of cells in the 

meristem region of the tolerant cluster was 4.3-fold higher compared with the sensitive 

cluster (159.2 ± 17.9 vs 37.0 ± 8.4; P < 0.01; Fig. 7C) and also significantly (P < 0.05) 

higher than vacuolar Na+ content (Fig. 7A,B; Suppl. Fig. S3). At the same time, vacuolar 

Na+ intensity in root meristem zone ranged from the highest 108.9 ± 4.4 (in sensitive Iran 

118) to lowest 56.7 ± 4.9 (in tolerant Persia 118), declining in a sequence Iran 118 > 340 

> Cranbrook > Westonia > Belgrade 3 > Persia 118 (Fig. 7B; Suppl. Fig. S3). Overall, no 

significant (at P < 0.05 level) difference was found in vacuolar Na+ in meristem cell 

vacuoles among two contrasting clusters (Fig. 7D). Furthermore, a significant (P = 0.05) 

negative correlative relationship (r = 0.81) was found between cytosolic Na+ intensity in 

root meristem zone and salinity-induced damage index (Suppl. Fig. S4A), while a weak 

positive correlation (r = 0.47, P > 0.05) was found between the vacuolar Na+ intensity in 

root meristem zone and the damage index (Suppl. Fig. S4E). 

Fig. 6. Na+ accumulation 

profiles in bread wheat 

visualised by CoroNa Green 

dye imaging. 

The representative images 

of Na+ distribution within 

one tolerant (Persia 118) 

and one sensitive (Iran 118) 

varieties are shown for four 

different root zones:  

meristem (A, C); transition 

zone (E, G); elongation 

zone (I, K), and mature 

zone (M, O). One of 12 

representative images is 

shown for each zone. Panels 

next to fluorescence images 

represent respective light 

images (B, D, F, H, J, L, M, 

P).  
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Suppl. Fig. S3. Na+ distribution between the cytosol and the vacuole in meristematic zone of wheat 

root. A representative images of the root meristem loaded with CoronaGreen AM is shown for salt-

tolerant cultivar Persia118 and salt-sensitive cultivar Iran118. As one can see, in tolerant variety most 

of the Na+ is located in the cytosol while vacuoles are dark and show not much fluorescent signal. The 

oppositeis true for salt-sensitive genotype. 

Fig. 7. Na+ accumulation and 

patterning between cytosol and 

vacuole in meristematic root zone in 

bread wheat genotypes. 

Intensity of CoroNa Green 

fluorescence in cytosolic (A) and 

vacuolar (B) compartments (arb. units) 

in root meristem of six bread wheat 

varieties contrasting in their salinity 

tolerance. Mean ± SE (n= 72-96 cells 

from at least 6 individual plants). 

Different lowercase letters represent 

significant difference between 

varieties at P < 0.05. C, D – averaged 

pooled values for cytosolic (C) and 

vacuolar (D) Na+ intensity for salt-

tolerant and salt-sensitive clusters 

shown in A & B. Mean ± SE (n = 215 

to 300; 3 varieties x 72-96 cells 

analysed for each variety). Asterisk 

indicates significant difference 

between clusters at P < 0.01. 
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7.3.4 Transition zone  

Vacuolar Na+ intensity in the root transition zone was higher than cytosolic Na+ 

intensity, in both tolerant and sensitive clusters (illustrated in Fig. 5E, G and quantified in 

Fig. 8). Belgrade 3 showed the lowest (37.6 ± 2.3) cytosolic Na+ intensity in root 

transition zones, while Cranbrook showed the highest (227.7 ± 5.0) (Fig. 8A). Highest 

vacuolar Na+ intensity was reported for Persia 118 (209.5 ± 6.2), and the lowest for 

Belgrade 3 (111.9 ± 5.8) (Fig. 8B). Overall, no clear trends were observed in Na+ 

distribution between cytosol and vacuole in the root transition zone. As a result, no 

significant difference in either cytosolic or vacuolar Na+ intensity was found between salt 

tolerant and sensitive clusters here (Fig. 8C, D). Only very modest (r = 0.57, P = 0.23) 

negative correlation was found between cytosolic Na+ intensity and salt damage index 

(Suppl. Fig. S4B), while no correlation was found between cytosolic Na+ intensity in root 

elongation zone and damage index (r = 0.14, Suppl. Fig. S4C). Please note: For 

quantifying the Na+ intensity in cytosol and vacuole in root meristem and transition zone, 

FM4-64 dye which can specifically stain the tonoplast was used to visualize the boundary 

between the small vacuoles (as shown in Fig. 2). 

 

Suppl. Fig. S4. Correlation between salinity stress tolerance and Na+ distribution in cytosol and vacuole in 

different root zones. Correlation between salinity stress tolerance (quantified as a damage index) and cytosolic (A-

D) and vacuolar (E-H) Na+ intensities in four functional root zones. Each point represents a variety. 



Chapter 7. Vacuolar Na+ sequestration in wheat 

105 
  

         

7.3.5 Elongation zone 

Cells in root elongation zone had slightly higher amounts of Na+ in the cytosol 

compared with vacuoles (Fig. 5I, K), both in tolerant and sensitive clusters (Fig. 9). 

Belgrade 3 showed the lowest cytosolic Na+ intensity (68.4 ± 4.7), while highest values 

were reported for Persia 118 (248.9 ± 2.0) (Fig. 9A). Vacuolar Na+ intensity was highest 

in tolerant Westonia (250.4 ± 1.7) and lowest in sensitive variety 340 (145.4 ± 3.3) (Fig. 

9B). Overall, no clear trends were observed in Na+ distribution between cytosol and 

vacuole in root elongation zone in six varieties (Fig. 9), and no significant difference in 

either cytosolic or vacuolar Na+ intensity was found between two contrasting clusters 

(Fig. 9C, D). No significant (at P < 0.05 level) correlation was found between the damage 

index and cytosolic Na+ intensity in root elongation zone (r = 0.14, Suppl. Fig. S4C), as 

well as for vacuolar Na+ intensity (r = 0.36, P = 0.48) (Suppl. Fig. S4G).  

Fig. 8. Na+ accumulation and patterning between cytosol and vacuole in transition root zone 

in bread wheat genotypes. Intensity of CoroNa Green fluorescence in cytosolic (A) and 

vacuolar (B) compartments (arb. units) in transition root zone of six bread wheat varieties 

contrasting in their salinity tolerance. Mean ± SE (n= 72-96 cells from at least 6 individual 

plants). Different lowercase letters represent significant difference between varieties at 

P<0.05. C, D – averaged pooled values for cytosolic (C) and vacuolar (D) Na+ intensity for 

salt-tolerant and salt-sensitive clusters shown in A & B. Mean ± SE (n = 215 to 300; 3 

varieties x 72-96 cells analysed for each variety).  
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7.3.6 Mature zone 

Cytosolic Na+ in root mature zone was significantly lower in salt-tolerant compared 

with salt- sensitive cluster while for vacuolar Na+ this trend was inverse (Fig. 6M, O ; Fig 

10). Another important trend was that the overall amount of Na+ accumulated in the 

cytosol was much less compared with any other zones (Fig. 6). Cytosolic Na+ intensity in 

root mature zone was highest in sensitive Iran 118 (99.6 ± 15.1) and lowest in tolerant 

Persia 118 (13.1 ± 3.5) (Fig. 10A). Salt-tolerant cultivar Westonia had the highest 

vacuolar Na+ intensity (149.0 ± 19.0), while salt-sensitive Belgrade 3 had the lowest (7.6 

± 1.3) (Fig. 10B). On average, cytosolic Na+ intensity in mature root zone was 3-fold 

lower in tolerant (25.4 ± 7.7) than sensitive (73.0 ± 14.6) (Fig. 10C; significant at P < 

0.05). At the same time, vacuolar Na+ intensity in mature root zone in tolerant group was 

8-fold higher compared with sensitive group (111.4 ± 22.2 vs 13.9 ± 4.3; significant at P 

Fig. 9. Na+ accumulation and patterning between cytosol and vacuole in elongation root zone in bread 

wheat genotypes. Intensity of CoroNa Green fluorescence in cytosolic (A) and vacuolar (B) 

compartments (arb. units) in root elongation zone of six bread wheat varieties contrasting in their 

salinity tolerance. Mean ± SE (n= 72-96 cells from at least 6 individual plants). Different lowercase 

letters represent significant difference between varieties at P<0.05. C, D – averaged pooled values for 

cytosolic (C) and vacuolar (D) Na+ intensity for salt-tolerant and salt-sensitive clusters shown in A & 

B. Mean ± SE (n = 215 to 300; 3 varieties x 72-96 cells analysed for each variety). 
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< 0.01; Fig. 10D). Overall, a positive relationship (r = 0.76, P = 0.08) was found between 

plant damage index and cytosolic Na+ intensity in mature root zone (Suppl. Fig. S4D), 

while for vacuolar Na+ intensity this correlation was negative (r = 0.77, P = 0.08; Suppl. 

Fig. S4H). 

 

7.4 Discussion 

7.4.1 Vacuolar Na+ sequestration in mature root zone but not root apex correlates 

with salinity tolerance in bread wheat 

For glycophytes such as bread wheat, Na+ is not considered to be an essential nutrient 

(Maathuis, 2014) and, when present in excessive quantities in soil, leads to cytosolic Na+ 

toxicity, and impairs plant growth. Maintenance of the optimal cytosolic Na+ level under 

saline conditions requires effective extrusion of Na+ from the cytosol, either back to 

external media, or into vacuole (Maathuis and Amtmann, 1999; Blumwald, 2000).   

In the present work, we have investigated Na+ distribution between the cytosol and the 

vacuole in four different root zones in contrasting bread wheat varieties exposed to 

salinity stress. Surprisingly, vacuolar Na+ sequestration was correlated positively with 

salinity tolerance only in mature root zone. In a contrast, no significant difference in 

vacuolar Na+ sequestration pattern was found between salt tolerant and sensitive clusters 

in either of other three zones: transition (Fig. 8B, D), elongation (Fig. 9C, D), or meristem 

Fig. 10. Na+ accumulation and patterning 

between cytosol and vacuole in mature root 

zone in bread wheat genotypes. 

Intensity of CoroNa Green fluorescence in 

cytosolic (A) and vacuolar (B) 

compartments (arb. units) in mature root 

zone of six bread wheat varieties 

contrasting in their salinity tolerance. Mean 

± SE (n= 72-96 cells from at least 6 

individual plants). Different lowercase 

letters represent significant difference 

between varieties at P<0.05. C, D – 

averaged pooled values for cytosolic (C) 

and vacuolar (D) Na+ intensity for salt-

tolerant and salt-sensitive clusters shown in 

A & B. Mean ± SE (n = 240 to 320; 3 

varieties x 72-96 cells analysed for each 

variety). Asterisk indicates significant 

difference between clusters at P < 0.05. 
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(Fig. 7 C, D). At the same time, significantly lower cytosolic Na+ intensity was found in 

salt tolerant compared with sensitive cluster in mature zone (Fig. 10A, B). Taken together 

these results suggest that the ability of mature root cell vacuoles to sequester excessive 

Na+ is one of the key determinants of salinity tolerance in bread wheat.  

It should be noted that, given the non-linearity of the calibration curve (Fig. 4), the 

fluorescent intensities measured might not linearly relate to the absolute sodium 

concentrations in plant tissues, so some caution is needed while interpreting the presented 

data in quantitative terms. 

We have used term “surprisingly” above because root apex is a house for most 

metabolically active cells and, as such, has often considered as a potential target for many 

abiotic stresses such as Al toxicity (Doncheva et al., 2005), oxidative stress (Demidchik et 

al., 2007), and heavy metal toxicity (Halušková et al., 2009).  It was also unexpected as 

SOS1 Na+/H+ exchangers removing Na+ from uptake are believed to be expressed 

predominantly in the root apex (Shi et al., 2002). Given the fact that the functional 

expression of SOS1 exchangers was always considered as an important component of 

salinity tolerance trait (Zhu, 2003; Apse and Blumwald, 2007; Olías et al., 2009b; Oh et 

al., 2009), the fact that cytosolic Na+ levels in root meristem of tolerant group was 6-fold 

higher compared with mature zone (159.2 ± 17.9 vs 25.4 ± 7.7, respectively; Fig. 11) was 

unexpected.  

              

On the other hand, mature root zone represents a major bulk of the root and, thus, has 

to deal with the largest quantities of accumulated Na+. This zone also has fully extended 

Fig. 11. A summary of Na+ 

distribution between various 

intracellular compartments and 

functionally different root 

zones in bread wheat.  

Numbers represent mean 

pooled values for CoroNa 

Green fluorescence intensity 

(arbitrary units) for salt-

sensitive and salt-tolerant 

clusters.   
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cells, with large and well-formed vacuoles, while in meritematic or transition zone cells 

are much smaller, and with small vacuoles (Verbelen et al., 2006). Thus, superior Na+ 

sequestration ability in mature root zone make sense from both anatomical and 

physiological points of view. Another aspect to be considered is a need to maintain cell 

turgor pressure under hyperosmotic conditions caused by salinity. Indeed, cytosolic Na+ 

intensity was always higher in elongation zone compared with all other zones in each 

variety studied; and so was the vacuolar Na+ intensity (Fig 11). It may be suggested 

therefore that in this zone Na+ might be utilized by roots as a cheap osmoticum to 

maintain turgor pressure and enable cell expansion. Consistent with this idea are findings 

that in maize root apical zones, the estimated turgor potential showed only a small decline 

although salt shock caused a rapid decrease in root water and solute potentials in the 

major bulk of the root (Rodríguez et al., 1997). 

Na+ sequestration into vacuole is believed to be mediated by the tonoplast NHX Na+/H+ 

antiporters (Apse et al., 1999). Indeed, salt tolerant bread wheat variety showed higher 

expression of TaNHX in roots (Saqib et al., 2005b) and also higher vacuolar Na+ 

sequestration in root mature zone compared with the sensitive ones (Cuin et al., 2011). 

Similarly, relative expression of ZmNHX increased proportionally to increasing external 

NaCl concentration in maize inbred line roots (Zörb et al., 2005). Also, transgenic 

tobacco lines with TNHXS1 (wheat Na+/H+ vacuolar antiporter gene) had greater Na+/H+ 

antiporter activity in root tonoplast vesicles and showed higher salt tolerance than the 

wild type (Gouiaa et al., 2012). Previous studies in our laboratory highlighted the 

importance of K+ retention in mature root zone of various species (Chen et al., 2005, 

2007c; Cuin et al., 2008; Smethurst et al., 2008). Here we provide the evidence that the 

vacuolar Na+ sequestration in this zone correlates with salinity tolerance. Taken together, 

cytosolic K+ retention and Na+ sequestration represent two major components of the 

tissue tolerance mechanism. Targeting these traits may be a promising way to improve 

salinity tolerance in bread wheat. 

7.4.2 Root meristem zone as a salt sensor?  

How plant sense Na+ to trigger the following signalling cascades to cope with the salt 

stress is a fundamental question which still need to be studied and clarified. In animals, 

Na+ sensing mechanism appears to consist mostly of specific Na+ selective ion channels 

and other Na+ transporters; however, so far no Na+ selective ion channels have been 

identified in plants (Maathuis, 2014). Displacement of Ca2+ by Na+ from the 
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plasmalemma of root cells was proposed as a primary response to salt stress (Cramer et 

al., 1985), but it has been deemed to be of a minor importance later (Kinraide, 1999). 

Plasma-membrane based SOS1 Na+/H+ antiporter was also suggested as a potential salt 

sensor (Zhu, 2003) but the explicit evidence is still lacking. Histidine kinases (such as 

Hik16/Hik41 in cyanobacterium, Marin et al., 2003; or AHK1/ATHK1 in Arabidopsis, 

Shinozaki and Yamaguchi-Shinozaki, 2000; Tran et al., 2007) were also named as 

potential NaCl- and/or osmo-sensors.  

Generally, root is the first organ that perceives the salt stress signal. The transition zone 

in root apex has been suggested as a signalling-response nexus in the root (Baluška et al., 

2010). This unique zone provides the root apices with an effective mechanism to reorient 

growth in response to many stimuli such as salinity, gravity, temperature, moisture, 

oxygen availability, electric fields, and heavy metals (Verbelen et al., 2006). In our 

investigation, both cytosolic and vacuolar Na+ intensity in root transition zone showed no 

significant difference between salt tolerant and sensitive clusters (Fig. 8C, D); no 

significant correlation was also found between cytosolic or vacuolar Na+ intensity in this 

zone and plant damage index (Suppl. Fig. S4B, S4F). Thus, it appears that root transition 

zone is not the main signalling-response nexus to salt stress, at least in bread wheat.  

Salt stress causes nuclear and DNA degradation in root meristematic cells (Katsuhara 

and Kawasaki, 1996; Liu et al., 2000; Richardson et al., 2001), and NaCl-induced nuclear 

DNA fragmentation in the root meristem zone was higher in sos1 mutant (lacking the 

ability to remove Na+ to external media) compared with Arabidopsis wild type, when 

grown under saline conditions (Huh et al., 2002). From this point of view, one would 

expect that salt-tolerant varieties would maintain lower cytosolic Na+ intensity in 

meristem cells. This was not the case in our study (Fig. 11). On the contrary, salt tolerant 

group showed 4.3-fold higher cytosolic Na+ intensity (159.2 ± 17.9 vs 37.0 ± 8.4, 

respectively; Fig. 11) than sensitive cluster. At the same time, vacuolar Na+ intensity was 

not significantly different between groups (Fig. 7D). It is tempting to suggest that higher 

cytosolic Na+ intensity in salt tolerant cluster in the meristematic zone might be important 

to effectively convey or regulate signals during salt stress to other root zones even shoot 

after perceiving external salt stress. Also, when plants were subjected to salt stress, the 

tolerant varieties which had significant higher cytosolic Na+ might have an advantage to 

buffering the rapid increase of Na+ in cytosol buying time for initiating salt stress related 

adaptive response. Hence, we suggest that, in addition to its role in cell division, root zone 
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meristem also participates in, or executes, a role of the salt sensor. The specific details of 

this signalling mechanism should be revealed in further studies.  

