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Abstract 

Alongside with the drought, soil salinity is one the major environmental constraints that reduces 

crop growth and yield worldwide. According to recent reports, salinity stress is costing 

agricultural sector over US $27.3 billion per annum in lost revenues; which also aggravates the 

global food security. Improving salinity tolerance is a challenging task that requires 

understanding key physiological traits in naturally salt tolerant plant species. Halophytes are salt 

loving plants and they have very diverse array of physiological and biochemical mechanisms to 

encounter salinity stress. Therefore, understanding the fine-print of salinity-induced constraints 

on plant growth and/or salinity tolerance mechanisms in salt-tolerant halophytes is of a key 

importance for enhancing salinity stress tolerance in salt sensitive crop plants.  

The extent of salinity tolerance depends considerably on crop species and families. Thus, 

comparing different plant species from the same family or genus can provide much better 

understanding of physiological mechanisms conferring differential salinity tolerance. In this 

work, we have selected Chenopodiaceae family, one of most important subfamilies of 

Amaranthaceae family that contains numerous plant species, including halophtytic (e.g. 

Chenopodium quinoa, Chenopodium album, Atriplex lentiformis) and glycophytic species (e.g. 

Spinacia oleracea (spinach). Amongst different plant species, we have selected Chenopodium 

quinoa (quinoa hereafter) as a dicotyledonous halophytic plant species and Spinacia oleracea 

(spinach hereafter) as glycophytic plants species. Some previous and basic reports showed that 

Chenopodiaceae family showed a considerable intra- and inter-specific variation at the whole 

plant level under saline conditions. However, to the best of our knowledge, no much specific 

details on the cellular mechanisms conferring this intra- and inter-specific variability in the 

context of salinity tolerance are available in the literature.  

Salinity stress is very complex abiotic stress that induces cytosolic toxicity and oxidative 

damage by causing ROS production. Under saline conditions, the production of different ROS 

such as hydrogen peroxide (H2O2), superoxide radical (O2

) and hydroxyl radical (•OH) at

different sites in cells causes significant damages to nucleic acids, proteins, and lipids. Elevated 

ROS levels also cause major disturbance to plant ionic homeostasis. At the same time, at low 

concentrations ROS can act as signalling molecules to control various physiological processes 
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such as cell growth, pollen development, hormonal control, stress signalling and transduction, 

and ion transport across the plasma membrane.   

Until now very few studies have been published showing the role of different types of 

ROS in regulating ion transport at tissue levels. Therefore, in order to understand above tissue 

specific and intra- and inter-specific variability in salinity tolerance, set of physiological, 

electrophysiological and confocal imaging experiments were conducted to answer some of these 

specific questions:  

I. How does K
+
 retention pattern (a key determinant of the salinity tissue tolerance 

mechanism) in different tissues (root and leaf mesophyll) differ between halophyte and 

glycophyte species?  

II. Can plants (especially halophytic plants) employ other ROS such as •OH and O2

 to 

shape Ca
2+

 flux signatures?  

III. Is there any specific Ca
2+

 or ROS signatures involved in early salt sensing in halophytes?  

IV. How do halophytes avoid Na
+
 cytosolic toxicity and enhance K

+
 retention ability?  

V. How can halophytes retain more K
+
? Do they spend much energy (H

+
-ATPase activity) 

to retain K
+
 as compared with spinach? 

VI. What could be possible players behind reduced K
+
-efflux from leaf mesophyll and roots 

in quinoa in relation to acclimation? 

This work showed that salinity application arrested plant growth in a highly tissue- and 

treatment-specific manner and was more severe in glycophytic spinach plants however quinoa 

was able to withstand salinity stress and produced relative higher plant biomass even at sea level 

saline conditions (500mM NaCl). Analysis of shoot and xylem sap Na
+
 and K

+
 contents have 

revealed the key factor determining differential salinity tolerance between quinoa and spinach 

species was shoot K
+
 (not Na

+
) content and kinetics of xylem ion loading suggested that quinoa 

species actively load and used Na
+

 for osmotic adjustment in shoot to avoid energy expensive 

synthesis of organic osmolytes. To further gain insight into such whole-plant observations, 

kinetics of K
+
, H

+
, Ca

2+
 flux responses from leaf mesophyll in were measured using non-invasive 

ion flux measuring MIFE technique in response to salinity stress and H2O2 stress. Moreover, 

laser microscope confocal imaging technique was used to measure the cytosolic and vacuolar 
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intensities of the fluorescent signals of K
+
, Na

+
 and Ca

2+ 
from different root zones in response to 

salinity stress and H2O2 stress.  

It was also observed that mesophyll cells in glycophytic spinach lost 2 to 6-fold more K
+
 

compared with its halophytic quinoa counterpart. Treatment with NaCl resulted in significant 

increase in a transient H
+
-efflux in the leaf mesophyll in spinach, suggesting that spinach spent 

more ATP to up-regulate H
+
-ATPase activity while quinoa avoid this mechanism to use same 

energy in defence system, consistent with recently suggested concept of the ‗metabolic switch‘.  

Among root zones, NaCl- and ROS- induced K
+
-efflux was more pronounced in the root 

apex while mature zone showed relatively higher K
+
 retention, especially in quinoa. This 

differential sensitivity between different root zones was specifically originated from a 10-folds 

difference in K
+
-efflux between the mature zone and the apical region (much poorer in the root 

apex) of the root. Three factors behind this poor K
+
 retention ability were: (1) an intrinsically 

lower H
+
-ATPase activity in the root apex; (2) greater salt-induced membrane depolarization and 

(3) a higher ROS production under NaCl and a larger density of ROS-activated cation currents in 

root. Moreover ROS (H2O2) production was increased with time in all root zones in both species 

and accompanied with cytosolic Ca
2+

 elevation in quinoa, suggesting that quinoa (halophytic 

species) used ROS as a signalling moiety in stress adaptation. Elevation in cytosolic Ca
2+

 

reduced cytosolic Na
+
, possibly by SOS1 pathway. Both species showed tremendous K

+
-efflux 

in response to •OH and O2

 radical but Ca

2+
 flux patterns revealed different results. In response 

to O2

, a net Ca

2+
-efflux was observed while in response to •OH, a net Ca

2+
-influx was noted, 

suggesting halophytes may use ROS specific Ca
2+

 signatures to activate stress adaptation 

process. Moreover, halophytes (or at least quinoa) may use Ca
2+

-efflux system to restore basal 

cytosolic Ca
2+

 level upon O2

 treatment. Under long term salinity conditions, quinoa grown 

under higher NaCl level (300mM NaCl) showed much reduced responses to external H2O2, 

suggesting desensitization of K
+
-permeable ion channels to ROS. Moreover, quinoa showed 

strongest Ca
2+

 flux response to H2O2 during acclimation, suggesting the important role of ROS-

induced cytosolic Ca
2+

 elevation in stress signalling and adaptive cascade. Spinach was less 

efficient in doing so, thus showed massive K
+
-efflux and reduced K

+
 retention ability.  



 
 

 xiii 
 

In conclusion, results from current work showed that NaCl and ROS stress induced 

massive K
+
 loss. This loss was highly tissue-specific and more pronounced in glycophytic 

spinach plants. Several mechanisms were highlighted in this work behind such response in 

quinoa (i) higher vacuolar Na
+
 sequestration ability in roots, thus reduced Na

+
 cytosolic toxicity. 

(ii)  It can employ H2O2 to activate stress signalling cascades, (iii) higher K
+
 retention in leaf 

mesophyll was strongly correlated with plant biomass, SPAD and stomatal conductance, (iv) The 

results obtained indicated a major difference in distribution of energy between ―metabolic‖ and 

―defence‖ pools. Future research should focus on the difference and mechanisms of the 

regulation of H
+
-ATPase activity between halophytes and glycophytes, and the role of ROS in 

this process, (V) during acclimation, quinoa showed relatively more Na
+
 accumulation (based on 

coroNa green fluorescence signal) than spinach. Thus, it will be of a significant importance to 

reveal the contribution of numerous components (e.g. tonoplastic NHX, or FV/SV channels) 

towards vacuolar Na
+
 sequestration. One of most important discoveries in this study was the 

identification of the electrophysiological role of ROS specific Ca
2+

 signatures in the regulation of 

K
+
 homeostasis and stress adaptation. The use of some techniques such patch clamp and 

CRISPR/CAS 9 will help to reveal the molecular identity of different ion transporters in quinoa 

and spinach in response to different ROS especially to •OH and O2

 radical at transcriptional and 

post transcriptional levels, to further understand the molecular basis of the observed 

physiological salinity tolerance mechanisms. 
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Chapter 1 

General Introduction 

1.1 Soil salinity as a worldwide problem 

Soil salinity is a major environmental constraint that is reducing agricultural productivity 

worldwide. Salinity stress is costing agricultural sector over US $27.3 billion per annum in lost 

revenues, thus is further aggravating the food security problems (Quadir et al. 2014). Worldwide 

more than 3% of total arable land is now saline (FAO 2019) and particularly in Australia nearly 

2/3 of total land area is salt affected (Rengasamy 2006). Currently, a total of 1125 million 

hectares of arable land are saline (Liu et al. 2020). World population is rapidly increasing and is 

projected to reach 9.8 billion by 2050 (Le Mouël & Forslund 2017; Searchinger et al. 2019). A 

matching increase in food production is required. This can be achieved by either developing 

salinity tolerant crop species or increasing the area of agricultural land for crop production. 

However, the growing extends of urbanization and current climate change scenario makes the 

second option highly unlikely. Therefore, the most suitable and viable option is to improve 

salinity tolerance in plants.  

Possible solutions may come from studying the natural variation of salinity tolerance 

among different plants species especially from halophytes. Halophytes are salt loving plants and 

they have very diverse array of physiological and biochemical mechanisms to encounter salinity 

stress (Tanveer & Shah 2017; Liu et al. 2018). Therefore, understanding the fine-print of 

salinity-induced constraints on plant growth and/or salinity tolerance mechanisms in salt-tolerant 

halophytes is of a key importance for enhancing salinity stress tolerance in salt sensitive crop 

plants. However, the extent of salinity tolerance also depends on crop species and families 

(Flowers & Colmer 2008). Thus, comparing or examining physiological mechanisms in relation 

to salinity tolerance in two different plant species but belong to the same family or genus can 

provide much better understanding of differential growth pattern and salinity tolerance levels in 

those two plant species. For instance, comparing the physiological mechanism of K
+
 retention in 

halophytic quinoa and Atriplex and in glycophytic sugar beet and pea plants revealed that high 

K
+
 retention in leaf mesophyll was associated with higher vacuolar Na

+
 sequestration and less H

+
 

pumping in order to save ATPs for defence system while glycophytic species showed 
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tremendous K
+
 leakage associated with higher ROS production and Na

+
 toxicity (Percey et al. 

2016). Thus, exploring the differences between naturally salt sensitive glycophytic plant species 

and salt tolerant halophytic plant species may provide better understanding of the physiological 

and genetic differences in context of salinity stress tolerance. Drought is another major abiotic 

stress along with salinity which is also important in terms of reduction of crop yields worldwide 

(Latif et al. 2020; Wojtyla et al. 2020). In addition, many responses to drought and salinity 

overlap since both environmental conditions share the ‗osmotic stress‘ and ‗oxidative stress‘ 

components, therefore findings of current thesis are also shedding light over the potential 

signalling role of ROS in mediating ion transport in the context of drought and salinity tolerance 

in plants.  

1.3 Why Chenopodiaceae? 

In this work, we have selected Chenopodiaceae family, one of most important 

subfamilies of Amaranthaceae family that contains numerous plant species, including halophytic 

e.g. Chenopodium quinoa, Chenopodium album, Atriplex lentiformis and glycophytic species e.g. 

Spinacia oleracea (spinach), Beta vulgaris (common beetroot), Spinacia tetranda. Previous 

reports showed that Chenopodiaceae family possesses a considerable intra- and inter-specific 

variation at the whole plant level in terms of growth, ion uptake, and photosynthesis under 

hostile conditions (Balnokin et al. 2005; Shi et al. 2009; Kadereit et al. 2012; Cheng et al. 2019; 

Shuyskaya et al. 2019). Numerous members of this family are used as edible and some are used 

as medical plants. Among different plant species we have selected Chenopodium quinoa (quinoa 

hereafter) as a halophytic plant species and Spinacia oleracea (spinach hereafter) as glycophytic 

plants species. Quinoa is very important halophytic edible crop plant, which can grow under 

extreme environment (Eisa et al. 2012). The genetic variability of quinoa is significant, with 

different quinoa cultivars adapted to grow from highland climate to subtropical climates, making 

this plant species more practical option to look for salinity tolerance mechanism (Jacobsen et al. 

2003). Previous studies showed that quinoa can tolerate Na
+
 toxicity by adapting different 

physiological mechanisms such as Na
+
 extrusion or vacuolar sequestration or Na

+
 sequestration 

in bladder cells (Adolf et al. 2013; Kiani‐Pouya et al. 2017, 2019). Contrary to quinoa, spinach is 

a glycophytic plant species and is considered as check species in the current thesis. In this work, 

we have compared cellular mechanisms relating to ionic homeostasis in context of salinity stress 
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tolerance in both plant species. The physiological difference among halophytes and glycophytes 

could be the osmotic, ionic and ROS component of salinity stress. High regulation of tonoplast 

H
+
-ATPase resulted in higher expression of tonoplast NHX in vacuole in halophytic Salicornia 

dolichostachya while spinach was unable to energize tonoplast NHX efficiently, thus showed 

cytosolic Na
+
 toxicity (Katschnig et al. 2014). For majority of glycophytes, salinity tolerance is 

gained by the complex networking of different mechanism such as osmotic adjustment, ROS 

scavenging, xylem ion loading, and K
+
 retention (Adem et al. 2014; Zhu et al. 2015). Thus, 

examining the plant species- specific variation in salinity tolerance mechanism can better explain 

the physiological and molecular basis of such variations among halophytes and glycophytes in 

the context of salinity tolerance.   

1.4 What to look for? 

Salinity stress tolerance is a very complex mechanism, which involves plethora of physiological 

and biochemical processes undergoing in plants during salinity stress adaptation. Alteration in 

ionic homeostasis and production of reactive oxygen species (ROS) are amongst most important 

and crucial traits conferring salinity stress tolerance (Shabala & Pottison 2014; Liang et al. 

2018). Sodium (Na
+
) and K

+
 are similar in their chemical and physical structures, thus they 

compete with each other, both at uptake level and also in activation of numerous enzymes 

(Dudev & Lim 2010; Wu et al. 2018). However, it is K
+
 that is required for numbers of 

physiological processes in plants but not Na
+
; thus, maintaining higher K

+
/Na

+
 ratio in cytosol is 

essential for optimal cell operation under salinity stress conditions. Salinity stress induced K
+
 

leakage from cytosol is a common mechanism in plants and is more pronounced in salt sensitive 

plant species (Kurusu et al. 2015; Isayenkov & Maathuis 2019). Salinity stress causes membrane 

depolarization and induces K
+
-efflux from cytosol to apoplast either via voltage dependent 

GORK channels or ROS activated NSCC channels (Rubio et al. 2019; Shabala et al 2016), thus 

disturbing K
+
/Na

+
 ratio in the cytosol (Hauser & Horie 2010).  

The cell- and tissue- specific responses of different tissues to salinity stress are important 

for understanding salinity tolerance in plants (Liu et al. 2019). Differential expression of 

numerous genes in tissue-specific manner has been extensively reported (Urano et al. 2004; Fang 

et al. 2008; Kumar et al. 2017; Yao et al. 2018; Kaashyap et al. 2018). Among different root 

zones, root apex is more sensitive to stress conditions as compared with mature zone. For 
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example, higher salt sensitivity of root elongation zone as compared with mature zone in B. 

oleracea was due to higher NaCl and ROS induced K
+
-efflux (Chakraborty et al. 2016a). Root 

zone specific metabolic accumulation in barley root may have a potential role in cell division and 

elongation under salinity stress (Shabala et al. 2016a). Likewise, the intracellular Na
+
 

sequestration in mature root zone was increased and decreased in the presence of ethylene glycol 

tetra acetic acid (EGTA- Ca
2+

 scavenger) and Diphenylene iodonium (DPI-an inhibitor of plasma 

membrane NADPH oxidase) respectively, suggesting the involvement of salt induced ROS 

production and Ca
2+

-influx in regulating Na
+
 homeostasis in mature zone (Liu et al. 2019). 

Moreover, Huang et al. (2019) showed that respiratory burst oxidase protein (RBOH) dependent 

H2O2 signalling in involved in mediating salinity tolerance in root apex potentially by regulating 

the pre- and post-translational activation of H
+
-ATPase. Thus, an examination was carried out in 

this thesis to examine the cell- and tissue- specificity of regulating K
+
/Na

+
 homeostasis in 

halophytic quinoa and glycophytic spinach under saline conditions.  

Moreover, cell and tissue specific K
+
 retention ability have been largely overlooked in 

plants. In recent years, it has been shown that K
+
 retention plays an important role in overall 

plant nutrition and salinity stress tolerance; however, the extent of K
+
 retention is highly tissue- 

and plant species- specific (Wu et al. 2018). For instance, salinity tolerant barley cultivars retain 

2-3 folds higher K
+
 as compared with salinity sensitive barley cultivars (Chen et al. 2007). Wu et 

al. (2013) found that salinity tolerant bread wheat cultivars showed better K
+
 retention in leaf 

mesophyll as compared with salinity sensitive cultivars. Shabala et al. (2016) showed that root 

apex is more sensitive to salinity stress and showed 10 folds higher K
+
-efflux as compared with 

root mature zone. Also, in barley K
+
 retention in the mature root zone correlated with salinity 

stress (Chen et al. 2005; 2007) but this was not the case for the root apex (Wu et al. 2019). This 

suggests the likely different role in stress-induced K
+
-efflux in different root tissues. Recently, 

the signalling role of cytosolic K
+
-efflux has been proposed, showing K

+
-efflux may induce 

‗metabolic switch‘ during stress conditions to inhibit energy consuming reactions to save energy 

and redirect available energy for defence and stress adaptation process (Demidchik 2014; 

Shabala 2017). This mechanism is only functional in response to transient increase in cytosolic 

K
+
-efflux and to the reduction in the activities of K

+
 dependent enzymes (Shabala 2017), thus 

suggesting higher K
+
-efflux from root apex may be involved in stress adaptation. Moreover, the 

difference in the sensitivity of different cells or different tissues to retain K
+
 could be due to cell 
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-or tissue- specific operation of K
+
 transporters (Wu et al. 2018; Isayenkov & Maathuis 2019). 

K
+
 also determines the cell fate under saline conditions (Shabala 2017) and K

+
 loss under saline 

conditions is a common phenomenon, associated with electrolytic leakage (Rolny et al. 2011; 

Demidchik et al. 2014). The use of K
+
-efflux for charge balance in order to restore salinity 

induced membrane potential has also been proposed (Shabala 2017). In the light of this, the 

current work has investigated root zone-specific K
+
 flux responses and cellular K

+
 distribution in 

quinoa and spinach under salt and ROS stress. 

Xylem ion loading is an important mechanism in plants and control of xylem ion loading and 

regulation of ion enhance at the xylem-parenchyma is considered as central to salinity stress 

tolerance (Tester & Davenport 2003). Along with delivery of major and essential ions, some of 

toxic ions such as such as (Na
+
 or Cl

-
) also get delivered to shoot and leaves (Ishikawa et al. 

2018). Thus, understanding the casual link between xylem ion loading and ionic homeostasis in 

shoot or leaves is important in the context of salinity stress tolerance. Therefore, a causal link 

between xylem loading and K
+
 retention in photosynthetically active leaf mesophyll has been 

exploited in salt grown quinoa and spinach.  

Upon salinity stress, production of different ROS (superoxide radical, hydroxyl radical and 

hydrogen peroxide) is one of most inevitable mechanisms in cells and these ROS species can 

play differential role in regulating ionic homeostasis under saline conditions. Studies have shown 

that ROS (especially H2O2) can activate numerous K
+
 and Ca

2+
 permeable channels, resulting in 

depletion in the cytosolic K
+
 and a concomitant increase in the cytosolic Ca

2+
 under saline 

conditions (Wang et al. 2018), however this mechanism could be also highly tissue specific. In 

Arabidopsis root, hydroxyl radical mediated Ca
2+

-influx and K
+
-efflux was mediated by non-

selective cation channels (Demidchik et al. 2003). Likewise, in barley high sensitivity of roots to 

salt stress was partially associated with a higher population of hydroxyl radical induced K
+
-

efflux channels in roots (Shabala et al. 2016a). Moreover, some ROS such as superoxide radicals 

affect the post translational regulation of GORK channel-mediated K
+
-efflux (Tran et al. 2013). 

Other than mediating K
+
 flux, ROS also play an important role in regulating Na

+
 flux, thus 

regulate Na
+
 homeostasis in plants under saline conditions (Ma et al. 2012; Niu et al. 2017). 

Several mechanisms have been reported to explain ROS dependent regulation of Na
+
 

homeostasis, including the up-regulation of plasma membrane H
+
-ATPase (Niu et al. 2017), 
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higher stability of mRNA of SOS1 (Chung et al. 2008) and activation of plasma membrane Ca
2+

 

channels to initiate Ca
2+

 signalling (Saxena et al. 2016), and up-regulation of H2O2 responsive 

tonoplast NHX for vacuolar Na
+
 sequestration (Cao et al. 2016). Accordingly, the role of H2O2 in 

mediating Na
+
 homeostasis has been examined in halophytic quinoa and glycophytic spinach in 

this work. The effects of hydroxyl radical and superoxide radical on membrane ion transport 

have also been revealed.  

Acclimation to salinity stress is an important plant survival mechanism. This process implies 

involvement of numerous physiological players such as hormones, nutrients, RNA or proteins, 

electrical signals, and Ca
2+

 waves in inducing acclimation (Shabala et al. 2015; 2016). However 

little information is known regarding the role of H2O2 in inducing acclimation via regulation ion 

transport across the plasma membrane. Examining inter- and intracellular K
+
/Na

+
 ratio could also 

be important in further understanding complex mechanisms during acclimation. Thus, an 

electrophysiological examination of the physiological role of H2O2 in mediating ionic 

homeostasis in leaf and root tissues was carried out in this thesis.  

1.5 Aims of this research work 

This work used two species contrasting in salinity stress tolerance, namely quinoa and spinach, 

to address the following aims: 

1) to understand physiological basis of differential growth responses to salinity stress in 

quinoa and spinach; 

2) to investigate the role of root zone-specific cytosolic K
+
 homeostasis and intracellular 

Na
+
 sequestration in overall salinity stress tolerance;  

3) to understand the causal link between xylem ion loading and K
+
 retention leaf mesophyll 

cells;  

4) to investigate the role of the tissue -specific K
+
 and Na

+
 distribution in the cytosol and 

vacuole in different root zones in response to H2O2 stress;  

5) to investigate the effects of hydroxyl radical and superoxide radical on the ion transport 

across plasma membrane in different tissues; 

6) to investigate ROS control of intracellular Na
+
 sequestration and Ca

2+
 signalling;  

7) to investigate the role of ROS signalling in acclimation to salinity.  
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1.6 Outline of the chapters  

This thesis comprised of 9 chapters and is structured as follows: 

Chapter 1 is an introductory chapter explaining the rationale of this work. Major aims and 

objectives of this thesis are narrated in this chapter. 

Chapter 2 is a literature review chapter that provides background information on the role 

of ROS signalling in mediating ionic homeostasis in salt-grown halophytes and glycophytes. The 

mechanisms of salt tolerance and molecular identities of different ion channels involved in 

mediating K
+
/Na

+
 ratio in cytoplasm have been reviewed, in the context of the tissue-specific 

role of ROS in activating ion channels. At the end, an overview of specificity of salt stress 

signalling in halophytes is provided.  

Chapter 3 summarises the methodology of different techniques and experiments 

conditions, required to conduct current thesis work. This chapter shows the application of non-

invasive microelectrode technique (MIFE) for electrophysiological measurement and laser 

confocal microscope imaging technique to measure the fluorescent intensity signals of different 

ions at tissue and organelle levels. 

Chapter 4 focuses on the role of K
+
 retention and Na

+
 sequestration in different root 

zones and investigates the root zone-specific role of H2O2 and Ca
2+

 signalling in conferring 

overall salinity stress tolerance in quinoa and spinach. Results showed that quinoa a halophytic 

plant species may use root meristem as ‗salt sensor‘ and retained most of K
+
 in mature zone 

(which is nutritionally important for overall plant growth) and while spinach showed drastic 

reduction in K
+
 uptake and retention under salinity stress conditions. Reduction in the cytosolic 

K
+
 in spinach was accompanied with higher cytosolic Na

+
 toxicity while quinoa relied more on 

vacuolar Na
+
 sequestration and showed salinity stress tolerance. Elevation of cytosolic Ca

2+
 was 

another important stress signalling aspect in quinoa and spinach was less efficient in doing so. 

Results indicated that root zone-specific ion profiling shows differential patterns of ion 

homeostasis among quinoa and spinach.  

Chapter 5 covers the aspect of xylem loading and K
+
 retention in mesophyll and their 

possible roles in salinity stress tolerance. Results showed that quinoa actively increased Na
+
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loading along with K
+
 loading in xylem sap for osmotic adjustment purpose while spinach 

showed Na
+
 toxicity in the xylem sap and leaves. Upon treating leaf mesophyll with NaCl, 

spinach showed 2 folds higher K
+
-efflux from leaf mesophyll cells while quinoa possessed better 

K
+
 retention in leaf mesophyll.  

Chapter 6 investigates the root zone-specific role of H2O2 signalling in cytosolic K
+
 

homeostasis and in intercellular Na
+
 sequestration. The interplay between H2O2 signalling and 

Ca
2+

 signalling in modulating K
+
 homeostasis in different root zone has also been examined.  

Chapter 7 describes the effects of two toxic ROS (superoxide radical and hydroxyl 

radical) on ion transports from leaf mesophyll and from different root zones. Results showed 

tissue specific effects of these two toxic radicals on ions transport in both plant species.  

Chapter 8 is the last experimental chapter that investigates the role of ROS signalling in 

salinity stress acclimation by controlling ionic homeostasis in different tissues. Results revealed 

that quinoa was efficiently employed H2O2 as signalling moiety to induce acclimation 

mechanism. Quinoa was able to retain more K
+
 and sequester more Na

+
 in vacuole during 

acclimation.  

Chapter 9 is a summary chapter that provides a general discussion of obtained results and 

practical recommendations for future studies to further examine the salinity tolerance 

mechanisms in halophytes. 
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Chapter 2 

Literature review 

2.1 Salinity stress- a worldwide dilemma 

Soil salinity is a worldwide issue that significantly reduces agricultural productivity (Shrivastava 

& Kumar 2015). As soil salinity can be caused both by natural means and anthropogenic 

activities, it is therefore very difficult or nearly impossible to control its further expansion 

(Shahid et al. 2018). Most of arable lands are now salt affected and the extent of salinization is 

increasing at the rate of 10% annually (Flower 2004; Jamil et al. 2011). It is estimated that nearly 

10% of total world land has become saline by now (Ruan et al. 2010). Hence, agricultural 

production requires either improvement of salinity tolerance of existing crop species or bringing 

more land under crop production. Along with the above increase in salinity problem, 

uncontrollable world population is further aggravating the situation, as world population is 

projected to cross over 9.8 billion by 2050, with a demand for an increase in crop productivity by 

50% (Godfray et al. 2010). This explains the urgency of developing salt tolerant crop plants as a 

major challenge for plant researchers. Naturally salt tolerant crop species have ability to remove 

excessive salts from soil and store it in different cellular compartments and tissues, thus such 

species can be used to remedy soil salinity (Liu et al. 2018). Along with salinity, drought stress is 

another inevitable abiotic stress which reduces significantly crop yield by causing osmotic and 

oxidative stress (Maggio et al. 2015; Miller et al. 2010; Hussain et al. 2018). Thus, understanding 

physiological mechanisms in tolerant plant species can provide clues to improve salinity and 

drought tolerance in arable crops such as cereals or vegetables. 

Several strategies are used by plant species to cope with salinity stress. This includes Na
+
 

compartmentalization in vacuoles; control of xylem Na
+
 loading from roots to shoot for storage 

in salt glands (especially in halophytes); superior K
+
 retention in photosynthetically active cells; 

or efficient stress signalling to activate plant defence systems (Tester & Davenport 2003; 

Shabala & Cuin 2008). Maintaining higher cytosolic K
+
/Na

+
 has been regarded as a most 

important component of salinity tolerance in plants and alteration in their ratio results in massive 

yield loss (Takeda & Matsuoka 2008; Olías et al. 2009; Cuin et al 2012). Production of highly 

reactive oxygen species (ROS) due to cytosolic Na
+
 toxicity induces oxidative damages to 
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numerous cellular structures and causes alteration in numerous metabolic processes required for 

optimal plant growth (Sharma et al. 2012). These ROS have long been considered as being 

detrimental to plants; however, strong evidences of ROS acting as signalling elements have 

emerged in the last two decades (Pitzschke et al. 2006; Mittler et al. 2011; Choudhury et al. 

2013). The mode of ROS operation (e.g. either oxidative or signalling) is highly tissue- and plant 

species-specific. Therefore, incorporating oxidative stress tolerance component in salt-tolerant 

cultivars requires a better understanding of regulation of ROS production and signalling in plant 

species.  

2.2 Diversity in the salinity tolerance in plant species 

Plants species vary in their salinity tolerance and this trait is highly associated with a diverse 

array of numerous physiological mechanisms which work alone or in combination to induced 

salinity tolerance in plants. Based on their salinity tolerance ability, crop plants can be divided 

into four groups, (i) salt tolerance (ii) moderate tolerant (iii) moderate sensitive and (iv) highly 

sensitive (Katerji et al. 2000). Moreover, terms such as ‗halophytes‘ and ‗glycophytes‘ have also 

been introduced to categorize plant species, based on their ability to grow and survive under 

acute saline conditions (Hasanuzzaman et al. 2014). In lay terms, halophytes are salt loving plant 

species that benefit from the presence of salt in the soil. For example, the growth reduction in 

Aster tripolium, Beta maritime and Sesuvium portulacastrum was observed only after NaCl 

concentration exceeding 300mM, 500mM and 750mM NaCl levels, respectively (Koyro et al. 