7.4.3 Evaluating salinity tolerance by screening vacuolar Na+ sequestration via 

LSCM technique 

In addition to physiological and genetic complexity of the salinity tolerance trait, the 

progress in breeding was also hampered by the lack of convenient screening techniques. 

While agronomical (e.g. biomass/yield, plant survival, or leaf injury; Munns and James, 

2003; Colmer et al., 2005) and biochemical (e.g. antioxidant activity or compatible 

solutes content; Ashraf and Harris, 2004) markers are convenient as rapid screening tools, 

they are not directly linked with major physiological mechanisms conferring salinity 

tolerance. Thus, the demand for a technique that is, on one hand, convenient enough to be 

used for the high throughput screening and, on another hand, was directly linked to a 

specific physiological trait in question, remains high. We believe that using CoroNa 

Green imaging may suit this purpose. 

Na+ measurement by CoroNa Green dye confocal imaging was firstly conducted in 

animals (Meier et al., 2006). It was then adopted by researchers to visualize Na+ 

distribution in both root (Park et al., 2009; Oh et al., 2009, 2010; Li et al., 2012) and leaf 

(Bonales-Alatorre et al., 2013a, b) tissues under saline conditions. The present work 

narrows down salinity tolerance trait to vacuolar Na+ sequestration in merely one specific 

root zone (Fig. 10, 11), and showed it high (r = 0.77, Suppl. Fig. S4H) prognostic value as 

a screening tool. In practical terms, imaging of one root for one specific zone takes only 

few minutes, in addition to ~2 h required for staining. Thus, quantifying Na+ fluorescent 

intensity in 100-120 roots per day by one operator is a realistic task. From our experience, 

6-8 biological replicates are sufficient to get consistent results and eliminate out layers. 

Thus, even at the current stage, screening 15 to 20 genotypes per day may be feasible. 

The next practical step should be creating a DH population between Westonia and 

Belgrade 3 (varieties with highest and lowest vacuolar Na+ sequestration ability), and then 

screen this DH population to determine QTL(s) associated with such sequestration ability. 

This work is next on agenda in our laboratories. 

Another screening approach might arise from the idea to simply measure the total Na+ 

concentration in each of the root regions. However, in a typical plant cell the central 

vacuole occupies up to 90% cell volume. Thus, a possible difference in the cytosolic Na+ 

content in the remaining 10% of the cell volume (cytosol) in root meristem will be 
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undoubtedly masked/buffered by the uncertainty in vacuolar Na+ content. This is not the 

issue for mature zone, where the genotypic difference originates from vacuolar Na+
 

content. However, the bulk root tissue analysis does not account for the heterogeneity of 

Na+ distribution between various types of root cells within the same zone (e.g. those in 

root stele). Thus, unless the new techniques are developed to sample and analyse the ionic 

content of the single root cell, the fluorescence method is still most preferred.  

 

 



 Chapter 8. Cell-specific salinity stress tolerance in root elongation zone 

113 
#, This chapter was submitted as: Wu H, Shabala L, Zhou M, Mancuso S, Azzarello E, Shabala S: Plant 

Physiology.  

Chapter 8 

Cell-specific regulation of root ionic homeostasis in the context 

of salinity stress tolerance: a case study for the elongation zone 

in barley# 

 

Abstract 

Cell type specific salinity stress responses in plants have been revealed mostly at the 

transcriptional level while the functional insights into tissue- and cell- specific regulation 

of ionic homeostasis in plants remains largely obscure. In this work, we have combined 

the MIFE technique for non-invasive ion flux measurements with confocal fluorescence 

dye imaging technique to screen 45 accessions of barley to reveal the essentiality of Na+ 

exclusion from the cytosol to apoplast, vacuolar Na+ sequestration, and cytosolic K+ 

retention in the root elongation zone for the overall salinity stress tolerance. We show that 

SOS1-like Na+/H+ antiporter-mediated Na+ extrusion plays a very little role in the overall 

salt tolerance in barley. Unlike the mature root zone, cytosolic K+ retention in the 

elongation zone did not correlate with genetic variability in salinity tolerance among 

barley accessions, and salinity-induced K+ efflux in this zone was not mediated by TEA-

sensitive depolarization-activated K+ channels.  At the same time, a strong and positive 

correlation was found between vacuolar Na+ sequestration ability and the overall salt 

tolerance. Salt sensitive genotypes showed significantly higher expression levels of both 

HvNHX1 and HvVP1 compared with tolerant genotypes. It is suggested that the failure of 

sensitive varieties to sequester Na+ in root vacuoles despite a pronounced increase in 

HvNHX1 and HvVP1 transcript levels is due to their inability to control Na+ back-leak 

into cytosol. Overall, our results demonstrated high tissue specificity of transport 

processes conferring intracellular K+/Na+ homeostasis and its role in the overall salinity 

stress tolerance in barley.  

Keywords: Barley, root elongation zone, salinity stress tolerance, tissue specificity, ion 

channels/transporters, ion hemostasis 
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8.1 Introduction   

Soil salinity is a major environmental constraint to crop production that affects about 45 

million hectares of irrigated land and costs agriculture an estimated US$ 27.3 billion p.a. 

in lost revenues (Qadir et al., 2014). Nearly 10% of the land surface and 50% of all 

irrigated land in the world are affected by salinity (Ruan et al., 2010), and the proportion 

is still rising (Li et al., 2014). Given the rapid increase in the world population that is 

expected to exceed 9.3 billion by 2050, identifying salt-tolerant germplasm is essential to 

ensure the food security in the 21st century.  

The major hurdle in achieving this goal lays in the physiological and genetic 

complexity of the salinity tolerance trait. It has become increasingly evident that different 

plant cells and tissues respond to salinity stress in a highly specific manner, both 

genetically (Dinneny et al., 2008; Dinneny, 2010) and physiologically (Nelson et al., 

1998; Møller et al., 2009; Plett et al., 2010). This has prompted calls for a targeted gene 

expression and a need to understand the operation of key salinity–related genes at the 

cellular level. Gaining this understanding remains a great challenge, largely from the lack 

of available techniques enabling the functional assessment of the operation of specific 

transport proteins which mediate plant ionic homeostasis under saline conditions in planta 

at the cellular level with sufficient spatial and temporal resolution. Most papers published 

in the field still use the whole plant indices such as shoot/leaf Na+ or K+ content as 

proxies for salinity stress tolerance (and hence as a guide in breeding programs), 

completely ignoring the specifics of both intra and inter-cellular sequestration of these 

ions.    

In most crops, salinity stress tolerance is correlated with the reduced accumulation of 

Na+ in the shoot or leaves (Matsushita and Matoh, 1991; Garthwaite et al., 2005; Cuin et 

al., 2010; Munns et al., 2012). This trait is often erroneously termed as “sodium 

exclusion”. The main issue with using this terminology is in the fact that the reduced Na+ 

accumulation in a shoot could be achieved by at least four different mechanisms: (i) 

reduced rate of the unidirectional Na+ uptake by plant roots; (ii) enhanced root Na+ 

extrusion back into rhizosphere; (iii) reduced rate of Na+ loading into the xylem; and (iv) 

enhanced retrieval of Na+ from the shoot and its recirculation back to roots. So, which of 

these (very different) mechanisms makes the biggest contribution to the ’sodium 

exclusion’ trait?  
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Previous studies revealed no significant difference in the unidirectional Na+ influx in 

roots between salt tolerant and sensitive barley (Chen et al., 2007c) or wheat (Davenport 

et al., 1997) varieties suggesting that control of Na+-uptake systems plays a relatively 

minor role in the overall salinity stress tolerance, at least as it concerns avoiding excessive 

Na+ accumulation. So far, SOS1 (salt overly sensitive 1) Na+/H+ antiporter is the only 

transporter which has been shown to mediate Na+ efflux from the cytosol to apoplast in 

plant cells. The GUS expression analysis in Arabidopsis showed that SOS1 is 

preferentially expressed in the root apex and vasculature (Shi et al., 2002). Many papers 

reported increased salt sensitivity in plants lacking functional SOS1 genes (Shi et al., 

2000; Olías et al., 2009b), and overexpression of SOS1 Na+/H+ antiporter increased salt 

tolerance in many species e.g. Arabidopsis (Shi et al., 2003, Yang et al., 2009), tobacco 

(Yue et al., 2012), and tomato (Olías et al., 2009b). However, recently Feki et al (2011) 

showed that overexpressing TdSOS1 in Arabidopsis did not result in any significant 

enhancement of the salt stress tolerance in transgenic plants as compared with the 

performance of lines transformed with empty vectors. Is this because the wrong cell type 

was targeted? Indeed, the root apex harbours several functionally different zones 

(meristem; distal elongation zone; elongation zone) and a broad range of tissues (e.g. 

epidermis; cortex; stellar tissues). Do they all have the same requirement for the Na+ 

extrusion? If not, what determines this need and how is this trait related to other 

mechanisms conferring intracellular ionic homeostasis, such as vacuolar Na+ 

sequestration or K+ retention?    

The best known candidates for the vacuolar Na+ sequestration are tonoplast NHX1 

Na+/H+ antiporters (Apse et al., 1999). Although they have been recently shown to be not 

as selective for Na+ as originally thought and also mediate substantial fluxes of K+ across 

the tonoplast (Bassil et al., 2011), NHX expression levels correlated with higher vacuolar 

Na+ sequestration ability (Zörb et al., 2005; Gouiaa et al., 2012), and overexpressing 

NHX1 resulted in an improved salinity stress tolerance in many species such as 

Arabidopsis (Apse et al., 1999), wheat (Xue et al., 2004), and rice (Chen et al., 2007a). 

However, in most cases the reported beneficial effects were attributed to improved Na+ 

sequestration in shoot tissues (Apse et al., 1999; Brini et al., 2007; Chen et al., 2007a). 

Also, some papers showed that expressing NHX1 Na+/H+ exchanger does not 

significantly improve the overall salt tolerance (e.g. in Arabidopsis - Yang et al., 2009; 

barley - Adem et al., 2015). Can tissue specificity be a reason for such controversy?  And 

how important is vacuolar Na+ sequestration in roots in general? 
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K+ loss from the plant cell has been recently suggested as a “metabolic switch” which 

is beneficial for turning a cell into defence mode (Demidchik et al., 2014). At the same 

time, a root cell’s ability to retain K+ in the cytosol has emerged as a key mechanism in 

overall salt tolerance in many plant species including barley (Chen et al., 2005, 2007c), 

wheat (Cuin et al., 2008), and poplar (Sun et al., 2009), with tolerant genotypes showing 

much less stress-induced K+ efflux from the root. How can these two (apparently 

controversial) facts be explained? Is it possible that the role of cytosolic K+ as a signalling 

agent (Anschütz et al., 2014) and a “metabolic switch” (Demidchik, 2014) differ in 

different cell types? It should be noted that in the all above cases that have been reported 

a positive correlation between NaCl-induced K+ efflux and sensitivity to salt stress, 

measurements were conducted in the mature root zone. Can these observations be 

extended to other cell types in the root? 

The root apex is arguably the most metabolically active and dynamic tissue in a plant 

(Verbelen et al., 2006; Baluška et al., 2010). Cells in the root elongation zone quadruple 

their size in only two hours (Verbelen et al., 2006); this implies a need for massive fluxes 

of ions and water to exert turgor pressure and expand the cell. It was also shown that 

elongating root cells are the primary targets for a range of abiotic stresses such as Al (Ma 

et al., 2004), low pH (Koyama et al., 2001) and heavy metal (Potters et al., 2007) toxicity. 

They also possessed higher ROS sensitivity compared with cells in the mature root zone 

(Demidchik et al., 2007). Interestingly, the highest Na+ accumulation was found in both 

cytosolic and vacuolar compartments in the root elongation zone in bread wheat 

compared with any other cell types (measured as CoroNa Green fluorescence intensity; 

Wu et al., 2015a). Moreover, tolerant bread wheat varieties had 20% higher fluorescent 

signal compared with sensitive varieties (Wu et al., 2015a). This raises a question: to what 

extent is the ability for Na+ extrusion linked with the overall salt tolerance in plants? Is 

this a “rule of thumb” trait, or could it be that cytosolic Na+ may operate as a signal 

triggering gene expression and regulating a complex network of signals aiming to tune up 

plant metabolism for altered conditions in some cell types? If this is the case, what other 

traits are essential to avoid detrimental effects of elevated Na+ in the cell cytosol?  

As commented earlier, the lack of answers to these and other questions come from the 

lack of available techniques enabling the functional assessment of the operation of 

specific transport proteins in planta at the cellular level. In this work, we attempted to 

bridge this gap by applying two cutting edge tools - the non-invasive microelectrode ion 

flux estimation (the MIFE) technique and CoroNa Green fluorescence dye imaging – to 
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study kinetics of Na+ and K+ movement across cellular membranes and their intracellular 

sequestrations in various compartments in the elongation root zone of a large number (45 

in total) of barley varieties contrasting in their salinity stress tolerance. By doing this, we 

have assessed the essentiality of three key traits for determining cellular ionic 

homeostasis - namely Na+ extrusion from the cytosol, vacuolar Na+ sequestration, and K+ 

retention in the cytosol - in salinized barley root elongation zone and determined their 

relative contribution towards the overall salinity stress tolerance in this species. We have 

also evaluated and compared the importance of transcriptional and post-translational 

regulation of appropriate genes conferring these traits. The reported data is discussed in 

the context of complexity of tissue and cell-specific plant responses to salinity.  

8.2 Materials and methods 

8.2.1 Plant materials and growth conditions 

Forty-three common barley (Hordeum vulgare) and two wild barley (H vulgare ssp. 

Spontaneum, SYR01 and CPI 11284-48) genotypes contrasting in their salinity stress 

tolerance (Suppl. Fig. S1) were used in this study. Seeds were obtained from the multiple 

sources and multiplied in our laboratory. Sterilized seeds were grown hydroponically in 1 

L containers in the double distilled water (ddH2O) for three days at 25±1°C temperature 

in the dark before salinity treatment (100 mM NaCl for 24 h) was given.  

                        

 

Suppl. Fig. 1. Genetic 

variability of overall salt 

tolerance in 45 barley 

varieties. Damage index 

of 45 barley varieties was 

showed. Damage index 

was ranged from the 

lowest 0.25 (SYR01) to 

the highest 9.5 (Unicorn).  
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8.2.2 Glasshouse experiments 

Twelve to 14 seeds of each genotype were sown in a 4.5 L PVC pot filled with standard 

potting mix (see Chen et al. 2007d for all details) and grown in Jan-Feb 2013 and 2014 

under glasshouse facilities at the University of Tasmania. Once established, plants were 

thinned to leave eight uniform seedlings in each pot. Plants were irrigated twice per day 

by an automatic watering system with dripper outlets for both control condition and 

salinity treatment. A saucer was placed under each pot. Salinity treatment (300 mM NaCl 

in the irrigation solution) was started when seedlings were five days old and lasted for 40 

days. Experiments were conducted in triplicate and repeated over two consecutive 

seasons. The damage index of each variety was scored on a 1-10 scale based on its 

performance under salinity treatment, with higher damage index numbers representing the 

lower tolerance (Suppl. Fig. S1). The full details of plant scoring for damage index are 

available in our previous publications (Wu et al. 2015d).  

8.2.3 Preparation of ion selective microelectrodes for non-invasive ion flux 

measurements 

Net ion fluxes (Na+, K+ and H+) were measured non-invasively using the MIFE 

(microelectrode ion flux estimation) technique (Shabala et al., 2006). Briefly, borosilicate 

glass capillaries (GC150-10; Clark Electrochemical instruments, Pangbourne, Berks, UK) 

were pulled using a vertical puller. The pulled electrodes were then dried in an oven at 

225ºC overnight, and silanized with tributilchlorosilane (Cat. No 90796; Fluka, Busch, 

Switzerland). After drying and cooling, electrodes were back filled with backfilling 

solutions (for H+ - 15 mM NaCl + 40 mM KH2PO4, pH 6.0 adjusted using NaOH; for Na+
 

- 500 mM NaCl; for K+ - 200 mM KCl) and tips of respective electrodes were front filled 

with commercially available selectophore cocktails (K+, Cat. No 60031, Sigma; H+, Cat. 

No 95297, Sigma-Aldrich, St, Louis, MO). An improved calixarene-based Na+ ionophore 

cocktail was used for Na+ measurement (for details, please refer to Jayakannan et al., 

2011). Only electrodes with a slope above 50 mV per decade and correlation 0.999 or 

higher were used.  

8.2.4 Functional assessment of the SOS1-like activity in barley roots by the MIFE 

technique  

The functional assessment of the SOS1-like activity in barley root apex was conducted 

using the protocol developed and validated by Cuin et al. (2011). A set of 
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pharmacological experiments and SOS1 gene expression assay were done to confirm that 

the active Na extrusion from roots under Na+ recovery protocol is mediated by SOS1-like 

plasma membrane transporter, at least in wheat (Cuin et al., 2011). After removal of the 

applied salt, the Na+ efflux measured from roots in the non-ionic (sorbitol) solution 

isotonic to the applied salt is very similar to the reported “Na+ recovery protocol” one 

(Cuin et al., 2011). In brief, 4-d old hydroponically-grown plants treated with 100 mM 

NaCl for 24 h were gently rinsed with 10 mM CaCl2 for 1 min to remove all the 

apoplastic Na+. Seedlings were placed in a Petri dish containing ddH2O. 3cm long root 

segments were then cut starting from the root apex. Excised root segments were 

immediately immobilized in the Perspex holder and placed in a chamber containing 

ddH2O and left for 30 min. Na+ and H+ electrodes were positioned ~40 μm above the root 

surface in the elongation zone (1 to 2 mm from the tip) under x100 microscopic 

magnification. During measurements, electrodes were moved by a computer-controlled 

hydraulic manipulator between two position (40 and 110 μm from the root surface), in a 

12-s square-wave cycle. Steady state Na+ flux and H+ flux were recorded and displayed 

on a screen. Fluxes were measured for 5 minutes. The recorded voltage outputs of the 

electrodes were converted into net fluxes by using cylindrical diffusion geometry 

(Newman 2001) and expressed in nmol-2 s-1 using MIFEFLUX software (Newman 2001; 

Shabala et al. 2006).  

8.2.5 Quantifying K+ retention in barley root cells 

The ability of epidermal root cells to retain K+ was quantified using the protocols 

developed and validated in our previous studies (Chen et al. 2005, 2007c). Root segments 

were isolated from 4-d old plants grown hydroponically in ddH2O. Excised segments 

were mounted in a chamber with a Perspex holder and incubated in BSM (Basic Salt 

Media; 0.5 mM KCl + 0.1 mM CaCl2) with 100 mM NaCl added. Ion-selective 

microelectrodes were positioned next to the root as described above, and steady net fluxes 

of K+ and H+ were measured from the epidermal cells in the elongation zone (1 to 2 mm 

from the tip) after 1h of 100 mM NaCl treatment, when steady-state fluxes were reached 

(Chen et al., 2007d).  

8.2.6 Quantifying intracellular Na+ distribution by the laser confocal scanning 

microscopy (LCSM) 
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Na+ intensities in the cytosolic and vacuolar compartments in barley root cells were 

measured by fluorescent CoroNa Green acetoxymethyl ester Na+ dye using protocols 

developed and validated in our previous publications (Wu et al., 2015a). Briefly, root 

apex segments were cut at 10 mm from the tip, and incubated for 2h in the dark in a 

solution containing 20 μM CoroNa Green. Root segments were then rinsed in a buffered 

MES solution and examined using an upright Leica Laser Scanning Confocal Microscope 

SP5 (Leica Microsystems, Germany) equipped with a 40× oil immersion objective 

(excitation wavelength 488 nm; emission 510-520 nm). LAS Lite software was used to 

analyse the confocal microscopy results. As shown in the Suppl. Fig. S2, three lines of 

“ROI” (Region of Interest) were drawn across root elongation zone cells and then plotted 

as continuous fluorescence intensity distribution profiles in an Excel file (quantified in 

arbitrary units by LAS software). Mean cytosolic and vacuolar Na+ fluorescence 

intensities were then calculated for each cell by attributing signal profiles to the root 

morphology (visualised by the light microscopy images) and averaged data from all 

measured cells for the same treatment were recorded for further analysis. Six to eight 

individual roots (the longest root from each plant) from each genotype were used during 

analysis; and at least 2 (two) images were taken from each root apex. The background 

signal was measured from the empty region and then subtracted from the readings, to 

obtain corrected fluorescence values. Comparison of the fluorescence signals in the cell 

cytosol and vacuole was done under the identical imaging settings of the confocal 

microscope (i.e. exposure times, laser intensity, pinhole diameter and settings of the 

imaging detectors). Altogether, readings from between 60 to 100 cells were averaged and 

reported for each genotype. The CoroNa Green Na+ fluorescence intensity in roots grown 

under Na+-free condition was very marginal (Wu et al., 2015a) and not reported here. 

8.2.7 Pharmacological experiments  

The identity of Na+ and K+ transport systems underlying NaCl-induced ion fluxes 

across barley root cell membranes was investigated in a series of pharmacological 

experiments using some known channel blockers and metabolic inhibitors. One 

representative variety (cv Gebeina) was used in all experiments. For Na+ flux 

experiments, excised, washed and immobilized roots from salt-grown plants (see above) 

were pre-treated for 1h with 0.1 mM amiloride (a known inhibitor of Na+/H+ exchange 

activity in both animal (Kleyman and Gragoe, 1988) and plant (Cuin et al., 2011) cells) 

before starting MIFE measurements. For K+ flux experiments, excised roots of control-
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grown plants were pre-treated for 1h with one of: 20 mM tetraethyl ammonium chloride 

(TEA+, a known blocker of K+ selective channels), 0.1 mM gadolinium chloride (Gd3+, a 

known blocker of NSCC channels), and 1 mΜ vanadate (a known inhibitor of H+-

ATPase) in the presence of 100 mM NaCl, before starting MIFE measurements. Net 

steady state Na+ and K+ fluxes were then recorded for 5 min. All chemicals used were 

from Sigma-Aldrich, St, Louis, MO. 

                

8.2.8 Quantitative real-time PCR analysis 

The root apexes (~3 mm from the root tips) of 4-d old hydroponically grown barley 

seedlings treated with 100 mM NaCl for 24 h were harvested and snap frozen in liquid 

nitrogen. Two varieties contrasting in salinity stress tolerance (Gebeina - salt tolerant, and 

Suppl. Fig. 2. Illustration of the quantification procedure for Na+ distribution between the cytosol 

and the vacuole. Several lines (transects?) are drawn across the so-called “region of interest” 

(ROI) in elongating root cells in barley variety YUQS (A). Corresponding light images are shown 

in B. Continuous fluorescence intensity distribution profiles (C) are obtained by LAS software. 

The mean fluorescence intensity values for cytosolic and vacuolar compartments are then 

calculated for each cell by attributing signal profiles to root morphology (visualised by light 

microscopy images). For details, please refer to Wu et al., 2015a. Note: All of the confocal 

imaging measurements were taken under the same conditions, from what we screened in this 

thesis (about 50 wheat and 50 barley varieties), the elongation zone always showed the highest 

Na+ intensity. 
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Unicorn - salt sensitive, Suppl. Fig. S1) were used. The root RNA was extracted by using 

the RNeasy Mini Kit (QIAGEN) followed by the manufacture’s instruction (Note: The 

genomic DNA was wiped out by using the QIAGEN RNeasy Mini Kit). cDNA was 

synthesised by using QuantiTect® Reverse Transciption Kit (QIAGEN) followed by the 

manufacture’s instruction. Quantitative real-time PCR was performed as described in 

Vandesompele et al. (2002) by using a RG6000 Rotor-Gene Q Real Time Thermal Cycler 

and SYBR green PCR reagent (QIAGEN). The relative expression level of studied genes 

was analysed by using 2−∆∆C
T methods (Livak and Schmittgen 2001). Primers were 

designed to determine the expression of the transporters HvSOS1 (MLOC_36509.1, 

PGSB), HvNHX1 (AK376115, PGSB), and the channel HvGork (AK376785). Primer 

sequences are given in Suppl. Table S1. Normalization of the test gene transcript was 

relative to the control gene (GAPdH2). Experiments were repeated three times, with 

consistent results. 

Target genes Locus Primer sequences 

Hv-SOS1 

 

Hv-VP1 

 

Hv-NHX1 

 

Hv-GORK 

 

Hv-GAPdH2 

MLOC_36509.1 

 

AY255181.1 

 

AK376115 

 

AK376785 

 

KC661222.1 

F: 5’-AAGCACAGCAAGTCGTATCC-3’ 

R: 5’-GAGTTGTCATCTTCCGCTATCT-3’ 

F: 5’-GTCTCGGCGGTTCTTCCAT-3’ 

R: 5’-CAACAACAAGAGCAGCACAAG-3’ 

F: 5’-TGCATATCTACCAGTGCTTAT-3’ 

R: 5’-GGTTCAAGACACAAGTTCAGT-3’ 

F: 5’-CCACACGAGGCGAAGAAG-3’ 

R: 5’-GAGGAATCCACAGCATCACC-3’ 

F: 5’-GTGAGGCTGGTGCTGATTACG-3’ 

R: 5’-TGGTGCAGCTAGCATTTGAGAC-3’ 

 

8.2.9 Statistical analysis  

All data (given as mean ± SE, n = sample size) were analysed using SPSS 20.0 (SPSS 

Inc., Chicago, IL, USA). All of the replicates are biological replicates. Comparison of Na+ 

and H+ fluxes in barley root elongation zone after removal of external salt between 

control and amiloride treatment was done by independent samples t-test. The significance 

levels are **P < 0.01 and ***P < 0.001. The significance of the correlation between 

different parameters was determined by Bivariate Correlations based on Pearson 

Correlation (2-tailed). The data used for correlation analysis are the average values of 

measured independent parameters for each variety. The significance within the effects of 

different pharmacological treatments and different clusters was determined by one-way 

Suppl. Table 1 – Primers used for quantitative real-time PCR.  
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ANOVA based on Duncan’s multiple range test. Data labelled with different lower case 

letters is significant at P < 0.05.   

8.3 Results 

8.3.1 SOS1-mediated Na+ extrusion from the root elongation zone does not correlate 

with salt tolerance in barley 

                   

When roots of salt-grown plants were transferred into the Na-free solution a massive 

Na+ efflux was measured (Fig 1C) reflecting the fact that roots accumulated substantial 

amounts of Na+ and had their Na+ extrusion systems activated. The measured Na+ efflux 

was highly sensitive to amiloride, a known inhibitor of Na+/H+ exchanger (84% 

suppression; P < 0.01; Fig. 1E), suggesting that the major contributor to this efflux was 

SOS1-like Na+/H+ exchanger at the root plasma membrane. Net Na+ efflux showed 3.6-

fold variability amongst 45 varieties measured, ranging from the highest -600 ± 84 

(Aizao3) to the lowest -166 ± 33 (DYSYH) nmol m2s-1 (Fig. 1C). No significant 

correlation was found between Na+ extrusion and the overall salt tolerance (r = 0.20, P > 

0.05; Fig. 1D). The above findings were further corroborated by H+ flux data (Fig. 2). Net 

Fig. 1. Genetic variability of SOS1-like antiporter mediated Na+ efflux in barley root elongation 

zone and its correlation with overall salt tolerance. (A, B) Representative images of net steady 

state Na+ efflux measured by using MIFE technique. (C) Net steady state Na+ efflux in root 

elongation zone in 45 barley cultivars. Mean ± SE (n= 6−8). (D) Correlation between net Na+ 

efflux in the root elongation zone and damage index. Each point represents a separate variety. 

(E) Net steady state Na+ efflux in the root elongation zone (variety Gebeina) treated with 

amiloride. Mean ± SE (n= 6−8). *** means P < 0.001.  
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H+ uptake also showed strong amiloride sensitivity (Fig. 2B), and a significant positive 

correlation was found between net Na+ efflux and H+ influx in barley root elongation zone 

(r = 0.36, P < 0.05; Fig. 2C). Taken together these results strongly suggest that in barley 

Na+ extrusion from root elongation zone is mediated by the SOS1-like Na+/H+ antiporter 

but the function of SOS1 gene does not determine the genetic variability in the overall 

salinity stress tolerance. 

A further support for the above statement came from cluster analysis of Na+ efflux (Fig 

3). Based on root Na+ extrusion ability and the overall salt tolerance of plants, five 

clusters were identified (Fig. 3A). Plants in clusters 1 to 4 showed a high variability in 

their SOS1-mediated Na+ efflux ability but yet possessed an overall similar salinity stress 

tolerance at the whole-plant level. Clusters 1 and 4 had a 3-fold difference in the root Na+ 

extrusion ability (P < 0.01; Fig. 3C) but similar salt tolerance (damage index; Fig. 3B). At 

the same time, plants in clusters 3 and 5 possessed the same SOS1 functional activity 

(Fig. 3C) but were dramatically different in the overall salinity stress tolerance at the 

whole-plant level (Fig. 3B). Cluster 5 included all sensitive barley varieties tested: Naso 

Nijo, Haruna Nijo, TF026, YF374, and Unicorn. Thus, it appeared that genetic variability 

in root SOS1 Na+ efflux ability was not sufficient to account for the differential salinity 

stress tolerance, and that other traits such as K+ retention and/or vacuolar Na+ 

sequestration might play a bigger role(s) in the overall plant performance under saline 

conditions.  

Fig. 2. Genetic variability of SOS1-like 

antiporter mediated H+ influx in barley 

root elongation zone and its correlation 

with overall salt tolerance (A) Net 

steady state H+ influx in root elongation 

zone in 45 barley cultivars. Mean ± SE 

(n= 6−8). (B) Net steady state H+ influx 

in root elongation zone (variety 

Gebeina) treated with amiloride. Mean 

± SE (n= 6−8). ** means P < 0.01. (C) 

Correlation between net H+ influx in 

root elongation zone and damage 

index. Each point represents a separate 

variety.  
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Fig. 4. Genetic variability of Na+ intensity in cytosol in elongation root cell. Several lines are drawn across 

the so-called “region of interest” (ROI) in CoroNa Green fluorescence image of elongation root cell in salt 

tolerant barley variety Gebeina (A) and the corresponding light images (B). (C) Genetic variability of 

cytosolic Na+ intensity in root elongation zone of 45 barley varieties. Mean ± SE (n= 72 - 96 cells from at 

least 6 individual plants). Correlation between cytosolic Na+ intensity in elongation root cell and Na+ 

exclusion (D) and damage index (E). (F) Comparison of cytosolic Na+ intensity in root elongation zone in 

selected five clusters. Mean ± SE (n= 3−14). Each point represents a separate variety. Different lowercase 

letters represent significant difference between clusters (P < 0.05). 

Fig. 3. 45 barley varieties 

were clustered according to 

its root Na+ exclusion ability 

and overall salt tolerance. (A) 

45 barley varieties were 

clustered into five clusters 

according to its root Na+ 

exclusion ability and overall 

salt tolerance. (B) 

Comparison of overall salt 

tolerance in five clusters. (C) 

Comparison of Na+ exclusion 

ability in root elongation 

zone in five clusters. Mean ± 

SE (n= 3−14). Different 

lowercase letters represent 

significant difference 

between clusters (P < 0.05). 
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8.3.2 Vacuolar Na+ sequestration in the root elongation zone is essential for the 

overall salt tolerance 

Intracellular Na+ distribution and genetic variability in the vacuolar Na+ sequestration 

ability was assessed by Confocal Laser Scanning Microscopy using fluorescent CoroNa 

Green dye (Figs 4 & 5). Fluorescent signals from the cytosol varied almost 10-fold 

between varieties, ranging from the highest 230 ± 4.5 (Haruna Nijo) to the lowest 24 ± 

1.0 (CPI 11284-48) (Fig. 4C). Consistent with the MIFE Na+ flux data, the highest 

cytosolic Na+ concentration was found in plants of Cluster 4 (Fig. 4F) e.g. ones showing 

smallest Na+ efflux (Fig. 3C). However, no significant correlation was found between 

cytosolic Na+ signal and either root Na+ extrusion in the elongation zone (r = 0.20, P > 

0.05; Fig. 4D) or the overall salinity tolerance (r = 0.09, P > 0.05; Fig. 4E). 

 

Broad genetic variability (10.6-fold) was also reported for the vacuolar Na+ intensity, 

with signals ranging from the highest (230 ± 4.0 in variety RGZLL) to the lowest (21.6 ± 

1.0 in variety Unicorn) (Fig. 5C). Vacuolar Na+ intensity showed significant positive 

Fig. 5. Genetic variability of Na+ intensity in vacuole in elongation root cell. Several lines are drawn across the 

so-called “region of interest” (ROI) in CoroNa Green fluorescence image of elongation root cell in salt sensitive 

barley variety Unicorn (A) and corresponding light images (B). (C) Genetic variability of vacuolar Na+ intensity 

in root elongation zone in 45 barley varieties. Mean ± SE (n= 72 - 96 cells from at least 6 individual plants). 

Correlation between vacuolar Na+ intensity in elongation root cell and Na+ exclusion (D) and damage index (E). 

(F) Comparison of vacuolar Na+ intensity in root elongation zone in selected five clusters. Mean ± SE (n= 

3−14). Each point represents a separate variety. Different lowercase letters represent significant difference 

between clusters (P < 0.05). 
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correlation (r = 0.47, P < 0.01; Fig. 5E) with the overall salt tolerance, with varieties 

possessing superior vacuolar Na+ sequestration showing lesser extent of salinity damage. 

Correlation between vacuolar Na+ content and SOS1 Na+ efflux ability was not significant 

(r = 0.25, P < 0.05; Fig. 5D). Unexpectedly, the highest (P < 0.01) vacuolar Na+ intensity 

was found in Cluster 1 which also possessed highest Na+ efflux ability (Fig. 3C), and was 

poorest for plants in Cluster 5 (Fig. 5F) that were deemed to be most salt-sensitive (Fig. 

3B).  

8.3.3 K+ retention in the root elongation zone does not correlate with salt tolerance 

and is not controlled by TEA-sensitive voltage-gated channels  

Previous studies have revealed that 65% of genetic variability in salinity tolerance in 

barley is conferred by its ability to retain K+ in the mature root zone (Chen et al., 2007b) 

and showed a critical role of depolarization-activated outward-rectifying K+ efflux 

channels as a major path for NaCl-induced K+
 leak in this tissue (Chen et al., 2007b). 

Here we have asked if K+ retention in the elongation zone also plays such an important 

role in the overall salinity stress tolerance, and how is it achieved. For doing this, steady 

state net K+ fluxes were measured from the root elongation zone using the MIFE 

technique in salinized barley roots. A 5.9-fold variability in the K+ retention ability was 

found amongst 45 barley varieties, ranging from the highest -1190 ± 219 (Skiff) to the 

lowest -202 ± 27 (DYSYH) nmol m2s-1 (Fig. 6A). To our surprise, no significant 

correlation was found between K+ retention in the root elongation zone and the overall 

salt tolerance in 45 barley varieties (r = 0.08, P > 0.05; Fig. 6D). Yet, cluster analysis has 

revealed some interesting trends. Plants in cluster 4 that had poorest Na+ extrusion ability 

(Fig. 3C) showed the highest K+ retention ability (Fig. 6C), suggesting a compensatory 

mechanism. Another interesting observation was the lack of any significant (P < 0.05) 

effects of either TEA (a known blocker of K+-selective channels; Ache et al., 2000) or 

vanadate (a known blocker of H+-ATPase and thus a potential modulator of voltage-gated 

K+ channels) on NaCl-induced K+ fluxes (Fig. 6A). At the same time treatment with Gd3+ 

(a known blocker of K+ permeable non-selective cation channels, NSCC) resulted in 

~50% inhibition of NaCl-induced K+ efflux in the root elongation zone (Fig. 6B, Fig. 7B; 

P < 0.05). At the same time, in the mature root zone NaCl-induced K+ efflux was strongly 

(~ 80% suppression) blocked by TEA pre-treatment (Fig. 7A). Taken together, these 

results indicate that K+ retention in the elongation root zone plays a smaller role in the 

overall salinity stress tolerance compared with retention in mature root cells, and that 
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NaCl-induced K+ efflux from these tissues is controlled by different molecular 

mechanisms. 