2010). Any other crop species would be killed by such salinity levels. The difference in salinity 

tolerance threshold is also indicative of a substantial variation in their physiological and 

molecular mechanisms controlling salinity tolerance (Shabala & Munns 2012). Based on their 

seed anatomy, halophytes are categorized into two categories; monocots and dicots. The 

underlying mechanism of salinity tolerance also differs among these two types of halophytes. In  

dicot halophytes, stress tolerance in achieved predominantly by controlling transport of ions to 

aerial parts and biosynthesis of specific osmolytes, whereas monocot halophytes are able to 

avoid accumulation of toxic ions, maintaining relatively high K
+
/Na

+
 ratios (Boscaiu et al. 2013; 

Gil et al. 2014; Al Hassan et al. 2016; 2017; Chaudhary 2019). Moreover, dicot halophytes 

exhibit optimal growth in 100–200mM NaCl, whereas monocotyledonous halophytes show 

optimal growth in 50–100mM of NaCl (Bell and O‘Leary 2003; Flowers & Colmer 2008). In a 
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contrast, glycophytes are salt sensitive plants and prefers to restrict salt translocation from root to 

shoot and thus are known as salt excluders (Chen et al. 2018; Kataria & Verma 2018; Wani et al. 

2020). Comparing the morphological and physiological basis of different salinity tolerance levels 

among halophytes and glycophytes could be therefore beneficial in identifying the mechanisms 

that allow plants to adapt to salinity stress. The best-known example of such experimental 

approach involving a comparative analysis of the stress responses of taxonomically related 

species is the use of Arabidopsis thaliana and Thellungiella halophila as glycophytic and 

halophytic models respectively from same genus. Such studies provided useful information 

regarding the diversity of salinity stress tolerance mechanisms in intra-genus plant species (Shiri 

et al. 2016; Prerostova et al. 2017; Wiciarz et al. 2018). Salinity stress tolerance in T. halophilas 

is associated with better antioxidant defence system, osmolytes accumulation and, most 

importantly, a better regulation of K
+
 homeostasis under saline conditions (Houmani & Corpas 

2016; Li et al. 2018; Ali et al. 2018). Another example of such comparison can be seen from the 

Cucurbitaceae family; cucumber and pumpkin belong to the same family but differ drastically in 

salt tolerance, with cucumber being sensitive and pumpkin tolerant (Zhu et al. 2006; Edelstein et 

al. 2011; Huang et al. 2013; Lei et al. 2014). Previous studies have suggested that pumpkin roots 

exhibited a high efficiency in extruding Na
+
 (Edelstein et al. 2011; Lei et al. 2014; Niu et al. 

2017; 2018) as compared with salt sensitive cucumber (Hung et al. 2019).  

Chenopodiaceae is a subfamily of Amaranthaceae family in the plant kingdom and is 

common in salty and dry habitats. This family includes numerous very important members such 

as Spinach, Swiss chard, or Beet, Chenopodium album, and Atriplex (Flowers et al. 2010). 

Halophytic plant species from Chenopodiaceae family has a remarkable ability to tolerate acute 

salinity levels while glycophytic counterparts do not have such salt tolerance mechanisms. 

Among different members of Chenopodiaceae family, Chenopodium quinoa (a dicotyledonous 

halophyte; quinoa) is a very important halophytic plant species with an exceptional nutritional 

value and has gained a lot of interest in saline agriculture (Adolf et al. 2013). Quinoa has been 

reported as highly salt tolerant plant species; this trait was associated with a better ability to 

scavenge ROS and better Na
+
 accumulation salt bladders (Orsini et al. 2011; Adolf et al. 2013; 

Kiani-Pouya et al. 2019). These mechanisms were not observed in quinoa‘s close relatives (e.g. 

Beta vulgaris) (Dadkhah 2011; Skorupa et al. 2019). Thus, comparing and understanding the salt 

induced variations in halophytes and glycophytes will lead us towards the identification of 
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genetic makeup required to improve salinity tolerance in other plant species from other families. 

Therefore, in present thesis a comprehensive examination was carried to understand different 

salinity tolerance mechanisms in halophytic quinoa and glycophytic spinach plants.  

2.3 Major physiological constraints imposed by salinity stress in plants 

Salinity stress imposes three major constraints on plant‘s operation. The initial effect of high 

amount of salt in rhizosphere includes an abrupt increase in the osmotic potential in the soil, thus 

reducing water availability to plants. This component is defined as osmotic stress. A further 

progression of saline conditions results in the ionic toxicity (accumulation of toxic ions) in roots 

and then in shoots. Finally, prolonged ionic toxicity leads to production of ROS thus causing 

oxidative damage to biological membranes and ion transports (Mansour & Salama 2004; 

Tilbrook & Roy 2014).  

2.3.1 Osmotic stress 

Increase in salt concentration in the rhizosphere above a threshold results in osmotic stress in 

plants just like under drought stress, which concomitantly increases turgor potential; a hallmark 

for lower growth and development under saline and water deficit conditions (Munns & Tester 

2008; Colmenero-Flores et al. 2020). The threshold level of salts in the rhizosphere varies among 

different plant species. For example, in rice the threshold level is roughly 30mM (Faustino et al. 

1996), in maize it is 40mM (Akram et al. 2010) while in barley it is 80mM (Mass & Hoffman 

1977). Similarly, osmotic stress can partly be ameliorated by the increased production and 

accumulation of osmolytes in the cytosol for the purpose of osmo-protection and osmotic 

adjustment (Neumann 2011). These osmolytes can be organic (so-called compatible solutes such 

as polyamines, sugars, amino acids) or inorganic (such as K
+
 or Na

+
) (Peleg et al. 2011). Organic 

osmolytes biosynthesis comes with significant ATP cost; also, their biosynthesis is a slow 

process (requiring hours), while inorganic osmolytes require minimal energy and are therefore a 

cheaper way to counter osmotic stress (Munns et al. 2019). It has been calculated that between 

3.5 and 7moles of ATPs are required to accumulate one mole of K
+
 or Na

+
 in a shoot while up to 

80moles of ATPs are required to synthesize one mole of glycine betaine or proline in plant shoot 

(Raven 1985). Such energy expensive process is more pronounced in glycophytes - a hallmark of 

their higher salinity sensitivity. Halophytes also synthesise and accumulate organic osmolytes, 
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sometimes to high concentrations, for osmotic adjustment (Arbelet-Bonnin et al. 2020; van Zelm 

et al. 2020); however, halophytes prefer to use inorganic elements to adjust osmotic potential 

rather than spend energy on the biosynthesis of organic osmolytes. This allows them to redirect 

available energy for other metabolic processes under saline conditions (Shabala 2013; Wege et 

al. 2017). The contribution of inorganic solutes to total solute concentration has been found to be 

much greater in halophytic members of the Chenopodiaceae, (comprising the greatest 

contribution to osmolarity), than in glycophytic members of Poaceae, (in which soluble sugars 

were the major osmolytes), thus hinting at the superiority of inorganic osmolytes for osmotic 

homeostasis (Flower & Colmer 2008).  

2.3.1 Ionic toxicity 

Under salinity stress, high accumulation of Na
+
 and Cl

- 
in the rhizosphere reduces plant 

growth by increasing ionic toxicity and nutrient imbalance in plant cells (Tilbrook & Roy 2014). 

Nutrient imbalance may occur as a result of competition for uptake and accumulation between 

essential and toxic ions. Competition also occurs because of similar physical and chemical 

properties, such that, for example, Na
+
 competes with and K

+
 induces K

+
 deficiency in plant cells 

(Maathuis & Amtmann 1999). In glycophytes Na
+
 can rapidly accumulate in the cytosol and 

thereby reduces plant growth and development; however, halophytes have efficient systems to 

deal with Na
+
 toxicity (Koyro et al. 2010; Shabala 2013). Maintaining higher K

+
/Na

+
 ratio in the 

cytosol is the key determinant of salinity stress tolerance in plants, and reduction in this ratio 

results in a massive yield loss (Eisa et al. 2013). In halophytes such as Atriplex spp, 

Chenopodium quinoa, Chenpodium album, and Suaeda salsa, higher K
+
/Na

+ 
is associated with 

better Na
+ 

exclusion via the salt overlay sensitive (SOS) pathway or higher vacuolar Na
+
 

sequestration via Na
+
/H

+
 exchanger (NHX) or external storage in bladder cells (Ali & Yun 2017; 

Shabala et al. 2014). Studies showed that overexpression of SOS1 or NHX resulted in higher 

salinity tolerance even in glycophytes (Assaha et al. 2017). Furthermore, Na
+
 depolarizes plasma 

membranes and thus activates voltage dependent K
+
 permeable outward rectifying channels 

(GORK), which induces K
+
-efflux from cells (Munns et al. 2012; Bose et al. 2014a). The 

activation of GORK channels results in massive K
+
 leakage, which results in a programmed cell 

death. Higher Na
+
 concentration in the cytosol also leads to ROS production which further 

activates GORK and non-selective cation channels (NSCC), further speeding K
+
-efflux from 

cytosol (Demidchik & Maathuis 2017). In order to reduce membrane depolarization plants have 
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to pump H
+
 out via H

+
-ATPase in the plasma membrane; however, this is an energy expensive 

process and thus may jeopardize the energy status of plants. Halophytic plant species avoid such 

processes and use ROS (H2O2) as signalling moieties to activate plant defence system and save 

energy for plant metabolism under saline conditions (Bose et al. 2014c). Little information is 

available regarding the role of ROS in controlling such mechanisms therefore the physiological 

basis of such mechanisms has been explored in this thesis. 

2.3.3 Oxidative stress 

Reactive oxygen species production is ubiquitous under hostile environment such as 

salinity or drought stress or extreme temperatures (Czarnocka & Karpiński 2018). The major 

ROS in plants include hydrogen peroxide (H2O2), superoxide anion (O2·

), singlet oxygen (

1
O2), 

and hydroxyl radical (OH·). These ROS are mainly produced in the apoplast, chloroplasts, 

mitochondria, and peroxisomes (Miller et al., 2010). Under normal conditions or during the early 

stages of stress, ROS are produced in low concentrations, but play a different role during long 

term or severe stress, when their rate of production is elevated and they cause oxidative damage. 

None the less, ROS accumulation greatly depends on the balance between ROS production and 

ROS scavenging (by antioxidant defence systems) (Mitller et al. 2004). Therefore there should 

be a tight balance between ROS production and ROS detoxification (Tanveer & Shabala 2018). 

Excessive ROS are toxic in nature and can cause oxidative damage to lipids, proteins and DNA, 

(Apel & Hirt 2004), and can cause PCD in plants (Pallavi et al. 2010). High ROS production and 

subsequent oxidative damage can be mitigated by the activation of antioxidant defence systems 

(Gill & Tuteja 2010).  

2.3.4 A controversial role of ROS in plant systems 

The traditional view on ROS as toxic by-products of plant metabolism has changed in the 

last decade, with numerous evidence provided showing the role of ROS as signalling molecules 

capable of transferring the environmental signals, with other signalling intermediates, to the 

genetic machinery (Sewelam et al. 2016). ROS play key roles in plant metabolism. In addition to 

stress signalling (to trigger plant defence systems), they are also involved in lignin and 

cytoskeleton biosynthesis, and in growth regulation (Gill & Tuteja 2010; Mangano et al. 2017; 

Michard et al. 2017). ROS produced under stress conditions such as salinity stress or drought, 

subsequently can regulate gene expression leading to an alteration of plant growth at the tissue 
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and organ levels (Tsukagoshi 2016; Mhamdi & Van Breusegem 2018). ROS can also modulate 

ion channels to regulate ionic homeostasis in plants under stress conditions (Demidchik 2010). 

For example in leaves, exogenous application of H2O2 has been seen to activate Ca
2+

 uptake via 

the activation of non-selective cation channels in guard cells (Pei et al. 2000). Likewise in 

Ipomoea trifida, H2O2 induced K
+
-efflux was accompanied by Ca

2+-
influx, thus playing an 

important role in regulation of ion channels (Liu et al. 2019). In barley, K
+
-efflux induced by 

H2O2 was less pronounced in a salt tolerant cultivar, suggesting that H2O2-activated K
+
-

permeable channels are involved in salt signalling and adaptation (Wu et al. 2015a). In short, 

ROS may play an important role in ionic homeostasis and the tissue specificity of such 

mechanisms should be explored, especially in halophytes. In the following section, the potential 

role of ROS in plant growth regulation and ionic homeostasis is reviewed. 

2.4 ROS signalling in plant growth 

ROS essentially support normal physiological and metabolic functions, as well as 

promoting cellular proliferation and differentiation. In higher plants, ROS at redox biology level 

were found to regulate diverse functions such as: cellular proliferation, stress acclimation, stress 

signalling transduction, development, differentiation, metabolic regulation, interactions with 

other organisms and pathogen defence, systemic responses, and physiological cell death 

(Zurbriggen et al. 2010; Bigarella et al. 2014). ROS signalling is mediated by a highly regulated 

process of ROS accumulation in specific cellular compartments and maintains normal 

physiological functions mainly via interacting with cysteine residues of proteins (Mittler 2017). 

ROS are suggested as key molecules in controlling plant root and shoot development, and thus, 

performing a similar regulatory role as plant hormones (Tsukagoshi 2016). ROS have been found 

to be particularly important for maintaining the balance between cell proliferation and 

differentiation, which is foundational to achieving a good spatial distribution of lateral roots. 

They do accumulate in root cells even under normal growth conditions (Perez & Brown 2014), 

which hints at their necessity for root growth and development (Tsukagoshi 2016). In root 

development, ROS induced alteration in cell walls triggers lignin formation (Fagerstedt et al. 

2010; Tsukagoshi et al. 2010) and modify both primary and secondary cell walls (Liszkay et al. 

2004). This modification process involves the transfer of the electron to monolignol molecules in 
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cells within the maturation zone, where monolignol can be used to form the polymer and lignin 

(Tsukagoshi 2016).  

     In addition, ROS also play a crucial role in the formation of the casparian strip; which is a 

lignin-based diffusion barrier present in the endodermis in plant root cells, and which controls 

apoplastic movement of solutes and water. ROS also play an important role in controlling the 

growth and size of root meristem zone by regulating the genes related to cell cycle in the root 

meristem (Dunand et al. 2017). ROS also regulates the transition from cell proliferation to cell 

differentiation, by controlling the transition of cells from a zone of cell division to a zone of cell 

elongation and differentiation. In this regard, superoxide was found to accumulate in the 

meristematic zone, while H2O2 accumulated in the elongation zone (Liu et al. 2019). Such a 

function might be similar to that of cytokinin, controlling and achieving the best spatial 

distribution of lateral roots by inhibiting cell cycle activity, as well as primordium development, 

and stimulating cell elongation in developing lateral roots (Julkowska & Testernik 2015). ROS 

also take part in lateral root development. For example, wild type Arabidopsis treated with 

Diphenylene iodonium (DPI), (an inhibitor of NADPH oxidase activity), failed to develop root 

hairs and did not accumulate ROS at the tip of the root hair, (Clark et al. 2010), strongly 

indicating that ROS accumulation at the tip of root hair is required for normal root hair 

development (Tsukagoshi 2016; Xu et al. 2019). ROS signalling also regulates plant shoot 

development. As a result, cross-talk systems may exist which may affect the growth of whole 

plants (Passaia et al. 2013).  

2.5 Regulation of K
+
/Na

+
 homeostasis by ROS in plants under salinity stress 

Maintenance of optimal K
+
/Na

+
 ratio in the cytoplasm is an important stress tolerance trait. 

However, under saline conditions NaCl depolarizes the plasma membrane, thus activating 

voltage dependent K
+
 outward rectifying channels, and thereby inducing K

+
 leakage from the 

cytosol, which concomitantly reduces K
+
/Na

+
 in cytoplasm. Likewise, drought stress inhibits 

plasma membrane H
+
-ATPase activities and induced net H

+
 influx, leading to membrane 

potential depolarization and inducing a massive K
+
 efflux, thus disturbing K

+
 homeostasis 

(Zhang et al. 2018). Moreover, combined of salinity and drought stress caused a 2- fold increase 

in Na
+
/K

+
 ratio (Ali and Rab 2017). Such increase in the Na

+
/K

+
 ratio results in the production of 

more ROS which further imbalances the K
+
/Na

+
 ratio, a cycle which is more pronounced in 
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sensitive glycophytes (Wu et al. 2018). ROS occupy a very important place in cell metabolism; 

ROS can induce oxidative damage and can also act as signalling elements to initiate stress 

signalling and adaptation processes. However, the mode of ROS activity depends on its 

concentration.  ROS can induce K
+
-efflux by activating GORK or NSCC channels but production 

of ROS results in the elevation of cytosolic Ca
2+

, another important secondary messenger which 

activates other adaptive mechanism.  

2.5.1 ROS activated K
+
-efflux channels in plants    

Though major attention has been given to ROS signalling in mediation of Ca
2+

-influx 

through ion channels, there are some other ROS mediated events which are linked with ROS 

activated K
+
-efflux channels and their role in plant responses. In Arabidopsis, the functional 

properties of K
+
-efflux channels were characterized and found that K

+
-efflux from roots was 

activated by hydroxyl radical during salt stress (Demidchik et al. 2010). The same authors also 

found that salinity treatment and hydroxyl radical significantly disturbed membrane potential and 

caused programmed cell death, however these effects were delayed in an Arabidopsis mutant that 

lacked functional K
+
-efflux GORK channel. Knocking down of AtGORK1 resulted in lessening 

of K
+
-efflux from roots (Demidchik et al. 2010). Similarly, reduction in the expression of GORK 

transcript levels resulted in less K
+
 loss from rice (Ahmad et al. 2016). Tests relating to the 

clustering of the properties of GORK channel and its gating by external K
+
 showed that gating of 

GORK was shifted more towards positive voltages in response to external K
+
, further 

establishing the functionality of GORK channels in inducing K
+
-efflux under hostile conditions 

(Eisenach et al. 2014). GORK transcription along with ROS production both increased under 

different abiotic stress conditions (Becker et al. 2003; Lebaudy et al. 2007). This is because high 

production of ROS increases the transcript levels of GORK channels, leading to high activation 

of K
+
-efflux (Demidchik et al. 2010; Tran et al. 2013). High ROS production results in 

electrolytic leakage, which is a hallmark of stress conditions (Anjum et al. 2015). Recently, a 

hypothesis has been put forward in which is suggested the concept of a ‗metabolic switch‘. 

According to this concept, plants decrease the rate of anabolic reaction and trigger catabolic 

reactions in order to use energy for stress adaptation (Demidchik et al. 2014). GORK mediated 

K
+
 leakage may play such a role in activating the ‗metabolic switch‘. In barley, high relative 

expression of GORK in the root apex did not explain the difference in salt induced K
+
-efflux 

between salt tolerant and salt sensitive barley cultivars. However, keeping in mind the close 
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relationship between salinity stress and ROS production, a possible candidate could be voltage 

independent ROS activated non-selective cation channels (NSCC) (Wu 2016). In durum wheat, it 

was found that K
+
-efflux was mediated by NSCC, regulated by ROS in the chloroplast (Wu et al. 

2015a). Application of hydroxyl radical results in a massive K
+
-efflux from the epidermal cells 

of the root elongation zone in Arabidopsis, and that K
+
-efflux was mediated by both NSCC and 

voltage dependent outward rectifying channels (Cuin & Shabala 2007).   

2.5.2 The role of ROS-mediated cytosolic Ca
2+

 elevation in controlling K
+
/Na

+
 ratio in the 

cytosol 

Upon salinity stress, massive
-
influx of Na

+
 in roots occurs both by higher unidirectional 

Na
+
-influx, and by the activation of Na

+
 uptake systems. Plants can deal with such massive Na

+
-

influx by either reducing unidirectional Na
+
-influx or enhancing net Na

+
-efflux, or both. To 

reduce the unidirectional inward flow of Na
+
, plants need less negative membrane potential to 

decrease the driving force for Na
+
 uptake (Maathuis 2014). Several studies also showed that Na

+
-

influx is highly sensitive to secondary messengers such as ROS, Ca
2+

 or cyclic nucleotides (Jin et 

al. 2010; Maathuis 2014; Assaha et al. 2017). Cyclic guanosine monophosphate, (cGMP), a 

cyclic nucleotide, can reduce unidirectional Na
+
-influx up to 35% in pepper and Arabidopsis 

plants. The role of cGMP in mediating ion homeostasis is not only in decreasing Na
+
 uptake, but 

also increasing K
+
 uptake (Maathuis 2006), which leads to higher K

+
/Na

+ 
ratio in plants.  Ca

2+
 

signalling has a role in mediating this process as a downstream target of cGMP activity 

(Donalson et al. 2004). ROS also play an important role in Na
+
 homeostasis. For instance, 

exogenous application of H2O2 resulted in reduced Na
+
 accumulation in leaves (Ashfaque et al. 

2013). 

An abrupt increase in the cytosolic Ca
2+

 is a common response in plants under stress 

conditions, and such increases in the cytosolic Ca
2+

 can be sensed by several proteins, such as 

calmodium binding protein kinase (CBPK), calmodium protein (CaM) and calcineurin B like 

protein (CBL/SOS3) (Weinl & Kudla 2009). Na
+
-efflux occurs as a result of the activation of 

these proteins. The SOS pathway is a three step process in which CBL protein/SOS3 binds to 

serine/theorine protein kinase SOS2 (CIPK) upon sensing changes in cytosolic Ca
2+

, and make 

SOS2-SOS3 complex. This complex later on activates SOS1, a Na
+
/H

+
 antiporter located in the 

plasma membrane, by phosphorylating the C-terminus of SOS1 in order to mediate Na
+
-efflux 

from the cytosol to the apoplast (Zhu 2001). SOS1 transcripts are unstable under normal growth 
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conditions, while under stress conditions and after its activation by SOS2-SOS3, its stability 

increases and H2O2 has been observed as an important ROS which increased the stability of 

mRNA of SOS1 under stress conditions (Chung et al. 2008). SOS2 also interacts with nucleoside 

diphosphate kinase 2 (NDK), a H2O2 signalling protein, to inhibit its auto-phosphorylation 

(Verslues et al. 2007) as revealed by examining the response of an Atsos2-2 ndk double mutant 

and an Atsos2-2 single mutant under salt stress.  

SOS3 (CBL protein) has shown an important role in mediating K
+
-influx via AKT1 

(Assaha et al. 2017). For instance, in the root protoplast of Arabidopsis, CBL1/CBL9 is activated 

by an elevation of cytosolic Ca
2+

 under low K
+
 conditions, which results in the phosphorylation 

of AKT1 to increase K
+
 uptake (Xu et al. 2006). These results indicate the role of the cytosolic 

Ca
2+

-activated CBL protein in post-translational regulation of AKT1. Overexpression of 

Arabidopsis AtCIPK23 in tobacco plants resulted in higher K
+
 uptake and better growth under 

low K
+
 conditions (Xue et al. 2016). Similar results have been reported by Fraile-Escanciano et 

al. (2010), who found that an overexpression of PpSOS1 from Physcomitrella patens in 

Arabidopsis resulted in a better growth and higher K
+
 uptake under low K

+
 conditions, while 

plants lacking SOS1 had reduced growth and higher Na
+
 accumulation. These results clearly 

support the potential role of Ca
2+

 activated SOS pathway in regulating K
+
/Na

+
 under salinity 

stress. The involvement of SOS pathway in K
+
 nutrition under salt stress most likely operates as 

shown in Figure 2.1. Na
+
-influx results in membrane depolarization and activates GORK 

channels for K
+
-efflux, while an alleviation of cytosolic Ca

2+
 as stress a signalling mechanism 

activates CBL/SOS3, to recruit CIPK/SOS2 to make a SOS2-SOS3 complex. This complex then 

phosphorylates the C terminus of SOS1 (Na
+
/H

+
) exchanger at the plasma membrane to induce 

H
+
-influx and Na

+
-efflux (Liu et al. 2015). H

+
-influx helps in reducing membrane depolarization, 

thus reducing the activity of GORK channels, which is favourable for K
+
 uptake. This 

mechanism works in similar way to that in which the CBL-CIPK-AKT1 complex does for K
+
 

uptake under low K
+
 conditions, thus further highlighting the role of ROS and cytosolic Ca

2+
 in 

mediating K
+
/Na

+ 
under salinity stress.  

Vacuolar Na
+ 

sequestration is an important step in controlling higher K
+
/Na

+
 ratio in 

plants. Na
+
 sequestration or compartmentalization in the vacuole occurs in all tissues and is the 

primary approach to dealing with cytoplasmic Na
+
 toxicity. Antiporters from the NHX (Na

+
/H

+
 

exchanger) family mediate such processes, and several studies have  shown that overexpression 
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of the NHX gene in different tissues significantly improves plant growth and maintains optimal 

K
+
/Na

+
 ratio in the cytosol under salt stress (Ye et al. 2009; Charfeddine et al. 2019). The 

regulation of NHX was early on thought to be H
+
 driven at the tonoplast however its activity is 

also regulated by vacuolar Ca
2+

 under stress conditions (Assaha et al. 2017).  As mentioned 

above, under high salt and ROS stress, an elevation of cytosolic Ca
2+

 is an inevitable mechanism 

which ultimately binds and activates numerous Ca
2+

 dependent proteins. For instance, Ca
2+

 binds 

with CaM, which then activates CIPK (Luan 2009). The CaM-CIPK complex then leads to the 

phosphorylation of C-terminus of NHX, thus increasing NHX mediated Na
+
 sequestration in the 

vacuole. Besides Na
+
 sequestration in the vacuole, the role of the NHX gene in regulation of 

cytosolic K
+
 homeostasis has also been reported in a study of nhx1/nhx2 knockouts (Barragán et 

al. 2012). Similarly, an overexpression of NHX from Aeluropus littoralis in soybean resulted in 

high K
+
 accumulation in shoot and root, as compared with Na

+
 (Liu et al. 2014). Transgenic rice 

over expressing NHX gene from P. tenuiflora showed higher K
+
 accumulation in the shoot as 

compared with a wild type under saline conditions (Kobayashi et al. 2012). In conclusion, 

elevation of cytosolic Ca
2+

 results in the activation of numerous mechanisms which assist plants 

in maintaining optimal K
+
/Na

+
 in cytoplasm.  
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Fig 2.1: The involvement of the SOS pathway in K
+
 nutrition. Na

+
 enters the cytosol and causes 

depolarization of the plasma membrane results in activation of depolarization dependent GORK 

and NSCC channels to induce K
+
-efflux, which results in decrease of K

+
 in cytosol. Upon Na

+
 

toxicity in the cytosol, ROS is produced, which also activates NSCC channels. As an adaptive 

mechanism, cytosolic Ca
2+

 increases and binds to CBL protein which recruits CIPK to make a 

CBL-CIPK complex. This complex activates SOS1 (Na
+
/H

+
) exchanger at plasma membrane to 

induce H
+
-influx and Na

+
-efflux, thus decreasing cytosolic Na

+
 concentration (Luan et al. 2009, 

Weinl & Kudla 2009). CBL-CIPK complex also regulates K
+
 uptake via AKT1 (Ren et al. 2013). 
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2.5.3 Tissue specificity of ROS-activated cation channels in plants 

Salinity tolerance in plant is a complex mechanism that involves an array of numerous 

physiological and molecular processes under stress conditions. Cell- and tissue- specificity of 

these responses is very important as reported in wheat (Wu 2016), Arabidopsis (Dinneny et al. 

2008), and barley (Wang et al. 2019). Moreover, ROS activated cation channels also differ 

among different tissues to control ionic homeostasis under stress conditions. For instance, H2O2 

did not activate K
+
 currents in root protoplast (Demidchik et al. 2003) but when whole roots 

were treated with H2O2, a significant K
+
-efflux was observed, could be because of the presence 

of trace metals in cell wall (Fry 2004; Halliwell & Gutteridge 2015). In barley, application of 

H2O2 induced more negative values for K
+
-efflux with reduced Ca

2+
-influx from root elongation 

zone while in mature zone H2O2 treatment resulted in initial K
+
-influx and Ca

2+
-efflux (Wang et 

al. 2019). Recent study showed a tissue specific role of H2O2 in mediating ionic homeostasis in 

root stele cells, for example in beans under salt stress K
+
-efflux was mediated via TEA

+
 sensitive 

K
+
 selective channel (SKOR) and Gd

3+
 sensitive NSCC while upon H2O2 treatment majority of 

K
+
-efflux was Gd

3+
 sensitive NSCC, indicating that most likely NSCC are prime players 

mediating ROS induced K
+
 loading in xylem (Zarei et al. 2019).  

The molecular identity of ROS activated cation channels and transporters is largely 

unknown however some previous studies have shown the role of  annexin in mediating H2O2 

induced K
+
 and Ca

2+
 fluxes, as annexin acts as downstream target for NADPH production 

(Davies 2014; Qiao et al. 2015). Overexpression of annexin in Arabidopsis significantly 

attenuated H2O2 -induced K
+
 and Ca

2+
 flux (Richards et al. 2014). Direct patch clamp studies 

revealed that NaCl induced K
+
-efflux from is mediated by the activation of GORK channels due 

to ROS production and membrane depolarization (Demidchik et al. 2010; Véry et al. 2014). Pre-

treatment of Arabidopsis roots with Gd
3+

 significantly reduced Ca
2+

 uptake upon H2O2 treatment 

and pre-treatment with cGMP resulted in significant reduction in K
+
-efflux and Ca

2+
-influx upon 

H2O2 treatment (Ordoñez et al. 2015), indicating the role of ROS in regulating K
+
 and Ca

2+
 flux 

from roots via activating NSCC. HAK5 is another important player in up-taking K
+
 under low K

+
 

conditions. In pumpkin, higher K
+
 accumulation in root apex was due to higher expression of 

HAK5 while no changes in the expression levels of AKT1 was noted, indicating the role of HAK5 

in mediating K
+
 uptake under saline conditions (Huang et al. 2019). Likewise in Brassica, 

application of hydroxyl radical (generated by the mixture of Cu/Asc) resulted in net Ca
2+

-influx 
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in root elongation zone while a slowly decaying Ca
2+

-efflux was observed in mature zone 

(Chakraborty et al. 2016a). Pre-treatment of Brassica roots with eosin yellow (a known blocker 

of Ca
2+

-ATPase) resulted in the highest activation of Ca
2+

-ATPase in elongation zone and least 

activation in mature zone, indicating the tissue- specific role of Ca
2+

 signalling in salinity 

tolerance (Chakraborty et al. 2016 a; b). Demidchik et al. (2007) compared the effects of H2O2 on 

the activation of Ca
2+

 permeable channel in the mature epidermal cells and protoplast of young 

cells and observed that H2O2 treatment activated Ca
2+

 currents in young cells. Liu et al. (2019) 

observed highest H2O2 induced Ca
2+

-influx in root elongation zone as compared with mature 

zone. The possible explanation for the differential ROS sensitivity between elongation and 

mature root zones may be in tissue-specific expression of aquaporins in the plasma membrane 

that mediate the entry of H2O2 (Sadhukhan et al. 2017).  

2.6 Molecular identities of transporters mediating cytosolic K
+
/Na

+
 ratio in 

plants 

As commented above, maintaining optimal cytosolic K
+
/Na

+
 ratio is critical to confer salinity 

tolerance. This is achieved by employing different set of ion transporters (Table 2.1). Potassium 

transport across plasma membrane is carried out via six families of cation transporters and 

among them three belongs to K
+
 permeable channel channels and three belongs to K

+
 

transporters (Shabala & Cuin 2008). K
+
 permeable channels include (i) Shaker type potassium 

channels, (ii) two pore K
+
 channels (TPK), and (iii) NSCC, while K

+
 transporters group include 

(i) HKT transporter, (ii) K
+
/H

+
 exchanger (iii) KUP/HAK/KT transporter. All these transporters 

are highly tissue specific in plants (Cuin & Shabala 2006). Under salinity stress, Na
+
 

accumulates in the cytoplasm and salinity tolerant plant species extrude it out from cytosol to 

apoplast via SOS pathway and sequester excessive Na
+
 in vacuole via NHX transporter located at 

tonoplast (Maathuis 2014). In below section, the molecular identity of different ion channels and 

transporters involved in maintain higher K
+
/Na

+
 ratio in plants is briefly discussed.   

Shaker type K
+
 channels (STK): STK channels are located and expressed at the plasma 

membrane in various cells. STK channels are voltage-gated and further divided into three groups, 

(i) depolarization activated K
+
 outward rectifying channels (e.g. GORK in guard cells and root 

epidermis, and SKOR in the stellar tissue) (ii) weakly rectifying K
+
 inward channels (e.g. AKT2, 

AKT3) and (iii) hyperpolarization activated K
+
 inward rectifying channels (e.g. KAT1, KAT2, 
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AKT1). All SKT channels have diverse physiological role in K
+
 homeostasis. For example 

depolarization activated GORK channel mediated K
+
-efflux from guard cell (Li et al. 2016) 

while SKOR channel mediated K
+
 release into the xylem, thus controlling xylem K

+
 loading 

(Zarei et al. 2019). KAT1 and KAT2 are responsible mediating K
+
 uptake in guard cell (Szyroki 

et al. 2001).  

TPK channels: TPK channels are predominantly located on vacuolar membrane and are 

highly voltage dependent (Carpaneto & Gradogna 2018). TPK channels are known as slow 

voltage activating channels and show high permeability to cytosolic Ca
2+ 

(Pottosin & 

Dobrovinskaya 2018). Overexpression of TPK1 in tobacco showed that vacuolar TPK1 acts as 

outward rectifying K
+
 channel to restore cytosolic K

+
 level under saline conditions (Wang et al. 

2013).  

NSCC channels: NSCC are present in the plasma membrane and endomembrane and 

show high selectivity of cations over anions. NSCC are low affinity channels and are largely 

gated by numerous stimuli (e.g.) cytosolic Ca
2+

 activated, ROS activated, depolarization or 

hyperpolarization activated or mechano-sensitive (Demidchik & Maathuis 2017). It is well 

accepted that NSCC are primary players for Na
+
-influx and K

+
-efflux under saline conditions. 

Higher activation of NSCC in root apex leads to massive K
+
-efflux (Bose et al. 2014a).  

HKT transporters: HKT are responsible to conduct transportation of K
+
 and Na

+
 under 

high affinity conditions and play an important role in Na
+
 and K

+
 uptake and recirculation of Na

+
 

from shoot to root (Horie et al. 2009; Corratgé-Faillie et al. 2010). The topology of HKT in 

Arabidopsis showed that it contained four pore membrane motifs but the presence of different 

amino acid at first pore determines the selectively of ions (Kato et al. 2001). The presence of 

serine amino acid at first pore makes HKT as Na
+
-uniport while presence of guanine amino acid 

determines the uptake of K
+
 or Na

+
 from soil media (Mäser et al. 2002; Almeida et al. 2013). 

KUP/HAK/KT transporters: These transporters are ubiquitous at the plasma membrane 

in different tissues. Several homologues of KUP/HAK/KT have been identified in different plant 

species (He et al. 2012; Zhang et al. 2012; Cheng et al. 2018; Ou et al. 2018). Dai et al. (2019) 

showed that transformation of KUP/HAK/KT in Lycium ruthenicum resulted in better K
+
 uptake 

and retention as compared with wild plants. KUP/HAK/KT along with mediating K
+
 uptake also 

mediates low affinity Na
+
 transport, for example in Arabidopsis, expression of HAK5 was 
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increased under salt stress and mediated low affinity Na
+
 transport (Wang et al. 2015). 

Homologues of KUP/HAK/KT have been suggested to be actively involved in maintaining 

optimal K
+
/Na

+
 ratio in cytoplasm under high Na

+
 and low K

+
 conditions (Su et al. 2002; Adams 

et al. 2019) 

Na
+
/H

+
 antiporters carried out Na

+
 extrusion from the cytosol to apoplast or in the xylem 

(Maathuis et al. 2014). These exchangers are encoded by SOS1 gene and are located at the 

plasma membrane and regulated by Ca
2+

 binding proteins. Upon salinity stress, elevation of Ca
2+

 

activates CBL and CIPK proteins, which regulate SOS1 activity and SOS3-SOS2 complex has 

been reported to be involved in numerous other metabolic pathways such as regulation of NHX, 

HKT, and AKT (Kronzucker & Britto 2011). Another two homologues of SOS pathway are SOS4 

and SOS5, SOS4 is involved in root development and vitamin B6 biosynthesis while SOS5 is 

required for cell expansion under saline conditions. Overexpression of SOS pathway genes 

showed significant improvement in salinity tolerance in wheat (Sathee et al. 2015), tomato 

(Baghour et al. 2019), groundnut (Kandula et al. 2019), and in other plant species (Yang et al. 

2009; Yue et al. 2012; Hu et al. 2016) and a loss of function of any SOS pathway genes results in 

higher salt sensitivity (Ji et al. 2013). SOS3 also regulates K
+
 transport by regulating the activity 

of AKT channel (Held et al. 2010). Thus, this antiporter plays very important role in maintaining 

optimal cytosolic K
+
/Na

+
 ratio under saline conditions (Liu et al. 2015). 

 K
+
 (Na

+
)/H

+
 antiporters: Vacuolar Na

+
 sequestration is very important mechanism in 

regulating cytoplasmic K
+
/Na

+
 ratio under high Na

+
 conditions. This process is mediated by one 

of the members of cation-proton antiport family, termed as NHX. Besides vacuolar sequestration, 

NHX also plays an important role in K
+
 transport and pH regulation across vacuole. Most 

members of this family are Na
+
/H

+
 antiporter but some also worked as K

+
/H

+
 antiporter. Some 

members of this family are located at endomembranes while most of members are located at 

tonoplast. Overexpression of vacuolar NHX showed significant improvement in salinity 

tolerance by improving K
+
/Na

+
 ratio in cytoplasm (Yarra et al. 2019). On other hand K

+
/H

+
 

antiporter are considered as K
+
-efflux antiporters and three major families of K

+
/H

+
 antiporters 

are identified, (i) cation-proton exchanger (CHX), (ii) monovalent cation-proton antiporter 

(CPA), and (iii) NhaD. Studies showed that a member of CHX family AtCHX17 contributes 

towards K
+
 accumulation under saline conditions (Maathuis 2005), while no difference Na

+
 

profile was observed between wild and CHX mutant, indicating CHX17 transports K
+
 than Na

+
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(Cellier et al. 2014). Similarly, it has been found that transgenic lines of CHX19.3 in soybean 

showed higher K
+
/Na

+
 by lowering cytosolic Na

+
 under saline conditions (Jia et al. 2017).  

Table 2.1: Functional difference of different ion transporters among halophytes and 

glycophytes 

Transporter Halophyte Glycophyte Functional analysis results 

Plasma 

membrane 

Na
+
/H

+
 

exchanger 

(SOS1) 

Thellungiella 

halophila 

Arabidopsis 

thaliana 

Relatively higher up-regulation of SOS1 in 

halophytic T.halophila was due to the presence 

of retrotransposons in DNA (Nah et al. 2009; 

Taji et al. 2010), and due the presence of 

highly conserved pyrimidine rich 5‘ un-

translated proximal region of SOS1 while these 

were missing in Arabidopsis (Oh et al. 2010). 

Tonoplast 

Na
+
/H

+
 

exchanger 

(NHX1 & 

NHX3) 

Aeluropus littoralis, 

Populus euphratica 

Oryza 

sativa, 

Arabidopsis 

thaliana 

Salinity tolerance in A. littoralis and P. 

euphratica was associated with the presence of 

transmembrane domain of NHX in halophytes 

(Zhang et al. 2008; Wang et al. 2012) 

HKT 

Suaeda salsa,  

Thellungiella 

halophile, 

Mesembryanthemum 

crystallinum 

Oryza 

sativa, 

Arabidopsis 

thaliana 

Genetic diversity of different HKT varied 

among glycophytes and halophytes 

(Demidchik 

2014; Very et al. 2014)  

H
+
-ATPase 

H
+
-ATPase 

Atriplex lentiformis, 

Chenopodium 

quinoa,  

Mesembryanthemum 

purpureus, 

Disphyma 

crassifolium 

Arabidopsis 

thaliana, 

Pisum 

sativum, 

Beta 

vulgaris, 

Phaseolus 

vulgaris 

Glycophytes spend more energy for membrane 

depolarization while halophytes direct 

available ATPs towards defence system (Bose 

et al. 2015; Percey et al. 2016) 

 

Tonoplast 

antiporter 

Salicornia 

dolichostachya 

Spinacia 

oleracea 

The activities of tonoplat H
+
-ATPase and H

+
-

PPase were intrinsically higher in halophytic 

salicornia (Katschnig et al. 2014) 

Plasma Salicornia Spinacia Knock out of HKT1;1 resulted in Na
+
 xylem 
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membrane 

HKT1;1 and 

SOS1 

dolichostachya oleracea retrieval and SOS1 mediated Na
+
 extrusion 

from root to xylem was significantly increased 

in halophytic salicornia but not in spinach 

(Katschnig et al. 2015) 

 

2.7 The role of ROS signalling in acclimation to salinity stress 

Acclimation to stress is an important mechanism in stress tolerant plant species. During 

acclimation non-lethal level of stress can prime primary tissues which latter on transfer stress 

signals to other tissues using different stress signalling messengers such as Ca
2+

 or  hormones 

(Brinker et al. 2010). Realistically, roots are the primary tissues of plants exposed to soil related 

abiotic and biotic stress conditions (Musacchi et al. 2006). Communication between root to shoot 

is very important to induce acclimation and a broad range of mediators help in such 

communication, some of them are chemical (e.g. hormones or nutrient) in nature, some are 

physical (e.g. hydraulic or turgor pressure) and some are electrical and physiological (e.g. ROS 

or Ca
2+

). All these mediators work in a very complex way to induce acclimation to stress 

conditions in plants. Recently the role of ROS signalling in inducing acclimation has been 

indicated in numerous studies, for example, the interconnection of ROS and ethylene dependent 

signalling pathway induced systematic acquired acclimation to stress conditions (Karpinski et al. 

2013). The interplay between jasmonate and ROS in the regulation of cell death has also been 

reported (Pasqualini et al. 2003; Lin et al. 2011). Different tissues communicate with each other 

during acclimation using a part of ABA and ROS signalling in order to achieve stress 

acclimation; the role of Ca
2+

 in this cross-talks is well accepted (Miller et al. 2009; Baxter et al. 

2013). Moreover, pre-treatment with H2O2 increased proteins relating to carbonylation and S-

nitrosylation, thus indicating the role of H2O2 in inducing acclimation to salt stress via activating 

numerous proteins (Tanou et al. 2009).   

Ionic homeostasis during acclimation is also very crucial in the context of salinity stress 

tolerance in plants and such ionic homeostasis varies among different tissues. For instance, pre-

treatment of rice with NaCl increased Na
+
 and K

+
 accumulation in leaf as compared with roots, 

and the overall increase in plant growth due to pre-treatment was attributed to an increase in K
+
 

accumulation (Djanaguiraman et al. 2006). During acclimation, plants accumulate more Na
+
 in 
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shoot as compared with K
+
 and such higher Na

+
 during acclimation might be related to cheap 

osmotic adjustment as compared with energy expensive de novo synthesis of organic osmolytes 

(Pandolfi et al. 2012). In another study, Na
+
-efflux was increased by 9% from pre-treated roots 

and such higher Na
+
-efflux was ascribed to higher SOS1 activity in roots (Yan et al. 2015). 

Likewise, acclimating maize plants with NaCl resulted in better plant growth as compared with 

non-acclimated under salt stress, and the growth improvement of acclimated maize plants was 

reflected as better K
+
 retention in roots, better vacuolar Na

+
 compartmentalization in leaves 

during acclimation (Pandolfi et al. 2016). Higher Na
+
 contents in acclimated soybean leaves 

were due to higher translocation of Na
+
 from root to shoot, which might involve a K

+
/Na

+
 

selection system at xylem parenchyma interface (Umezawa et al. 2000). These studies clearly 

indicating the regulation of different mechanisms in regulating K
+
/Na

+
 in different tissues 

however little information is known about the role of ROS signalling in mediating ionic 

homeostasis during acclimation. In Arabidospsis, the lack of function of RBOH in roots and stele 

resulted in the higher accumulation of Na
+
 in root and in xylem sap and in shoot, thus indicating 

the role of ROS in mediating Na
+
 homeostasis during acclimation (Jiang et al. 2012). Likewise 

under hypoxia conditions, loss of RBOH gene in Arabdisopsis resulted in higher K
+
-efflux 

accompanied with higher Ca
2+

-influx during acclimation (Wang et al. 2016).   

2.8 Specificity of salinity stress signalling in halophytes 

Halophytes inhabit naturally in highly saline conditions and can take benefits from 

considerable amount of salts in the rhizosphere (Flowers & Colmer 2008). Halophytes showed 

optimal growth when grown between 50mM to 100mM salinity (Shabala & MacKay 2011). 

Some halophytic plant species can grow well and don‘t show any yield reduction at seawater 

salinity levels (e.g. in Distichlis spicata, Suaeda maritima and Suaeda aegyptiaca) (Sabzalian et 

al. 2011). Despite this, halophytes do not possess any unique traits that are absent in traditional 

crops that make them salt tolerant. The only deference between halophytes and glycophytes lies 

in their ability and efficiency of using numerous stress signalling mechanisms in order to adapt 

and tolerate high amount of salts in rhizosphere (Hamed et al. 2018; Hasanuzzaman et al. 2019). 

Therefore the key to enhance salinity tolerance in salt sensitive crops may lie in understanding 

how salinity stress responsive adaptive mechanisms were regulated in salt tolerant halophytes.  
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Halophytes use different strategies to cope with salinity stress (Bose et al. 2014a, b). For 

example a salt accumulating halophytic Salicornia doilichostachya showed higher levels of 

SOS1 as compared with its glycophyte relative Spinacia oleracea and such increased SOS1 

expression resulted in higher Na
+
 xylem loading rather than Na

+
 exclusion from root to soil 

(Katschnig et al. 2015). Understanding the tissue specificity of stress signalling in halophytes is 

vital in exploring the potential of genetic and molecular tools to develop salinity tolerant 

genotypes. Numerous studies have attempted to improve salinity tolerance in plants by 

transferring the genes from halophytes and expressed in salt sensitive genotypes (Table 2.2). For 

example an overexpression of ThSOS1 in Arabidopsis resulted in better Na
+
 exclusion from roots 

(Oh et al. 2009). Likewise an overexpression of NHX from Atriplex and Suaeda salsa resulted in 

better vacuolar sequestration and improved salinity tolerance in transgenic rice (Ohta et al. 2002; 

Zhao et al. 2006).  

ROS signalling has gained lot of attention in the last decade, and kinetics of ROS 

production and signalling appears to be tightly controlled and highly efficient in halophytes as 

compared with glycophytes. For example in a halophytic Cakile maritime H2O2 production was 

peaked after 4 hours of salinity stress and then declined while in Arabidopsis-a glycophytic plant 

species showed continuous accumulation of H2O2 up to 72 hours of salinity stress, indicating 

halophytes can quickly consume ROS for numerous purposes (Ellouzi et al. 2011). Likewise 

H2O2 accumulation was higher in halophytic Populus euphratica while this accumulation was 

less in glycophytic Populus popularis under saline conditions, further indicating the role of 

elevated H2O2 in halophytic in conferring salinity stress tolerance in halophytes (Sun et al. 2010). 

Likewise, salinity tolerance in halophytic Populus euphratica was associated with H2O2 induced 

up-regulation of plasma membrane H
+
-ATPase, which led to K

+
 homeostasis under saline 

conditions (Zhang et al. 2007). ROS interact with Ca
2+

 and extracellular ATP, to enhance Na
+
 

extrusion, as observed in in two halophytic mangroves species (Lang et al. 2014). Wiciarz et al. 

(2015) observed an increased accumulation of H2O2 in chloroplast in Thellungiella salsuginea, 

further supporting above notion that halophytes exhibit high H2O2 production and which 

concomitantly play important role in salinity stress tolerance.  

Halophytes also employ Ca
2+

 sensors which play very important role in governing ionic 

homeostasis in different tissues and stress adaptation under saline conditions. CIPK-dependent 

stress signalling was found to be up-regulated in halophytic P. euphratica as compared with its 
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glycophytic counter species (Ma et al. 2013). Overexpression of CIPK2 gene from halophytic H. 

brevisubulatum increased salinity tolerance in Arabidopsis (Li et al. 2012). Likewise in another 

halophytic plant species, Mesembryanthenum crystallium, CIPK3 and CBL10 were up regulated 

under saline conditions in bladder cells (Oh et al. 2015). An up-regulation of CIPK was observed 

in halophytic Nitraria tangutorum under different abiotic stress including salinity stress (Zheng 

et al. 2014). Therefore understanding the role of ROS and Ca
2+

 signalling in halophytes may 

open new levels of understandings relating to Ca
2+

 signalling and salinity stress tolerance in 

plants. Moreover, such advancement in our understanding would also provide a blueprint for 

plant breeders to improve other abiotic stresses along with salinity stress. 
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Table 2.2: An overexpression of different ions transporters from halophytes resulted in higher salt tolerant phenotype  

Transporter Isolated from 

halophytic species 

Overexpressed in Results 

Plasma 

membrane 

Na
+
/H

+
 

exchanger, 

SOS1 

Cymodocea nodosa Yeast and E. coli 

Overexpression of SOS1 in yeast and E. coli resulted in 

reduced Na
+
-efflux and improved K

+
-influx (Garciadeblas et 

al. 2007) 

Populus euphratica E. coli Improved overall salinity tolerance in E. coli (Wu et al. 2007) 

Thellungiella 

halophila 

Yeast and 

Arabidopsis thaliana 

Silencing of ThNHX in Arabidopsis resulted in salt sensitive 

phenotype and overexpression of NHX in yeast improved its 

salinity tolerance (Nah et al. 2009; Oh et al. 2009). 

Chenopodium quinoa Arabidopsis thaliana 
Improved salinity tolerance in Arabidopsis (Maughan et al. 

2009) 

Mesembryanthemum 

crystallinum 
Yeast and E. coli 

 Improved salinity tolerance (Cosentino et al. 2010) 

Salicornia brachiata Nicotiana tabacum 

Overexpression of SOS1 in tobacco resulted in decreased 

cytosolic Na
+
 and improved antioxidant system (Yadav et al. 

(2012) 

Populus trichocarpa Hybrid Poplar 
Improved Na

+
 exclusion activity and ROS detoxification in 

hybrid poplar  (Yang et al. 2015) 
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Tonoplast 

Na
+
/H

+
 

exchanger, 

NHX 

Atriplex Yeast, Oryza sativa 

Overexpression of NHX1 in yeast and rice showed improved 

vacuolar sequestration and salinity tolerance (Hamada et al. 

2001; Ohta et al. 2002) 

Suaeda salsa Oryza sativa 
Overexpression of NHX in rice resulted in higher salinity 

tolerance in transgenic rice (Zhao et al. 2006) 

Agropyron elongatum 
Arabidopsis thaliana, 

yeast 

AeNHX1 improved antiporter function in yeast and osmotic 

adjustment in Arabidopsis (Qiao et al. 2007) 

Salicornia europaea 
Medicago sativa and 

Nicotiana tabacum 

Both transgenic alfalfa and tobacco showed higher osmolytes 

contents and vacuolar Na
+
 sequestration (Zhou et al. 2008, 

Zhang et al. 2014; Chen et al. 2015) 

Thellungiella 

halophila 

Arabidopsis thaliana, 

yeast 

Improved salinity tolerance in yeast and Arabidopsis was 

observed (Wu et al. 2009) 

Suaeda corniculata Medicago sativa 
Transgenic alfalfa showed improved vacuolar Na

+
 

sequestration in roots and shoot (Liu et al. 2013) 

Salicornia brachiata 
Nicotiana tabacum 

and Jatropha curcas 

Transgenic plants showed improved salinity tolerance (Jha et 

al. 2011; Jha et al. 2013) 

Leptochloa fusca Nicotiana tabacum 
Transgenic tobacco resulted in improved drought and salinity 

tolerance, improved germination and osmotic adjustment (Rauf 
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et al. 2014) 

Vacuolar-PPase 

Suaeda salsa Arabidopsis thaliana 

Transgenic Arabidopsis lines exhibited increased vacuolar-

PPase activity and salinity and drought tolerance (Guo et al. 

2006) 

Suaeda corniculata Arabidopsis thaliana 

Transgenic Arabidopsis lines exhibited improved Na
+
 

accumulation in shoot and roots and improved salinity 

tolerance (Liu et al. 2011) 

Kalidium foliatum Arabidopsis thaliana 
Overexpression of V-PPase in Arabidopsis resulted in 

improved salinity tolerance in Arabidopsis (Yao et al. 2012) 

Zoysia matrella 
Arabidopsis thaliana, 

Yeast 

ZmV-PPase improves salinity tolerance in transgenic 

Arabidopsis and yeast and showed higher vacuolar 

sequestration (Chen et al. 2015) 

Halostachys caspica Arabidopsis thaliana 

Transgenic Arabidopsis lines showed improved seed 

germination and higher vacuolar Na
+
 sequestration in 

transgenic plants (Hu et al. 2012) 

Thellungiella 

halophila 

Yeast, Gossypium 

hirsutum, Nicotiana 

tabacum 

TsV-PPase reduced sensitivity of Na
+
 toxicity in yeast and 

tobacco. Transgenic cotton lines exhibited 60% higher biomass 

production as compared with wild and this was associated with 

higher growth improvement (Gao et al. 2006; Lv et al. 2008) 
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VHAc1 

Tamarix hispida Yeast Showed improved salinity tolerance in yeast (Gao et al. 2011) 

Spartina alterniflora Oryza sativa 
Overexpression of VHAc1 in rice resulted in up-regulation of 

ABA signalling and cation transport (Baisakh et al. 2012) 

HKT1 
Mesembryanthemum 

crystallinum 
Yeast Improved K

+
 uptake in yeast (Su et al. 2001; 2003) 

HKT2;1 Puccinellia tenuiflora 
Yeast and 

Arabidopsis thaliana 

Overexpression of PutHKT2;1 resulted in higher activity of 

K
+
/Na

+
 symport in yeast and Arabidopsis (Ardie et al. 2009) 

HKT1;2 
Thellungiella 

halophile 

Yeast mutants and 

Arabidopsis thaliana 

HKT mutants resulted in strong K
+
 transport activity (Ali et al. 

2012; 2013) 

HKT1;1 Suaeda salsa 
Yeast and 

Arabidopsis thaliana 

Improved K
+
 nutrition and salinity tolerance in yeast and 

Arabidopsis (Shao et al. 2008; 2014) 

HAK1 

Cymodocea nodosa Yeast and E. coli Improved K
+
 uptake in E. coli and yeast (Su et al. 2002) 

Phragmites australis Reed plant 
Overexpression of HAK1 in reed plant resulted in higher 

K
+
/Na

+
 ratio under salinity stress (Takahashi et al. 2007) 

Mesembryanthemum 

crystallinum 
Yeast mutants 

Improved K
+
 uptake in yeast mutants (Su et al. 2002) 

AKT1 Puccinellia tenuiflora Arabidopsis thaliana 
Improved K

+
 uptake and reduced Na

+
 uptake resulted in salt 

tolerance phenotype (Ardie et al. 2010) 
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SOS1, Na
+
/H

+
 exchanger at plasma membrane; NHX, Na

+
/H

+
 exchanger at tonoplast, VHAc1, vacuolar ATPase subunit c1 ; HKT; high 

affinity potassium transporter; AKT; inward rectifying potassium channel; HAK, high affinity potassium channel
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2.9 Conclusion  

ROS signalling is an important salinity tolerance mechanism and is observed to be more efficient 

in halophytes. The tissue-specific nature of ROS signalling and associated adaptive mechanisms 

are integral components of complex salinity tolerance mechanisms in halophytes. Regulation of 

the optimal cytosolic K
+
/Na

+
 ratio is very important to maintain plant growth under saline 

conditions; different molecular transporters are involved in maintaining this ratio. ROS plays a 

crucial role in this process. Understanding the fine-print of ROS regulation of activity of K
+ 

and 

Na
+
 transporters by comparing halophytic and glycophytic species may be a crucial steps in 

improving salinity stress tolerance in cash crops. 
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Chapter 3 

General Materials and Methods 

This chapter explains plant materials, plant growth conditions, experimental designs and protocol 

for measuring and analysing different sets of traits, required for meeting objectives of this thesis.  

3.1 Plant materials  

Two plant species, namely Chenopodium quinoa (quinoa hereafter) and Spinacia 

oleracea (spinach hereafter) were used during different experiments. Seeds of spinach were 

obtained from a local commercial seed supplier (Hollander Imports, Hobart Tasmania, 

Australia). Quinoa seeds (a day length neutral cultivar #3706) were originally obtained from 

Prof. Sven-Erik Jacobsen (University of Copenhagen, Denmark) and multiplied using facilities 

of Tasmanian Institute of Agriculture (Hobart, Australia). This cultivar was developed at 

University of Copenhagen, Denmark from a cross between Peruvian and Southern Chilean 

quinoa lines. All experiments during 2016-2019 were carried out in glasshouse at School of Land 

and Food, University of Tasmania (Hobart, Australia).  Prior to each experiment, seeds of quinoa 

and spinach were surface sterilized using 0.05% (v/v) Triton and 1% commercial bleach (sodium 

hypochlorite) for 10 min and 20 minutes for quinoa and spinach respectively. Following this, 

seeds were thoroughly washed and rinsed four times with double distilled water to remove any 

remaining of bleaching agents.  

3.2 Glasshouse pot experiments 

Pot experiments were conducted at glasshouse no 8, School of Land and Food, University 

of Tasmania (Hobart, Australia). Surface sterilized seeds of both species were grown in 4L pot 

containing standard potting mix (Table 3.1) under controlled greenhouse conditions (i.e. 

humidity 70%, photoperiod duration 13-15h, mean minimum and maximum temperature 18ºC 

and 27ºC, respectively). Eight seeds per pots were sown at depth of 15mM and then thinned to 

four seedlings per pot. Irrigation was applied manually, and a saucer was placed under each pot 

to avoid leaching of water and nutrients. Different salinity treatments were applied manually to 

each pot with deionised water. To maintain and match the concentration of NaCl in the potting 

mix, plants were supplied with excessive amount of salt solution multiple times a day and let salt 
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solution to drain, preventing salinity build-up. When draining was completed, a saucer was 

placed under each pot to avoid further water and salt solution drainage. Pot experiments were 

conducted according to randomized complete block design with 5 replications per treatment. 

Table 3.1: Composition of potting mix used during pot experiments 

Potting mix composition 

Bulk density 0.5 kg L
−1

 

Sand 10% 

Coir peat 10% 

Composted pine bark 80% 

N,P,K 8 : 4 : 10 1 kg m
−3

 

Iron sulphate 1 kg m
−3

 

Dolomite 8 kg m
−3

 

Wetting agent 0.75 kg m
−3

 

Gypsum 1 kg m
−3

 

Zeolite 0.75 kg m
−3

 

Trace element mixture 0.75 kg m
−3

 

pH 6.0 
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3.3 Hydroponic experiments 

Surface sterilized seeds of quinoa and spinach were sown in 100mm Petri dishes. Seeds 

were placed between two layers of a filter paper and distilled water was used to moist it. 