             

  

 

 

 

   

 

 

Fig. 6. Genetic variability of NSCC channel mediated NaCl-induced K+ efflux in the root 

elongation zone and its correlation with overall salt tolerance. (A) Net steady state NaCl-induced 

K+ efflux in the root elongation zone in 45 barley cultivars. Mean ± SE (n= 6−8). (B) Net steady 

state NaCl-induced K+ efflux in the root elongation zone (variety Gebeina) treated with TEA, Gd3+, 

and vanadate. Mean ± SE (n= 6−8). (C) Comparison of K+ retention ability in the root elongation 

zone in selected five clusters. Mean ± SE (n= 3−14). (D) Correlation between NaCl-induced K+ 

efflux in the root elongation zone and damage index. Each point represents a separate variety. 

Different lowercase letters represent significant difference between treatments or clusters (P < 

0.05). 



Chapter 8. Cell-specific salinity stress tolerance in root elongation zone 

129 
   

 

8.3.4 Relative expression level of HvSOS1, HvNHX1, HvGork, and HvVP1 in 

salinized barley root apex 

24 h of 100 mM NaCl treatment caused about 60% increase in HvSOS1 transcript 

levels in the root apex in both salt tolerant (Gebeina) and salt sensitive (Unicorn) barley 

varieties although this increase was not statistically significant at P < 0.05 (Fig. 8A) and 

could hardly explain a 3.6-fold variability in the net Na+ efflux amongst varieties 

measured (Fig 2A). Combined with the functional assessment of the SOS1 activity by the 

MIFE technique these results indicate that neither transcriptional nor post-translational 

regulation of HvSOS1 determine the overall salinity stress tolerance in barley. Transcripts 

of HvGork increased dramatically by ~20-folds under salt stress (Fig. 8B), with higher 

expression of the HvGork gene reported for salt sensitive genotype. Salinity stress also 

resulted in a massive 20-fold increase in expression of HvNHX1 gene but only in a 

sensitive variety (Fig. 8C). Also, transcripts levels of H+-PPase (HvVP1) increased under 

saline conditions, and only in the sensitive variety (Fig. 8D).  

Fig. 7. Channel specificity of 

mediating NaCl-induced K+ 

efflux between root mature 

and elongation zone (10 and 

1-2 mm from the root tip 

respectively). K+ flux 

response to 100 mM NaCl in 

root mature (A) and 

elongation (B) zone in plants 

(variety CM72) under control 

and 0.5 h pretreatment with 

TEA and Gd3+. NaCl-induced 

K+ efflux was regulated by 

different channels between 

root mature (C) and 

elongation (D) zone. Mean ± 

SE (n= 6−8).  
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8.4 Discussion 

Until now, most of our knowledge about cell-type specific mechanisms conferring 

salinity stress tolerance has come from transcriptional studies (Claes et al., 1990; Löw et 

al., 1996; Kreps et al., 2002; Dinneny et al., 2008; Dinneny, 2010). Here we provide the 

first large-scale comprehensive functional assessment of the activity of several key 

transport systems mediating intracellular ionic homeostasis in plant cells using a wide 

range of barley genotypes with contrasting salinity stress tolerance. We show that, in a 

contrast to reports obtained at the whole plant or shoot/leaf level (Chen et al., 2005; James 

et al., 2006; Rivandi et al., 2011), Na+ efflux from the cytosol in the root elongation zone 

plays very little role in the overall salinity stress tolerance, at least in these varieties. We 

also show that essentiality for the cytosolic K+ retention differ drastically between 

elongating and mature root cells and is controlled by very different types of plasma 

membrane transporters. Furthermore, we provide the evidence that an increase in the 

transcripts level of NHX1 tonoplast exchangers and vacuolar H+-PPase by itself is not 

Fig. 8. Relative expression level of HvSOS1, HvNHX1, HvGORK, and 

HvVP1 in salinized barley root apex. Relative expression level of HvSOS1 

(A), HvNHX1 (B), HvGORK (C), and HvVP1 (D) in salinized root apex 

was studied in barley variety Gebeina (salt tolerant) and Unicorn (salt 

sensitive) under control and salt stress (100 mM NaCl, 24h). Mean ± SE (n 

= 8−9) from three replicates. Different lowercase letters represent 

significant difference at P < 0.05.  
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sufficient to achieve efficient vacuolar Na+ sequestration in the root elongation zone 

under salt stress. 

8.4.1 Na+ extrusion from root uptake is not a critical factor conferring Na+ 

accumulation in the shoot  

The general consensus repeatedly stated in the multiple reviews (Tester and Davenport, 

2003; Maathuis et al., 2014) is that Na+ exclusion is a hallmark of salinity stress tolerance 

in glycophytes. However, as commented in the introduction, there is a tendency to use the 

term “sodium exclusion” as a synonym for the reduced Na+ accumulation in a shoot. Here 

we show that SOS1- mediated Na+ extrusion from the root does not correlate with the 

overall salt tolerance, at least in barley (Fig. 1E). At least two possible explanations can 

be put forward. First, one can speculate that Na+ accumulation in the root tissues is not as 

harmful for plants as in the shoots. Several lines of evidence support this notion. First, as 

reported in Wu et al (2015a; Chapter 7), salt tolerant wheat varieties accumulated larger 

amounts of Na+ in the root apex compared with their salt-sensitive counterparts. Second, 

near-isogenic lines were developed containing either the Nax1 or Nax2 loci conferring 

TmHKT1;4 (Huang et al., 2006) and TmHKT1;5 (Byrt et al., 2007) Na+ transporter of the 

HKT gene family, respectively, had lower rates of Na+ transport from roots to shoots and 

higher overall salinity stress tolerance (James et al., 2006b). When Nax loci was 

introgressed into an elite Australian durum cultivar, a 25% yield increase was reported 

(Munns et al. 2012). However, physiologically these HKT family transporters operated in 

retrieving Na+ from the xylem vessels thus restricting the transport of Na+ from the root to 

the leaves (Byrt et al., 2014) implying that larger quantities of Na+ were staying in the 

root. In this context, it will be interesting to compare if some key metabolic enzymes 

might have different affinity and/or sensitivity for Na+ between root and shoot tissues. 

Another possibility is that SOS1 Na+/H+ exchangers are not the key components of Na+ 

extrusion from the root. GUS expression analysis in Arabidopsis revealed that SOS1 

genes are expressed mainly in the root apex but not in the mature zone (Shi et al., 2002), 

so the net Na+ efflux measured by the MIFE technique (Fig. 1) should account for all 

(most) of Na+ extrusion, if the process is SOS1-mediated. However, the measured steady 

state Na+ efflux in this work was only ~ 31% of unidirectional Na+ influx (Suppl. Fig. 

S3), while the accepted view is that up to 95% of the total Na+ taken by root is pumped 

back into rhizosphere (Munns, 2005). This leaves two possible options: either (contrary to 

GUS staining experiments) SOS1 exchangers are fully functional in the mature bulk of 
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the root, or Na+ extrusion from root is mediated by some other transport mechanism that 

is not confined to root apex only. One of these transport mechanisms may be exocytosis. 

Exocytosis is the final event in the secretory pathway (Thiel and Battey, 1988). Genes of 

at least two members of exocyst families EXO70B1 and EXO70H7 are induced by salt 

stress in Arabidopsis sos1-1 mutant roots (Oh et al., 2010), suggesting the possible 

involvement of an exocytosis pathway in the sos1-1 roots under salt stress. 

                                            

8.4.2 Transcriptional changes on gene expression do not account for functionality 

In this study, although 2.5-folds higher Na+ efflux in root elongation zone was found in 

salt tolerant (Gebeina) than sensitive (Unicorn) barley species under salt stress, no 

significant difference of relative expression level of HvSOS1 was found between them 

(Fig. 8A) (Fig. 1C). One explanation can be assumed as the differential regulation of 

SOS1 by either SOS2/CIPK24 or SOS3/CBL4 between tolerant and sensitive varieties 

under salt stress. Another explanation may be due to the fact that SOS1 are involved in 

not only mediating Na+ extrusion from the root to soil, but also loading Na+ to xylem to 

be transferred to shoot (Olías et al., 2009b; Shabala, 2013; Maathuis et al., 2014). GUS 

expression analysis showed that SOS1 is expressed in the parenchyma cells surrounding 

the xylem (Shi et al., 2002). Constitutively higher shoot salt accumulation in the 

halophyte Salicornia doluchostachya than its taxonomically related glycophyte Spinacia 

oleracea was shown to be accomplished through enhancement of SOS1-mediated Na+ 

xylem loading (Katschnig et al., 2015). Taken together, an increase of SOS1 in barley 

root elongation zone under salt stress can be partially interpreted as an increase of plant 

ability to load Na+ to xylem. Combining functional analysis of real Na+ extrusion ability 

with SOS1 gene expression analysis at cell specific level under salt stress is required in 

the future to investigate Na+ extrusion further.  

8.4.3 Potassium as a nutrient and a signalling agent  

 

Suppl. Fig. 3 – Unidirectional 

Na+ influx and Na+ efflux in root 

elongation zone in barley 

Comparison of unidirectional 

Na+ influx (calculated from 

Chen et al., 2007c) and Na+ 

efflux (in the present study). 
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K+ is the major cationic inorganic nutrient in non-halophytes, comprising generally 4 - 

6% of plant dry matter (Pettigrew, 2008; Wakeel et al., 2011); it plays an important role 

in plant responses to major abiotic stresses such as drought, salinity, cold, frost, and 

waterlogging (Wang et al., 2013; Shabala and Pottosin 2014). As described earlier, K+ 

retention ability in the root mature zone in many species was found to be significantly and 

positively correlated with the overall salt tolerance (Chen et al., 2005, 2007c). However, 

no such correlation was found in this study when measurements were conducted in the 

root elongation zone (Fig. 6D). Moreover, the overall NaCl-induced K+ efflux from the 

elongation zone was nearly 2.5-fold higher than from the mature zone (-609 ± 38 nmol 

m2s-1, Fig. 6A; 45 varieties used vs -265 ± 10 nmol m2s-1, Chen et al., 2007d; 69 varieties 

used, same protocol as in the present study). What is the physiological rationale behind 

these observations? 

One possible explanation may be that, given the difference in the size of the elongation 

and mature root zones, a 2.5-fold higher K+ efflux from the former will have little impact 

on the overall root K+ content but, at the same time, may play an important signaling role 

of a “metabolic switch” adapting plants to altered ionic conditions. Such idea has been 

recently proposed in the literature (Demidchik et al., 2014), and with over 70 enzymes 

being K+ dependent (Anschutz et al., 2014) this hypothesis is highly plausible and worth 

further investigation. Amongst possible candidates one could mention proteins that are 

related to energy producing processes, such as succinate: CoA ligase (a critical enzyme in 

TCA cycle in mitochondria; Yokthongwattana et al., 2012) or pyruvate kinase (important 

for glycolysis; Veeranagamallaiah et al., 2008). It may be also suggested that the 

observed K+ efflux should be relatively short lived (for not compromising the cell 

metabolism) and at some stage stopped and replenished from the vacuolar K+ pool. 

Interestingly, significantly higher relative expression level of HvGork in the root apex 

in salt sensitive barley varieties Unicorn (Fig. 8B) did not explain the lack of difference in 

NaCl-induced K+ efflux in the root elongation zone between it and the salt-tolerant 

variety Gebeina (Fig. 6A). A possible explanation might be that GORK channel might not 

play the main role in mediating NaCl-induced K+ efflux in the root elongation zone. 

Pretreatment with vanadate, a known inhibitor of H+-ATPase, did not significantly change 

net steady state NaCl-induced K+ efflux in the root elongation zone (Fig. 6B), suggesting 

that this process is not voltage gated. Keeping in mind a close association between 

salinity stress and ROS production (Bose et al., 2014b), the most likely candidate for this 

role may be some ROS-gated K+ permeable channels such as the voltage-independent 
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non-selective cation channel (VI-NSCC; Demidchik and Maathuis, 2007).  This is further 

supported by pharmacological observations in this and previous studies. Depolarization 

activated KOR channel dominated NaCl-induced K+ efflux in the root mature zone (~80% 

inhibition, Fig. 7A and C). In the elongation zone, 60% of NaCl-induced K+ flux was 

blocked by Gd3+ (Fig. 6B, Fig. 7B and D), a known blocker of NSCC. 

8.4.4 Increase in transcript levels of HvNHX1 and HvVP1 is not sufficient to achieve 

efficient vacuolar Na+ sequestration 

Vacuolar Na+ sequestration is an important component of plant salt tolerance. In 

general, sequestrating Na+ into the vacuole not only reduced cytosolic Na+ level but also 

gave the opportunity to use the Na+ as a cheap osmoticum. The classical view is that 

vacuolar Na+ sequestration is achieved by NHX1 Na+/H+ exchanger which is expressed 

throughout seedlings as revealed by the GUS analysis (Bassil et al., 2011). Although a 

positive correlation between the cytosolic and vacuolar Na+ intensity was found in the 

root elongation zone, increase of vacuolar Na+ intensity in the relatively salt tolerant 

group is more insensitive to the increase of cytosolic Na+ intensity than the relatively salt 

sensitive group (Suppl. Fig. S4).  

At least three different types of transport systems contribute to vacuolar Na+ 

sequestration (Shabala 2013). These include: (1) NHX1 Na+/H+ exchanger (Apse et al., 

1999) that is responsible for pumping Na+ into the vacuole; (2) vacuolar pumps (either 

H+-APTases or H+-PPase; Brini et al., 2007; Silva and Gerós, 2009) that energize the 

tonoplast and provide a driving force for NHX; and (3) slow (SV) and fast (FV) vacuolar 

channels that are permeable to Na+ and should be kept close to prevent Na+ back-leak into 

the vacuole (Bonales-Alatorre et al., 2013a, b). Under salt stress, the expression of HvVP1 

was shown to be coordinated with that of HvNHX1 in barley at the whole root level 

(Fukuda et al., 2004a). However, in the root apex, we found that this coordinated pattern 

was shown in salt sensitive but not tolerant barley varieties (Fig. 8C and D), suggesting 

the tissue specific manner of coordination between regulation of HvNHX1 and HvVP1 

under salt stress.  

In the present study, vacuolar Na+ sequestration ability (quantified by CoroNa Green 

fluorescence dye) was strongly (r = 0.47, P < 0.01) and positively correlated with the 

overall salt tolerance among barley accessions (Fig. 5E). However, contrary to our 

expectation, the salt sensitive barley variety showed several folds higher expression level 

of HvNHX1 in root apex than the salt tolerant one (Fig. 8C). Also, significantly higher 
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relative expression level of HvVP1 in the root apex was found in the salt sensitive than 

the salt tolerant variety (Fig. 8D). Thus, it appears that increased transcript levels of 

HvNHX1 and HvVP1 per se are not sufficient for achieving efficient vacuolar Na+ 

sequestration. This can be either due to post-translational modifications (such as protein 

mis-folding etc), or due to an inability of sensitive varieties to control the permeability of 

FV or SV channels. Indeed, lower FV activity and SV density in mesophyll cell vacuole 

were shown in salt tolerant than sensitive quinoa (Bonales-Alatorre et al., 2013a), 

suggesting better ability to control Na+ back-leak from the vacuole to cytosol in salt 

tolerant than sensitive plants. Also, FV currents were smaller in old quinoa leaves that 

accumulated more Na+ than young ones (Bonales-Alatorre et al., 2013b).  

 

                

 

 

Suppl. Fig. 4. Correlation 

analysis of Na+ intensity 

between cytosol and 

vacuole in barley root 

elongation zone. (A) 

Correlation between 

cytosolic and vacuolar 

Na+ intensity in barley 

root elongation zone. 

Cytosolic (B) and 

vacuoalr (C) Na + 

intensity, and damage 

index (D) between 

different groups.  
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8.4.5 The suggested model for the cation homeostasis in salinized roots 

Fig. 9 summarizes key mechanisms involved in control of intracellular K+/Na+ 

homeostasis under salt stress in salinized barley roots. According to it, a massive Na+ 

entry into cytosol via either NSCC channels or HKT transporters results in a rapid 

depolarization of membrane potential. Thus, even when Gd3+ was applied to block 

NSCCs (no 100% blockage can be reached), a certain amount of Na+ can still can go into 

the cell cytosol causing depolarization of membrane potential and K+ loss. GORK 

channels are activated in barley root mature zone to mediate NaCl-induced K+ efflux. In 

the elongation zone, the main pathway for NaCl-induced K+ efflux is through NSCC 

channel (either voltage-independent, VI-NSCC, or depolarization activated, DA-NSCC). 

The difference in this molecular identity of K+ permeable channels between two zones is 

the main reasons for the 2.3-fold higher cytosol K+ retention ability in the root mature 

zone than the elongation zone, since the root mature zone possesses better ability to 

restore its depolarized membrane potential under salt stress. Excessive Na+ in the cytosol 

Fig. 9. Proposed model of cell specific salinity tolerance components in barley root elongation zone   
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can be either extruded from the cytosol to apoplast through SOS1 Na+/H+ antiporter (1.8- 

and 1.9-folds relative expression levels in salt tolerant and sensitive variety, respectively, 

P > 0.05) or sequestrated into vacuole by NHX1 Na+/H+ exchanger. Recently, NHX1 

exchanger was shown to be mainly fuelled by the vacuolar H+-PPase and the role of V-

ATPase is limited for nutrient storage but not sodium accumulation (Krebs et al., 2010).  