Following this, Petri dishes were incubated at 23ºC in dark for 2-3 days. Germinated seeds with 

2mm radical length were then transferred to the hydroponic system. The hydroponic system 

consisted of 1L glass beakers wrapped with aluminium foil to avoid light interference and a 

micro-sponge-like surface floater with small holes in middle to help in suspending seedlings 

above solution. Each glass beaker (1L) contained 1L of half strength Hoagland solution 

(Hoagland & Snyder 1933). Germinated seedlings (5 seedlings per beaker) were then transferred 

to the hydroponic system with extreme care to avoid any root damage. The seedlings were then 

grown in controlled growth room at 24ºC temperature, 16-8h light-dark cycle and irradiance of 

160 µmol m
-2

 s
-1

. Seven days old seedlings were then used for different experiments. Experiment 

was conducted according to randomized complete block design with 5 replications each 

treatment and 5 pots each replication and 3 seedlings each pot (total 75 seedlings per treatment).  

3.4 Measurements 

3.4.1 Plant fresh and dry weight and relative water content 

At the end of pot experiments, whole plants were harvested and thoroughly rinsed with a 

cold water to remove all potting mixture remaining. Plants were then blotted with paper towel to 

remove extra water and their fresh weights (FW) were measured immediately using Mettler 

BB2440 Delta Range balances (Mettler-Toledo, Griefensee, Switzerland). For dry weight (DW), 

whole plants were wrapped in paper bag and then placed in Unitherm Dryer (Birmingham, UK) 

at 70ºC for 3 days.  

3.4.2 Stomatal conductance and chlorophyll contents measurements 

Stomatal conductance was measured from first and second fully expanded leaves under 

constant artificial light conditions (160 μmol m
−2

 s
-1

) using Decagon leaf porometer (Decagon 

Devices Inc., WA, Australia). Chlorophyll contents were measured as arbitrary units of SPAD 

meter. SPAD readings were taken from first and second fully expanded leaves using a Minolta 

Chlorophyll Meter SPAD-502 (Minolta, http://www.konicaminolta.com/). 

 

http://www.konicaminolta.com/
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3.4.3 Xylem sap and tissue sap extraction 

After 10 days of salinity stress treatment in pot experiments, plants were harvested and 

excised 15-20 mm above potting mixture to extract xylem sap (Ishikawa and Shabala 2019). 

Excised bottom of shoots was then inserted upright into a Scholander pressure chamber (Plant 

Moisture Systems, Santa Barbara, CA, USA). Following this, compressed air was used to apply 

pressure and air flow rate was kept low to avoid dilution effect. The xylem sap was taken from 

excised surface and collected in 1.5 ml Eppendorf tube and save it at -20ºC for latter K
+
 and Na

+
 

measurement. Each sample (one Eppendorf tube) was comprised as a collective sample of two to 

five shoots per treatment.  

For sap extraction from leaf tissues, fresh tissues were put in 3ml Eppendorf tube and 

stored at -4ºC for five days. Frozen leaf samples were then thawed at room temperature (23ºC) 

for one hour and squeezed using hand squeezer (Cuin et al. 2009). After squeezing, sap was 

collected in 1.5ml Eppendorf tube and stored it at -20ºC for latter experiments.  

3.4.4 K
+
 and Na

+
 measurement from leaf and xylem sap 

K
+
 and Na

+
 concentration in leaf and xylem was measured using flame photometry 

(model: PFP7, Jenway, Felsted, Dunmow, Essex, England). Leaf and xylem sap samples were 

diluted to the required volume and aspirated through machine. Na
+
 and K

+
 concentrations in 

plant samples were then calculated based using calibration curve and taking into account the 

dilution factor.   

3.5 Non-Invasive ion flux (MIFE) measurements from different tissues 

During different sets of experiments, non-invasive movement of different ions such as 

H
+
, Ca

2+
 and K

+ 
was examined from different tissues in response to different treatments.  

3.5.1 The principle of MIFE measurements 

Microelectrode-based technique also known as non-invasive microelectrode ion flux 

estimation (the MIFE) was used for this purpose. The theory of the MIFE technique has been 

explained in Newman (2001) and detailed protocol has been provided in Wu et al. (2015). 

Briefly, MIFE can measure electrochemical potential gradient by moving ion-selective electrode 

probes between two positions (M1= x, M2= x + ∆x, Fig 3.1). At each position, electrode voltage 
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is recorded and then converted into appropriate concentration based on Nernst equation 

(Newman 2001). Under stress conditions, there are different ion concentrations in the proximity 

of cell surface, some ions would be up taken by living cells and some ion would be extruded thus 

result in pronounced electrochemical potential gradient near the cell surface (Shabala et al. 

2012). For example, if the ion concentration is lower close to tissue surface than in a bulk 

solution, this implies that this ion is taken by the plant cell. If the ion concentration is higher near 

the tissue surface this shows that the ion is released (expelled) by the plant (Fig 3.1).    

 

Fig 3.1: Microelectrode positions (M1 and M2) and possible ion -efflux and -influx scenarios 

during MIFE experiments  

3.5.2 Assumptions and flux calculation models   

The basic assumptions during MIFE experiments were (i) tissues were stayed in a basic 

salt medium (BSM) in static or unstirred conditions so ion movement can be explained by basic 

diffusion mechanism (ii) water uptake and convection are negligible (iii) excised samples were 

dipped in BSM for overnight in case of leaf mesophyll to give time for recovery. The ion 

movement via diffusion process is strongly influenced by the tissue or organ geometry, therefore 

following formulae (in case of simplest diffusion) can be used to measure flux.  
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Where J= ion flux (mol m
-2

 s
-1

), c = ion concentration (mol m
-3

), u= ion mobility (m s
-1 

per newton mol
-1

, z= ion valence, F= Faraday number, g= factor calculated during calibration of 

electrode, ∆V= voltage different between M1 and M2 and ∆x= distance between M1 and M2. 

In this thesis, ion fluxes were measured from roots and leaf mesophyll from both quinoa 

and spinach. Roots have cylindrical geometry, and the mesophyll sample was also slightly 

curved in a holder during the immobilization. Thus, specimen radius (r) was considered instead 

of ∆x in below equation 

      {
 

 
  )              

  At each point, 5-s cycle was followed; the first 2s of cycle were discarded from analysis 

for reasons explained in Shabala et al. (1997). After flux measurement, MFLUX software 

(developed by University of Tasmania Australia) was used to calculate ion fluxes based on a 

tissue geometry and then data were imported to Excel spread sheet for further statistical analysis.                                                                                                                                                                                                                                                

3.5.3 Components of MIFE system 

The MIFE system used in this study was developed by Dr Ian Newman at the University 

of Tasmania (Hobart, Australia). The MIFE system consists of a microscope, an electrode 

holder, a measuring chamber, a reference electrode, the main amplifier, pre-amplifier, controller, 

a step-motor and a computer. The MFLUX and CHART softwares are required for data 

accumulation and processing. Microelectrodes were mounted in a 3D-micromanipulator (MMT-

5, Narishige, Tokyo Japan), and tips were positioned close together and at 40 m from the tissue 

sample. The 5ml measuring chamber was used as a measuring chamber. Reference electrode was 

a standard non-polarizing Ag/AgCl reference electrode filled with 2%w/v agar and 100mM KCl. 

The electrode was placed in a measuring chamber approximately 35mM away from tissues 

during ion flux measurement. 

During flux measurement, an analogue to digital interface card (DAS08, computer 

Boards Inc.) on an IBM compatible computer was used to amplify voltage outputs from 

microelectrodes. The CHART software was required to manage MIFE interface, data acquisition 

and data storage as an average manipulator (.avm) file in a hard drive in PC. Following data 
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acquisition, the MFLUX software was used to calculate flux and data will be then saved as flux 

(.flx) file. 

3.5.4 Microelectrode fabrication and calibration 

Before carrying out MIFE experiments, microelectrodes have to be fabricated and 

calibrated. Initially electrodes were made from 1.5mm out diameter and 0.86mm internal 

diameter borosilicate glass capillaries (Harvard Apparatus Ltd, UK). Microelectrodes were 

pulled apart to less than 1µm tip diameter using a vertical puller (PP830, Narishige, Japan). 

Prepared electrodes were then put in a stainless steel rack and oven dried for 12-18 hours at 

225ºC. After this, electrode tray was covered with a steel lid for 30 minutes. After heating lid for 

30 minutes, 15-50µL of salinizing agent (Tributylchlorosilane, Fluka chemical Bosch 

Switzerland) was injected under lid. Further 30 minutes after injecting, the lid was removed and 

continued drying electrode at 225ºC for another 30 minutes to ensure electrodes are completely 

dry. The salinized electrodes were then kept for latter experimentation. 

Prior to do MIFE experiments, blank electrodes were back filled with appropriate back 

filling solution (Table 3.2) using a syringe with thin nylon needle. After backfilling 

microelectrode, microelectrode tips were front filled with different liquid ion exchangers (LIX) 

for different ions using a LIX filling capillary (1 mm opening diameter) (Table 3.2). Filled 

electrodes were then placed in BSM to stabilize LIX response during experiments. 
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Table 3.2 Chemical composition of LIX, back filling solution and calibration solution used for 

MIFE experiments 

Ion LIX Back filling solution Standards for calibration 

K
+
 

Potassium ionophore 

(I-Cocktail A-Fluka 60031 

500mM KCl 100, 200, 400µM CaCl2 

Ca
2+

 

Calcium ionophore 

(I-Cocktail A-Fluka 21048 

500mM CaCl2 250, 500, 1000µM KCl 

H
+
 

Hydrogen ionophore 

(I-Cocktail A-Fluka 95297 

40mM KH2PO4, 15mM 

NaCl, pH adjusted to 5.6 

with NaOH 

Buffers with pH 4.77, 6.66, 

7.15 

 

All prepared electrodes were then inserted in microelectrode holder and calibrated against three 

sets of calibration standards (Table 3.2). The concentrations of standards were selected to cover 

expected range of ion flux during MIFE experiments. Only electrodes with calibrated Nernst 

slope and correlation coefficient ≥0.999 were selected for ion flux measurements. 

3.5.5 Tissue sample preparation for MIFE experiment 

Two types of tissues were used in this thesis, (1) root tissues and (2) leaf tissues (for 

mesophyll cells). Seven days old seedlings (as described above) were used for ion measurement 

from roots. Prior to MIFE experiments, roots were washed with distilled water and wrapped on a 

small rod (10 cm in length) using Parafilm strip and placed in measuring chamber containing 

5ml of BSM (pH5.6) for 40-60 minutes. After conditioning roots in BSM, ion flux was measured 

from three different zones, i.e. root meristem zone (MeZ-root tip), elongation zone (EZ, ~ 2-3 

mm from root tip) and mature zone (MZ, ~ 10-20 mm from the tip).  

Fresh leaves of quinoa and spinach were harvested during pots experiment and brought it 

to lab by covering them with wet filter paper in Petri dishes. In lab, very fine forceps were used 

then to peel off abaxial epidermis and a segment of approximately 6×8 mm were immediately 
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cut and placed in BSM solution in 35mm petri dish for 12-14 hours. This time was sufficient 

enough for recovery and stabilizing all wounding response. Afterwards leaf samples were 

wrapped on a small rod with Parafilm strip and placed in 5ml measuring chamber (similar to like 

roots). After conditioning leaf sampling in BSM for 40-60 minutes, stress treatments were 

applied and ion flux was measured. 

3.6 Confocal imaging of different ions in roots 

3.6.1 Basic principles and components 

The laser scanning confocal microscope (LSCM) is an advanced imaging microscope, 

which helps to take images of specimen more clearly. Details regarding the principles and 

practical applications of LSCM have been explained by Paddock (2000). Briefly, LSCM uses 

mercury or xenon or argon laser and scans one or more points of interest across specimen and 

shows on computer screen live images of specimen (Paddock 2000). An image obtained using 

LSCM is called an optical image.  

The LSCM used in this thesis was consisted of a light microscope fitted with TCS SPII 

confocal head (SP5, Leica Microsystems Heidelberg Germany), a light sensitive photomultiplier 

tube detector, a computer to control scanning and imaging software for image acquisition (Fig 

3.2). An argon multiline laser as light source and the tripledichroic TD 488/543/633nm beam 

splitter was used. The excitation line for argon laser was maintained at 488nm. For image 

analysis, Leica application suit X software was used and for fluorescence quantification in 

arbitrary units LAS AF Lite software was employed and then plotted in an Excel file (Wu et al. 

2015). 
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Fig 3.2: Components of a laser scanning confocal microscope. 

3.6.2 Dye and root sample preparation 

Three ions (Na
+
, K

+
 and Ca

2+
) and one ROS (H2O2) were examined in response to 

different abiotic stresses in different root zones of quinoa and spinach. Details regarding the type 

of the dye for each ion and a chemical composition of the measuring buffer solution are provided 

in Table 3.3.  The optimal concentration of Na
+
 dye, K

+
 dye and Ca

2+
 dye and dye for H2O2 was 

selected based on previous publications from our lab (Wu et al. 2019, Wang et al. 2016). Briefly, 

dyes were first mixed in Dimethyl sulfoxide (DMSO) (Sigma) and made as a stock solution of 

1mM. Then during ion measurement, 20 µM of CNaG, 20 µM of APG-2 and 15 µM of CG-5N 

were added to the measuring buffers. For H2O2 staining, 20 µM of DCF was added in a 

measuring buffer. Roots were incubated in the dye containing measuring buffer for 3 hours for 

all three ions however for H2O2 staining incubation period was only for 30 minutes. All 

operations during dye dilution, buffer preparation and root incubation were carried at room 

temperature (23 ºC) under dark conditions. After incubation, stained roots were washed with 

distilled water for 3-4 minutes to remove any residual dyes before measuring fluorescence in 

MeZ, EZ and MZ under different stress treatments. Specific details regarding salinity and ROS 

treatments have been explained in respective chapters. 
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Table 3.3: Commercial names of dyes and chemical composition for measuring buffers solutions 

for each ion 

Ion Dye Measuring buffer solution 

Na
+
 

CoroNa Green acetoxymethyl ester 

(CNaG, Invitrogen, Eugene, OR, 

USA), 

10mM KCl, 5mM Ca
2+

-MES, pH 6.1 

K
+
 

Asante Potassium Green-2 (APG-2, 

TEFLabs, Austin, TX, USA) 
5mM NaCl, 5mM Ca

2+
-MES, pH 6.1 

Ca
2+

 
Calcium Green-5N, AM  (CG-5N, 

Invitrogen, Eugene, OR, USA) 
10mM KCl, 5mM Na

+
-MES, pH 6.1 

H2O2 

2',7'-dichlorodihydrofluorescein 

diacetate (DCF, Molecular robes, 

Eugene, OR, USA) 

10mM KCl, 5mM Na
+
, 5mM Ca

2+
-MES, 

pH 6.1 

 

3.6.3 Fluorescence measurement 

After staining roots with an appropriate dye, fluorescence intensity of these dyes was 

examined using Leica Application Suit X software. Two types of lenses were used, (1) 10× 

numerical aperture 0.35 dry and (2) 40× plan Apochromatic CS 0.75 oil objectives. The first lens 

was used to take image of the whole root zone, and the second lens was used to examine 

fluorescence at the organelle‘s levels. Emission wavelengths for all three dyes were selected 

according to Bonales-Alatorre et al. (2013) and Wang et al. (2016). For CG-5N, fluorescence 

emission was detected at 505–535nm and for APG-2 and CNaG, fluorescence emission was 

detected at 510-555nm and 505-550nm respectively. After detecting fluorescence emissions, 

images were taken and further analysed using LAS AF Lite software (Leica Corporation USA). 

For measuring ion fluorescence in cytosol and vacuole, several lines were drawn across the 
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region of interest using LAS AF Lite software (Leica Corporation USA). Following this, 

background signals (or fluorescence) were from the empty region of same size and then 

subtracted from the measured signals from the cytosol and the vacuole (Wang et al. 2016-Fig 

3.3).  

 

Fig 3.3: Illustration of the quantification procedure for ionic distribution in cytosol and vacuole, 

(A) Several lines are drawn across the region of interest in an appropriate root zone. (B) 

Continuous fluorescent intensity in cytosol and vacuole was quantified in arbitrary units by LAS 

software and plotted in an Excel file. Scale bar = 50.1 µm. 
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3.7 Quantification of fluorescence from salinized roots 

After examining florescence of different ions from different root zones, Image J software 

(NIH, USA) was used to quantify fluorescence (see Potapova et al 2011 and McCloy et al. 2014 

for more details). Briefly, cells of interest were selected using selection tools and press ‗m‘ to 

measure fluorescence (Fig 3.4) and then corrected total cell fluorescence (CTCF) was calculated 

using following formulae 

                       

Where Int Den was integrated density, A was area of a cell of interest and M was mean 

fluorescence of background readings.  

Fig 3.4: Analysing fluorescent images using Image J software (NIH, USA) based on integrated 

density similar to ion concentration measurements. 
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3.8 Statistical analysis 

All experiments were statistically analysed using Statistix v10 software and a level of 

significance was determined using a least significance text at p ≤ 0.05 and p ≤ 0.01. All figures 

contained mean values of data and error bars represented standard error of means except for 

correlation analysis. Graphs were made using Sigma Plot v.10. 
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Chapter 4 

Root zone-specific ion profiling reveals differential patterns of ion 

homeostasis between salt-grown quinoa and spinach 

 

4.1 Introduction 

Salinity is one of the most drastic abiotic stresses, reducing crop yield worldwide (Shahzad et al. 

2019). According to Liu et al. (2020), total of 1125 Mha of world land has been already become 

saline and keep rising (Li et al. 2014). Moreover, a steep increase in the world population, which 

is projected to cross 9.3 billion by 2050, is demanding more crop production (Searchinger et al. 

2019). The physiological and genetic complexity of salinity tolerance traits hinders the progress 

in this field (Wu et al. 2019). Therefore, understanding the fine-print of salinity-induced 

constraints on plant growth and/or salinity tolerance mechanisms in salt-tolerant plant species is 

of a key importance for enhancing salinity stress tolerance in salt sensitive crop plants. The 

possible way to overcome this issue may lay in understanding the operation of the key salinity 

stress-related physiological traits at the tissue and cellular levels.  

Salinity stress tolerance in a complex mechanism and significant variation exists in the extent 

of salinity tolerance among plant species. Nonetheless, such variability depends on the natural 

ability to tolerate salinity stress. Comparing the morphological and physiological basis of 

different salinity tolerance levels among different plant species could be therefore beneficial in 

identifying the mechanisms that allow plants to adapt the salinity stress. Best results can be 

obtained by examining the differential salinity tolerance mechanisms in halophytes and 

glycophytes which belong to same genus or family to decipher intra-genus variability in salinity 

tolerance. Previously, such variation was observed in Cucurbitaceous (Sarabi et al. 2017; Ghani 

et al. 2018; Huang et al. 2019; Elsheery et al. 2020), Brassicaceae (Chalbi et al. 2015; 

Chakraborty et al. 2016b; Boestfleisch et al. 2017; Pavlović et al. 2019), Poaceae (Wu et al 2015; 

Yamamoto et al. 2015; Nayak et al. 2020; Wang et al. 2020) and Amaranthaceae (Akcin et al. 

2017; Yepes et al. 2018; Mousavi Kouhi et al. 2019; Wang et al. 2020) families. 
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Chenopodiaceae is one of the most important subfamilies of Amaranthaceae family that 

contains numerous plant species, including halophtytic (e.g. Chenopodium quinoa, Chenopodium 

album, Atriplex lentiformis) and glycophytic species (e.g. Spinacia oleracea (spinach)). 

Chenopodiaceae family showed a considerable intra- and inter-specific variation in terms of 

growth, K
+
 and Na

+
 uptake, antioxidant defence system under saline conditions (Hariadi et al. 

2010; Yao et al. 2010a; Shabala et al. 2012). At the whole plant level, different mechanisms of 

salinity tolerance were observed among different Chenopodiaceae species (Yao et al. 2010b; 

Shabala et al. 2013); however, to the best of our knowledge, no much specific details on the 

cellular mechanisms conferring such intra- and inter-specific variability in the different root 

zones in the context of salinity tolerance are available in the literature. Moreover, while 

halophytes can grow even when they are irrigated with seawater, they do not possess anything 

unique in their anatomical structures and physiological mechanism compared with glycophytes 

(Shabala et al. 2015). For example, one of the hallmarks of halophyte species is their ability to 

sequester salts in epidermal bladder cells (EBC). In anatomical terms, EBC are modified 

trichomes that are present on a leaf surface of every glycophyte crop species.  Instead, the major 

difference between them and glycophytes is in how efficiently salinity tolerance mechanisms are 

operating. The key to improve salinity tolerance in plants may lie in understanding how salinity 

responsive mechanisms are regulated in halophytes. For example, is there any specific Ca
2+

 or 

ROS signatures involved in early salt sensing in halophytes? Or how do halophytes avoid Na
+
 

cytosolic toxicity and enhance K
+
 retention ability? Answering these questions was the aim of 

this study. More specifically, this study was conducted to examine and compare the response of 

quinoa (as a halophytic species) and spinach (as a glycophytic species) to salinity stress, focusing 

on salinity-induced changes in root ionic homeostasis.  

Among different plant organs, roots are the first ones that come in a direct contact with high 

concentrations of salts in the rhizosphere (Walker et al. 2003). Though most of studies showed 

salinity-induced inhibition of root growth and altered root ion uptake patterns (especially those 

for K
+
 and Na

+
) (Demiral & Türkan 2005; Koca et al. 2007), the inter-cellular and intra-cellular 

sequestration of these ions was not always considered. At the same time, the root-zone-specific 

responses are critical to the salinity tolerance of plants (Dinneny 2010). Among different root 

zones, root apex (i.e. root meristem zone (MeZ) and root elongation zone (EZ)) is more sensitive 

to salinity and showed higher K
+
-efflux as compared with mature zone (MZ), which determines 
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the overall K
+
 status of whole plants under saline conditions (Shabala et al. 2016a). Moreover, in 

other plant species such as in barley, the root- zone- specific metabolite accumulation may play 

an important role in root cell division and elongation under saline conditions (Shelden et al. 

2016). Recently, it has been suggested that root apex can act or harbour a salt stress sensor (Wu 

et al. 2018a). In bread wheat, salinity tolerant varieties showed significantly higher cytosolic Na
+
 

in the root MeZ compared with salinity sensitive varieties, suggesting that elevation in cytosolic 

[Na
+
] at initial stages of salt stress in this zone may be an essential component of stress sensing 

and signalling cascade (Wu et al. 2015c). Also, in the MZ, salinity stress induced K
+
-efflux is 

mainly mediated by GORK channels while in the EZ the bulk of K
+
-efflux appears to occur 

through non-selective NSCC channels (Bose et al. 2014a; Chen et al. 2007; Wu et al. 2013). All 

these findings are the indicative of a highly complex and heterogeneous nature of ion 

homeostasis in roots under saline conditions.   

Potassium (K
+
) is an important and essential nutrient in plants, required for numerous 

enzymatic reactions, membrane potential maintenance and stomatal opening (Dreyer & Uozmi 

2011; Wang et al. 2013). It also plays an important role in governing the fate of cells under 

hostile conditions (Shabala 2009; Demidchik et al. 2014). K
+
 homeostasis is very crucial for the 

survival of plants under stress conditions (Ahmad & Maathuis 2014; Anschütz et al. 2014). 

Under saline conditions, influx of Na
+
 disturbs K

+
/Na

+
 ratio and this is further aggravated by the 

salinity induced K
+
-efflux from roots (Isayenkov & Maathuis 2019). However, this phenomenon 

is strongly correlated with inter- and intra-cellular K
+
 retention ability. Membrane potential-

dependent outward rectifying K
+
 channels (GORK) channel or reactive oxygen species (ROS) 

activated non-selective cation channels (NSCC) are primary pathways for K
+
-efflux under saline 

conditions (Shabala et al. 2016a, b). The signalling role of ROS under saline conditions has also 

been suggested, showing that low levels of ROS (as an early adaptive response to salt stress in 

salt tolerant species) may reduce K
+
 loss by inactivating NSCC or GORK channels (Ma et al. 

2011; Liu et al. 2019). Therefore, this study examined how K
+
 retention patterns in different root 

zones differed between halophyte and glycophyte species and was related to their differential 

salinity tolerance.  

Salt stress induces oxidative damage to plants by promoting the production of ROS (mainly 

H2O2) in different cell compartments via the activity of NADPH oxidase (Miller et al. 2010; 



 

 54 
 

Bose et al. 2014b; Demidchik 2015; Shabala et al. 2015). ROS are toxic in nature; thus, 

activation of antioxidant defence systems often mitigates ROS induced oxidative damages. 

However, ROS also act as signalling molecules (Schieber & Chandel 2014). In this role, ROS 

may signal other defence systems such as antioxidant production or osmolytes accumulation; 

they may also directly affect the activity of membrane ion transporters (Demidchik et al. 2010). 

An elevation in ROS production in cells results in a significant K
+
-efflux and Ca

2+
-influx caused 

by ROS regulation of numerous ion transporters and channels at the plasma membrane, 

endomembranes and tonoplast (Pottosin & Schönknecht 2007; McAinsh & Pittman 2009;  

Shabala et al. 2015). Demidchik & Shabala (2018) then suggested the concept of ‗ROS-Ca
2+

 

hub‘ as an important early salt stress signalling event, showing Ca
2+

 activated NADPH oxidase 

and ROS activated Ca
2+

 channels work together as a loop to produce and amplify Ca
2+

 and ROS 

signals (Demidchik 2015; Shabala et al. 2015; Demidchik & Mathuis 2007). Therefore, it is 

important to understand the kinetics of Ca
2+

 and H2O2 production and signalling under saline 

conditions. In a halophytic quince, salt stress induced an elevation of cytoplasmic Ca
2+

 was more 

abrupt and higher in amplitude (D‘Onofrio & Lindberg 2009) while it was not of that amplitude 

in glycophytic rice (Kader et al. 2007). Similarly, H2O2 production was peaked at 4h of salt 

stress and then declined in a halophytic Cakile maritime; however, in a glycophytic Arabidopsis 

ROS continued to accumulate until 72h of salt stress (Ellouzi et al. 2011). These results are 

suggesting that elevation in Ca
2+

 and H2O2 production under salt stress is important for salinity 

stress signalling and tolerance in halophytes. Nonetheless, most studies compared such 

mechanism in plant species, which belong to different families. Thus, the differences in genetic 

makeup or evolutionary genetic or environmental adaptations may influence such findings. In 

this context, it would be more reliable to compare such Ca
2+

 and H2O2 responses under saline 

conditions in two plants species which belong to same family.  

Under salinity stress, maintaining higher K
+
/Na

+
 ratio is an important salinity tolerance trait 

in plants while the perception of Na
+
 and its signal transduction is also important to activate 

adaptive responses (Kader & Lindberg 2005). At the plasma membrane level, salt overly 

sensitive (SOS) pathway is a well-accepted Na
+
 exclusion pathway, sensed and activated by 

salinity-induced elevation in the cytoplasmic Ca
2+

 (Maathuis et al. 2014). In the presence of salt 

stress, an elevation in cytoplasmic Ca
2+

 is sensed by a sensing protein, calcineurine-B like 

calcium sensor (SOS3) and this further activates another Ca
2+

 independent protein kinase (SOS2), 
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to form SOS3-SOS2 complex (Lin et al. 2009). This SOS3-SOS2 complex phosphorylates SOS1 

C terminus and activates antiport activity of SOS1and exclude Na
+
 from cells (Zhu 2002). 

Besides Ca
2+

 mediated SOS1 system, NADPH oxidase mediated ROS production is also 

essential for both inter- and intra-cellular Na
+
 homeostasis under saline conditions (Ma et al. 

2011). Several mechanisms of ROS mediated Na
+
 homeostasis in different plant tissues were 

reported in literature, suggesting that ROS induced Ca
2+

 elevation in the cytoplasm and higher 

activation of H
+
-ATPase are two major factors (Sun et al. 2009; 2010; Niu et al. 2018). Taken 

together, a possible crosstalk between SOS pathway and ROS signalling during salinity stress 

can be suggested. Therefore, this study also aimed to study root zone-specific ROS control of 

inter- and intra-cellular Na
+
 sequestration.  

4.2 Materials and Methods 

4.2.1 Plant material and salinity treatment 

Surface sterilized seeds of quinoa and spinach were grown in 4L pot containing a 

standard potting mixture (see Table 3.1 for the composition) in a glasshouse at University of 

Tasmania (Hobart, Australia). All plants were grown under normal growth conditions for three 

weeks and then different salinity treatments i.e., 100mM NaCl, 300mM NaCl and 500mM NaCl 

were applied manually. Plants were exposed to salinity treatments for 10 days and then harvested 

to measure plant biomass. More details regarding growth conditions in glasshouse and crop 

husbandry practices during glasshouse experiment are given in Chapter 3, section 3.2 and 3.3.    

For confocal imaging experiments, surface sterilized seeds were grown in a hydroponic 

system (for details see section 3.3). Here, seven days old seedlings were exposed to NaCl 

treatment (100mM NaCl) for different durations. Following salinity treatment, plant roots were 

excised and used to examine fluorescence signals of different ions in different root zones by the 

fluorescence dye microscopy. 