However, although a much higher increase in the transcripts levels of both NHX1 

exchanger (23.5- vs 8.8-folds, P < 0.05) and vacuolar H+-PPase (1.7- vs 0.9-folds, P < 

005) were found in salt sensitive than tolerant varieties, sensitive varieties accumulated 

much less Na+ in vacuoles, being unable to prevent Na+ back-leak. 
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Chapter 9 

Comparative analysis of Na+ extrusion and sequestration 

patterns in roots of durum and bread wheat in the context of 

the long-distance salt stress signaling and adaptation # 

 

Abstract 

In this work, we investigated root Na+ extrusion and sequestration patterns in wheat and 

linked it with its overall salt tolerance. Also, the possible role of the root meristem zone in 

salt stress sensing and long distance salt stress signal transduction was investigated. Bread 

wheat showed significantly higher vacuolar Na+ sequestration ability than durum wheat 

but only in the root mature zone. No significant difference of vacuolar Na+ sequestration 

was found in either root meristem or transition zone. Interestingly, durum wheat showed 

significant higher vacuolar Na+ sequestration than bread wheat in the root elongation 

zone, suggesting a compensation mechanism to offset the lower ability to extrude Na+ 

from the cytosol to apoplast than bread wheat. Although no significant difference of leaf 

Na+ content was found, intact plants (with intact roots) showed significantly higher 

chlorophyll content and Fv/Fm than the cut plants (with the removal of roots meristem 

zone). Significantly higher relative expression level of both TaNHX1 and TaVP was 

found in intact plants than the cut plants under salt stress. It indicates that leaf Na+ 

distribution under salt stress was affected by the removal of root meristem zone, 

suggesting that the root meristem zone played a role in salt stress sensing and long 

distance salt stress signal transduction from root to shoot. 

Keywords 

Na+ extrusion, root meristem zone removal, root zones, salt stress sensing, vacuolar Na+ 

sequestration 
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9.1 Introduction 

Bread wheat is always considered as more salt tolerant than durum wheat (Munns and 

James, 2003; Munns and Tester, 2008), and this difference is mainly attributed to its 

superior ability to maintain lower Na+ accumulation in leaf/shoot (Colmer et al., 2006; 

Cuin et al., 2010; James et al., 2011; Munns et al., 2012). However, it remains unclear 

whether this pattern is achieved by stronger shoot Na+ exclusion traits such as better 

control of Na+ loading into the xylem (Davenport et al., 2005; Lauchli et al., 2008, Zhu et 

al., 2015) or increased Na+ retrieval from the shoot (James et al., 2006a; Davenport et al., 

2007), or is due to reduced net root Na+ uptake per se. Moreover, some recent studies 

showed the lack of significant correlation between shoot Na+ exclusion ability and salt 

tolerance in Arabidopsis (Rus et al. 2006, Jha et al., 2010), bread wheat (Genc et al. 

2007), and tomato (Almeida et al. 2014), pointing out the importance of Na+ sequestration 

in the shoot (so-called tissue tolerance; Munns and Tester 2008) as arguably the most 

essential component of salinity stress tolerance. Moreover, as commented in Chapter 8, 

most authors have a tendency to use the term “sodium exclusion” in a very broad term, 

and often in the context of prevention of its accumulation in the shoot/leaf. As a result, 

the actual role of Na+ extrusion from the root, and its contribution to the differential salt 

tolerance between bread and durum wheat remains largely unknown. At the very best, a 

comparison was done by monitoring 22Na+ uptake in radiotracer experiments (Davenport 

et al., 1997). These studies have revealed that no significant difference of 22Na+ content in 

both shoot and root was found between salt tolerant bread wheat Kharchia and salt 

sensitive durum wheat Modoc. To the best of our knowledge, the comparative analysis of 

the activity of SOS1-like Na+ efflux systems between durum and bread wheat has never 

been conducted, at the large scale functional level. Meanwhile, insights into this issue 

might be beneficial for improving plant salt tolerance since in most case the accumulated 

excessive Na+ in cytosol cause the Na+ toxicity. 

There is a growing bulk of evidence suggesting that tissue specificity of stress sensing 

and adaptation to salinity may be a key to understanding the complexity of the overall 

plant salt tolerance (Verdoy et al., 2004; Wu et al., 2015a). Tissue specific expression 

patterns of genes in plants under salt stress have been widely reported (Claes et al., 1990; 

Low et al., 1996; Saijo et al., 2000; Jain et al., 2007; Dinneny et al., 2008; Iyer-Pascuzzi 

et al., 2011). Also, in Arabidopsis root, Ca2+ responses to salt stress were shown to be 

highly cell type specific (Kiegle et al., 2000). As cytosolic Na+ toxicity is one of the main 
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reasons for adverse salinity effects on plant performance (Tester and Davenport, 2003; 

Munns and Tester, 2008). A knowledge of Na+ distribution in cell compartments (i.e. 

cytosol and vacuole) can be regarded as a potential indicator for plant salt tolerance. 

However, so far, not much attention has been paid to the possible difference in Na+ 

distribution in various cell compartments at the cell type specific level in wheat roots.  

The importance of vacuolar Na+ sequestration for overall salt tolerance is widely 

accepted (Apse et al., 1999, Zhang et al., 2001). Improved salt tolerance from 

overexpressing the NHX1 K+, Na+/H+ exchanger has been reported in many species such 

as Arabidopsis (Apse et al., 1999), wheat (Xue et al., 2004), rice (Chen et al., 2007), 

cotton (He et al., 2007), tomato (Zhang and Blumwald, 2001), maize (Yin et al., 2004), 

peanut (Banjara et al., 2012), tobacco (Gouiaa et al., 2012), and Brassica napus (Zhang et 

al., 2001). However, most of the studies on the role of vacuolar Na+ sequestration in plant 

salt tolerance are conducted at the whole plant or leaf/shoot level with only a few papers 

(e.g. Zhang et al., 2001; Chen et al., 2007a) on roots. In the latter case, all of the reported 

root Na+ concentration in the transgenic line is on overall bulk root data, no attention was 

paid to tissue-specific aspects. Less attention was paid to the tissue specific role of 

vacuolar Na+ sequestration in the overall plant salt tolerance. Using six contrasting bread 

wheat varieties we have recently shown (Wu et al. 2015) that the salt tolerant group 

showed significant higher vacuolar Na+ sequestration ability in the mature root zone but 

not the root apex than the salt sensitive group, under saline conditions. Whether the 

importance of the vacuolar Na+ sequestration in root mature zone can be extrapolated 

from one subspecies (bread wheat) to different subspecies (bread and durum wheat) needs 

to be clarified.  

So far, the knowledge of how plants perceive the salt stress, transfer the stress signal to 

whole plant level, and coordinate all adaptive responses at the whole-plant level to deal 

with the hostile soil conditions remains largely obscure. In animals, Na+ sensing 

mechanism appears to consist mostly of specific Na+ selective ion channels e.g. NaX 

channels and other Na+ transporters e.g. Na+ dependent glutamate transporters (Shimizu 

et al., 2007; Maathuis, 2014). In our seminal paper (Wu et al. 2015), we found that the 

salt tolerant group possesses higher cytosolic Na+ intensity in the root meristem zone 

compared with the salt sensitive group. This led to the suggestion that the root meristem 

in bread wheat might participate in, or execute, a role as the salt sensor. To validate our 

hypothesis about the role the root meristem zone plays in salt sensing, more direct 

evidence is needed. 
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In this work, we used a broad range of bread and durum wheat accessions to quantify 

Na+ distribution between the cytosol and vacuole in four different root zones - root 

meristem; transition zone; elongation zone; and mature root zone – using fluorescent 

imaging microscopy. Also, using MIFE (non-invasive microelectrode ion flux estimation 

system) technique we have quantified, for the first time, the contribution of Na+ extrusion 

in the root elongation zone in the differential salinity stress tolerance in bread and durum 

wheat. Finally, we have investigated the effects of the removal of root meristem 

(containing the tentative Na+ sensor) on plant phenotype salt stress signalling and 

adaptation. Our results show: 1) the tissue specificity of vacuolar Na+ sequestration in 

different root zones in overall salt tolerance in bread and durum wheat, 2) Na+ extrusion 

in the root elongation zone is correlated with overall salt tolerance in bread and durum 

wheat, 3) the potential role of salt sensor by the root meristem zone can be expanded from 

one subspecies (bread wheat) to two subspecies (bread and durum wheat), 4) a long 

distance salt stress signal transduction in salinized plants after the removal of the root 

meristem zone. 

9.2 Materials and methods 

9.2.1 Plant growth and conditions 

27 bread wheat (Triticum aestivum) and 19 durum wheat (Triticum turgidum spp. 

durum) were used in this study. All seeds were obtained from different sources and 

multiplied in our laboratory. Twenty seeds for each variety were surface sterilized with 

5% commercial bleach for 10 min, and then washed under running tap water for about 0.5 

h. Twelve to 16 uniform seeds were grown in a l L PVC container with double distilled 

water (ddH2O). Good aeration was provided with aquarium stones connected to an air 

pump (Aqua One® 9500). Seedlings were grown in darkness at 25 ± 2 °C for 3 days 

followed by the salinity treatment (100 mM NaCl) for 24 h. Salt stressed seedlings were 

used to investigate the Na+ extrusion ability of wheat roots.   

9.2.2 Glasshouse experiments 

Effect of salinity on plant performance was investigated in glasshouse experiments. Plants 

were grown in the glasshouse facilities at the University of Tasmania. Twelve to 14 seeds 

of each variety were sown in a 4.5 L PVC pot with standard potting mix (Potting mix: 

80% composted pine bark, 10% sand and 10% coir peat, plus complete N:P:K (8:4:10), 1 

Kg m-3; dolomite, 8 Kg m-3; gypsum, 1 Kg m-3; iron sulphate, 1 Kg m-3; 
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isobutylenediurea, 1 Kg m-3; trace element mix, 0.75 Kg m-3; wetting agent, 0.75 Kg m-3; 

zeolite, 0.75 Kg m-3; pH 6.0.) Each experiment was repeated in triplicate. After 6 days, 

the plant numbers in each pot were uniformly thinned to eight plants, and salt treatment 

(300 mM NaCl) was applied for further 38 days. A saucer was placed under each pot and 

plants were irrigated twice a day by an automatic watering system with dripper outlets for 

both control condition and salinity treatment. The damage index (quantified on 0 to 10 

scale and based on the extent of leaf chlorosis and plant survival rate; Zhou et al. 2012, 

Wu et al., 2014, 2015) was scored before harvesting (Suppl. Fig. S1). The higher damage 

index score represents the lower salinity tolerance. 

 

                     

Suppl. Fig. 1 – Genetic variability of damage index under salt stress 

Damage index of wheat varieties grown in 300 mM NaCl for 38 days. 
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9.2.3 Preparation of ion selective microelectrodes for non-invasive ion flux 

measurement 

Net Na+ and H+ fluxes from excised roots after removal of external salt were measured 

using non-invasive microelectrode ion flux estimation technique (the MIFE; Shabala et al. 

2006). For MIFE preparation, blank microelectrodes were pulled out from borosilicate 

glass capillaries (GC 150-10; Harvard Apparatus, Kent, UK), dried in an oven (at 225 ºC, 

overnight), and silanized with tributylchlorosilane (No 282707, Sigma-Aldrich, St. Luis, 

MO, USA). The silanized microelectrode blanks were filled from the back with an 

appropriate backfilling solution (for H+: 15 mM NaCl + 40 mM KH2PO4; pH 6.0 

adjusted using NaOH and for Na+: 0.5 M NaCl) followed by front filling the tip with a 

respective Liquid Ion Exchanger (LIX). A commercially available LIX was used for H+ 

(catalogue No 95297, Sigma-Aldrich, St. Luis, MO, USA) while LIX for Na+ was 

prepared in the laboratory as described earlier in the publication (Jayakannan et al. 2011). 

The prepared microelectrodes were mounted in MIFE electrode holders and calibrated in 

a set of three respective standards before and after use. Only microelectrodes with a slope 

above 50 mV per decade and correlation over 0.999 were used.  

9.2.4 Screening of Na+ extrusion ability in wheat root via MIFE technique 

A rapid method was established to screen root Na+ extrusion in a large number of 

wheat genotypes (46 varieties) by using MIFE technique to measure Na+ efflux from the 

root elongation zone after removal of external salt. The salt treated plants (see the “Plant 

growth and conditions”) were gently rinsed in a beaker containing 10 mM CaCl2 for 1 

min followed by gentle rinsing in ddH2O for another minute. About 3cm long root 

segments were cut starting from the root tip. Excised root segments were then mounted in 

a fixed perspex holder in a petri dish containing ddH2O (10 mL) for adaptation for 0.5 h. 

Using an inverted microscope, Na+ and H+ selective microelectrode tips were positioned a 

few micrometers apart and in one plane with the root segment to be assessed.  Initial 

distance between the microelectrode tips and an excised root segment was adjusted to 40 

μm and the microelectrodes were moved 110 μm away and back to the starting position 

during the measurements by a computer-controlled hydraulic manipulator staying for 6 

secs in each position (i.e. in a 12 secs square-wave cycle).  In each experiment an 

electrochemical gradient potential was recorded for 5 min and converted into net ion 
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fluxes using the calibration values of the ion selective microelectrodes and cylindrical 

diffusion geometry of the root (MIFEFLUX software, Newman 2001, Shabala et al. 

2006). At least six root segments were assessed for each treatment and variety. 

9.2.5 Screening Na+ distribution in vacuolar and cytosolic compartments in different 

root zones in wheat by LSCM 

Green fluorescent Na+ dye CoroNa Green acetoxymethyl ester (Cat.C36676, 

Invitrogen) was used to assess the amount of Na+ accumulated in cytosol and vacuoles of 

the different wheat root zones, essentially as described in our previous publications 

(Bonales-Alatorre et al. 2013b, Wu et al. 2015).  Briefly, roots were cut into two 

segments, mature (30 to 40 mm from the apex) and elongation (the first 10 mm from the 

apex) zones, incubated in a solution containing 20 μM CoroNa Green for 2h in the dark, 

rinsed in a buffered MES solution (5 mM MES, pH 6.3 adjusted with KOH), and 

examined using an upright Leica Laser Scanning Confocal Microscope SP5 (Leica 

Microsystems, Germany) equipped with a 40× oil immersion objective (excitation 

wavelength, 488 nm; emission, 510-520 nm). LAS Lite software (Leica Microsystems, 

Germany) was used for image analyses (Suppl. Fig. S2). Comparison of different 

fluorescence intensity was carried out by visualizing cells with the identical imaging 

settings on the confocal microscope. The mean fluorescence intensity values for cytosolic 

and vacuolar compartments were then calculated for each cell. Light microscopy images 

(visualising root cell morphology) were used to clarify the signal profile distribution in 

the cytosol and vacuole. Readings from between 60 to 100 cells were averaged and 

reported for each genotype. Root meristem and mature zones were distinguished by root 

morphology. The identification of root transition and elongation zones was carried out by 

using another fluorescent dye FM4-64 (Cat: T-3166, ThermoFisher Scientific) to 

visualize tonoplast membrane (see details in Wu et al. 2015).  



Chapter 9. Mesophyll Na+ distribution was affected by removal of root meristem zone 

145 
   

                                 

 

9.2.6 Plant performance under salt stress after removing root meristem zone  

           

Twelve to 16 uniform seeds of salt tolerant bread wheat (variety Kharchia 65) were 

grown in a l L PVC container with a perforated plastic insert for seeds. The container was 

filled with ddH2O and seedlings were grown with aeration for 3-4 days in the dark. 

Seedling numbers were thinned to 6 uniform plants in each pot. At the commencement of 

Suppl. Fig. 3. Removal of the root meristem zone. The root meristem zone was removed under 

a microscope. (A) Before removal of the root meristem zone, (B) After removal of the root 

meristem zone. 

 

Suppl. Fig. 2 Illustration of the 

quantification method for Na+ 

distribution in the cytosol and vacuole. 

(A) Several lines are drawn across the 

so-called “region of interest” (ROI) in 

an appropriate root zone. (B) 

Continuous fluorescence intensity 

distribution profiles obtained by LAS 

AF Lite software. The mean 

fluorescence intensity values for the 

cytosol and vacuole are then calculated 

for each cell by attributing signal 

profiles to root morphology (visualised 

by light microscopy images). The 

mature root zone of bread wheat 

Belgrade 3 was used. 
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measurements all of the root meristem zones were carefully removed (~ 0.3 mm from the 

root tip) from each plant under a microscope (Suppl. Fig. S3). Plants were then 

transferred back into containers with ¼ Hoagland solution and grown for a further 10 

days in the presence and absence of 200 mM NaCl. A number of physiological 

parameters were measured at the end of the experiment including: leaf chlorophyll 

content index CCI (measured by a chlorophyll meter SPAD-502, Konica Minolta, Tokyo, 

Japan), the maximal photochemical efficiency of photosystem II Fv/Fm (quantified by a 

chlorophyll fluorometer OS-30p, Optisciences, Hudson, NH, USA), and shoot and root 

FW (plants were rinsed in ddH2O and the possible residues of salt on leaves were gently 

washed out). Samples were dried at 65 °C for 72 h in a Unitherm Dryer (Birmingham, 

UK) and dry weight (DW) of shoots and roots was estimated. During salt stress treatment, 

lateral roots in salt stressed plants were checked and eliminated every day. During the salt 

treatment the PVC containers were kept under ~150 μmol m-2 s-1 irradiance at 26/20 ± 1.0 

°C day/night temperatures, 16 h/8 h day/night cycle.  

Root cutting experiments were also conducted using potting mix in a glass house 

(October 2015). For this, seedlings were grown in paper rolls in containers with ddH2O 

for four days.  The root meristem zone was removed under a microscope as described 

above. Then the intact plants (with intact roots) and cut plants (with removed root 

meristems) were transplanted to a 1.7 L pot filled with standard potting mix. A saucer was 

placed under each pot. Hand watering of all the pots with tap water for 2 days was used to 

allow the adaption of the transplanted plants. Then, the plants were uniformly thinned to 

5-7 plants in each pot and salt stress (200 mM NaCl) was applied for 15 days. Possible 

effect of kinetin (Shabala et al., 2009) was tested by growing plants in the presence or 

absence of 4 μM kinetin for 15 days under saline (200 mM NaCl) and control (tap water) 

conditions. At the end of the experiment, CCI of each plant and shoot FW were measured. 

For FW estimation, plants were cut 1 cm above the potting mix and the FW of collective 

samples from each pot was immediately measured. 

9.2.7 Estimation of leaf and root Na+ content  

Dry leaf and root samples were digested in a 120-mL Teflon digestion vessel in a 

microwave digester (Mars 6 one touch microwave digestion system, CEM Corporation, 

Matthews, NC, USA) using 7 mL of 70 % HNO3 per 0.1 g specimen. Digested samples 

were centrifuged at 5000g for 10 min at room temperature (Avanti J-30I centrifuge, 

Beckman Coulter, Krefeld, Germany). After centrifugation, 0.2 mL of the digested 
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solution was diluted with ddH2O to a final volume of 10 mL. Na+ content was then 

measured using a Flame Photometer (PFP7, Jenway, UK). 

9.2.8 Quantitative Real-time PCR Analysis 

Target genes Locus Primer sequences 

TaNHX1 

 

TaVP1 

 

TaSOS1 

 

TaHA1 

 

TaActin 

AY040245 

 

EU255237.1 

 

AY326952 

 

AY543630.1 

 

AF326781 

F: 5’-GCCTGGTTCACCCATAGAGA-3’ 

R: 5’-CACCGAAAGAATCCCAAGAG-3’ 

F: 5’-CCTATCTTCGCCATTGCCTTC-3’ 

R: 5’-CAGCATCCAGAGCATCAGTTC-3’ 

F: 5’-ATTCCCTCAGGTGCTTCGTG-3’ 

R: 5’-TTTCCTCGAGCAACCCAGTC -3’ 

F: 5’-GCTGATTGAGAAGGCTGATGG-3’ 

R: 5’-TCGGTAAGCACAATGTCTGAAG-3’ 

F: 5’- TACACGAAGCGACATACAA-3’ 

R: 5’-AATAGAGCCACCGATCCA-3’ 

 

Plants with intact and cut roots grown in ¼ Hoagland solution in the absence and 

presence of 200 mM NaCl were used. The youngest fully expanded leaves of 2 weeks old 

wheat seedlings (Kharchia 65) treated with 200 mM NaCl for 10 days were harvested and 

snap frozen in liquid nitrogen. The leaf RNA was extracted and synthesised to cDNA by 

using RNeasy Mini Kit (QIAGEN) and QuantiTect® Reverse Transciption Kit (QIAGEN) 

following the manufacture’s instruction. Quantitative real-time PCR was performed using 

a RG6000 Rotor-Gene Q Real Time Thermal Cycler and SYBR green PCR reagent 

(QIAGEN) as described in Vandesompele et al. (2002). A 2−∆∆C
T method (Livak and 

Schmittgen 2001) was used to analyse the relative expression levels of studied genes. 

Primers were designed to determine the expression of TaSOS1, TaNHX1, TaVP, and 

TaHA1 (please refer to Suppl. Table S1 for primer sequences). The control gene (TaActin) 

was used for normalization of the test gene transcript. Experiments were repeated three 

times with consistent results. 

9.2.9 Data analysis 

All data (given as mean ± SE, n = sample size) were analysed by using SPSS 20.0 for 

windows (SPSS Inc., Chicago, IL, USA). All of the replicates were biological replicates. 

Comparison of different parameters between bread and durum wheat were performed by 

independent samples t-test and oneway ANOVA based on Duncan’s multiple range test. 

The symbol “*” states for P < 0.05 and, “**” states for P < 0.01. The “NS” means P > 

Suppl. Table 1. Primers used in this study. 
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0.05. Different lower case letters represent the significance at P < 0.05, whereas the same 

lower case letters indicate no significant difference. The significance of correlations 

between different parameters was determined by Bivariate Correlations based on Pearson 

Correlation (2-tailed). The data used for correlation analysis are the average values of 

measured independent parameters for each variety.  

                        

Fig. 1. Genetic variability of Na+ efflux in the root elongation zone after 

the removal of external salt. (A) The kinetics of net steady state Na+ 

efflux in the root elongation zone after the removal of external salt in 

bread wheat (cv Kharchia 65 and Belgrade 3). Mean ± SE (n= 6 − 13). 

(B) Net steady state Na+ efflux in 46 wheat varieties. Mean ± SE (n= 6 − 

13). (C) Pooled mean values of average Na+ efflux for bread and durum 

wheat clusters. Mean ± SE (n= 19 (durum wheat) and 27 (bread wheat)). 
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9.3 Results 

9.3.1 Significant higher Na+ extrusion in the root elongation zone in bread than 

durum wheat 

Representative steady state Na+ efflux from the root elongation zone after removal of 

external salt is shown in Fig. 1A. Over 5.4-fold variability was found among the screened 

46 wheat varieties, with the highest Na+ efflux being -1584.4 ± 237.2 (in Titmouse S, 

bread wheat) and the lowest Na+ efflux of -284.0 ± 39.6 nmol m–2 s–1 (in Biskiri ac2, 

durum wheat) (Fig. 1B). On average, 33% higher (P < 0.05) Na+ extrusion ability from 

the root elongation zone was found in bread (-773.2 ± 55.4 nmol m–2 s–1) than durum 

wheat (-580.5 ± 48.6 nmol m–2 s–1) (Fig 1C). A strong and positive correlation was 

observed between Na+ extrusion and plant overall salinity stress tolerance (r = 0.39, P < 

0.01; Fig. 1D).  

9.3.2 Cytosolic Na+ accumulation in root meristem zone was significantly higher in 

bread wheat 

Representative images of Na+ distribution between cytosol and vacuole in different root 

zones in bread (Gladius) and durum (Purple Grain) wheat is shown in Fig. 2-5. A 16.7-

fold variability in cytosolic Na+ intensity was observed within the screened 46 wheat 

varieties, ranging from the highest 174.0 ± 6.7 (Cranbrook, bread wheat) to lowest 10.4 ± 

0.4 (Persia 21, bread wheat) (Fig. 2E). Similarly, a large variability (5.4-fold) of vacuolar 

Na+ intensity in the root meristem zone was found within the screened wheat, ranging 

from the highest value of 179.9 ± 6.6 (Wollaroi, durum wheat) to the lowest of 33.5 ± 2.0 

(Iraq 50, bread wheat) (Fig. 2G). Still, significantly higher cytosolic Na+ intensity in the 

root meristem zone was found in bread rather than durum wheat (57.9 ± 9.8 vs 31.7 ± 2.3, 

P < 0.05; Fig 2F). At the same time no significant difference was found in vacuolar Na+ 

intensities between bread and durum wheat (84.8 ± 6.4 vs 102.6 ± 6.8, respectively, P > 

0.05; Fig. 2H). Also, a significant positive correlation (r = 0.36, P < 0.05; Fig. 6A) was 

found between cytosolic Na+ intensity in the root meristem zone and overall salt tolerance 

in wheat, compared with no correlation (r = 0.14, P > 0.05; Fig. 6B) in vacuolar Na+ 

intensity in the root meristem zone. 
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Fig. 2. Genetic variability of Na+ intensity in the cytosol and vacuole in the root meristem zone in wheat. 

Representative CoroNa Green dye images in the root meristem zone in bread wheat Gladius (A) and 

durum wheat Purple Grain (C). B and D show the corresponding light images. Intensity of CoroNa Green 

fluorescence (arb. units) in the cytosol (E) and vacuole (G) in the root meristem zone of 46 wheat varieties 

contrasting in their salinity stress tolerance. Mean ± SE (n= 72 – 96 cells from at least 6 individual plants). 

Averaged pooled values for Na+ intensity in the cytosol (F) and vacuole (H) in the root meristem zone for 

bread and durum wheat clusters. Mean ± SE (n= 19 (durum wheat) and 27 (bread wheat)).  
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Fig. 3. Genetic variability of Na+ intensity in the cytosol and vacuole in the root transition zone in wheat. 

Representative CoroNa Green dye images in the root transition zone in bread wheat Gladius (A) and 

durum wheat Purple Grain (C). B and D show the corresponding light images. Intensity of CoroNa Green 

fluorescence (arb. units) in the cytosol (E) and vacuole (G) in the root transition zone of 46 wheat 

varieties contrasting in their salinity stress tolerance. Mean ± SE (n= 72 – 96 cells from at least 6 

individual plants). Averaged pooled values for Na+ intensity in the cytosol (F) and vacuole (H) in the root 

transition zone for bread and durum wheat clusters. Mean ± SE (n= 19 (durum wheat) and 27 (bread 

wheat)).  
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9.3.3 Na+ distribution in the root transition zone was not different between bread 

and durum wheat 

Na+ distribution in the cytosol and vacuole of the root transition zone is shown for a 

bread wheat (Gladius, Fig. 3A, B) and durum wheat (Purple Grain, Fig. 3C, D).  Big 

variability of Na+ intensities in the cytosol and vacuole of the root transition zone was 

found in bread (12.6-fold) and durum wheat (3.5-fold). Bread wheat Kharchia 65 showed 

the highest cytosolic Na+ intensity in the root transition zone (247.3 ± 2.5), compared 

with the lowest value of 19.7 ± 1.3 found also in bread wheat Opata (Fig. 3E). Similarly, 

in the vacuole the highest Na+ intensity of 228.4 ± 3.9 was found in the root transition 

zone of a durum wheat variety Alex compared to the lowest value of 63.7 ± 5.2 found in 

the bread wheat Baart 46 (Fig. 3G). When averaged, no significant difference of Na+ 

intensity in either the cytosol (bread wheat 89.1 ± 11.5 vs durum wheat 90.6 ± 12.6, P > 

0.05; Fig. 3F) nor vacuole (bread wheat 135.8 ± 9.3 vs durum wheat 161.2 ± 9.5, P > 

0.05; Fig. 3H) was found between bread and durum wheat root transition zone. Also, no 

significant correlation was found between overall salt tolerance and either cytosolic (r = 

0.22, P > 0.05; Fig. 6C) nor vacuolar Na+ intensity (r = 0.27, P > 0.05; Fig. 6D) in the 

root transition zone. 

9.3.4 Durum wheat possesses superior vacuolar Na+ sequestration ability in root 

elongation zone  

The profile of Na+ distribution between the cytosol and vacuole in the root elongation 

zone is shown in Fig. 4A-D. A large variability (5.8-fold) of cytosolic Na+ intensity was 

observed in all 46 wheat varieties tested, ranging from the highest value of 250.3 ± 1.9 

(Kalka, durum wheat) to the lowest one of 43.2 ± 2.2 (Kukri, bread wheat) (Fig. 4E). No 

significant difference of cytosolic Na+ intensity in the root elongation zone was found 

between bread and durum wheat (160.5 ± 14.0 and 169.0 ± 11.7, respectively; P > 0.05; 

Fig. 4F). Similarly, 3-fold variability of vacuolar Na+ intensity was found in the root 

elongation zone within the screened 46 wheat varieties (Fig. 4G). It ranged from the 

highest value of 254.3 ± 0.3 (Jandaroi, durum wheat) to the lowest one of 83.5 ± 5.0 

(Halberd, bread wheat) (Fig. 4G). Interestingly, significantly (P < 0.01) lower vacuolar 

Na+ intensity in the root elongation zone was found in bread (157.4 ± 8.8) rather than 

durum wheat (205.4 ± 12.1) (Fig. 4H). In tune with this, a strong and negative correlation 

(r = 0.41, P < 0.01) was found between vacuolar Na+ intensity in the root elongation zone 

and the overall salinity tolerance in wheat (Fig. 6F), compared with no or weak 
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correlation (r = 0.14, P > 0.05) in cytosolic Na+ intensity in root elongation zone (Fig. 

6E).   

           

Fig. 4. Genetic variability of Na+ intensity in the cytosol and vacuole in the root elongation zone in wheat. 

Representative CoroNa Green dye images in the root elongation zone in bread wheat Gladius (A) and durum 

wheat Purple Grain (C). B and D show the corresponding light images. Intensity of CoroNa Green 

fluorescence (arb. units) in the cytosol (E) and vacuole (G) in the root elongation zone of 46 wheat varieties 

contrasting in their salinity tolerance. Mean ± SE (n= 72 – 96 cells from at least 6 individual plants). 

Averaged pooled values for Na+ intensity in the cytosol (F) and vacuole (H) in the root elongation zone for 

bread and durum wheat clusters. Mean ± SE (n= 19 (durum wheat) and 27 (bread wheat)).  
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Fig. 5. Genetic variability of Na+ intensity in the cytosol and vacuole in the root mature zone in wheat. 

Representative CoroNa Green dye images in the root mature zone in bread wheat Gladius (A) and durum 

wheat Purple Grain (C). B and D show the corresponding light images. Intensity of CoroNa Green 

fluorescence (arb. units) in the cytosol (E) and vacuole (G) in the root mature zone of 46 wheat varieties 

contrasting in their salinity tolerance. Mean ± SE (n= 72 – 96 cells from at least 6 individual plants). 

Averaged pooled values for Na+ intensity in the cytosol (F) and vacuole (H) in the root mature zone for bread 

and durum wheat clusters. Mean ± SE (n= 19 (durum wheat) and 27 (bread wheat)). 
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9.3.5 Bread wheat possesses superior vacuolar Na+ sequestration ability in the root 

mature zone 

Laser confocal images of bread wheat Gladius and durum wheat Purple Grain were 

used to show Na+ distribution between cytosol and vacuole in the root mature zone (Fig. 

5A to D). A further investigation in 46 accessions of bread and durum wheat varieties was 

conducted. There was a large variability of Na+ intensity in the cytosol (13.6 fold, Fig. 

5E) and the vacuole (31.4 fold, Fig. 5G) found in screened varieties. Jori (durum wheat) 

showed the highest cytosolic Na+ intensity 131.7 ± 10.4, whereas Opata (bread wheat) 

showed the lowest 9.7 ± 1.4 (Fig. 5E). Furthermore, the highest vacuolar Na+ intensity 

was found in variety Berkut (bread wheat) 169.8 ± 21.8, compared with the lowest 5.4 ± 

0.6 in the variety Timilia (durum wheat) (Fig. 5G). In the root mature zone, a significantly 

higher Na+ intensity in the vacuole was found in bread than durum wheat (82.2 ± 9.9 vs 

46.6 ± 10.9, P < 0.05; Fig. 5H), compared with no significant difference between bread 

than durum wheat in the cytosol (40.4 ± 5.1 vs 50.9 ± 7.0, P > 0.05; Fig 5F). Furthermore, 

overall salt tolerance in wheat was significantly negatively correlated (r = 0.30, P < 0.05; 

Fig. 6G) with cytosolic Na+ intensity in the root mature zone but significantly positively 

correlated (r = 0.44, P < 0.01; Fig. 6H) with vacuolar Na+ intensity in the root mature 

zone. 

The known information of unidirectional Na+ influx at whole root level, Na+ extrusion 

and Na+ distribution in cell compartments in different root zones is summarized in (Fig. 

7A). Interestingly, a differential profile of average cytosolic and vacuolar Na+ intensity 

was shown in different root zones cells. An increasing trend of both cytosolic and 

vacuolar Na+ intensity was found in the root apex in both bread and durum wheat with the 

order: root meristem < transition < elongation zone; while a similar level of cytosolic and 

vacuolar Na+ intensity was found between the root mature and meristem zone (Fig. 7B, 

C). 
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Fig. 7. Proposed model showing differential patterns of Na+ distribution in cell compartments 

and Na+ efflux from cytosol in root zones.  

Fig. 6. Correlation between Na+ 

distribution in the cytosol and 

vacuole in different root zones 

and overall salt tolerance in 

wheat. Correlation between 

overall salt tolerance and Na+ 

intensity in the cytosol (A- 

meristem, C-  ransition, E- 

elongation, G- mature zone) and 

vacuole (B-meristem, D-

transition, F- elongation, H- 

mature zone). Each point 

represents a separate variety.  
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9.3.6 Plant performance after removal of the root meristem zone  

                

While there was no significant difference under non-saline conditions, significantly 

higher CCI (Fig. 8A) and Fv/Fm (Fig. 8B) values were found in intact plants compared to 

cut plants under salt stress (in the hydroponic experiments). Interestingly, there was no 

difference in Na+ content in either leaf or root between intact and cut plants (Fig. 8C, D). 

It is suggested that either the distribution of Na+ between cytosol and vacuole in 

mesophyll cells might be different between intact plants and plants with removed root 

meristem zone, or the root meristem zone might execute the role of a salt sensor by 

Fig. 8. Performance of plants with and without the removal of the root meristem zone 

under salt stress. A-D, CCI (A), Fv/Fm (B), leaf Na+ content (C) and root Na+ content (D) 

in intact plants (with intact roots) and cut plants (with the removal of the roots meristem 

zone) in the presence and absence of 200 mM NaCl in hydroponics. Mean ± SE (n = 24 

− 36). E and F, CCI (E) and shoot FW (F) in intact plants and cut plants in the presence 

and absence of 200 mM NaCl in potting mix. Mean ± SE (n = 12 − 19). Salt tolerant 

bread wheat variety Kharchia 65 was used.  
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sensing osmotic stress or integrating plant hormones. Similar to the results in the 

hydroponic experiment, significantly higher CCI values were found in intact plants 

(variety Kharchia 65) than in cut plants grown in potting mix (Fig. 8E) under salt stress 

conditions. Shoot FW was also significantly higher in intact plants (Fig. 8F). This 

validates our finding that leaf chlorophyll content in salinized plants was affected by 

removal of root meristem zone, suggesting that removal of the root meristem zone affects 

Na+ distribution in leaf cells under salt stress. At the same time no improvement of salt 

stress performance was observed in the presence of plant hormone kinetin in both intact 

and cut plants (data not shown). 