4.2.2 Plant biomass measurement 

After 10 days of NaCl treatments, whole plants were harvested and their fresh and dry weights 

were measured (for details see section 3.4.1). Relative fresh and dry weight was measured as 

fresh and dry weight of treated plant divided by fresh and dry weight of control plants. 
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4.2.3 Laser scanning confocal imaging and fluorescence quantification 

Seven days old quinoa and spinach seedling were exposed to salinity treatment (100mM NaCl) 

and fluorescent intensities of Na
+
, K

+
 and Ca

2+
 dyes were measured after 2 hours of NaCl 

treatment and 24 hours of NaCl treatment. Relative ROS (H2O2) production was also measured 

in different root tissues in response to NaCl treatment. After NaCl treatments, roots were 

incubated with different dyes in measuring buffers (see details in table 3.3) for 3hours and then 

the fluorescence intensity of Na
+
, K

+
 and Ca

2+
 and H2O2 signals was measured using Leica 

Application Suit X software (see section 3.6 for all details). One of out of 12 typical images is 

shown in the Results section.  

For fluorescence quantification, images were then analysed with Image J software (NIH, 

USA) (for protocols see section 3.7 and Potapova et al 2011). For measuring the total cell 

fluorescence, intensity of the fluorescent signal from 25-35 cells per individual plant root with at 

least 10 replications was quantified and plotted by Sigma Plot v.10. For measuring fluorescence 

intensity of different ions, several lines were drawn across the region of interest (see section 

3.6.3, Fig 3.4) in an appropriate zone using Leica Application Suit X software (Wang et al. 

2016). Following this, fluorescence intensity was quantified in arbitrary units and plotted in the 

Sigma Plot v.10. 

4.2.4 Statistical analysis 

All data were statistically analysed using Statistix v10 software and a level of 

significance was determined using the least significance test at p ≤ 0.05 and p ≤ 0.01. All figures 

contained mean values of data and error bars represent the standard error of means. The 

correlation analysis was carried out among different traits using Microsoft Excel v 2010. All 

graphs were made using the Sigma Plot v.10. Statistical analysis has been performed 

independently for each species and letters above errors bars shows statistical difference among 

salinity stress separately in each species. A paired T-test was performed to examine the statistical 

difference for a particular parameter in both plant species subjected to same salinity stress level 

at same time point. ‗*‘ and ‗**‘ above two bars indicate the statistical difference at p≤ 0.05 and 

p≤ 0.01, respectively, for a particular parameter at one specific time point and under same 

salinity stress level. 
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4.3 Results 

4.3.1 Plant biomass production in quinoa and spinach under salinity stress 

Both quinoa and spinach respond to salinity stress in a clearly pronounced dose 

dependent manner (Fig 4.1). Spinach was unable to stand higher salinity levels (300mM and 

500mM) compared with quinoa. Under 500mM NaCl treatment, quinoa produced 46% less fresh 

biomass as compared with control however spinach produced 76% less fresh biomass as 

compared with control (Fig 4.1). Measurement of dry weight also showed that quinoa showed 

better salinity tolerance than spinach. In spinach, plant dry weight was reduced by 66% and 54% 

in response to 300mM NaCl and 500mM NaCl treatment respectively as compared with control, 

while this reduction was 20% less in quinoa (Fig 4.1). These results are clearly indicative of the 

inter-species difference in the salinity tolerance between quinoa and spinach.  
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Fig 4.1: Plant fresh and dry biomass production quinoa and spinach under different salinity 

stress levels. Relative fresh and dry weight refers to the ratio between salt-treated and control 

plants. Plants were grown for two weeks and then salinity treatments were applied for 10 days 
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and measurements were taken after that. There were four replications per treatment and each 

replication contained 4 pots. Each pot contained 4 plants. Error bars are SE of means, and values 

labelled with different letters are significantly different from each other at p ≤ 0.05.  

4.3.2 Salinity stress induced root zone and organelle specific K
+
 distribution 

In order to understand patterns of intracellular K
+
 distribution in different root zones (MeZ, 

EZ and MZ) under saline conditions, the LCSM technique was employed to measure K
+
 

fluorescence dye signals after 2h and 24h of salinity treatment (100mM NaCl) (Fig 4.2, 4.3). In 

both species, salinity reduced K
+
 contents in the root apex (MeZ and EZ); however this was not 

in case of MZ. Compared with control, in the MZ of quinoa K
+
 fluorescent intensity was 

declined by 26% after 2h of salinity treatment. However after 2h, quinoa then started regaining 

K
+
 and accumulated 22% more K

+
 in MZ after 24h of salinity treatment as compared with 

control, while spinach kept losing K
+
 and showed 54% reduction in K

+
 signal intensity in the 

mature zone after 24h of salinity treatment.  

Comparing cellular K
+
 intensities in different root zones, some interesting results were 

observed which explained how halophytes (or at least quinoa) maintained higher K
+
 levels in 

roots as compared with glycophytes under salinity stress. Salinity treatment led to significant 

decline in the cytosolic K
+
 in both species but was more pronounced after 24h of salinity 

treatment in spinach (Fig 4.3). In quinoa, up to 1.1-fold higher K
+ 

accumulated in the cytosol in 

MZ only after 24h of salinity treatment (Table 4.3), which was consistent with the trends of 

relative total cell K
+
 signal intensity in the MZ of quinoa (Fig 4.2). Moreover, in the MeZ of 

quinoa, a decline in the cytosolic K
+
 signal intensity was statistically similar after 2h and 24h of 

salinity treatment. However, the vacuolar K
+
 signal intensity was declined only after 24h of 

salinity treatment (Fig 4.3) suggesting replenishing of cytosolic K
+
 was done from the vacuolar 

K
+
 pool in quinoa. The spinach species, however, lacked such mechanism and showed a 

significant decline in both cytosolic and vacuolar K
+
 contents. These results suggested quinoa 

exhibited better K
+
 retention ability and maintained higher levels of K

+
 in MZ, which is also 

important from nutritional point of view. Moreover, a strong and positive correlation was 

observed between K
+
 signal intensity in MZ and plant dry weight in quinoa (Table 4.4a), which 

further explained how quinoa was able to produce higher plant dry weight under salinity 

treatment.  
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Fig 4.2: Visualization and quantification of K
+
 fluorescence intensity in different root zones in 

quinoa and spinach in response to salinity treatment. Seven days old roots were treated with 

100mM NaCl and K
+
 fluorescent signals were measured after different intervals of salinity 

treatment. Asante Potassium Green-2 was used as dye for K
+
. Data are the mean ±SE [n=180–

270; 20–30 cells analysed for at least 7-9 individual roots (biological replicates). Mean values 

labelled with different letters are significantly different from each other at p ≤ 0.05. One out of 

12 typical images is provided in each line. 
*
Significant at p ≤ 0.05 and 

**
Significant at p ≤ 0.01. 
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Fig 4.3: Effects of salinity stress on cytosolic and vacuolar K
+
 in meristem zone, elongation zone 

and mature zone of quinoa and spinach. Seven days old roots were treated with 100mM NaCl 

and cellular K
+
 fluorescent intensities were measured after different intervals of salinity 

treatment. K
+
 fluorescent intensities in cytosol and vacuole were measured by drawing several 

lines across the region of interest in an appropriate zone with Leica Application Suite X software 

(Leica Microsystems). Continuous florescence signals were quantified in arbitrary units by LAS 

AF software based on intensity and plotted in an Excel file. Data are the mean ±SE [n=150–250; 

15–30 cells analysed for at least 7-9 individual roots (biological replicates). Mean values labelled 

with different letters are significantly different from each other at p ≤ 0.05. 
**

Significant at p ≤ 

0.05 and 
**

Significant at p ≤ 0.01. 
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Table 4.1: Effect of salinity stress (100mM NaCl) on K
+
 fluorescent signal intensities in the 

cytosol and vacuole of meristem zone, elongation zone and mature zone in the roots of quinoa 

and spinach. The numbers shown are showing fold change K
+
 fluorescent signal intensities 

(salinized vs control) after 2 hours and 24 hours of NaCl treatment. 

 Quinoa Spinach 

 Cytosol Vacuole Cytosol Vacuole 

 MeZ EZ MZ MeZ EZ MZ MeZ EZ MZ MeZ EZ MZ 

2h 0.6 0.8 0.5 0.8 0.9 0.9 0.5 0.4 0.6 0.5 0.4 0.8 

24h 0.5 0.5 1.1 0.5 0.7 1.1 0.3 0.2 0.3 0.3 0.3 0.4 

 

4.3.3 Quinoa showed higher Na
+
 vacuolar sequestration than spinach which is important 

for overall salinity tolerance 

Intracellular Na
+
 distribution in three root zones (MeZ, EZ, MZ) in quinoa and spinach 

under salinity treatment was examined using Corona Na
+
 green dye by LCSM technique. Both 

species showed differential levels of cellular Na
+
 sequestration after 2h and 24h of salinity 

treatment (Fig 4.4, 4.5). Total cell Na
+
 fluorescence showed that quinoa accumulated 44% and 

13% more Na
+
 in MeZ as compared with spinach after 2h and 24h of salinity treatment, 

respectively, while this was not case for other root zones (Fig 4.4). Spinach showed higher level 

of Na
+
 accumulation in EZ and MZ as compared with quinoa. Moreover, the correlation analysis 

also showed a strong and negative correlation between Na
+
 intensity in the MZ and plant fresh 

and dry weight (Table 4.4a, b), suggesting Na
+
 toxicity as a key detrimental factor of salinity 

stress in glycophytes. Comparing cytosolic and vacuolar Na
+
 intensities, quinoa was able to 

sequester more Na
+
 in the vacuole after 24h of salinity treatment while spinach showed less 

vacuolar sequestration and kept higher proportion of Na
+
 in the cytosol in all root zones (Fig 4.5, 

Table 4.2). Interestingly, after 2h of salinity treatment, Na
+
 intensity in quinoa was 1.2 folds 

higher in the cytosol of MeZ as compared with control (Table 4.2), which is consistent with total 

cell Na
+
 fluorescence in the MeZ of quinoa. This is suggestive of the role of MeZ as a salt sensor 

in quinoa (a halophytic species) as component of early salt stress sensing, nonetheless spinach (a 

glycophytic species) was deprived of such trait and showed high levels of Na
+
 toxicity in roots. 
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Fig 4.4: Visualization and quantification of Na
+
 fluorescence intensity in different root 

zones in quinoa and spinach in response to salinity treatment. Seven days old roots were treated 

with 100mM NaCl and Na
+
 fluorescent signals were measured after different intervals of salinity 

treatment. CoroNa Green acetoxymethyl (AM) ester was used as dye for Na
+
. Data are the mean 

±SE [n=170–250; 15–30 cells analysed for at least 7-9 individual roots (biological replicates). 

Mean values labelled with different letters are significantly different from each other at p ≤ 0.05. 

One out of 12 typical images is provided in each line. 
*
Significant at p ≤ 0.05 and 

**
Significant at 

p ≤ 0.01. 
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Fig 4.5: Effects of salinity stress on cytosolic and vacuolar Na
+
 in the meristem, elongation zone 

and mature zone of quinoa and spinach. Seven days old roots were treated with 100mM NaCl 

and cellular Na
+
 fluorescent intensities were measured after different intervals of salinity 

treatment. Na
+
 fluorescent intensities in cytosol and vacuole were measured by drawing several 

lines across the region of interest in an appropriate zone with Leica Application Suite X software 

(Leica Microsystems). Continuous florescence signals were quantified in arbitrary units by LAS 

AF software based on intensity and plotted in an Excel file. Data are the mean ±SE [n=150–250; 

15–30 cells analysed for at least 7-9 individual roots (biological replicates). Mean values labelled 
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with different letters are significantly different from each other at p ≤ 0.05. 
*
Significant at p ≤ 

0.05 and 
**

Significant at p ≤ 0.01. 

 

Table 4.2: Effect of salinity stress (100mM NaCl) on Na
+
 fluorescent signal intensities in 

cytosol of meristem zone, elongation zone and mature zone in roots of quinoa and spinach. The 

numbers shown are showing fold change Na
+
 fluorescent signal intensities (salinized vs control) 

after 2 hours and 24 hours of NaCl treatment. 

 Quinoa Spinach 

 Cytosol Vacuole Cytosol Vacuole 

 MeZ EZ MZ MeZ EZ MZ MeZ EZ MZ MeZ EZ MZ 

2h 1.4 2.2 1.2 0.9 2.4 2.4 0.8 2.1 1.8 1 2.4 2.4 

24 1.2 1.8 1.4 1.8 5.5 3.4 1.4 3.7 4.7 0.8 5.5 3.4 

 

4.3.4 Quinoa showed strong H2O2 accumulation in mature zone 

Salinity induced total cell H2O2 production was measured in different root zones in quinoa and 

spinach. Root treatment with salinity treatment showed root zone specific H2O2 accumulation in 

both species. Among species, spinach produced more H2O2 in all root zones as compared with 

quinoa after 24h of salinity treatment (Fig 4.6). However, after 2h of salinity treatment quinoa 

produced 36% more H2O2 in MZ as compared with spinach, indicating the role H2O2 signalling 

in activating adaptation process in quinoa however spinach lacks or inefficient in such 

mechanism and thus undergoes with oxidative damage under salinity stress. Correlation analysis 

also showed that a strong and negative correlation (R
2 

= 0.80, p ≤ 0.05) between H2O2 production 

in MZ and plant dry weight in spinach, while in quinoa a weak but significant and positive 

correlation was observed (R
2
 = 0.36, p ≤ 0.05) (Table 4.4a, b).  
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Fig 4.6: Visualization and quantification of H2O2 fluorescence intensity in different root zones in 

quinoa and spinach in response to salinity treatment. Seven days old roots were treated with 

100mM NaCl and H2O2 fluorescent signals were measured after different intervals of salinity 

treatment. Data are the mean ±SE [n=160–240; 15–30 cells analysed for at least 7-9 individual 

roots (biological replicates). Mean values labelled with different letters are significantly different 

from each other at p ≤ 0.05. One out of 12 typical images is provided in each line. 
*
Significant at 

p ≤ 0.05 and 
**

Significant at p ≤ 0.01. 
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4.3.5 Salinity induced Ca
2+

 homeostasis in quinoa and spinach 

Intracellular Ca
2+

 distribution was examined in different root zones after 2h and 24h of salinity 

treatment using LCSM technique. In quinoa, the intensity of Ca
2+

 fluorescent signal form the 

entire cell increased by 59% and 43% in the MeZ and MZ, respectively, after 2h of salinity 

treatment and then declined after 24h of salinity treatment (Fig 4.7). On a contrary, spinach 

showed 53% and 61% decrease in Ca
2+

 intensity only in the MeZ after 2h and 24h of salinity 

treatment, respectively. In EZ of quinoa, Ca
2+

 intensity was increased by 31% after 24h of 

salinity treatment while spinach showed a significant decline in Ca
2+

 fluorescent intensity in EZ 

(Fig 4.7).  

A further look at the intracellular Ca
2+

 distribution also revealed some interesting and 

consistent results (Fig 4.8). Salinity treatment induced a significant increase in the cytosolic Ca
2+

 

in the root apex (MeZ and EZ) of quinoa only after 2h of salinity treatment, while spinach 

showed a significant decline in both cytosolic and vacuolar Ca
2+

 fluorescence intensities in MeZ 

and EZ in response to salinity treatment. Interestingly, in the MZ of quinoa, salinity treatment 

significant decreased vacuolar Ca
2+

 but increased cytosolic Ca
2+

 after 2h of salinity treatment 

while in the MZ of spinach there was a non-significant difference between the cytosolic and 

vacuolar Ca
2+

 intensities under saline and control conditions (Fig 4.8). These results are in 

accord with other results that salinity induced Na
+
 accumulation was higher in MeZ after 2h of 

salinity treatment only in halophytes (Fig 4.4), suggesting a possible causal relationship between 

Na
+
 homeostasis and Ca

2+
 accumulation in halophytes under saline conditions. This was further 

supported by the correlation analysis which showed a strong and positive correlation between 

Ca
2+

 uptake and Na
+
 sequestration in MeZ (Table 4.4),  indicating the important role of root MeZ 

for stress sensors in halophytes.  
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Fig 4.7: Visualization and quantification of Ca
2+

 fluorescence intensity in different root zones in 

quinoa and spinach in response to salinity treatment. Seven days old roots were treated with 

100mM NaCl and Ca
2+

 fluorescent signals were measured after different intervals of salinity 

treatment. Calcium Green-5N was used as dye for Ca
2+

. Data are the mean ±SE [n=160–240; 15–

30 cells analysed for at least 7-9 individual roots (biological replicates). Mean values labelled 

with different letters are significantly different from each other at p ≤ 0.05. One out of 12 typical 

images is provided in each line. 
*
Significant at p ≤ 0.05 and 

**
Significant at p ≤ 0.01. 
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Fig 4.8: Effects of salinity stress on cytosolic and vacuolar Ca
2+

 in the root meristem, elongation 

zone and mature zone of quinoa and spinach. Seven days old roots were treated with 100mM 

NaCl and cellular Ca
2+

 fluorescent intensities were measured after different intervals of salinity 

treatment. Ca
2+

 fluorescent intensities in cytosol and vacuole were measured by drawing several 

lines across the region of interest in an appropriate zone with Leica Application Suite X software 

(Leica Microsystems). Continuous florescence signals were quantified in arbitrary units by LAS 

AF software based on intensity and plotted in an Excel file.  Data are the mean ±SE [n=150–250; 

15–30 cells analysed for at least 7-9 individual roots (biological replicates). Mean values labelled 
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with different letters are significantly different from each other at p ≤ 0.05. 
*
Significant at p ≤ 

0.05 and 
**

Significant at p ≤ 0.01. 

 

Table 4.3: Effect of salinity stress (100mM NaCl) on Ca
2+

 fluorescent signal intensities in the 

cytosol of meristem zone, elongation zone and mature zone in roots of quinoa and spinach. The 

numbers shown are showing fold change Ca
2+

 fluorescent signal intensities (salinized vs control) 

after 2 hours and 24 hours of NaCl treatment. 

 Quinoa Spinach 

 Cytosol Vacuole Cytosol Vacuole 

 MeZ EZ MZ MeZ EZ MZ MeZ EZ MZ MeZ EZ MZ 

2h 0.9 0.7 0.7 0.7 0.5 1.6 0.4 0.5 1 0.4 0.6 0.8 

24h 0.7 0.7 0.8 0.9 1.2 1.8 0.4 0.3 1.2 0.4 0.6 1.4 
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Table 4.4a:  Correlation analysis between fluorescent signals for different ions, H2O2 production and plant fresh and dry weight under 

saline conditions in quinoa 

 Variables K
+
-MeZ K

+
-EZ K

+
-MZ 

Na
+
-

MeZ 

Na
+
-

EZ 

Na
+
-

MZ 

Ca
2+

-

MeZ 

Ca
2+

-

EZ 

Ca
2+

-

MZ 

H2O2-

MeZ 

H2O2-

EZ 

H2O2-

MZ PFW 

K
+
-MeZ 1 

            
K

+
-EZ 0.96** 1 

           
K

+
-MZ 0.85* ns 1 

          
Na

+
-MeZ 0.97** 1 ns 1 

         
Na

+
-EZ ns ns ns Ns 1 

        
Na

+
-MZ ns ns -0.96** Ns ns 1 

       
Ca

2+
-MeZ 0.98** 0.98** 0.67* 0.97** ns ns 1 

      
Ca

2+
-EZ ns -0.76* ns 0.78* ns ns ns 1 

     
Ca

2+
-MZ ns ns 0.99** Ns ns 0.96** ns ns 1 

    
H2O2-

MeZ 
ns ns -0.72* Ns -0.76* ns -0.87** -0.81* ns 1 

   

H2O2-EZ -0.99** -0.95** ns -0.95** ns ns ns ns ns ns 1 
  

H2O2-MZ -0.80* -0.93** ns -0.91** ns ns -0.67* ns ns ns ns 1 
 

PFW 0.82* 0.76* ns 0.74* ns ns 0.87* ns ns ns -0.89* Ns 1 

PDW ns ns 0.77* Ns ns -0.85* ns ns ns ns ns 0.36* 0.94** 

Symbol * and ** are showing correlation between different traits are significant at 0.05 and 0.01 level respectively. K
+
-MeZ, K

+
-EZ 

and K
+
-MZ stay for K

+
 signal intensities in the root meristem, elongation zone and mature zone respectively. Na

+
-MeZ, Na

+
-EZ and 

Na
+
-MZ stay for Na

+
 signal intensities in the meristem, elongation zone and mature zone respectively. Ca

2+
-MeZ, Ca

2+
-EZ and Ca

2+
-

MZ stay for Ca
2+

 signal intensities in the meristem, elongation zone and mature zone respectively. H2O2-MeZ, H2O2-EZ and H2O2-

MZ stay for H2O2 signal intensities in the meristem, elongation zone and mature zone respectively. PFW and PDW stay for plant fresh 

weight and plant dry weight. All traits were measured when quinoa was treated with 100mM NaCl for 24h. 
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Table 4.4b: Correlation analysis between fluorescent signals for different ions, H2O2 production and plant fresh and dry weight under 

saline conditions in spinach 

 Variables K
+
-MeZ K

+
-EZ K

+
-MZ 

Na
+
-

MeZ 

Na
+
-

EZ Na
+
-MZ 

Ca
2+

-

MeZ 

Ca
2+

-

EZ 

Ca
2+

-

MZ 

H2O2-

MeZ 

H2O2-

EZ 

H2O2-

MZ PFW 

K
+
-MeZ 1 

            K
+
-EZ 0.98** 1 

           K
+
-MZ 0.85** 0.77* 1 

          Na
+
-MeZ ns ns ns 1 

         Na
+
-EZ ns ns 0.76* Ns 1 

        Na
+
-MZ ns ns ns 0.87** ns 1 

       Ca
2+

-MeZ ns ns ns 0.86* 0.81* ns 1 

      Ca
2+

-EZ ns ns 0.84* 0.77* ns ns 0.81* 1 

     Ca
2+

-MZ ns ns ns Ns 0.94** 0.81* ns ns 1 

    H2O2-

MeZ ns ns ns 0.86* 0.89* ns 0.92** 0.97** ns 1 

   H2O2-EZ ns ns ns 0.79* ns ns ns ns ns ns 1 

  H2O2-MZ ns ns ns 0.83* ns ns ns 0.84* ns 0.94** ns 1 

 PFW 0.94** 0.96** ns Ns ns -0.80* ns ns ns ns ns -0.86* 1 

PDW 0.83* 0.87** 0.80* -0.75* ns -0.84* ns ns ns ns ns -0.80* 0.97*** 

Symbol * and ** are showing correlation between different traits are significant at 0.05 and 0.01 level respectively. K
+
-MeZ, K

+
-EZ 

and K
+
-MZ stay for K

+
 signal intensities in the root meristem, elongation zone and mature zone respectively. Na

+
-MeZ, Na

+
-EZ and 

Na
+
-MZ stay for Na

+
 signal intensities in the meristem, elongation zone and mature zone respectively. Ca

2+
-MeZ, Ca

2+
-EZ and Ca

2+
-

MZ stay for Ca
2+

 signal intensities in the meristem, elongation zone and mature zone respectively. H2O2-MeZ, H2O2-EZ and H2O2-

MZ stay for H2O2 signal intensities in the meristem, elongation zone and mature zone respectively. PFW and PDW stay for plant fresh 

weight and plant dry weight. All traits were measured when quinoa was treated with 100mM NaCl for 24h. 
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4.4 Discussion 

4.4.1 Halophytes exhibit better vacuolar buffering K
+
 capacity in roots 

Potassium (K
+
) is an essential nutrient that plays an important role in numerous physiological 

and biochemical processes in plants (Wang et al. 2013). Over last decade, tissue- and root zone- 

specific K
+
 retention or uptake under stress conditions has gained a lot of attention and reported 

as an one of essential stress tolerance mechanisms in plants (Wu et al. 2018; Shabala & Pottosin 

2014). The cytosolic K
+
 homeostasis is another important mechanism in conferring salinity 

tolerance in plants (Cuin et al. 2012). Under salinity conditions, NaCl-induced K
+
 loss is a 

common mechanism and is more pronounced in glycophytes as compared with halophytes 

(Percey et al. 2016). Upon salinity stress, Na
+
 depolarizes plasma membrane and concomitantly 

activated voltage outward rectifying channels (GORK) or higher cytosolic Na
+
 induced ROS 

production which then activates voltage independent/ROS activated NSCC (non-selective cation 

channels) channels to remove K
+
 from cytosol to apoplast (Demidchik & Maathuis 2007). This 

results in a massive loss of the cytosolic K
+
 and disturbs cytosolic K

+
/Na

+
 ratio (Dasgan et al. 

2002; Liu et al. 2019). However, the magnitude of K
+
 loss is highly tissue specific and root zone 

specific, for instance in barley salt tolerant varieties were able to retain more K
+
 in MZ as 

compared with root apex (Chen et al. 2007). Similarly, in wheat Cuin et al (2008) showed that 

K
+
 retention in root was positively and strongly correlated with plant yield under salinity stress. 

Similar results have been showed in Arabidopsis (Wu et al. 2018), cotton (Wang et al. 2016), and 

brassica (Chakraborty et al. 2016 a; b). Therefore, it is important to study K
+
 retention ability in 

different tissues specially roots to further enhance our knowledge of salinity stress management 

in plants. In this study, some interesting results were observed, showing temporal variation in K
+
 

distribution in different root zones under salinity conditions. Under salinity stress quinoa (a 

halophytic species) showed a massive K
+
 loss only from MeZ and EZ while such loss in spinach 

occurred in all root zones (Fig 4.2). K
+
 homeostasis from the MZ of quinoa was highly time-

dependent (e.g.) quinoa showed K
+
 loss by 26% form MZ after 2h of NaCl stress and then 

started regaining K
+ 

in MZ after 24h of NaCl stress (Fig 4.2). 

During early (2h) exposure to salinity stress, there was a decline in the cytosolic K
+
 

intensity;  however after 24h of NaCl stress, cytosolic K
+
 intensity remained unchanged but 

vacuolar K
+
 intensity declined (Fig 4.3), suggesting halophytes (or at least quinoa) exhibit better 
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vacuolar buffering K
+
 capacity in root MZ as compared with spinach. These results also 

explained how total cell K
+
 intensity increased in MZ after 24h of NaCl stress.  

The possible scenario can be envisaged. It appears that quinoa might use cytosolic K
+
 

loss as a component of early signalling cascades under salinity stress, and then replenishes it 

from vacuolar K
+
 pool. During an early exposure to salinity stress, Na

+
 depolarizes the plasma 

membrane and results in a massive loss of K
+
 from the cytosol. Such K

+
 loss can partially restore 

membrane potential and signal root cells to induce ‗metabolic switch‘ to limit energy for cellular 

metabolism and to save energy for defence or stress adaptation process (Shabala 2017). Once the 

signalling via metabolic switch mechanism is done, quinoa started restoring its cytosolic K
+
 from 

vacuole to perform the normal cell metabolism (Wu et al. 2018). Vacuole represents a largest 

depot in plant cells to store numerous ions and metabolites and under stress conditions vacuole 

can transport essential nutrients to perform normal cell metabolism under stress conditions. 

Under salinity stress, due to membrane depolarization, K
+
 uptake via AKT1 may be reduced and 

then plants may reply on HAK/KUP family transporters (Grabov 2007). NaCl induced GORK 

channels mediated K
+
 loss can be compensated by HAK/KUP transporters. As this is a time-

consuming process, plants need to restore cytosolic K
+
 from internal stores (Wu et al. 2018). K

+
 

release form vacuole may be mediated by vacuolar TPK channels or fast (FV) or slow (SV) 

activating NSCC channels (Gobert et al. 2007; Pottosin & Dobrovinskaya 2014). Isayenkov et al. 

(2015) and Ahmad et al. (2016) reported that overexpression of TPK increased K
+
 ratio between 

the cytosol and vacuole and increased salinity tolerance in rice. Similarly, overexpression of 

PeTPK1 reduced K
+
 loss and results in higher salinity tolerance in tobacco (Wang et al. 2013). 

Besides TPK, FV and SV channels may also act as safety vales to control K
+ 

distribution between 

vacuole and cytosol (Pottosin & Dobrovinskaya 2014). Choi et al. (2014) showed that an 

overexpression of SV channels resulted in higher salinity tolerance in plants. However, activation 

of SV and FV channels comes with a danger of Na
+
 leak from the vacuole to the cytosol. 

Therefore, under ideal scenario, salinity tolerant plants should have higher TPK and lower or 

completely stopped SV and FV channels activity in order to replenish cytosolic K
+
 (Wu et al. 

2018). Bonales-Alatorre et al. (2013) found that limited SV and FV activity resulted in reduced 

Na
+
 leak from vacuole to cytosol in quinoa and similar results were observed in this study as 

well. Similarly, in our results, high vacuolar Na
+
 intensity were found in the roots of quinoa after 

24h of NaCl stress while in spinach most of Na
+
 resided in the cytosol (Fig 4.3, 4.4). Therefore, 
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it can be suggested from above discussion that quinoa (a halophytic species) restores cytosolic 

K
+
 from vacuolar K

+
 pool possibly by activating TPK channels and inactivating SV and FV 

channels. Spinach (a glycophytic species) apparently lacks such mechanisms. Molecular identity 

of such regulation remains to be revealed in future studies.  

 4.4.2 Root meristem as salt sensor in halophytes  

    Salt sensing is an important mechanism to confer salinity tolerance in plants. In animals, 

numerous Na
+
 sensing mechanism specifically relating to Na

+
 transport has been reported; 

however, no exact information relating to Na
+
 sensing and transport has been reported in plants 

(Maathuis 2014). Several putative Na
+
 sensors have been suggested in the literature including 

SOS1 (Na
+
/H

+
 antiporter), NADPH-NSCC tandem or membrane depolarization- induced GORK 

channels operating in combination with H
+
-ATPase (Shabala et al. 2015). Moreover, numerous 

mechanosensory channels (MSC) such as MSL protein, MCA protein and Piezo protein family 

can also play in salt sensing (Monshausen & Haswell 2013; Kurusu et al. 2013). Similarly, cyclic 

nucleotide receptors or cyclic nucleotide gated channels (CNGC) act as signalling molecules in 

plants during stress conditions (Ordoñez et al. 2014). The expression of CNGC levels increases 

quickly within few minutes of stress imposition. These channels are permeable to Ca
2+

 and ROS 

and can make self-amplifying loop to increase cytosolic Ca
2+ 

and activate stress adaptive 

mechanisms in plants. However, CNGCs do not distinguish between different monovalent ions 

and thus may be a potential pathway to Na
+
 entry in root meristem (Shabala et al. 2015).  