9.3.7 Relative expression level of TaNHX1, TaVP, TaSOS1, and TaHA1 genes  

Although gene expression was significantly supressed under salt stress, plants with 

intact roots showed 3.1- and 5.6-fold higher relative expression level of TaNHX1 (Fig. 

9A) and TaVP (Fig. 9B), respectively, than plants with a removed root meristem zone. No 

significant difference was found under non-saline condition between expression levels of 

TaNHX1 nor TaVP. Unlike TaNHX1and TaVP, there were no differences between intact 

and cut plants under salt stress in relative expression levels of TaSOS1 (Fig. 9C) and 

TaHA1 (Fig. 9D), whereas transcript levels of TaSOS1 and TaHA1 in cut plants were 

significantly higher compared with intact plants under non-saline condition.  

               

9.4 Discussion 

9.4.1 Na+ extrusion in the root elongation zone but not the root mature zone 

correlates with the overall salt tolerance in wheat 

Fig. 9. Relative expression levels 

of genes in seedlings with and 

without the removal of the roots 

meristem zone under salt stress. 

Relative expression level of 

TaNHX1 (A), TaVP (B), TaSOS1 

(C), and TaHA1 (D) in intact 

plants (with intact roots) and cut 

plants (with the removal of roots 

meristem zone) in the presence 

and absence of 200 mM NaCl. 

Salt tolerant bread wheat variety 

Kharchia 65 was used. Mean ± 

SE (n = 8 − 10).  
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Na+/K+ ATPase expels three Na+ ions from the cell in exchange for two K+ ions in 

animal cells (Yatime et al., 2011; Galva et al., 2012). In lower plants e.g. Physcomitrella 

patens exclusion of Na+ can be achieved by sodium ATPase (PpENA1) (Benito and 

Rodríguez-Navarro, 2003; Lunde et al., 2007). Until now, SOS1 Na+/H+ antiporter has 

been reported as the only pathway to exclude Na+ from the cytosol to the apoplast in 

higher plants. GUS expression analysis showed that SOS1 was preferentially expressed in 

the root apex but not the mature zone in Arabidopsis (Shi et al. 2002). This was 

confirmed by our functional studies on wheat. While in the mature root zone Na+ efflux 

ranged between -20 to -70 nmolm-2s-1 (Cuin et al. 2011), over 10-fold higher Na+ 

extrusion ability was observed in the root elongation zone, ranging from -284 ± 39 to -

1584 ± 237 nmol m–2 s–1 (Fig. 1). Also, in the present study, we found that bread wheat 

possesses significant higher Na+ extrusion ability in the root elongation zone than durum 

wheat, and this Na+ extrusion ability in the root elongation zone is strongly and positively 

correlated with overall salt tolerance in wheat (Fig. 1). Taken together, these results 

suggest that Na+ extrusion in the root elongation zone but not root mature zone is 

correlated with the overall salt tolerance in wheat.  

Wheat is a salt excluder (Kingsbury et al., 1984; Cuin et al., 2008; He et al., 2010), and 

the Na+ exclusion trait plays an important role in its overall salt tolerance (James et al., 

2011; Munns et al., 2012). In durum wheat, low Na+ genotypes showed significant less 

decline in leaf chlorophyll content and thus better salt tolerance than the high Na+ ones 

under moderate salt stress (Husain et al., 2003). Moreover, compared with a strong and 

positive correlation found in wheat (Fig. 1), no significant correlation between root Na+ 

extrusion in the root elongation zone and overall salt tolerance was found in barley 

(Chapter 8), suggesting root Na+ extrusion is important for salt excluder species e.g. 

wheat, but no salt includer species e.g. barley. 

9.4.2 Tissue specificity of Na+ distribution in different root zones in the context of 

overall salt tolerance in wheat  

More and more attention has recently been paid to the study of tissue specificity of 

salinity stress e.g. salt stress regulator genes (Dinneny et al., 2008) and ion distributions 

in different cell types (Lauchli et al., 2008) or different zones (Wu et al., 2015). In the 

present study, we extended our previous finding (Wu et al., 2015) of the tissue specificity 

of vacuolar Na+ sequestration in different root zones in a small number of bread wheat 

cultivars to a large number of bread and durum wheat accessions. Similar to previous 
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results (Wu et al., 2015), the overall salt tolerance was strongly and positively correlated 

with vacuolar Na+ sequestration in the root mature zone but not the root apex (Fig. 6), 

suggesting the importance of vacuolar Na+ sequestration ability in the root mature zone in 

overall salt tolerance at least in wheat. This is a reasonable strategy for plants since the 

majority of roots are in the root mature zone.  

Furthermore, as summarized in Fig. 7, the trend of Na+ intensity in both the cytosol and 

vacuole in roots of bread and durum wheat was shown as: root elongation > transition > 

meristem zone ≈ mature zone. What is the physiological rationale behind the maintenance 

of different cytosolic Na+ levels in different root zones under salt stress? Does it originate 

from the inability of specific root cells to exclude Na+ from the cytosol, or is it needed for 

salt stress sensing and signal transduction? Can we talk about possible “Na+ signatures” in 

this case, similar to those for Ca2+ (Dodd et al., 2010; Kudla et al., 2012) and ROS 

(Mittler et al., 2011; Suzuki et al., 2012)? Another possibility for the differential cytosolic 

Na+ accumulation in root zones is that they might refer to different osmotic pressure, and 

thus it can differentially regulate the mechanosesitive channels (Hamilton et al., 2015) 

and thus Ca2+ transport (Kurusu et al., 2013) in different root zones. The role of root 

water status derived hydraulic signals in long distance signalling was recently discussed 

(Christmann et al., 2013). 

9.4.3 Leaf Na+ distribution might be affected by removal of root meristem zone 

The root meristem zone is known to be important for postembryonic root growth. 

Under salt stress, the structure of meristematic cells of barley roots was changed and an 

increase in vacuolation was found (Huang and van Steveninck 1990). Salt stress induced 

nuclear and DNA degradation and PCD phenotypes in root meristematic cells was also 

found in soybean (Liu et al., 2000) and Arabidopsis (Huh et al., 2002), respectively. 

Further, the mitotic index of root meristem cells was found to be significantly reduced 

under salt stress (Shakirova et al., 2003). In the present study, bread wheat shows 

significant higher cytosolic Na+ intensity in the root meristem zone than durum wheat 

although no significant difference in vacuolar Na+ intensity in the root meristem zone was 

found (Fig. 2), suggesting the possible role of the root meristem zone in salt stress 

sensing. 

At the cellular level, the Na+ distribution in cell compartments is mainly controlled by 

the rate of Na+ entry (mediated by NSCC channels (Demidchik and Tester, 2002; Apse 

and Blumwald, 2007) and HKT transporters (Apse and Blumwald, 2007; Plett and 
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Møller, 2010)), Na+ extrusion (mediated by SOS1 Na+/H+ antiporter, Shi et al., 2002), and 

vacuolar Na+ sequestration (mediated by NHX1 Na+, K+/H+ exchanger, Apse et al., 1999). 

In our study, a clear difference in chlorophyll content was observed between intact plants 

(with intact roots) and cut plants (with removal of roots meristem zone) under salt stress 

(Suppl. Fig. S4). Also, the cut plants showed significantly decreased Fv/Fm compared with 

intact plants under salt stress. In the hydroponics experiment, no difference in root FW 

was found between intact plants and cut plants under both control and salt stress 

conditions (data not shown). It is suggested that the significantly decreased CCI and 

Fv/Fm in cut plants than intact plants under salt stress are most likely due to the effect of 

removal of the proposed salt sensor root meristem zone, and is not confounded by the 

possible decrease of sink strength of the roots which might in turn have negative feedback 

effects on photosynthesis and translocation of assimilates.  

Furthermore, we found that although it is suppressed under salt stress, the transcript 

level of TaNHX1and TaVP was a few fold (P < 0.01) higher in intact plants than in cut 

plants whereas no significant difference of transcript level of TaSOS1 was found (Fig. 9). 

NHX1 Na+, K+/H+ exchanger is known to be fueled mainly by the vacuolar PPase (Silva 

and Gerós, 2009). It suggests that removal of the root meristem zone affected the ability 

of vacuolar Na+ sequestration, resulting in the accumulation of more Na+ in cytosol and 

thus worse photosynthetic ability in the cut plants than the intact plants. How this long 

distance regulation was achieved is still unknown. It is known that cytokinin and auxin 

antagonistic interaction is important in controlling meristem activity (Ioio et al., 2007, 

2008). Thus, the change at the hormonal level might be one explanation of the altered Na+ 

distribution in salinized plants after removal of the root meristem zone. Taken together, 

our results suggest that the root meristem zone is involved in salt stress sensing and long 

distance salt stress signal transduction, at least in bread wheat.  

 

Intact plant 

Cut plant 

Suppl. Fig. 4. Leaf chlorosis in salinized plants with and without the removal of roots meristem zone under salt 

stress. More severe leaf chlorosis was observed in cut plants (with the removal of roots meristem zone) than 

intact plants (with intact roots) after 10 days salt stress (200 mM NaCl, hydroponics).  
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9.4.4 Long distance signal transduction in plant salt stress sensing 

Despite some recent reviews (Maathuis, 2014; Shabala et al., 2015a, b), exactly how 

plants sense and convey salt stress signals is still obscure, especially long distance signal 

transduction e.g. from root to shoot. Here, our results suggested that leaf Na+ distribution 

in salinized plants might be affected by the removal of the root meristem zone (Fig. 8), 

suggesting that some signal produced in the root meristem is transmitted to the shoot 

under stress conditions, and that coordinating with this signalling results in altered plant 

phenotype and compromised plant Na+ sequestration ability in the shoot. The nature of 

this signal remains unexplored. Root derived phytohormones and/or ROS are amongst the 

likely candidates. Indeed, after the removal of the root meristem zone (disruption of the 

apical dominance), branch roots appeared 5 days later in plants grown in ¼ Hoagland 

solution but not in plants grown under saline condition (Suppl. Fig. 5), suggesting plant 

hormones e.g. cytokinins might be involved in shaping/regulation of the root architecture 

under salt stress. However, exogenous application of kinetin (one of the forms of 

cytokinins) to plants with removed root meristem did not result in an improvement of 

plant performance under salt stress (data no shown). This suggests that cytokinins are not 

likely to be the signalling molecule in question. Other candidates such as brassinosteroid 

(Hacham et al., 2011), ROS (Gilroy et al., 2014), Ca2+ (Dodd et al., 2010), ABA (Liang et 

al., 2007), and sugars (Rosa et al., 2009, Krasensky and Jonak, 2012) participate in the 

long distance salt stress signal transduction and thus should be considered.   

           

     ROS was previously suggested to play a role in a systematic signal transduction 

under abiotic stress (Miller et al., 2009, Baxer et al., 2014). However, its role in the long 

distance salt stress signal transduction still needs to be studied. If ROS are indeed 

Suppl. Fig. 5. Branch roots appeared in cut plant (with the removal of roots meristem 

zone) grown in ¼ Hoagland solution. 
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involved, how do they communicate with other cells and relay the salt stress signal from 

root to shoot? How does this signaling affect the process of controlling leaf Na+ 

distribution in salinized plants after removal of the root meristem zone? Besides plant 

hormones and ROS, other signalling molecules e.g. Ca2+ and sugar might be also 

participated in regulating leaf Na+ distribution in salinized plants after removal of the root 

meristem zone. Ca2+ is known as a second messenger and is involved in a broad range of 

plant cell activities in regulating plant growth and development (Hepler, 2005). Recently, 

salt stress induced Ca2+ waves were found to be associated with rapid, long distance root 

to shoot signalling in plants (Choi et al., 2014). Furthermore, overexpression of ABF2 

(ABRE-binding bZIP factor), an essential component of glucose signalling, improved salt 

stress tolerance in Arabidopsis (Kim et al., 2004). Taken together, the signalling events 

involved in this phenomenon may be a complex coordinated by different signalling 

molecules in a “fine tune” and/or “coarse tune” mode. Future studies should be conducted 

to investigate the identity of specific signalling molecules and their role in the 

phenomenon that leaf Na+ distribution in salinized plants was affected by the removal of 

its root meristem zone.  
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Chapter 10  

General discussion 

Improving the salt tolerance of crops is important to secure food supply in the future, in 

light of a decline in crop yield due to raising salinity issues and increasing world 

population. Until now, phenotype selection, QTL/marker assisted selection, and genetic 

engineering have been the main pathways used to produce salt tolerant crops. Two basic 

genetic approaches that are currently being used to improve stress tolerance include: (1) 

exploitation of natural genetic variations, either through direct selection in stressful 

environments or through the mapping of quantitative trait loci and subsequent marker-

assisted selection, and (2) generation of transgenic plants to introduce novel genes or to 

alter expression levels of the existing genes to affect the degree of salt stress tolerance 

(Yamaguchi and Blumwald, 2005). The development of high-density DNA maps that 

incorporate microsatellite markers, RFLP (restriction fragment-length polymorphisms) 

and AFLP (amplified fragment-length polymorphisms), and advances in marker-assisted 

selection techniques will facilitate pyramiding traits of interest to attain substantial 

improvement in crop salt tolerance (Yamaguchi and Blumwald, 2005). Moreover, two 

additional approaches that are based on population genetics and that make use of genetic 

diversity have emerged: association mapping and selection screens (Takeda and 

Matsuoka, 2008). The advantages and disadvantages of the above described approaches 

are given in Table 1.  

 

Table 1 The advantages and disadvantages of the approaches used in breeding program.  

Breeding methods Advantages Disadvantages 

Traditional selection accepted by the public as 

“natural”, safety 

time consuming; affected 

by environmental factors 

QTL/marker-assisted 

selection 

time efficient; the impact of 

environmental effects on the 

traits is reduced (Munns and 

James, 2003; Yamaguchi 

and Blumwald, 2005) 

development of robust 

markers can be quite 

difficult, and is dependent 

on an accurate phenotype 

screen (Munns et al., 

2002) 

Gene chip/microarray time efficient high cost 

Transgenic plants overcomes the limitation of 

crossing between species 

poor public acceptance 
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Although several salt-tolerant plant genotypes have been developed through transgenic 

approaches, they have often failed or exhibited limited success under field saline 

conditions. Plant growth and development under saline conditions in the field are often 

influenced by the cumulative effects of multiple environmental stresses and genetic 

factors, which may not have been considered during the development of salt-tolerant 

transgenic plants (Jamil et al., 2011). While the use of Arabidopsis as a model species 

provided some clues about the enhanced stress tolerance based on individual genes in a 

number of pathways, genes with a stress-alleviating quality under controlled conditions 

have failed to generate stress protection in the glasshouse or field (Yang et al., 2009; Wu 

et al., 2012; Adem et al., 2015). Adoption of inappropriate screening techniques or 

selection criteria may also lead to selection of genotypes that may not be stress tolerant in 

field conditions (Jamil et al., 2011). 

To better understand salinity tolerance in plants and use it for breeding robust salt 

tolerant crops, more studies are required that focus on specific crops and that do not rely 

on the results from Arabidopsis since this model plant is salt sensitive. While the use of 

Arabidopsis thaliana as a genetic model plant facilitated the elucidation of several Na+ 

transport processes that underlie salinity tolerance (Møller and Tester, 2007). Wu et al. 

(2012) recently sequenced the genome of a halophyte Thellungiella salsuginea, a close 

relative of Arabidopsis, which has exceptionally high resistance to cold, drought, and 

oxidative stresses as well as salinity. T. salsuginea is exemplary as it has a short life 

cycle, self-fertility, is genetically transformable, has a larger relative genome size 

(approximately twice that of A. thaliana) and there are ecotypes available that show a 

range of stress responses (Wu et al., 2012). Learning from halophytes (Shabala and 

Mackay, 2011; Shabala et al., 2014) can be another approach for improving salt tolerance 

in some important crops e.g. wheat and barley. 

Wheat and barley are two major crops cultivated world-wide; both of them experience 

large yield penalties from salinity in their production habitats. However, the complexity 

of salinity stress tolerance impedes the progress of breeding robust salt tolerant crop 

species. With no truly salt tolerant barley and wheat genotypes available, the aims of this 

Grain Research & Development Corporation funded research were: 1) to investigate the 

importance of the ability of mesophyll cells to retain K+ in cytosol in the overall salt 

tolerance in wheat and barley, as well as the molecular and physiological identity of the 

ion channels involved; 2) to investigate the role of leaf tissue tolerance in the overall salt 

tolerance in wheat and barley, as well as its relative contribution in each species; 3) to 
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investigate the role of the tissue specific Na+ distribution in cell compartments in different 

root zones, as well as its function in salt stress signalling and adaptation; 4) to quantify 

the relative contribution of root cytosolic Na+ extrusion and K+ retention, and vacuolar 

Na+ sequestration in the overall salt tolerance in wheat and barley at the tissue specific 

level; 5) to develop screening methods to quickly screen salt tolerance traits to benefit 

breeding programs. 

The major findings in this work were as follows. 

Barley:  

(1) The ability of leaf mesophyll cells to retain K+ under saline conditions is 

correlated with the overall salt tolerance. This trait is mediated by regulation of 

depolarization activated KOR channels. (2) Tissue salinity tolerance is arguably the most 

essential trait conferring the overall salt tolerance in this species. (3) Both root Na+ 

extrusion and cytosolic K+ retention in the root elongation zone play only a minor role in 

salt tolerance in barley. (4) While the depolarization activated KOR channels mediated 

NaCl-induced K+ efflux in the mature root zone, these were voltage independent NSCC 

channels that played the main role in controlling NaCl-induced K+ efflux in the 

elongation root zone. (5) Vacuolar Na+ sequestration in the elongation zone correlated 

strongly with the overall salt tolerance. (6) Stress-induced increase in the transcript levels 

of both HvNHX1 and HvVP1 was not sufficient to achieve efficient vacuolar Na+ 

sequestration, the involvement of FV/SV vacuolar Na+/K+ permeable channels is also 

required.  