As stated above, roots are the first organ which comes in direct contact with salt and 

undergo salt induced metabolic alterations. Root meristem is located at the very tip of roots and 

this zone can signal other root zones to reorient growth and other physiological processes in 

response to stress conditions (Verbelen et al. 2006). In the current investigation, a significant 

difference in the cytosolic and vacuolar Na
+
, Ca

2+
 and K

+
 intensities were noted in both species. 

Current results showed that in quinoa cytosolic Na
+
 signal intensity was 54% higher than 

vacuolar Na
+
 signal intensity after 2h of salinity stress. However, the cytosolic Na

+
 signal was 

reduced by 42% as compared with the vacuolar one in the root meristem after 24h of salinity 

stress (Fig 4.4 and 4.5). Following this, higher vacuolar Na
+
 sequestration was noted in the MZ 

of quinoa after 24h of salinity treatment suggesting vacuolar sequestration in MZ as an important 

component of salinity tolerance mechanism in halophytes. Spinach (a glycophytic species) 
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showed significant cytosolic Na
+
 accumulation in all root zones in response to salinity stress (Fig 

4.5). From this, it can be suggested that halophytes (or at least quinoa) increased cytosolic Na
+
 

temporarily to buy some time to initiate stress relating signalling or adaptive processes. Wu et al. 

(2015) reported similar results and showed that salt tolerance bread wheat varieties accumulated 

more Na
+
 in cytosol than salt sensitive varieties in the root meristem.  

Interestingly, data relating to the intracellular Na
+
 sequestration was also consistent with 

intracellular Ca
2+

 and K
+
 distribution in the MeZ of quinoa which were further confirming the 

role of root meristem as salt sensor in halophytes. Several signalling mechanisms can be 

proposed, including activation of NSCC/NADPH tandem, or activation of membrane 

depolarization activated GORK channels, or activation of the above-mentioned putative Na
+
 

sensors in the root MeZ in quinoa. Further studies are required to confirm the molecular identity 

of signalling role of root meristem under salinity stress conditions.  

4.4.3 Halophytes rely mostly on vacuolar Na
+
 sequestration in mature zone 

In many crops, salinity tolerance is positively correlated with reduced Na
+
 accumulation 

in above ground plant parts (Cuin et al. 2010; Munns et al. 2012). This trait is occasionally called 

as ‗salt exclusion‘ and is governed by different mechanisms, including (1) extrusion of Na
+
 from 

root uptake, (2) preventing Na
+
 loading into the xylem and delivery to the shoot, and (3) Na

+
 re-

translocation from  shoot to root (Maathuis 2014; Wu et al. 2019). In our results, Na
+
 fluorescent 

intensity signals in different root zones were examined. It was observed that spinach 

accumulated 33% more Na
+
 in MZ as compared with quinoa after 24h of salinity stress (Fig 4.4 

and 4.5). On the contrary, quinoa accumulated more Na
+
 in MeZ as compared with spinach, most 

likely because it used MeZ as a salt sensor. These results were also supported by the correlation 

analysis, which showed a positive and strong correlation between Na
+
 signal intensity in MeZ 

and MZ in quinoa only (Table 4.4a). Two possible explanations can be put forward (1) Na
+
 is 

extruded from the cytosol to the apoplast or to the vacuole or (2) Na
+
 exclusion from root to 

shoot. During the first mechanism, Na
+
 can be extruded out from the cytosol to apoplast via 

SOS1 mechanism; alternatively, Na
+
 can be loaded into vacuole via NHX Na

+
/H

+
 exchanger 

(Zhu 2002). In our results we observed that spinach was unable to extrude or exclude Na
+
 from 

the bulk of MZ and retained most of Na
+
 in MZ. On the contrary, quinoa showed less Na

+
 

accumulation in the bulk of MZ but higher vacuolar Na
+
 sequestration as compared with spinach 
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(Fig 4.5). This points out at the potential the role of NHX in vacuolar Na
+
 sequestration in quinoa 

in root MZ. SOS1 is activated by SOS2-SOS3 complex under Na
+
 stress and SOS2 can also 

interact with tonoplast NHX exchanger and govern vacuolar sequestration (Qiu et al. 2002). 

Overexpression of halophytic NHX enhanced salinity tolerance in Arabidopsis by improving 

vacuolar Na
+
 sequestration in MZ (Liu et al. 2017). Other than vacuolar sequestration, higher 

exclusion of Na
+
 from root to shoot via xylem sap was also observed in quinoa (these results are 

presented in the next experimental chapter). This can explain that halophytes used Na
+
 as cheap 

osmoticum to adjust osmotic pressure (Vasquez et al. 2006).  

4.4.4 Linking ROS-Ca
2+

 hub with salinity tolerance in quinoa 

Under salinity stress, the major contribution towards an extracellular ROS production is by 

NADPH oxidase enzymes. These enzymes are evolved originally to generate ROS for stress 

signalling purpose. On the other hand, increase in the cytosolic Ca
2+

 is a quick and inevitable 

response to ROS production under salinity stress. Both of these secondary messengers work 

together and develop ROS-Ca
2+

 hub (Demidchik et al. 2018). This concept implies that high 

cytosolic Ca
2+

 activates NADPH oxidase to produce ROS, and that ROS activates Ca
2+

 

permeable channel in order to amplify stress induced Ca
2+

 and ROS signatures. Literature shows 

that such ROS-Ca
2+

 hub is important for overall stress signalling, cell elongation, 

osmoregulation, mineral nutrition and programmed cell death (Demidchik & Shabala 2018). 

Here we speculated that this hub can operate differentially in different root zones. For example, 

in our study we have observed that Ca
2+

 signal intensity from the entire cell was increased after 

2h of salinity stress and then decreased after 24h of salinity stress in the MeZ and MZ of quinoa 

while in the EZ, this signal increased only after 24h of salinity stress (Fig 4.7). In spinach, Ca
2+

 

signal intensity decreased in response to salinity stress in MeZ and EZ only (Fig 4.7). Contrary to 

this, ROS production increased with time in all root zones in both species and that production 

was more pronounced in spinach as compared with quinoa, suggesting that quinoa (halophytic 

species) used ROS as a signalling moiety in stress adaptation (Fig 4.6).  

We then examined the intracellular Ca
2+

 distribution in different root zone. The results of the 

cytosolic Ca
2+

 distribution were consistent with Ca
2+

 signal intensity measured from entire cell. 

Higher cytosolic Ca
2+

 intensity was noted after 2h of salinity stress in MeZ and MZ of quinoa 

while in spinach cytosolic Ca
2+

 intensity was decreased only in MeZ and EZ (Fig 4.8). Two 
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possible roles of ROS- Ca
2+

 hub can be put forward in the MeZ and MZ of quinoa. In the MeZ, 

ROS- Ca
2+

 hub may play a role in the cell division and elongation while in the MZ ROS- Ca
2+

 

hub may play a role in osmoregulation and mineral nutrition (Demidchik et al. 2003; Foreman et 

al. 2003). Rounds and Bezanilla (2013) reported that growth of cells is also maintained by ROS-

Ca
2+

 hub, which stimulates the formation of longitudinal cytoskeleton bundles. Moreover, two 

different types of stress-induced effects on ROS- Ca
2+

 hub have been reported. This includes 

stress- induced short term stimulation lasting up to few hours and long-term inhibition after 1-2 

hours of stress conditions. This can explain why quinoa exhibited higher ROS- Ca
2+

 hub activity 

and why spinach did not, as 100mM of NaCl treatment induced over production of ROS after 

24h of stress in spinach whereas 100mM of NaCl caused ROS-Ca
2+

 hub stimulation and 

generation of adaptation signals in quinoa (Demidchik & Shabala 2018).  

4.5 Conclusion 

Salinity tolerance in quinoa was conferred by its higher ability (i) to retain K
+
 in mature zone and 

(ii) efficient vacuolar sequestration in MZ (iii) less ROS production. Higher Na
+
 levels in the 

root meristem zone of quinoa as compared with spinach, indicating the role of root meristem as 

‗salt sensor‘ in halophytic quinoa. Current results provided information to understand how 

halophytic quinoa maintains higher K
+
/Na

+
 homeostasis under salinity stress. Further studies are 

required to understand the molecular basis such root zone specific ion transport in roots. Kinetics 

of Ca
2+

 and Na
+
 accumulation in cytosol and vacuole in roots suggested a possible causal 

relationship between Na
+
 homeostasis and Ca

2+
 signalling in halophytes under saline conditions  
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Chapter 5 

Linking xylem loading with K
+
 retention in leaf mesophyll and 

salinity stress tolerance in quinoa and spinach 

 

5.1 Introduction 

Under salinity stress, Na
+
 toxicity results in membrane depolarization which concomitantly 

induces K
+
-efflux from leaf mesophyll. Such K

+
 loss from leaf mesophyll reduces metabolic 

activity (such as Rubisco activity), alters cell viability, declines cell turgor, and increases the 

activity of proteases and endonucleases to induce programmed cell death (Shabala & Cuin 2008; 

Demidchik et al. 2010; Barragán et al. 2012). Moreover, K
+
 loss results in tremendous loss in 

chlorophyll contents and photosynthetic activity and vice versa (Ahanger & Agarwal 2017; Allel 

et al. 2018). Therefore, the ability of mesophyll cells to control or retain K
+
 in leaf mesophyll 

under salinity stress can be very crucial parts of tissue- specific salinity stress tolerance 

mechanisms. Several reports are available showing the importance of K
+
 retention in leaf 

mesophyll as an important salinity stress tolerance mechanism in different plant species such as 

wheat (Wu et al. 2014), barley (Wu et al. 2015c), pea (Shabala et al. 2007), brassica 

(Chakraborty et al. 2016b) and chickpea (Kotula et al. 2019). However again no inter-family 

comparison was conducted (1) to determine to what extent salinity tolerance is related to the 

ability of leaf mesophyll in retaining K
+
, (2) does K

+
 retention in leaf mesophyll under salinity 

stress contribute towards in improving stomatal conductance to salinity stress?, (3) if K
+
 

retention is so important then how do halophytes retain them and what potential strategies they 

use to reduce K
+
-efflux from leaf mesophyll? 

In general, plants have to cope with high Na
+
 toxicity by three ways, included (i) maintaining 

higher K
+
/Na

+
 ratio in roots, (ii) efficient xylem loading, (iii) better K

+
 retention in 

photosynthetically active mesophyll cells in leaves and high vacuolar sequestration in order to 

perform better under saline conditions (Shabala et al. 2010; Percey et al. 2016; Liu et al. 2019). 

The efficiency of these mechanisms depends on genetic makeup of plant species and the 

efficiency of communication between below and above ground plant parts. Moreover lack of any 
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of above traits may result in higher sensitivity towards salinity stress. Thus, we have examined 

and compared all of these mechanisms in this thesis in two plant species belong to same family. 

First mechanism has been studied in previous chapter and we noted that after 24h of NaCl stress 

spinach showed high levels of cytosolic Na
+
 toxicity in roots especially in root apex however 

quinoa showed less Na
+
 fluorescence intensity in all root zones (Fig 4.4, 4.5). This was due to its 

higher and efficient Na
+
 vacuolar sequestration in roots and replenishing of cytosolic K

+
 loss 

from vacuolar K
+
 pool. However one may question that does this only mechanism contribute 

towards overall salinity stress tolerance in halophytic quinoa. To answer this question, a 

comparison was conducted between quinoa and spinach to further look out other two above 

mentioned mechanisms.  

Xylem ion loading is an important mechanism in plants to increase delivery of major 

inorganic ions to shoot or leaves to perform normal metabolic process in above ground plant 

parts (Ishikawa et al. 2018). However this comes in the danger of increasing the concentration of 

toxic ions such as (Na
+
 or Cl

-
) in shoot or leaves thus reducing plant growth and yield (Chen et 

al. 2002). Plant‘s ability to control the delivery of toxic ion via xylem loading also governs such 

scenario as xylem ion loading has been considered as a central component of complex salinity 

tolerance mechanisms in plants (Munns & Tester 2008; Shabala 2013; Ishikawa et al. 2018). 

Thus it was also examined in this study how does quinoa control above mentioned scenario 

under saline conditions.  

Leaf mesophyll is an important plant tissue which is central to photosynthetic plant 

performance and ultimately biomass gain. Plant performance under stress conditions largely 

depends on the efficiency of photosynthetic machinery. In this context, cytosolic K
+
 homeostasis 

in mesophyll cell is essential to maintenance of optimal photosynthetic performance (Carkmak 

2005). Moreover based on our results relating to root zone specific K
+
 and Na

+
 distribution in 

both species, one question may arise that do halophytes behave in similar way in other plant 

tissues just like they showed root zone specific salinity stress responses and ionic homeostasis 

(see previous chapter). In order to answer such question, we examined the effects of salinity 

stress on ionic homeostasis in leaf mesophyll cells.  

   Upon exposure to salinity stress, production of reactive oxygen species (ROS) is another 

dilemma of salinity stress however ROS (especially H2O2) may play an important role in 
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signalling and salinity stress tolerance (Pitzschke et al. 2006; Chen et al. 2017). In previous 

chapter, we found a very strong correlation between ROS production and relative fluorescence 

intensities of K
+
, showing halophytes (or at least quinoa) use ROS as signalling moiety to 

increase K
+
 retention in different root zones. Moreover under salinity stress, ROS can cause 

elevation of cytosolic Ca
2+

 to activate other stress signalling mechanism (Foreman et al. 2003) 

however this is highly plant species specific, so a comparison was also made between a 

halophytic and glycophytic plant species in respond to external ROS stress 

5.2 Materials and Methods 

5.2.1 Plant material and salinity treatment 

Seeds of quinoa and spinach were grown in 4L pot containing standard potting mixture 

(see Table 3.1 for the composition of potting mixture) in glasshouse number 8, university of 

Tasmania Australia. All plants were grown under normal growth conditions for three weeks and 

then different salinity treatments i.e., in the range of 500mM NaCl were applied manually. 

Following salinity treatment, stomatal sensitivity in terms of stomatal conductance (Gs) and 

SPAD value was examined according to 3.4.2 section. These traits were measured from third and 

fourth leaf from top after 7 days of salinity treatment. There were four replications per treatment 

and each replication contained 4 pots. Each pot contained 4 plants, thus total number of leaf 

samples were 120 leaf samples. Moreover, ionic concentration of K
+
 and Na

+
 from leaves and 

xylem sap was measured according to 3.4.3 and 3.4.4. Briefly 7 days after imposition of different 

salinity treatments, xylem sap and leaf extract was collected and ionic concentration was 

measured using flame photometer.  

5.2.2 MIFE experiment 

Quinoa and spinach were grown under normal growth conditions for three weeks and then leaf 

samples were harvested to excise and prepare leaf samples for ion flux estimation from leaf 

mesophyll. Fresh leaves were harvested from glasshouse and brought it to lab. Small leaf 

segments of 6×8 mm size were excised exposing leaf mesophyll for measuring net ion flux and 

then immersed in BSM solution (0.5mM KCl and 0.1mM CaCl2, pH 5.6 non-buffered) in dark 

for overnight in order to reduce any possible physical damage to leaf tissues (For more details 

see Shabala and Newman 1999, Wu et al. 2015b). Following this leaf segment then mounted in 
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Perspex holder and then placed Perspex holder in a 5mL chamber containing fresh BSM solution 

for 40-50 minutes to stabilize leaf samples in bathing solution. Net ion flux measurements of K
+
, 

H
+
 and Ca

2+
 was measured in this study in response to salinity (100mM NaCl) and ROS (5mM 

H2O2) stress. Details relating to microelectrode fabrication and calibration prior to actual ion flux 

measurements were mentioned in Chapter 3, section 3.5.4 and table no. 3.2. After measuring ion 

flux, data then tabulated in excel compatible file and plotted as graphs. 

5.2.3 Statistical analysis 

All data were statistically analysed using Statistix v10 software and level of significance 

was determined using least significance text at p ≤ 0.05 and p ≤ 0.01. All figures contained mean 

values of data and error bars represented standard error of means. Different letters above mean 

bars are showing mean values are significantly different from other values. All graphs were 

made using Sigma plot v.10. Statistical analysis has been performed independently for each 

species and letters above errors bars shows statistical difference among salinity stress separately 

in each species. 

5.3 Results 

5.3.1 Quinoa and spinach showed differential stomatal conductance and SPAD values to 

salinity stress 

Stomatal sensitivity was assessed by measuring stomatal conductance (Gs) and chlorophyll 

contents (SPAD) in response to different salinity treatments. Quinoa showed high level of 

tolerance as compared with spinach under all salinity treatment (Fig 5.1). The SPAD values 

(total chlorophyll content) increased with increasing salinity levels in quinoa, most likely as a 

result of reduction in mesophyll cell size. Salt-sensitive spinach plants showed sever chlorosis. 

Under 500mM NaCl, SPAD values was decreased by 70% in spinach but was increased by 30% 

in quinoa. Furthermore, analysis of Gs showed that Gs was significantly declined in spinach with 

the progression of salinity levels while we found 100mM NaCl was optimal concentration for 

stomata operation in quinoa and this was consistent with previous observations (Hariadi et al 

2011) reporting that this concentration was optimal for quinoa growth. Under 500mM NaCl, Gs 

decreased by 53% in quinoa and 86% in spinach (Fig 5.1) and these results are in consistent with 

the notion that reduction in Gs in halophyte is considered to be important for improvement in 

water use efficiency and fresh biomass production (Belkheiri and Mulas 2013).  
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Fig 5.1: Effect of salinity stress on (A) stomatal conductance and (B) SPAD value in quinoa and 

spinach. Error bars are SE of means, and values labelled with different letters are significantly 

different from each other at p ≤ 0.05 significance level. Quinoa and spinach were grown for 

weeks under normal conditions and then different levels of salinity treatments were applied. Data 

was collected 7 days after treatments and third and fourth leaf from top was used for 

measurements.  

5.3.2 Leaf ion contents correlate with xylem ion loading in leaf mesophyll only in quinoa  

Both species showed a progressive accumulation of Na
+
 in leaves with increased external NaCl 

levels; however, highest amount of Na
+
 was measured in salt-sensitive spinach species (Fig 

5.2A) pointing out at Na
+
 toxicity as a key factor affecting spinach growth. However, Na

+
 

contents in leaves were not different between salt-sensitive spinach and salt-tolerance quinoa 

plants at highest (500mM NaCl) salinity level, despite a major difference in their growth 

responses (Fig 5.2A). Contrary to Na
+
 uptake in leaves, K

+
 contents in leaves showed a striking 

difference in its patterns between halophytic quinoa and glycophytic spinach under different 

salinity treatments (Fig 5.2). In salt-sensitive spinach leaf K
+
 contents declined with increasing 

salinities while in quinoa K
+
 contents increased with increasing salinities. Hence, it is plausible 

to suggest that the severe growth inhibition of spinach was due to Na
+
 toxicity and K

+
 deficiency 

in the leaves under salinity stress. Superior salinity tolerance in quinoa could be due to higher 

contents of both K
+
 and Na

+
 in leaves (Fig 5.2 A; B), assuming that the majority of Na

+
 was 

sequestrated in the vacuole and used for osmotic adjustment.  
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Analysis of xylem ion loading also showed some interesting results in the patterns of 

xylem Na
+
 and K

+
 loading in both species (Fig 5.2). Xylem Na

+
 concentration increased 

proportionally to increasing salinity levels in both species but was highest in halophytic quinoa 

(Fig 5.2). Both plant species were also capable to increase xylem K
+
, in an attempt to maximize 

its delivery to the shoot however salt-sensitive spinach plants were less efficient in doing this. 

 

Fig 5.2: Potassium and sodium concentration in leaves and xylem sap under different salinity 

stress levels. Error bars are SE of means, and values labelled with different letters are 

significantly different from each other at p ≤ 0.05 significance level. Quinoa and spinach were 

grown for weeks under normal conditions and then different levels of salinity treatments were 

applied. Data was collected 7 days after treatments and third and fourth leaf from top was used 

for measurements.  
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5.3.3 NaCl induced K
+
-efflux from leaf mesophyll was significantly compensated by 

reduced H
+
-efflux in quinoa only 

From above results it can be suggested that leaf K
+
 not Na

+
 was main factor determining 

differential salinity tolerance between halophyte and glycophytes. To further gain insights, 

electrophysiological measurements of net K
+
 and H

+
 fluxes were conducted from leaf mesophyll 

in both species by adding 100mM NaCl in apoplast. Both species showed transient increase in 

K
+
-efflux from leaf mesophyll but was more pronounced in spinach as compared with quinoa, 

showing peak K
+
-efflux of -180 nmol m

-2
 s

-1
 and -146 nmol m

-2
 s

-1 
from quinoa and spinach leaf 

mesophyll respectively (Fig 5.3). Comparing mean rate of K
+
-efflux during NaCl exposure (~ 35 

minutes), it was found that mean K
+
-efflux rate was -146 nmol m

-2
 s

-1 
and 241 nmol m

-2
 s

-1 
in 

quinoa and spinach respectively, showing spinach lost more K
+
 from leaf mesophyll as compared 

with quinoa. Moreover, comparing the steady state K
+
 flux (35 minutes after NaCl treatment) 

from leaf mesophyll it was found that quinoa exhibits better K
+
 retention ability in leaf 

mesophyll as compared with spinach (Fig 5.3).  

NaCl-induced K
+
-efflux from plant cells is mediated by two major pathways: (1) via 

depolarization-activating outward-rectifying K
+
- selective (GORK) channels, and (2) via ROS-

activated non-selective cation channels (NSCC) (Shabala & Pottosin 2014). To differentiate 

between these two options, we have measured effects of NaCl on net H
+
 flux responses from leaf 

mesophyll (as a proxy for membrane potential-generated H
+
-ATPase). It was found in this study 

that NaCl stress results in the activation of H
+
-ATPase activity and was interestingly higher in 

salt sensitive glycophytic spinach plants (Fig 5.4). Treatment of NaCl resulted in significant 

increase in transient H
+
-efflux in spinach, showing peak H

+
-efflux and steady state efflux of -259 

nmol m
-2

 s
-1 

and -249 nmol m
-2

 s
-1 

respectively, suggesting spinach was spending more ATP to 

up-regulate H
+
-ATPase activity.  

Correlation analysis further showed that net K
+
-efflux was positively and significantly 

correlated with net H
+
-efflux in both species but was more strong in spinach (R

2
 = 61, p ≤ 0.05) 

as compared with quinoa (R
2
 = 0.57, p ≤ 0.05) (Fig. 5.5). Our results are in contrary with 

previous work (Bose et al. 2014b, Shabala et al. 2016a) that halophytes increase the activity of 

H
+
-ATPase and reduce K

+
-efflux however this was not case in our study. Several reasons are 

suggested in discussion section. Furthermore, a strong negative correlation was found between 
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H
+
-efflux and Gs in spinach (R

2
 = 0.64, p ≤ 0.01) compared with quinoa (R

2
 = 0.41, p ≤ 0.05) 

(Fig 5.5), suggesting pumping H
+
 out of cell did not help in improving Gs especially in spinach. 

 

Fig 5.3: Effect of NaCl stress on transient flux of K
+
 from leaf mesophyll cells in quinoa and 

Spinach. Columns show the mean flux rate of K
+
 in response to NaCl. Legends – NaCl shows 

mean K
+
 flux before (0-5minutes) NaCl treatment and + NaCl shows mean K

+
 flux after (from 

5min to 35 min) NaCl treatment. Error bars are SE of means, and values labelled with different 

letters are significantly different from each other at p ≤ 0.05 significance level. 
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Fig 5.4: Effect of NaCl stress on transient flux of H
+
 from leaf mesophyll cells in C. quinoa and 

Spinach. Columns show the mean flux rate of H
+
 in response to NaCl. Legends – NaCl shows 

mean H
+
 flux before (0-5minutes) NaCl treatment and + NaCl shows mean H

+
 flux after (from 

5min to 35 min) NaCl treatment. Peak flux was the peak value observed after NaCl treatment 

and steady state flux was measured from 30-40 minutes after NaCl stress. Error bars are SE of 

means, and values labelled with different letters are significantly different from each other at p ≤ 

0.05 significance level. 

 

 

 

 

 

 

 



 
 

 88 
 

 

 

Fig 5.5 Correlation analyses between (1) NaCl induced steady state K
+
 flux and NaCl induced 

steady state H
+
 flux and (2) NaCl induced steady state H

+
 flux and stomatal conductance in 

quinoa and spinach under saline conditions. *= p ≤ 0.05 and **= p ≤ 0.01. Stomatal conductance 

was measured from third and fourth leaf from top after 7 days of 100mM NaCl treatment. Steady 

state flux was measured from leaf mesophyll after 30-40 minutes of NaCl stress. 

5.3.4 Leaf K
+ 

content correlates with K
+
 retention in mesophyll and stomatal conductance 

Based on above results, quinoa exhibits better K
+
 retention ability in leaf mesophyll and 

showed higher  Gs and SPAD values, but does higher K
+
 retention correlate with initial leaf K

+
 

contents or not? To find out this, a correlation analysis was carried out between leaf K
+
 contents 

and K
+
 retention ability (steady state flux) in response to 100mM NaCl (Fig 5.6). A highly strong 

and positive correlation (R
2
 = 0.86, p ≤ 0.05) was noted between leaf K

+
 and K

+
 retention ability 

in quinoa but a negative and strong correlation (R
2
 = 0.65, p ≤ 0.05) was noted between these 

traits in spinach, further suggesting a possible causal relationship in quinoa only between leaf K
+
 

content and plants ability to prevent NaCl-induced K
+
 loss in leaf mesophyll. Comparing leaf K

+
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contents and SPAD and Gs values, strong and significant correlation values were found in both 

species (Fig 5.6), suggesting in addition to its ability to prevent K
+
 loss from mesophyll, the 

initial K
+
 status is also an important determinant of salinity tolerance mechanism. 

 

Fig 5.6: Correlation analysis between (1) leaf K
+
 content and K

+
 retention ability of leaf 

mesophyll estimated as net K
+
-efflux upon 100mM NaCl treatment and (2) leaf K

+
 and stomatal 

sensitivity under saline conditions (100mM NaCl). *= p ≤ 0.05 and **= p ≤ 0.01. 
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5.3.5. Ca
2+

 and K
+
 flux responses to the oxidative component of salinity stress  

As mentioned above, NaCl-induced K
+
-efflux is mediated either via GORK channels 

and/or via ROS-activated NSCC channels. Due to less inactivation of H
+
-ATPase, NaCl induced 

K
+
-efflux was not most likely via GORK but  NaCl induced K

+
-efflux might also be mediated by 

ROS activated NSCC channel. Moreover a possibility suggesting that K
+
 content in the 

mesophyll is also regulated by stress-induced ROS accumulation was also looked upon in leaf 

mesophyll. In order to test that, net K
+
 and Ca

2+
 flux responses was compared from leaf 

mesophyll between species after their exposure to physiologically relevant levels of H2O2.  

Leaf mesophyll cells showed a tremendous K
+
-efflux in response to H2O2 in both species 

however surprisingly it was more pronounced in quinoa as compared with spinach (Fig 5.7). 

Quinoa showed mean rate of H2O2 induced K
+
 leakage was -345 nmol m

-2
 s

-1 
but in spinach it 

reached up to -136 nmol m
-2

 s
-1 

after H2O2 treatment (Fig 5.7). Furthermore, data relating to peak 

K
+
 flux and steady state K

+
 flux showed quinoa exhibited 73-76% higher K

+
-efflux from leaf 

mesophyll in response to H2O2 treatment as compared with spinach (Fig 5.7). Thus it can be 

suggested that NaCl induced K
+
-efflux mediates via ROS activated NSCC channels in salinity 

tolerant quinoa.  

The ROS induced K
+
-efflux is generally accompanied with Ca

2+
-influx, which is also 

important for intracellular signalling and adaptation (Liu et al. 2019). Therefore sensitivity of 

Ca
2+ 

permeable channels to ROS was also tested in leaf mesophyll in both species. In quinoa, 

treating leaf mesophyll with 5mM H2O2 results in significant Ca
2+

-influx, showing mean rate of 

Ca
2+

 uptake was reached up to 49 nmol m
-2

 s
-1 

during H2O2 exposure (~35 minutes) (Fig 5. 8). 

Contrarily, salt sensitive glycophytic spinach did not show any significant response to H2O2 

treatment, thus showing less sensitivity of Ca
2+

 permeable channels to ROS in leaf mesophyll.  
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Fig: 5.7: Effect of ROS stress on transient and mean flux of K
+
 from leaf mesophyll cells in 

quinoa and Spinach. Columns show the mean flux rate of K
+
 in response to ROS (H2O2) stress. 

Legends – ROS shows mean K
+
 flux before (0-5minutes) H2O2 treatment and + ROS shows 

mean K
+
 flux after (from 5min to 35 min) H2O2 treatment. Peak flux was the peak value 

observed after H2O2 treatment and steady state flux was measured from 30-40 minutes after 

H2O2 stress. Error bars are SE of means, and values labelled with different letters are 

significantly different from each other at p ≤ 0.05 significance level. 
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Fig 5.8: Effect of ROS stress on transient and mean flux of Ca
2+

 from leaf mesophyll cells in 

quinoa and spinach. Columns show the mean flux rate of Ca
2+

 in response to ROS (H2O2) stress. 

Legends – ROS shows mean Ca
2+

 flux before (0-5minutes) H2O2 treatment and + ROS shows 

mean Ca
2+

 flux after (from 5min to 35 min) H2O2 treatment. Peak flux was the peak value 

observed after H2O2 treatment and steady state flux was measured from 30-40 minutes after 

H2O2 stress. Error bars are SE of means, and values labelled with different letters are 

significantly different from each other at p ≤ 0.05 significance level. 
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5.4 Discussion 

5.4.1 Control of xylem ion loading is a key factor determining differential salinity stress 

tolerance between quinoa and spinach 

Our results showed that both species showed a progressive accumulation of Na
+
 in leaves 

with increased external NaCl levels (Fig. 5.2a). Contrarily, in salt-sensitive glycophyte spinach 

showed significant decline in leaf K
+
 contents in a dose-dependent manner following an increase 

in external NaCl while in quinoa leaf K
+
 contents increased with increasing salinity levels (Fig 

5.2b), suggesting that quinoa possesses better ability for K
+
 retention (known as an important 

component of salinity tolerance mechanism in this species; Kiani-Pouya et al. 2020). To gain 

further insight we analysed xylem K
+
 and Na

+
 loading in xylem sap and found that salt tolerant 

quinoa species actively loaded Na
+
 and K

+
 in xylem in NaCl dose dependent manner while salt 

sensitive spinach showed progressive Na
+
 uptake in xylem sap only (Fig 5.2c, d). Correlation 

analysis showed that there was a negative and significant correlation between leaf K
+
 and leaf 

Na
+
 and xylem K

+
 and xylem Na

+
 only in spinach while in quinoa positive and correlations were 

noted among these traits (Fig 5.9), suggesting quinoa has better ability to load and transport Na
+
 

and K
+
 from root to shoot and to leaves while spinach showed higher levels of Na

+
 toxicity in 

leaves. These results are consistent with our results from previous chapter that quinoa showed 

less cytosolic Na
+
 accumulation and higher cytosolic K

+
 contents in the MZ as compared with 

spinach and this could be (1) due to better vacuolar Na
+
 sequestration in MZ or (2) enhanced 

removal of Na
+
 from root to shoot via xylem loading. Hence it can be concluded that halophytes 

increase the uptake of Na
+
 along with K

+
 in order to perform osmotic adjustment role.  

Several mechanisms can be proposed behind why quinoa loads more Na
+
 in xylem sap as 

compared with spinach. First plants need to maintain positive turgor pressure in shoot to ensure 

normal plant growth however under saline conditions shoot loses its turgor and reduces water 

contents (Romero-Aranda et al. 2001; Trabelsi et al. 2019). To counter this, plants produce 

organic osmolytes (e.g. proline, flavonoids) or accumulate inorganic ions (e.g. K
+
 or Na

+
) as 

inorganic osmolytes to improve turgor pressure however first process is energy expensive and 

plants have to spend lots of ATPs to synthesize those organic osmolytes (Flowers & Colmer 

2008; Shabala & Shabala 2011). In current study it was observed that quinoa actively loads Na
+
 

possibly as cheap inorganic osmolyte to adjust osmotic pressure. Second, sever saline conditions 
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(e.g. 300mM or 500mM NaCl in our study) can cause hyperosmotic stress which results in a 

significant decline in the xylem pressure (Shabala et al. 2010). At very low pressure, xylem 

vessels may become dysfunctional due to the formation of cavities and the formation of cavities 

becomes faster and stronger with increase in xylem tension (Wegner & Zimmermann, 1998). 

However accumulation of Na
+
 or K

+
 in xylem sap can help in counterbalancing xylem pressure 

drop and preventing cavitation in xylem (Shabala et al. 2013). Third quinoa being salt tolerant 

plant species may load more Na
+
 in xylem during early stages of salinity to quickly adjust 

osmotic pressure and then stop up-taking Na
+
 in xylem however spinach being salt sensitive 

plant species might not actually stop up taking Na
+ 

but slowly keep up taking and then 

accumulate more Na
+
 in shoot as compared with quinoa after few weeks of salinity stress. 

Therefore timing of xylem loading is important and should be considered in future studies 

(Ishikawa et al. 2018). 
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Fig 5.9: Correlation analysis between xylem ion loading and leaf ion contents under saline 

conditions (100mM NaCl). *= p ≤ 0.05 and **= p ≤ 0.01. Quinoa and spinach were grown for 3 

weeks under normal conditions and then 100mM NaCl treatment was applied. Seven days after 

NaCl treatment, xylem sap was collected and third and fourth leaf from top was used for leaf ion 

measurements. 
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5.4.2 Quinoa has higher leaf K
+
 content under saline conditions and use Na

+
 for osmotic 

adjustment 

A significant variation was observed between quinoa and spinach in term of their 

stomatal conductance response, SPAD values, NaCl induced K
+
 flux and leaf K

+
 contents in 

response to salinity treatments (Fig 5.1, 5.2, 5.3). It was noted that quinoa showed better salinity 

tolerance and was associated with better K
+
 retention ability in leaf mesophyll and exhibit 

intrinsically higher leaf K
+
 contents as compared with spinach. Several possible mechanisms can 

be involved in such response, first factor contributing in such growth and ionic responses to 

salinity stress might be linked with plant‘s better ability to maintain membrane potential in leaf 

mesophyll under saline conditions. Upon salinity stress, Na
+
-influx causes membrane 

depolarization and caused K
+
 loss by activating voltage depend GORK channels (Shabala 2017) 

however in salt tolerant plant disturbance in voltage due to membrane depolarization or due to 

K
+
-efflux may also activate voltage dependent K

+
 inward rectifying channels (e.g. KAT or AKT) 

(Véry & Sentenac 2003; Chérel et al. 2014) in order to increase K
+
 uptake under stress 

conditions. In this study, a strong positive and significant correlation was noted between K
+
 flux 

and leaf K
+
 contents in salt tolerant halophytic quinoa however a significant and negative 

correlation was observed between K
+
 flux and leaf K

+
 contents in salt sensitive glycophytic 

spinach (Fig 5.6), suggesting that quinoa exhibits better ability to counter NaCl induced K
+
-

efflux as compared with spinach. 

Consistent with above, quinoa plants may also have higher K
+
 uptake capacity (higher 

activity of HAK/KUP; as suggested in Fig 5.10), therefore accumulated more K
+
 in leaves as 

compared with spinach. According to Leight (2001), all plant species exhibiter ought similar 

cytosolic K
+
 contents however difference among plant species will most likely be linked with 

size of vacuole and ability of vacuole to replenish cytosolic K
+
 contents. In our study, both plant 

species started to lose K
+
 from mesophyll cells when expose to NaCl however comparing steady 

state flux showed that the magnitude of K
+
-efflux was higher in spinach as compared with 

quinoa, suggesting quinoa was able to restore cytosolic K
+
 either from vacuolar pool or by 

increasing K
+
 uptake from apoplast (hence better growth responses) however spinach lacks or is 

less efficient in this physiological phenomenon. This might explain the existence of a strong, 

significant and positive correlation between leaf K
+
 content and SPAD and stomatal conductance 

(Fig 5.6).  
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Under saline condition, maintaining sufficient amount of cytosolic K
+
 in 

photosynthetically active mesophyll tissue is very important and thus ensures plant survival 

(Cakmak 2005). Moreover high K
+
 contents are also important in reducing the production of 

reactive oxygen species and thus plays important role in reducing oxidative damages (Redwan et 

al. 2016). Contrarily, loss of K
+
 under saline conditions results in higher ROS production which 

concomitantly leads to induce either necrosis or programmed cell death (PCD) (Breusegem & 

Dat 2006). Therefore K
+
 retention seems to be an important factor in preventing salinity induced 

oxidative damage and onset of PCD. It has been showed that ROS can activate K
+
 permeable 

NSCC channels (Demidchik & Maathuis 2007) and altogether 40 different NSCC have been 

reported in Arabidopsis genome (Davenport 2002). These NSCC showed variation in their 

responses to different ROS (Demidchik & Maathuis 2007; Zepeda-Jazo et al. 2011). Thus it can 

be suggested that difference in the number and sensitivity of different NSCC to ROS can be 

ascribed to different in the sensitivity of quinoa and spinach towards K
+
 retention under saline 

conditions. Moreover, plant capability to produce ROS under stress condition can also influence 

this difference. Therefore, maintaining sufficient amount of cytosolic K
+
 via releasing K

+
 from 

vacuolar pool can also reduce ROS production and prevent PCD in mesophyll cells. It can also 

be suggested that quinoa exhibit better ROS scavenging system (Ruiz-Carrasco et al. 2011) and 

thus even there is higher ROS production, ROS would be scavenged by different sets of 

antioxidants and thus prevents PCD.  

Other than showing better ability of K
+
 retention in leaf mesophyll, salt tolerant 

halophytic quinoa showed more Na
+
 uptake as compared with spinach (Fig 5.2). This is because 

halophytes can use Na
+
 as cheap osmoticum rather than investing energy for the synthesis of 

organic osmolytes in order to maintain cell turgor under stress conditions (Shabala 2013). 

Increasing Na
+
 contents in xylem sap could also be important in the development of water 

potential gradients to increase water uptake to shoot (Balnokin et al. 2005; Shabala et al. 2013). 

Na
+
 at low levels promotes plant growth in halophytes particularly in K

+
 deprivation conditions 

and this is because Na
+
 and K

+
 are structurally and chemically very similar in their hydrated 

form. Consistent with our results, Slama et al. (2007) showed that low amount of Na
+
 is 

beneficial for the growth of Sesuvium portulacastrum. Similarly, Na
+
 can enhance growth of rice 

under K
+
 starvation conditions, and that OsHKT2; 1 is the central transporter for nutritional Na

+
 

uptake into K
+
-starved rice roots (Horie et al. 2007). 
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5.4.3 Salinity tolerance in quinoa does not rely much on H
+
 pumping  

As explained before, Na
+
 depolarizes plasma membrane and lower membrane potential 

however pumping out H
+
 from plasma membrane can depolarize plasma membrane and improve 

salinity tolerance. It has also been shown previously that K
+
 retention positively correlates with 

higher H
+
-efflux (e.g. in barley, Maksimović et al. 2013 and in poplar, Sun et al. 2009). Plant 

plasma membrane H
+
-ATPase belongs to the P-type cation pumps and can energize plasma 

membrane by generating driving force to transport nutrients across plasma membrane (Perdersen 

2012). H
+
-ATPase is also essential in activating voltage gated channels (e.g.) NHX exchanger to 

assist in exclusion process. It is generally accepted that higher H
+
 pumping via H

+
-ATPase 

higher will be tolerance level (e.g.) Chen et al. (2007) found salt tolerant barley varieties 

exhibited 2.5 fold higher level of H
+
-ATPase activity as compared with salt sensitive varieties.  

Similarly, a higher H
+
-ATPase activity was observed in response to salinity stress in Atriplex 

(Bose et al. 2014b), Aeluropus littoralis (Olfatmiri et al. 2014), and Suaeda salsa (Chen et al. 

2010).  

In current study, a significant variation was noted among both species regarding H
+
-

pumping in response to salinity stress. Salt tolerant halophytic quinoa showed less H
+
-efflux 

from leaf mesophyll in response to salinity stress while salt sensitive showed high magnitude of 

H
+
-efflux (Fig 5.4). Comparing mean rate of H

+
-pumping (~35 minutes) after salinity treatment, 

spinach showed 2.5 folds higher H
+
-efflux as compared with quinoa (Fig 5.4). However H

+
-

efflux was negatively correlated with stomatal conductance and K
+
-flux (Fig 5.5). Our results are 

in opposite trend to above mentioned findings, showing higher H
+
-ATPase activity results in 

higher salinity tolerance, especially in halophytes (Shabala & Mackay 2011). Several possible 

explanations can be suggested; higher H
+
-ATPase activity is instrumental in restoring membrane 

potential and helps in closing voltage dependent GORK channels to prevent K
+
 loss however this 

process is energy consuming and consumes more ATPase (Shabala & Cuin 2008). Moreover, 

salt sensitive plants need more energy to synthesize compatible solute or organic osmolytes for 

their osmotic adjustment purpose, while halophytes mostly use inorganic ions for same purpose. 

This can explain why salt sensitive glycophytic spinach plants showed higher H
+
-ATPase 

activity as compared with salt tolerant halophytic quinoa plants. It can also be suggested that salt 

sensitive spinach was less efficient in controlling net Na
+
 uptake or Na

+
 vacuolar sequestration 

thus underwent higher rate of membrane depolarization compared with salt tolerant quinoa. Thus 
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spinach needed more energy and has to do more H-pumping out from plasma membrane to 

restore membrane potential. Upon depolarization, K
+
 uptake via AKT channels becomes 

impossible thermodynamically (Pilot et al. 2003). Given that salt tolerant quinoa has higher K
+
 

contents in leaf tissue as compared with salt sensitive spinach under salinity stress (Fig 5.2) and 

has better ability to restore cytosolic K
+
 loss however this was not case in salt sensitive spinach, 

thus only option left for spinach is to rely on HAK/KUP activity in order to increase K
+
 uptake. 

HAK/KUP can co-transport K
+
 and H

+
 and is very important in maintaining cytosolic K

+
 (Rubio 

et al. 2000). It can be hypothesized here that salt sensitive spinach uses high rate of H
+
-efflux to 

restore membrane potential and to restore cytosolic K
+
 under saline conditions. Moreover a 

simultaneous transport of K
+
 and H

+
 in cytosol via HAK/KUP exchanger results in transfer of net 

charge +2 which may further depolarize plasma membrane. All these mechanisms are visualized 

in figure 5.10.   
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Fig 5.10 The proposed model is showing ionic homeostasis under saline conditions contributing 

to K
+
 retention in leaf mesophyll in quinoa. Upon NaCl stress, the plasma membrane (PM) gets 

depolarized due to high influx of Na
+
 from external medium via non-selective cation channel 

(NSCC). Increment in cytosolic Na
+
 results in the production of ROS, and resultantly induces 

oxidative damage and reduces chloroplast activity.  This cause K
+
-efflux from plasma membrane 

wither by depolarization activated GORK channels and resultantly cytosolic K
+
 homeostasis gets 
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disrupted. Decline in cytosolic K
+
 further induces the production of ROS and can trigger PCD in 

leaf mesophyll. ROS further kindle the situation ROS by mediating further K
+
-efflux via NSCC. 

In quinoa, decline in cytosolic K
+
 compensate by releasing K from vacuolar pool, mediated by 

tonoplast K
+
- permeable channels (TPK in the model) while spinach lacks or is inefficient in 

replenishing cytosolic K from vacuole. Moreover, higher NHX exchanger activity results in more 

Na
+
 vacuolar sequestration in salt tolerant quinoa. To restore membrane potential higher H

+
 

pumping is essential but this was not case in salt tolerant quinoa. Spinach spent more ATPs in 

order to restore membrane potential however quinoa potentially use HAK/KUP exchange (K
+
/H

+
 

co-transporter) to uptake K
+
 and H

+
 concurrently and which may further depolarize plasma 

membrane and restore cytosolic K
+
.  

5.4.4 ROS induced K
+
-efflux was complimented by higher Ca

2+
-influx only in quinoa 

ROS production under stress conditions is an inevitable mechanism however ROS are 

dual face entities which act as signalling moieties and are essential for plant growth if they are 

maintained or produced at non-toxic concentration however they can be very toxic and cause 

oxidative damage if produced excessively (Sharma et al. 2012). Therefore their tight control 

determines their nature of role (Shabala & Tanveer 2018). Salinity induced ROS production is 

considered an important and early step in activating numerous adaptive responses such as 

stomotal closure, sodium sequestration, Ca
2+

 signalling and pollen tube growth (Pei et al. 2000; 

Garcia de la Garma et al. 2015; Michard et al. 2016). Higher production of ROS under salinity 

stress also alter ionic homeostasis, for example causes massive K
+
 leakage (potentially) via 

NSCC and leads to PCD (Shabala & Pottison 2014; Hanin et al. 2016). Almost 60% of NaCl 

induced K
+
 loss is ascribed to NSCC (Shabala et al. 2016a) which can be activated by ROS 

(Demidchick et al. 2010). Therefore, low sensitivity of K
+
 permeable channels to ROS confers 

high level of salinity tolerance (Anschütz et al. 2014; Chakraborty et al. 2016a; Liu et al. 2019). 

However in this study, quinoa (a salt tolerant halophyte) showed higher sensitivity to ROS 

(H2O2) as compared with spinach (a salt sensitive glycophytes). Upon the exposure of 5mM 

H2O2, quinoa showed high degree of transient K
+
-efflux ad compared with spinach (Fig 5.7), 

suggesting ROS signalling may play an important role in plant adaptation (Schieber & Chandel 

2014). Two questions may arise in contrast to our results; first, as it is well known high amount 

of ROS causes oxidative damage then why did quinoa showed more sensitivity to ROS than 

spinach and showed more salinity tolerance? And second, if there is high rate of K
+
-efflux from 
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quinoa mesophyll in response to ROS then how can be quinoa a salt or ROS tolerant plant 

species? In order to answer this, the sensitivity of Ca
2+

 transport in mesophyll cells in response to 

H2O2 stress was examined and found that there was a significant transient Ca
2+

-influx in quinoa 

however Ca
2+

 flux was least affected by H2O2 in spinach (Fig 5.8). Moreover comparing mean 

rate of Ca
2+

 uptake (~35 minutes) in response to H2O2 treatment, quinoa showed 80% high rate 

of Ca
2+

 uptake as compared with spinach (Fig 5.8). These results are clearly giving the answers 

of above questions that halophytes (at least in quinoa) increase Ca
2+

-influx to compensate K
+
-

efflux in order to survive under saline conditions. It can be suggested here that transport of both 

K
+
 and Ca

2+
 may be mediated by the common transport protein (e.g. NSCC) however it is 

unknown which NSCC channel works for this mechanism. Several studies reported that salinity 

stress increases ROS production especially H2O2, which plays an important role in calcium wave 

propagations (Vaidyanathan et al. 2003; Valderrama et al. 2006; Leshem et al. 2007; Miller et al. 

2010). Previously it was shown that ROS induced K
+
 and Ca

2+
 fluxes were considerably 

mitigated in Arabidopsis Atann1 mutants, highlighting annexin a potential candidate for such 

role (Richards et al. 2014). Moreover, application of Gd
3+

 (a known blocker of NSCC) 

suppressed Ca
2+

 uptake in Arabidopsis however root pre-treatment with cGMP significantly 

increased ROS induced Ca
2+

 uptake and reduced K
+
-efflux, suggesting the involvement of cyclic 

nucleotide gated channels in K
+
 and Ca

2+
 transport (Demidchik & Maathuis 2007).  The 

molecular identity of ROS sensitive transporters should be identified in future in these plant 

species to further underpin ROS mediated salinity tolerance mechanisms. 

5.5 Conclusion 

The superior ability of quinoa to cope salinity stress was conferred by higher K
+
 retention ability 

in leaf mesophyll, thus showed higher stomatal conductance and chlorophyll contents (SPAD 

values). This ability in quinoa was determined by (i) less activation of H
+
-ATPase to save energy 

from leaf mesophyll under salinity stress (ii) increase in Ca
2+

-influx for stress signalling and 

adaptation in response to H2O2. A highly strong and positive correlation between leaf K
+
 

contents and K
+
 retention ability in quinoa and a negative and strong correlation between these 

traits in spinach, further suggested the operation of a possible causal relationship between leaf K
+
 

content and plant‘s ability to prevent NaCl-induced K
+
 loss in leaf mesophyll. Moreover, Na

+
 

contents along with K
+
 contents in quinoa leaves increased with an increase in salinity stress 
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level while K
+
 contents in spinach leaves were decreased with an increase in salinity stress level 

indicated that halophytic quinoa relies heavily on Na
+
 transport to the shoot to maintain cell 

turgor and glycophytic spinach. Specific molecular details of these findings remain to be 

revealed in future studies. 
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Chapter 6 

Linking H2O2 signalling with root zone specific ion transport in 

quinoa and spinach 

6.1 Introduction 

Maintaining optimal ionic homeostasis is a key to survive in salt tolerance plant species under 

saline conditions. From two previous experiment chapters (Chapter 4 & 5), salinity tolerance in 

quinoa was associated with it higher ability to maintain K
+
/Na

+
 in different tissues under saline 

conditions tolerant as compared with spinach. Obtained results from these chapters suggested 

that a stable K
+
 concentration in the cytosol of quinoa could be partially achieved by reducing 

the depolarization activated GORK and NSCC channels under saline conditions (Shabala et al. 

2006; Chen et al. 2007). Furthermore, results from chapters 4 and 5 showed that quinoa 

possessed higher K
+
 retention ability and, hence, overall salinity stress tolerance. One of the 

reasons for this was that halophytic quinoa has a better ability to replenish cytosolic K
+
 from 

vacuolar K
+
 pool in roots. However, in leaf mesophyll quinoa showed high K

+
-efflux in response 

to H2O2 stress, suggesting ROS induced K
+
-efflux may play a signalling role in mediating plant 

adaptation to saline conditions. This controversy led us to further examine if K
+
 retention is an 

important feature in halophytes. Indeed, if this is the case then why halophytic quinoa showed 

high K
+
-efflux to ROS than glycophytic spinach? Recently Shabala (2019) proposed that tolerant 

plant species may employ K
+
-efflux as early signalling element to perform ‗metabolic switch 

mechanism. However little information is available regarding this; therefore, the current study 

was aimed to examine the response of K
+
-flux and its intracellular induced signalling in 

halophytes.  

Under the oxidative stress, an elevation in the cytosolic Ca
2+

 is a common phenomenon 

in stress tolerant plant species to trigger Ca
2+

-dependent signalling cascades (Wang et al. 2016). 

The resultant Ca
2+

 ―signature‖ involves an orchestrated operation of various Ca
2+

 uptake and 

efflux systems; the latter play an important role in restoring basal cytosolic Ca
2+

 (Bose et al. 

2011). In chapter 4, a tissue-specific role of Ca
2+

 signalling in mediating cytosolic Na
+
 

homeostasis was observed in different root zones of quinoa. However, it remained unclear of 

whether such Ca
2+

 signalling was related to the ROS component of salinity stress or osmotic 



 
 

 105 
 

components. Given that salinity stress induces osmotic stress and oxidative stress 

simultaneously, in the current study a direct examination of the intracellular Ca
2+

 homeostasis in 

response to H2O2 treatment was carried out in order to decipher the role of H2O2 - mediated Ca
2+

 

signalling in the regulation of cytosolic K
+
/Na

+
 in quinoa and spinach.  

Tissue-specific salinity stress tolerance in different root zones in quinoa (Chapter 4) 

could be potentially associated with (i) maintaining low cytosolic Na
+
 in the roots resulting from 

the higher vacuolar Na
+
 sequestration, (ii) better Na

+
 extrusion ability from MZ and (iii) reduced 

Na
+
-influx by restricting NSCC operation in the plasma membrane (Demidchik & Mathuis 2007; 

Liu et al. 2017; Zhao et al. 2017; Böhm et al. 2018). Given the potential role of H2O2 and Ca
2+

 

signalling in regulating intracellular Na
+
 sequestration, the current study examined the casual 

link between H2O2 signalling and intracellular Na
+
 sequestration in functionally different plant 

tissues.  

Kinetics of ionic homeostasis under stress conditions is also very critical in understanding 

complex stress tolerance mechanisms. Moreover, the lack of attention to the timing aspect may 

explain some of the existing controversies reported in the literature. For example, in salt tolerant 

Brassica napus, highest GORK expression was observed 24h after NaCl stress while the relative 

expression level of HAK5 was increased 1h after NaCl stress and then decreased 24h after NaCl 

stress (Chakraborty et al. 2016a). Likewise in broad beans, no significant difference was 

observed in cytosolic Ca
2+

 fluorescence intensity between control and 7d after NaCl treatment, 

while 2-fold difference was observed in the cytosolic Ca
2+

 fluorescence intensity between control 

and 21d after NaCl treatment (Morgan et al. 2014). In rice, OsGORK transcript levels did not 

change in the EZ 1h after NaCl stress but increased 2-folds after 48h NaCl stress (Liu et al. 

2019b). Given such mixed reports, the essentiality and temporal aspects of H2O2 mediated ionic 

homeostasis need to be studied in more detail. 
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6.2 Materials and Methods 

6.2.1 Plant material and sample preparation 

Surface sterilized seeds of quinoa and spinach were first germinated in a Petri dish and 

then germinated seedlings were then transferred to hydroponic system to grow for one week. 

More details on the hydroponic system are given in Chapter 3, section 3.3.  

6.2.2 Electrophysiological measurement 

One week-old quinoa and spinach seedlings were used for ion flux measurements.  More 

details are provided in section 3.5.5 and 5.2.2 regarding sample preparation and sample size. 

Flux responses of K
+
, Ca

2+
 and Na

+
 were measured from three root zones (meristem zone-MeZ, 

elongation zone-EZ, mature zone-MZ) in response to 5mM H2O2. Prior to flux measurement, 

roots were mounted in a Perspex holder and then incubated in a 5mL chamber containing fresh 

BSM solution (0.5mMKCl and 0.1mM CaCl2, 0.1mM NaCl, pH 5.6) to stabilize plants samples 

in the bathing solution. Details related to microelectrode fabrication and calibration prior to 

actual ion flux measurements were provided in Chapter 3, section 3.5.4 and Table 3.2. After 

measuring ion flux, data then tabulated in Excel compatible file for further statistical analysis 

and plotted as graphs using Sigma plot v.10.  

6.2.3 Laser scanning confocal imaging and fluorescence quantification 

Seven days old quinoa and spinach seedling were exposed to H2O2 treatment (5mM H2O2) and 

fluorescent intensities of Na
+
, K

+
 and Ca

2+
 dyes were measured after 2, 4 and 24hours of H2O2 

treatment. H2O2 treated roots were incubated with different dyes in measuring buffers (see details 

in Table 3.3) for 3hours and then the fluorescence intensity of Na
+
, K

+
 and Ca

2+
 signals was 

measured using Leica Application Suit X software (see section 3.6 for all details). One out of 12 

typical images is shown in the ‗Results‘ section.  

For the quantification of the fluorescence intensity, images were analysed using Image J 

software (NIH, USA) (for protocols see section 3.7 and Potapova et al 2011). For measuring the 

total cell fluorescence, intensity of the fluorescent signal from 20-35 cells per individual plant 

root with at least 10 replications was quantified and plotted by Sigma Plot v.10. For measuring 

fluorescence intensity of different ions at organelle level, several lines were drawn across the 

region of interest (see section 3.6.3, Fig 3.4) in an appropriate zone using Leica Application Suit 
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X software (Wang et al. 2016). Following this, fluorescence intensity was quantified in arbitrary 

units and plotted in the Sigma Plot v.10. 

6.2.4 Statistical analysis 

All data were statistically analysed using Statistix v10 software and a level of 

significance was determined using the least significance test at p ≤ 0.05 and p ≤ 0.01. All figures 

contained mean values of data and error bars represent the standard error of means. Data labelled 

with different low-case letters above mean bars are significantly different at p ≤ 0.05. All graphs 

were made using the Sigma Plot v.10. Statistical analysis has been performed independently for 

each species and letters above errors bars shows statistical difference among salinity stress 

separately in each species. A paired T-test was performed to examine the statistical difference for 

a particular parameter in both plant species subjected to same salinity stress level at same time 

point. ‗*‘ and ‗**‘ above two bars are indicating the statistical difference at p≤ 0.05 and p≤ 0.01, 

respectively, for a particular parameter at one specific time point and under same salinity stress 

level. 

6.3 Results 

6.3.1 Root zone specific K
+
 distribution in response to H2O2 stress 

An obvious transient K
+
-efflux was observed in response to H2O2 treatment in all root zones in 

both species; however the magnitude of K
+
-efflux was higher in glycophytic spinach as 

compared with halophytic quinoa (Fig 6.1). Among different root zones, root MeZ was the most 

sensitive zone as compared with root MZ. Moreover, the kinetics of K
+
 distribution in different 

zones revealed that in the MeZ a bi-phasic K
+
 response was observed in quinoa while in spinach 

a one- phase response was measured (Fig 6.2). In the MeZ of quinoa, K
+
 fluorescence intensity 

decreased after 2h of H2O2 treatment, then increased after 4h of H2O2 treatment and then again 

decreased after 24h of H2O2 stress while in the EZ and MZ of quinoa, K
+
 fluorescence intensity 

decreased after 2h of H2O2 treatment and then continuously increased up to 24h of H2O2 

treatment. On the other hand, K
+
 fluorescence intensity was gradually declined up to 24h after 

H2O2 treatment in both MeZ and EZ of spinach (Fig 6.3).  