Wheat: 

(1) The ability to maintain K+ in leaf mesophyll cells under salt stress is correlated with 

the overall salt tolerance. (2) This trait is mediated by regulation of NSCC channels 

(activated by ROS generated in chloroplasts, see details in Appendix 2). (3) Durum wheat 

possessed higher salt tissue tolerance, presumably as a compensation for the inability of 

this species to exclude Na+ from uptake. (4) Vacuolar Na+ sequestration correlated with 

the overall salt tolerance in the root mature zone but not in the root apex in wheat. (5) 

Significantly higher cytosolic Na+ intensity was found in salt tolerant rather than sensitive 

group in the root meristem zone, suggesting the possible role of meristem as a salt sensor. 

(6) Leaf Na+ distribution and relative gene expression of TaNHX1 and TaVP1 in leaves 

was affected by the removal of the root meristem zone, further emphasising the 

importance of meristematic cells in salt stress sensing and long distance salt stress signal 

transduction from the root to the shoot.  



Chapter 10. General discussion 

167 
   

The present thesis confirmed the complexity of salinity stress tolerance mechanisms in 

plants, and demonstrated the importance of investigating Na+ extrusion, K+ retention and 

vacuolar Na+ sequestration at the tissue-specific level. Further insights into this issue can 

give a detailed map for molecular breeders to enable them to target the precise 

mechanism/s at the cell- and tissue- specific level. Also, possible confounding effects e.g. 

breeding plots being used for multiple purposes induced by inappropriate molecular 

breeding might be eliminated.  

Despite some recent successes (e.g. Munns et al., 2012), the progress in plant breeding 

for salinity stress tolerance is still not as advanced as one would expect. Compared with 

non-saline conditions, wheat plants overexpressing HKT (high affinity K+ transporter) 

(James et al., 2002; Munns et al., 2012) or NHX1 (Xue et al., 2004) genes still show 

significant yield penalties, although they perform better than non-transformed controls. It 

is possible that some of the traits targeted by breeders were not compatible. As we 

showed in the present thesis, plant salt tolerance involves complex (interacting?) 

mechanisms that are highly tissue specific and it is argued that salinity stress tolerance 

may be achieved only via the pyramiding approach (Flowers and Yeo, 1995; Shabala, 

2013). In addition to the physiological and genetic complexity of the salinity tolerance 

trait, the lack of convenient screening techniques also impedes the progress in breeding. 

Although agronomical (e.g. biomass/yield, plant survival, or leaf injury; Munns and 

James, 2003; Colmer et al., 2005) and biochemical (e.g. antioxidant activity or compatible 

solutes content; Ashraf and Harris, 2004) markers are showed to be convenient as rapid 

screening tools, they fail to account for the tissue-specificity of physiological mechanisms 

conferring salinity tolerance.  

Previous extensive studies have shown that non-invasive microelectrode ion flux 

estimation (MIFE) (see Newman et al. 1987; Newman 2001 for theory and Chen et al., 

2007b; Wu et al., 2013 for the practical use) is effective for cell-based screening of a 

large number of genotypes with specific salinity tolerance traits that are rapid, low cost 

and reliable. By using the MIFE technique, researchers can visualise the measured pattern 

and ion fluxes in real time with net ion fluxes being automatically recorded by computer. 

This technique fulfils the requirement of high throughput screening based on a specific 

salinity tolerance trait and also can be used in investigating salinity tolerance 

mechanisms. After the rapid MIFE screening, elite varieties can be distinguished based on 

a specific physiological trait that refers to salinity tolerance and these varieties can be 

recommended to plant breeders as the salt tolerant gene donors. This approach will be 
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time-saving and benefit the breeding programme for salt tolerant crops. Hence, combining 

MIFE technique with QTL/marker assisted selection may become a powerful way to 

breed real salt tolerant crops in field. 

Some suggestions and potential protocols originated from this thesis are given below: 

1) An inexpensive and rapid high throughput method to screen for salt tolerance was 

developed by evaluating the plants ability to maintain K+ in leaf mesophyll using the 

MIFE technique. The next logical step would be to undertake QTL mapping of genes 

conferring the mesophyll K+ retention trait. Recommended DH parents to target the 

mesophyll K+ retention trait in barley and wheat are given in Table 2.  

2) By screening the chlorophyll content change in salt treated excised leaves, the leaf 

tissue specific salinity stress tolerance can be rapidly assessed. However, one should note 

here that, in contrast to the positive correlation in barley, leaf tissue specific salinity stress 

tolerance is negatively correlated in wheat and thus works as a compensation mechanism. 

Our research suggests that targeting vacuolar Na+ sequestration to improve the leaf tissue 

tolerance and pyramiding it with other salt tolerance mechanisms might be beneficial to 

the salt tolerant breeding program in barley. However, if researchers/breeders are 

targeting genes conferring leaf tissue specific salinity stress tolerance in wheat, then the 

salt-sensitive varieties should be used as gene donors for this trait. Recommended DH 

parents to target leaf tissue tolerance trait in barley and wheat are given in Table 2. 

3) Using CoroNa Green fluorescent dye, we have found that vacuolar Na+ 

sequestration in the barley root elongation zone and the wheat root mature zone were 

strongly correlated with the overall salt tolerance. This method allows screening 15 to 20 

genotypes per day by using the current protocol (Wu et al., 2015a). Recommended DH 

parents to target better root vacuolar Na+ sequestration traits in barley and wheat are given 

in Table 2. 

4) Na+ extrusion from the root elongation zone was strongly correlated with the 

overall salt tolerance in wheat. Recommended DH parents to target better root SOS1 Na+ 

extrusion traits in wheat are given in Table 2.  
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Table 2 Best performing varieties (potential gene “donors”) and recommended DH pairs 

for each trait. 

Physiological trait 

targeted 

Best performing varieties Recommended DH 

parents 

Barley 

High K+ retention in 

mesophyll 

YWHKSL, Numar, Yerong, 

YYXT, AC Burman 

Numar & Aizao 3; 

YWHKSL & Keel  

Better leaf tissue tolerance Honen, SYR 01, ZUG293,  

AC Burman, Numar 

Honen &Naso Nijo; SYR 

01 & Aizao 3  

Better root vacuolar Na+ 

sequestration 

ZUG 293, RGZLL, Yerong,  

CM72, Numar 

ZUG 293 & YSM 3; 

RGZLL & Yan 90260  

High SOS1 root Na+- 

extrusion activity 

Gebeina, YUQS, CM72,  

Yerong, Dash 

Gebeina & DYSYH; CM 

72 & ZUG 403  

Bread Wheat 

High K+ retention in 

mesophyll 

Westonia, Persia 118, 

Gladius  

Persia 118 & 340; 

Westonia & Sokoll  

Better leaf tissue tolerance Persia 6, Baart 46, Iran 118  

 

Persia 6 &India 38; Baart 

46 & Opata  

Better root vacuolar Na+ 

sequestration 

Berkut, Gladius, Westonia  Westonia & Belgrade 3; 

Gladius & 340  

High SOS1 root Na+- 

extrusion activity 

Titmouse S, Gladius, H7747  

 

TitmouseS & Belgrade 3; 

Gladius & Sokoll  

Durum wheat 

High K+ retention in 

mesophyll 

13953, Frame, Jandaroi  13953 & C250; Frame & 

Odin  

Better leaf tissue tolerance AUS 16469, Citr 7805, 

Towner  

AUS 16469 & 13953; Citr 

7805 & Alex  

Better root vacuolar Na+ 

sequestration 

Tehuacan 60, Alex, 13953  Tehuacan 60 & Timilia; 

13953 & Kalka  

High SOS1 root Na+- 

extrusion activity 

Covelle, Frame, 13953  

 

Covelle & Biskri ac2; 

Frame & Caparoi  

 

Taken together, the results of this work discovered several previously unknown 

(unutilised) traits conferring salinity stress tolerance in barley and wheat. This knowledge, 

alongside with technological developments and suggested high throughput protocols, may 

be used by plant breeders in developing salt-tolerance barley and wheat germplasm to 

minimise salinity-induced yield losses. 
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Appendix 2 

Chloroplast-generated ROS dominates NaCl-induced K+ efflux 

in wheat leaf mesophyll# 

 

 

Abstract 

Mesophyll K+ retention ability has been recently reported as an important component of 

salinity stress tolerance in wheat. In order to investigate the role of ROS in regulating 

NaCl-induced K+ efflux in wheat leaf mesophyll, a series of pharmacological experiments 

was conducted using MV (methyl viologen, superoxide radical inducer), DPI (an inhibitor 

of NADPH oxidase), H2O2 (to mimic apoplastic ROS), and EGCG ((−)-Epigallocatechin 

gallate, ROS scavenger). Mesophyll pre-treatment with 10 μM MV resulted in a 

significantly higher NaCl-induced K+ efflux in leaf mesophyll, while 50 μM EGCG pre-

treatment alleviated K+ leakage under salt stress. No significant change in NaCl-induced 

K+ efflux in leaf mesophyll was found in specimens pre-treated by H2O2 and DPI, 

compared with the control. The highest NaCl-induced H+ efflux in leaf mesophyll was 

also found in samples pre-treated with MV, suggesting a futile cycle between increased 

H+-ATPase activity required and ROS-induced K+ leak. Overall, it is suggested that, 

under saline stress, K+ efflux from wheat mesophyll is mediated predominantly by non-

selective cation channels (NSCC) regulated by ROS produced in chloroplasts, at least in 

bread wheat.  

 

Keywords 

Chloroplast, K+ channels, K+ retention, leaf mesophyll, ROS 
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Potassium is a critical nutrient in plant’s life. It has a central role in the maintenance of 

key metabolic processes, and its deficiency in plants can result in significant suppression 

of their photosynthetic ability (Zhao et al., 2001; Cakmak, 2005; Anschütz, et al., 2014). 

To cope with low availability of K+ in soil (0.1-1mM) (Wang and Wu, 2013), a 

sophisticated K+ uptake system was evolved in plants to reach a high concentration of 

cytosolic K+ (100 mM) (Wang and Wu, 2013; Dreyer and Uozumi, 2011) in plant cells. 

Besides root K+ uptake, efficient K+ retention was also believed to be involved in this 

process, since up to 80% K+ in shoot may be recirculated back to the root (Marschner et 

al., 1996). Under stress conditions such as salinity, K+ efflux is thermodynamically 

favoured (Shabala and Pottosin, 2014). Over the last decade, the importance of K+ 

retention in the cytosol has emerged as an additional component in plant salinity tolerance 

mechanisms, both in root (Chen et al., 2005, 2007c; Cuin et al., 2008; Smethusrt et al., 

2008; Sun et al., 2009) and leaf (Wu et al., 2013, 2014, 2015d) tissues in various species. 

Earlier experiments have suggested that NaCl-induced K+ efflux in leaf mesophyll is 

mediated mainly by two types of plasma membrane channels: KOR channels (K+ outward 

rectifying channel) and NSCC (non-selective cation) channels (Shabala et al., 2006). 

KOR channels are always gated by membrane depolarization (Véry and Sentenac, 2003; 

Wang and Wu, 2013), and their activity is increased in the presence of ROS (i.e. OH•) 

(Demidchik et al., 2010). In their turn, some of NSCC can also be activated by various 

ROS species such as H2O2 or OH•, as revealed in direct patch -clamp experiments 

(Demidchik et al., 2003, 2007; Zepeda-Jazo et al., 2011). Given the prominent role ROS 

production plays in salt-stress responses (Gill and Tuteja, 2011), it is therefore important 

to understand which of the channels plays a major role in cytosolic K+ retention under 

stress conditions. In our preliminary paper (Wu et al., 2014), we showed that NSCC but 

not KOR channels dominated NaCl-induced K+ efflux from wheat leaf mesophyll. We 

also found no significant effects of DPI (an inhibitor of NADPH oxidase) pre-treatment 

on NaCl-induced K+ efflux from leaf mesophyll, suggesting that ROS produced by 

NADPH oxidase was not the main source in regulation of the NaCl-induced K+ efflux in 

wheat leaf mesophyll. The aim of current work was to reveal the identity and source of 

ROS signals mediating K+ efflux from leaf mesophyll under saline conditions. 

Many sources of intracellular ROS production were characterized in plants. This 

includes ROS production by the plasma membrane located NADPH oxidase system, 

peroxisomes, chloroplast, mitochondria, vacuole, and apoplast (Demidchik et al., 2014, 

Bose et al., 2014a). While in animal systems mitochondria are the main sources of ROS 
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production, chloroplasts and peroxisomes are the largest ROS producers in green plant 

tissues, producing 20-fold more ROS than mitochondria under the light (Wrzaczek et al., 

2013). With this notion, internal H2O2 concentration in leaf mitochondria remained 

unchanged under salt stress in both salt-tolerant and salt-sensitive pea varieties, compared 

with the control (Hernández et al., 1993). Importantly, chloroplasts not only provide cell 

with the energy but also represent a sensor of environmental information, and chloroplast 

redox signals help to acclimate the organism to environmental stresses (Laoli et al., 

2014).  

In the present paper, NaCl-induced K+ efflux in leaf mesophyll was investigated in 

samples pre-treated with methyl viologen (MV, a redox-active compound that generates 

superoxide anions in chloroplasts, Fujibe et al., 2004), H2O2 (mimicking apoplastic ROS), 

and EGCG ((−)-Epigallocatechin gallate, a ROS scavenger; Cos et al., 1998; Nakagawa 

and Yokozawa, 2002), by using MIFE technique (Fig. 1; see also Wu et al., 2014 for 

details). 

 

MV and H2O2 are widely used in plant research for oxidative stress. EGCG is a well-

known ROS scavenger that protects lipids and membrane proteins from oxidative damage 

(Hernández et al., 2009; Saffari et al., 2004). It is widely used in animal research 

(Johnson and Loo, 2000; Jung et al., 2007; Sugisawa and Umegaki, 2002; Zhang et al., 

2000), and was also applied to plant species by several authors (Lee et al., 2008; 

Hernández et al., 2006). As showed in Fig. 2, specimens pre-treated with MV showed 

significantly higher NaCl-induced peak K+ efflux from leaf mesophyll as compared with 

non-treated control. The opposite trend was observed in EGCG pre-treated samples, 

where significantly lower NaCl-induced peak K+ efflux was detected (Fig. 2). No 

significant difference in NaCl-induced K+ efflux in leaf mesophyll was found between 

control and H2O2 pre-treated samples (Fig. 2a, b). It is suggested that compared with 

Fig. 1 – Logistics of ion flux measurements using the MIFE technique. (A), Measuring chamber, leaf segments 

holder, and the plastic stopper used for immobilisation; (B), leaf segments immobilized in the measuring chamber; 

(C), the measuring chamber with immobilized specimen assembled on the cartridge of hydraulic manipulator; (D), 

the tips of K+ and H+ ion selective microelectrodes are aligned next to the surface of exposed leaf mesophyll. See 

also Wu et al. 2014 for details. 
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apoplast and plasma membrane-located NADPH oxidase, the ROS generated by 

chloroplasts play the main role in regulating NaCl-induced K+ efflux in leaf mesophyll, at 

least in wheat. Consistent with K+ data, the highest NaCl-induced H+ efflux in leaf 

mesophyll was found in specimens pre-treated with MV, showing over 10-fold higher H+ 

efflux than in the control (Fig. 3). These results suggest that, in an effort to retain high 

cytosolic K+ levels under MV-induced K+ leak, plants are pumping out more H+ to 

maintain membrane potential to take up external K+ via inward-rectifying (KIR) channels. 

Yet, being unable to control MV-induced K+ leak via NSCC this pumping might result in 

a futile cycle, potentially leading to a substantial waste of the ATP pool. Further studies 

are required to directly prove this model and understand a causal link between 

mitochondria-produced superoxide anions and NSCC activation in leaf mesophyll, in 

order to confer salinity stress tolerance in plants, that is directly proportional to plant’s 

ability to retain K+ in leaf mesophyll (Anschütz et al., 2014; Shabala and Pottosin, 2014). 

 

 

 

Fig. 2 – Kinetics of NaCl-induced K+ efflux in leaf mesophyll (seven to 10 days old leaves of bread wheat seedlings 

used, cultivar Janz) pre-treated with different chemicals (A), peak K+ efflux values from mesophyll samples exposed 

to 1 mM H2O2, 20 μM DPI, 10 μM MV, and 50 μM EGCG pre-treatments (1h) (B). Mean ± SE (n = 5 - 10). 

Different lower case letters represent significant difference (P < 0.05; oneway ANOVA based on Duncan’s multiple 

range test, SPSS 20.0).     
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In conclusion, chloroplast-generated ROS play a main role in regulating NaCl-induced 

K+ efflux in wheat leaf mesophyll. Both reducing NSCC sensitivity to ROS and 

alleviating ROS generation in chloroplast may be instrumental in improving mesophyll 

K+ retention ability in wheat. However, the identity of specific NSCC channels has to be 

revealed in order to control NaCl-induced K+ efflux. Additionally, pyramiding the ROS 

regulated mesophyll K+ retention trait with other important traits (e.g. Na+ exclusion) 

might be a promising way to improve salinity tolerance in wheat. Furthermore, as ROS 

play a dual role in plant salt tolerance, understanding the network between K+ transport 

and the dynamic processes of the generation and scavenging of different ROS species in 

plant cell under salt stress would benefit the deciphering of the complexity of plant salt 

tolerance mechanisms as well as promote the program of breeding salt tolerant crop 

varieties.  

 

 

 

 

Fig. 3 − Kinetics of NaCl-induced H+ efflux in leaf mesophyll (seven to 10 days old leaves of bread wheat 

seedlings used, cultivar Janz) pre-treated with different chemicals (A), peak H+ efflux values from mesophyll 

samples exposed to 1 mM H2O2, 20 μM DPI, 10 μM MV, and 50 μM EGCG pre-treatments (1h) (B). Mean ± SE (n 

= 5 - 10). Different lower case letters represent significant difference (P < 0.05; oneway ANOVA based on 

Duncan’s multiple range test, SPSS 20.0).     
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