To further gain insight into such K
+
 response in different root zones, a fluorescence 

intensity of K
+
 in the cytosol and vacuole in each root zone was measured. The obtained results 
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showed a root zone- specific intracellular K
+
 distribution in response to H2O2 treatment in both 

species. In the MeZ of quinoa, cytosolic K
+
 fluorescence intensity was significantly decreased 

after 2h of H2O2 treatment then increased after 4h and then again decreased after 24h of H2O2 

treatment (Fig 6.4), which was consistent with the trend of total cell K
+
 fluorescence intensity in 

the MeZ of quinoa (Fig 6.2). The vacuolar K
+
 fluorescence intensity increased after 2h of H2O2 

treatment and then decreased afterwards in the MeZ of quinoa (Fig 6.4). In spinach, the cytosolic 

K
+
 fluorescence intensity continuously decreased in all root zones. In the EZ of quinoa, the 

cytosolic K
+
 fluorescence intensity decreased after 2h of H2O2 treatment and then increased up to 

24h after H2O2 treatment while vacuolar K
+
 fluorescent signal did not alter in response to H2O2 

treatment. In the MZ of quinoa, the kinetics of both cytosolic and vacuolar K
+
 fluorescence 

intensity showed similar trends in response to H2O2 treatment.  In short, halophytic quinoa was 

potentially able to regulate K
+
 homeostasis in different root zones using H2O2 as signalling 

moiety while spinach showed high sensitivity to H2O2 treatment. Overall, data relating to the 

kinetics of the cytosolic ionic homeostasis K
+
 fluorescence intensity in response to H2O2 

treatment was in accordance with the data relating to the kinetics of total cell K
+
 fluorescence 

intensity in both species, suggesting cytosolic K
+
 homeostasis determines the overall K

+
 status of 

plants (Gao et al. 2016, Shabala 2017, Wu et al. 2018 ).  
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Fig 6.1: Effect of H2O2 on the transient K
+
 flux kinetics from mature zone, elongation zone and 

meristem zone in quinoa and spinach. Columns show the mean flux rate of K
+
 in response to 

H2O2 stress. Mean flux was taken as an average of ion flux measured up to 35 minutes after 

H2O2 treatment in different root zones. Error bars are standard errors and different letters are 

showing data that were significantly different at p ≤ 0.05.  
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Fig 6.2:  Time -dependent effects of H2O2 on K
+
 concentration in root cells in different root 

zones in quinoa and spinach. Root K
+
 concentration was measured using Laser Scanning 

Confocal Microscope. Seven days olds seedlings were treated with 5mM H2O2 and fluorescence 

of K
+
 dye was measured from different root zones. The relative K

+
 concentration was calculated 

by the florescence integrated density using Image J software. Data are the mean ±SE [n=160–

240; 15–30 cells analysed for at least 7-9 individual roots (biological replicates). Mean values 

labelled with different letters are significantly different from each other at p ≤ 0.05. 
*
Significant 

at p ≤ 0.05 and 
**

Significant at p ≤ 0.01. 
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Fig 6.3:  Visualization of K
+
 fluorescence intensity in different root zones in quinoa and spinach 

in response to H2O2treatment. Seven days-old roots were treated with 5mM H2O2 and 

fluorescence signals were measured after different intervals of H2O2 treatment. One out of 12 

typical images is provided. 
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Fig 6.4: Cytosolic and vacuolar K
+
 concentration in different root zones in quinoa and spinach in 

response to H2O2 treatment (5mM H2O2). Seven days old roots were treated with 5mM H2O2 and 

relative K
+
 concentration was measured after different intervals of H2O2 treatment. Relative K

+
 

fluorescence intensity in cytosol and vacuole was measured by drawing several lines across the 

region of interest in an appropriate zone with Leica Application Suite X software (Leica 

Microsystems). Continuous florescence was quantified in arbitrary units by LAS AF software 

based on intensity and plotted in an Excel fie. Data are the mean ±SE [n=150–250; 15–30 cells 
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analysed for at least 7-9 individual roots (biological replicates). Mean values labelled with 

different letters are significantly different from each other at p ≤ 0.05. 
*
Significant at p ≤ 0.05 

and 
**

Significant at p ≤ 0.01. 

6.3.2 Ca
2+

 flux and intracellular Ca
2+

 accumulation in roots of quinoa and spinach under 

H2O2 stress 

The ROS-induced K
+
-efflux is generally accompanied by Ca

2+
-influx, which is an 

important phenomenon for intracellular signalling and adaptation (Liu et al. 2019a). Therefore 

sensitivity of Ca
2+ 

permeable channels to ROS was also tested in two root zones in both species. 

Treating roots with 5mM H2O2 resulted in a net Ca
2+

-efflux in both species during H2O2 

exposure (~35 minutes) (Fig 6.5). However, initial flux response (up to 5 minutes after H2O2 

treatment) was varied among both species. Spinach showed a significant Ca
2+

-influx as an initial 

response to H2O2, which then shifted to Ca
2+

-efflux; quinoa showed Ca
2+

-efflux as an initial 

response but then started taking up Ca
2+

 although Ca
2+

 flux in quinoa remained in negative 

values (Fig 6.5). Comparing initial steady state flux (before H2O2 treatment) between the MZ of 

quinoa and spinach, a net Ca
2+

-efflux was observed in the MZ of quinoa while a net Ca
2+

-influx 

was observed in spinach under control conditions (Fig 6.5). Moreover, upon H2O2 treatment a 

transient net Ca
2+

-efflux was also observed from the EZ of both species in response to H2O2 

stress, possibly by the operation of an active Ca
2+

-efflux system in roots.  

Confocal imaging data related to Ca
2+

 distribution in roots in response to H2O2 stress 

showed that relative Ca
2+

 fluorescence intensity was significantly declined in response to H2O2 

in the root apex of both species while in the MZ of quinoa, a bi-phasic Ca
2+

 response observed in 

response to H2O2 stress. Here, Ca
2+

 fluorescence intensity decreased 2h after H2O2 treatment and 

then increased after 4h of H2O2 treatment and then again decreased after 24h of H2O2 treatment. 

Spinach showed progressive decline in the Ca
2+

 fluorescence intensity in the MZ in response to 

H2O2 treatment (Fig 6.6). This was consistent with Ca
2+

 flux data in MZ of quinoa where, upon 

H2O2 treatment, an obvious transition of Ca
2+

-efflux into Ca
2+

-influx and then from Ca
2+

-influx 

to Ca
2+

-efflux was observed (Fig 6.6). Moreover, the kinetics of the distribution of Ca
2+

 in MZ of 

quinoa in response to H2O2 treatment coincided with the kinetics of the distribution of K
+
 in MZ 

of quinoa (Fig 6.2).  
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Kinetics of cytosolic and vacuolar Ca
2+

 accumulation in response to H2O2 showed a 

tissue-specific regulation of intracellular Ca
2+

 accumulation in different root zones in both 

species (Fig 6.6). A significant and continuous decline in the cytosolic Ca
2+

 fluorescence 

intensity was observed in the MeZ and EZ of quinoa and in all root zones of spinach. The 

vacuolar Ca
2+

 fluorescent intensity remained unchanged in the MeZ and EZ of quinoa and in all 

root zones of spinach response to H2O2 treatment (Fig 6.6). However, in the MZ of quinoa, the 

cytosolic Ca
2+

 fluorescence intensity decreased after 2h of H2O2 stress and then increased 4h 

after and then again decreased 24h after H2O2 treatment (Fig 6.6). This bi-phasic response of the 

cytosolic Ca
2+

 fluorescence intensity can be explained by the kinetics of vacuolar Ca
2+

, 

suggesting that the increase in cytosolic Ca
2+

 fluorescence intensity 4h after H2O2 treatment can 

potentially be from the vacuolar Ca
2+ 

pool.   
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Fig 6.5: Effect of H2O2 on the transient Ca
2+

 flux kinetics from elongation zone and mature zone 

in quinoa and spinach. Columns show the mean flux rate of Ca
2+

 in response to H2O2 stress. 

Legends – H2O2 shows mean Ca
2+

 flux before (0-5minutes) H2O2 treatment and + H2O2 shows 

mean Ca
2+

 flux after (from 5min to 35 min) H2O2 treatment. Error bars are SE of means, and 

values labelled with different letters are significantly different from each other at p ≤ 0.05 

significance level. 
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Fig 6.6:  Time-dependent effects of H2O2 on Ca
2+

 concentration in root cells in different root 

zones in quinoa and spinach. Root Ca
2+

 concentration was measured using Laser Scanning 

Confocal Microscope. Seven days olds seedlings were treated with 5mM H2O2 and fluorescence 

of Ca
2+

 dye was measured from different root zones. The relative Ca
2+

 fluorescence intensity was 

calculated by the florescence integrated density using Image J software. Data are the mean ±SE 

[n=160–240; 15–30 cells analysed for at least 7-9 individual roots (biological replicates). Mean 

values labelled with different letters are significantly different from each other at p ≤ 0.05. 

*
Significant at p ≤ 0.05 and 

**
Significant at p ≤ 0.01. 
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Fig 6.7:  Visualization of Ca
2+

 fluorescence intensity in different root zones in quinoa and 

spinach in response to salinity treatment. Seven days old roots were treated with 5mM H2O2 and 

fluorescence signals were measured after different intervals of H2O2 treatment. One out of 12 

typical images is provided.  
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Fig 6.8: Cytosolic and vacuolar Ca
2+

 concentration in different root zones in quinoa and spinach 

in response to H2O2 treatment (5mM H2O2). Seven days old roots were treated with 5mM H2O2 

and relative Ca
2+

 concentration was measured after different intervals of H2O2 treatment. 

Relative Ca
2+

 fluorescence intensity in cytosol and vacuole was measured by drawing several 

lines across the region of interest in an appropriate zone with Leica Application Suite X software 

(Leica Microsystems). Continuous florescence was quantified in arbitrary units by LAS AF 

software based on intensity and plotted in an Excel fie. Data are the mean ±SE [n=150–250; 15–
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30 cells analysed for at least 7-9 individual roots (biological replicates). Mean values labelled 

with different letters are significantly different from each other at p ≤ 0.05.
 *

Significant at p ≤ 

0.05 and 
**

Significant at p ≤ 0.01. 

6.3.3 Root apex and mature zone responded differently to H2O2 in terms of Na
+
 exclusion 

or sequestration 

Application of 5mM H2O2 to the bathing media resulted in Na
+
-influx as an initial response to 

H2O2 in the EZ and MZ of both plant species, though with a high magnitude of Na
+
 uptake in a 

glycophytic spinach (Fig 6.9). However five and eight minutes after H2O2 treatment, Na
+
-influx 

from the EZ and MZ of quinoa turned into net Na
+
-efflux while spinach though showed 

reduction in Na
+
-influx but never turned into Na

+
-efflux in both root zones, suggesting a high 

Na
+
 extrusion ability in halophytic quinoa (Fig 6.9). These findings of transient Na

+
 flux were 

then supported by the measuring the total cell and intracellular Na
+
 accumulation in roots in 

response to H2O2 treatment.  

Kinetics of tissue-specific Na
+
 distribution in different zones in response to H2O2 

treatment showed a timeline dependent Na
+
 sequestration and exclusion in different root zones in 

response to H2O2 in both species. For instance, Na
+
 fluorescence intensity was increased up to 4h 

after H2O2 treatment and then decreased 24h after H2O2 treatment in the MeZ of both species. 

However, in the EZ and MZ of both species Na
+
 fluorescence intensity increased only 2h after 

H2O2 treatment and then showed a continuous decline up to 24h (Fig 6.10).  Nonetheless, 

compared with control, the total cell Na
+
 florescence intensity was 1.5 times and 0.5 times higher 

in the MeZ and MZ of glycophytic spinach respectively 24h after H2O2 treatment while a 

statistically non-significant difference was observed in total cell Na
+
 florescence intensity in the 

MeZ and MZ of quinoa under control and 24h after H2O2 treatment (Fig 6.10. 6.11), suggesting 

here (i) the role of root apex as ‗sensor‘ in halophytes and (i) activation of an active Na
+
 

extrusion system from MZ (which is a bulk of the root).  

The kinetics of intracellular Na
+
 accumulation also varied among different root zones in 

response to H2O2 treatment (Fig 6.12). The cytosolic Na
+
 fluorescence intensity was increased up 

to 4h after H2O2 treatment in the MeZ of both species. However after that cytosolic Na
+
 

fluorescence intensity decreased only in the MeZ of quinoa 24h after H2O2 treatment (Fig 6.12). 

The vacuolar Na
+
 fluorescence intensity remained unchanged in the MeZ of both species under 
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H2O2 treatment and control conditions. In the EZ and MZ of both species, cytosolic Na
+
 

increased up to 2h after H2O2 treatment and then declined 24h after H2O2 treatment, however the 

magnitude of decline in the cytosolic Na
+
 fluorescence intensity in the EZ and MZ of quinoa was 

higher as compared with spinach at 24h after H2O2 treatment, suggesting the potential role of 

vacuolar Na
+
 sequestration in EZ and MZ of halophytic quinoa. The vacuolar Na

+
 fluorescence 

intensity increased only in the EZ and MZ of quinoa at 4h after H2O2 treatment and then 

remained unchanged at 24h after H2O2 treatment, further supporting the above mentioned notion 

about the possible role of vacuolar Na
+
 sequestration in EZ and MZ of quinoa in response to 

H2O2 (Fig 6.12).  

 

Fig 6.9: Effect of H2O2 on the transient Na
+
 flux kinetics from elongation zone and mature zone 

in quinoa and spinach. Columns show the mean flux rate of Na
+
 in response to H2O2 stress. 

Legends – H2O2 shows mean Na
+
 flux before (0-5minutes) H2O2 treatment and + H2O2 shows 
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mean Na
+
 flux after (from 5min to 35 min) H2O2 treatment. Error bars are SE of means, and 

values labelled with different letters are significantly different from each other at p ≤ 0.05 

significance level.  

 

Fig 6.10: Time-dependent effects of H2O2 on Na
+
 fluorescence intensity in root cells in different 

root zones in quinoa and spinach. Root Na
+
 fluorescence intensity was measured using Laser 

Scanning Confocal Microscope. Seven days olds seedlings were treated with 5mM H2O2 and 

fluorescence of Na
+
 dye was measured from different root zones. The relative Na

+
 fluorescence 

intensity was calculated by the florescence integrated density using Image J software. Data are 

the mean ±SE [n=160–240; 15–30 cells analysed for at least 7-9 individual roots (biological 

replicates). Mean values labelled with different letters are significantly different from each other 

at p ≤ 0.05. 
*
Significant at p ≤ 0.05 and 

**
Significant at p ≤ 0.01. 

 



 
 

 122 
 

 

 

Fig 6.11: Visualization of Na
+
 fluorescence intensity in different root zones in quinoa and 

spinach in response to salinity treatment. Seven days old roots were treated with 5mM H2O2 and 

fluorescence signals were measured after different intervals of H2O2 treatment. Data are the 

mean ±SE [n=160–240; 15–30 cells analysed for at least 7-9 individual roots (biological 

replicates). One out of 12 typical images is provided. 
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Fig 6.12: Cytosolic and vacuolar Na
+
 concentration in different root zones in quinoa and spinach 

in response to H2O2 treatment (5mM H2O2). Seven days old roots were treated with 5mM H2O2 

and relative Na
+
 concentration was measured after different intervals of H2O2 treatment. Relative 

Na
+
 fluorescence intensity in cytosol and vacuole was measured by drawing several lines across 

the region of interest in an appropriate zone with Leica Application Suite X software (Leica 

Microsystems). Continuous florescence was quantified in arbitrary units by LAS AF software 

based on intensity and plotted in an Excel fie. Data are the mean ±SE [n=150–250; 15–30 cells 
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analysed for at least 7-9 individual roots (biological replicates). Mean values labelled with 

different letters are significantly different from each other at p ≤ 0.05. 
*
Significant at p ≤ 0.05 

and 
**

Significant at p ≤ 0.01. 

6.4 Discussion 

6.4.1 Tissue specific role of H2O2 in mediating K
+
 and Na

+
 homeostasis in different root 

zones 

6.4.1.1 Root apex 

Root apex is a metabolically active part of roots and the role of root apex as a ‗stress 

sensor‘ has also been documented (Wu et al. 2018a). Kinetics of intracellular Na
+
 sequestration 

in response to H2O2 showed that cytosolic Na
+
 increased 4h after H2O2 treatment in the MeZ of 

both species however cytosolic Na
+
 fluorescence intensity was decreased 24h after H2O2 

treatment only in quinoa (Fig 6.12). These results were in agreement with K
+
 distribution data in 

the root apex showing that K
+
 fluorescence intensity was decreased after 2h of H2O2 treatment in 

both species but then increased 4h and 24h after H2O2 treatment in the MeZ of quinoa only (Fig 

6.2). Taken together, this suggests that quinoa increased the K
+
 accumulation in cytosol while 

reducing Na
+
 toxicity in root apex. The spinach plants, however, were unable to increase K

+
 

uptake and reduce cytosolic Na
+
 toxicity. Accordingly, the kinetics of intracellular Ca

2+
 

homeostasis in root apex in response to H2O2 was investigated and found that such discrepancy 

in the K
+
/Na

+
 homeostasis was not related to Ca

2+
 homeostasis in the cytosol in root apex of both 

species. These results were in contrast with the electrophysiological measurement of Ca
2+

 flux 

from EZ in response to 5mM H2O2 (Fig 6.5) which showed a net Ca
2+

-efflux from the EZ of both 

species. Thus, two explanations can be proposed here. First, upon H2O2 treatment, an increase in 

the cytosolic Na
+
 fluorescence intensity in MeZ could be potentially due to H2O2 activated NSCC 

channel that mediate Na
+
-influx. Later on, spinach showed cytosolic Na

+
 toxicity (24h after H2O2 

treatment) potentially due to inefficient vacuolar sequestration or Na
+
 extrusion ability in root 

apex. Second, the decline in the cytosolic Na
+
 fluorescence in the MeZ of quinoa 24h after H2O2 

treatment could be explained by the radial transport of excessive Na
+
 from MeZ to MZ for 

osmotic adjustment purpose.  

H2O2 treatment also affected kinetics and distribution of K
+
 in root cells. In Arabidopsis, 

activation of AtHAK5 is important for improved K
+
 accumulation under low K

+
 conditions 
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(Gierth et al. 2005; Nieves-Cordones et al. 2010). In current study, it was also observed that 

H2O2-induced K
+
-efflux was higher in the root apex of spinach as compared with quinoa and 

which was found to negatively correlated with salinity tolerance in different plant species 

(Shabala et al. 2006; Wang et al. 2018). However the less induction of K
+
-efflux from root apex 

in quinoa tempted to suggest the signalling role of K
+
-efflux in either switching from metabolic 

phase to defence phase (Demidhchik et al. 2014), thus enabled quinoa to activate a rapid 

adaptation and initiate root to shoot signalling (Shabala et al. 2016b).  

6.4.1.2 Root mature zone 

Root mature zone (MZ) is major part of whole of roots (also termed as a bulk of the root) 

and maintaining optimal cytosolic K
+
/Na

+
 in this zone determines the ionic homeostasis in roots 

and shoot (Russell & Clarkson 2016). In the current study, a tissue- specific role of H2O2 in 

regulating cellular K
+
/Na

+
 homeostasis in the MZ of halophytic quinoa and glycophytic spinach 

was examined. The obtained results showed that upon H2O2 treatment, a significant reduction in 

the cytosolic K
+
 fluorescence intensity was observed in both species 2h after H2O2 treatment 

while cytosolic K
+
 fluorescence intensity then increased continuously up to 24h after H2O2 

treatment in quinoa only. Spinach showed continuous decline in the cytosolic K
+
 fluorescence 

intensity in response to H2O2 treatment (Fig 6.4). The cytosolic Na
+
 fluorescence intensity was 

increased in both species 2h after H2O2 treatment and then decreased up to 24h after H2O2 

treatment. Nonetheless, the magnitude of reduction in the cytosolic Na
+
 fluorescence intensity 

was higher in halophytic quinoa than glycophytic spinach (Fig 6.12). The cytosolic Ca
2+

 

fluorescence intensity was continuously declined in spinach up to 24h after H2O2 treatment while 

in quinoa cytosolic Ca
2+

 fluorescence intensity first decreased 2h after H2O2 then increased 4h 

after and then again decreased 24h after H2O2 treatment (Fig 6.8). These results are suggesting 

the coordinated role of numerous physiological mechanisms occurring in the MZ of both species 

and tissue- specificity of its regulation by H2O2. Several explanations can be proposed here and 

future studies are required to identify the molecular basis of such ionic homeostasis however 

some potential transporters and ion exchangers can be suggested in quinoa which may play an 

important role in regulating K
+
/Na

+
 in MZ in response to H2O2 treatment. Upon H2O2 treatment, 

Na
+
 may enter in the root MZ via ROS-activated NSCC channels, which may then induce K

+
-

efflux (thus observed in Fig 6.1). However such -efflux was only for short time (up-to 2h after 

H2O2 treatment-Fig 6.2), thus suggesting the role of K
+
-efflux in restoring charge balance 
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(Shabala 2017; Wu et al. 2018b). Moreover, upon H2O2 treatment, biphasic response of Ca
2+

 

accumulation (Fig 6.5) might be due to the coordinated activation of cytosolic Ca
2+

-efflux and 

Ca
2+

-influx system to initiate signalling cascades and to maintain optimal cytosolic Ca
2+

 in root 

MZ. Thus, the restoration of the basal cytosolic Ca
2+

 level is important to remove excessive Ca
2+

 

from cytosol and to terminate Ca
2+

 signalling (Bose et al. 2011). Replenishing of the cytosolic K
+
 

and Ca
2+

 from vacuolar pool (e.g., by the activation of vacuolar TPK or NHX2 for K
+ 

transportation; or via TPC channels for Ca
2+

) can be suggested here. Obtained results showed 

that 24h after H2O2 treatment, cytosolic Na
+
 and Ca

2+
 fluorescence intensity declined, most likely 

as a result of activation of vacuolar NHX for Na
+
 sequestration and plasma membrane-located 

Ca
2+

-ATPase operating in restoration of the basal cytosolic Ca
2+

 concentration. Moreover 

increase in cytosolic Ca
2+

 at 4h after H2O2 treatment may activate SOS pathway to initiate Na
+
 

exclusion. The potential role of the cytosolic Ca
2+

- dependent activation of CBL-CIPK-AKT 

complex at the plasma membrane to increase K
+
 uptake from apoplast can also be suggested 

here. 

6.4.2 Physiology of tissue specific intracellular Ca
2+

 homeostasis in response to H2O2 stress 

Ca
2+

 is a ubiquitous secondary messenger and plays numerous roles in the physiology 

processes. An elevation in the cytosolic Ca
2+

 is a common response to abiotic stress conditions 

(Demidchik & Shabala 2018); however, the role of Ca
2+

 extrusion system has also been 

suggested as component of Ca
2+

 based signalling to maintain basal cytosolic Ca
2+

 concentration 

(Bose et al. 2011). In the current work, a fine and tight control of tissue- specific cytosolic Ca
2+

 

elevation and extrusion was observed in halophytic quinoa as compared with glycophytic 

spinach in response to H2O2 treatment. Upon H2O2 treatment, a net Ca
2+

-efflux was observed 

from the root apex and MZ of both species. However under prolonged H2O2 treatment, a 

continuous decline in the cytosolic Ca
2+

 fluorescence intensity was observed in the all root zones 

of spinach and quinoa, except in the MZ of quinoa which should a bi-phasic response to H2O2 

treatment. The cytosolic Ca
2+

 fluorescence intensity decreased 2h after H2O2 treatment then 

increased 4h after H2O2 treatment and then again decreased 24h after H2O2 treatment in the MZ 

of quinoa (Fig 6.8), suggesting the coordinated activation of Ca
2+

 inclusion and extrusion system 

by H2O2 in the MZ of quinoa in response to H2O2 treatment. Such response in the cytosolic Ca
2+

 

to H2O2 in the MZ of quinoa can also be explained by the kinetics of vacuolar Ca
2+

 

accumulation. In the MZ of quinoa, an increase in the cytosolic Ca
2+

 4h after H2O2 treatment was 
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reflected by the decrease in vacuolar Ca
2+

 fluorescence intensity measured at 4h after H2O2 

treatment (Fig 6.8). The role of Ca
2+

/cation exchanger can be inferred here (Taneja et al. 2016). 

According to Yadav et al. (2015), Ca
2+

/cation exchangers are actively involved in mediating 

intracellular Ca
2+

, Na
+
 and some essential micronutrient heavy metals. Another possible pathway 

for Ca
2+

 flux from vacuole into the cytosol is via TPC (slow) vacuolar channel (Demidchik et al. 

2018). Current data also suggested the activation of some Ca
2+

-efflux systems especially in root 

apex by H2O2, which was more pronounced in halophytic quinoa. As passive Ca
2+

-efflux is not 

thermodynamically possibly, an active Ca
2+

-efflux is potentially mediated either by the 

activation of Ca
2+

-ATPase or Ca
2+

/H
+
 exchanger (CHX), and activation of Ca

2+
-ATPase has been 

observed by ROS in pea root cells (Zepeda-Jazo et al. 2011). Moreover, the activation of Ca
2+

-

ATPase was highest in the EZ of Brassica napus as compared with the MZ, suggesting the role 

of tissue specific Ca
2+

 signalling in conferring salinity tolerance in Brassica napus (Bose et al. 

2016).  

6.5 Conclusion 

H2O2 is an important signalling moiety in plant metabolism and control ionic homeostasis. 

Obtained results suggested the important role of H2O2 in regulating intracellular K
+
/Na

+
 

homeostasis and its strong tissue-specificity. Ca
2+

 signalling was in-efficient in the root apex in 

both species; however, it was more pronounced in the MZ of quinoa in response to H2O2 

treatment. A fine and tight regulation of tissue- specific ionic regulation was observed in a 

halophytic quinoa as compared with glycophytic spinach in response to H2O2 treatment, 

suggesting the operation of complex salinity tolerance mechanism in maintaining optimal K
+
/Na

+
 

ratios in root tissues.  
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Chapter 7 

Superoxide and Hydroxyl radical induced membrane ion transport 

activity in root and leaf mesophyll tissues in quinoa and spinach 

7.1 Introduction 

Salinity stress induces oxidative damage by producing ROS in different compartments of 

cells. Among different ROS, hydrogen peroxide (H2O2), superoxide radical (O2

) and hydroxyl 

radical (•OH) are most important ROS in nature. O2

 and •OH have been shown as toxic ROS 

and can cause tremendous oxidative damages under stress conditions as compared with H2O2 

(Sharma et al. 2012). Earlier it was found that salinity application arrests plant growth in a highly 

tissue- and treatment-specific manner and was more severe in glycophytic spinach plants 

however quinoa was able to withstand salinity stress and produced relative higher plant biomass 

even at sea level saline conditions (500mM NaCl) (Chapter 4 & 5). This differential sensitivity 

between different root zones was specifically originated from a 10-folds difference in K
+
-efflux 

between the mature zone and the apical region (much poorer in the root apex) of the root. Three 

factors behind this poor K
+
 retention ability in spinach roots could be involved; (1) an 

intrinsically lower H
+
-ATPase activity in the root apex; (2) greater salt-induced membrane 

depolarization and (3) a higher ROS production under NaCl and a larger density of ROS-

activated cation currents in the roots of spinach. Addition to that, we also observed earlier that 

mesophyll cells in glycophytic spinach lost 2 to 6 fold more K
+
 compared with its halophytic 

quinoa counterpart. This decline was reflected in a reduced stomatal conductance, chlorophyll 

content and growth observed in glasshouse experiments. As salinity accumulation in leaves is 

always associated with ROS production, therefore in this study sets of electrophysiological 

experiments were conducted to examine the sensitivity of leaf mesophyll and different root zones 

to hydroxyl radical (generated by the mixture of copper chloride and sodium ascorbate) and 

superoxide radical (generated by methyl viologen application). 

Hydroxyl radical (•OH) is more reactive than O2

 and H2O2 and has half-life of 1 μs 

(Gupta 2010) and can rapidly oxidize protein, lipids and nucleic acids (Gill & Tuteja 2010). As 

there is no efficient scavenging system for this radical, its excessive accumulation results in 

tremendous K
+
 loss and leads to programmed cell death (DAS et al. 2014). Generally ROS 
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induced K
+
-efflux is accompanied by transient Ca

2+
-influx in order to activate stress relating 

adaptive process however this is not true for all plant species. For instance, in barley roots Wang 

et al. (2019) found that •OH caused tremendous K
+
-efflux compensated with significant Ca

2+
-

influx but in pea roots •OH induced abrupt Ca
2+

-efflux along with net K
+
-efflux (Zepeda-Jazo et 

al. 2011). Likewise in brassica roots, •OH caused a rapid Ca
2+

-efflux along with K
+
-efflux from 

roots, suggesting the role of Ca
2+

-efflux in shaping stress responsive signals during salinity stress 

adaptation (Chakraborty et al. 2016a). Contrary to •OH, O2
 

is a moderately reactive ROS and 

has a half-life of approximately 2–4 μs and major sources of its production are mitochondria and 

chloroplast and membranes (Miller et al. 2009; Gupta 2010). Tran et al. (2013) found that the 

sustained activation of K
+
 outward current could be the result of an unexpected O2

  
post-

transcriptional regulation of the GORK channels. Not much literature is available regarding 

hydroxyl and superoxide radical induced membrane ion transport in tissue specific manner 

therefore this study was conducted (1) to examine the sensitivity of K
+
 channels to •OH and O2


 

in different root zones (2) to see inter-species response of Ca
2+

 flux in different root zones (3) to 

what extent quinoa was able to retain K
+
 in leaf mesophyll in response to highly reactive •OH 

and O2
 

radicals. 

Ca
2+

 signalling is an important component of complex stress signalling network in plant, 

which plays numerous roles during stress adaptation process (Zepeda-Jazo et al. 2011). 

Generally, upon stress imposition, an elevation of cytosolic Ca
2+

 is carried out in order to initiate 

stress related signals, for example under salinity stress an increase in cytosolic Ca
2+

 is essential 

to activate SOS1 pathway to reduce cytosolic Na
+
 toxicity (Kim et al. 2007; Quintero et al. 

2011). Recently, a term ‗ROS-Ca
2+

‘ has been proposed, explaining concurrent stress signalling 

of Ca
2+

 and ROS in a loop to control or perform different physiological processes in plants 

(Demidchik & Shabala 2018). Most of studies have focused on the role of H2O2 in regulating 

different ion transporters under hostile conditions  however in this study the effects of •OH and 

O2
 

on K
+
 and Ca

2+
 transport in different tissues of quinoa and spinach were examined.  
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7.2 Materials and Methods 

7.2.1 Plant material and sample preparation 

Surface sterilized seeds of quinoa and spinach were first germinated in a Petri dish and 

then germinated seedlings were then transferred to hydroponic system to grow for one week. 

Details about hydroponic system are given in Chapter 3, section 3.3.  

7.2.2 Electrophysiological measurement 

Two sets of experiments were conducted on roots and on leaf mesophyll. Quinoa and 

spinach were grown for three weeks in pots and then fresh leaves were harvested and brought to 

lab and then excised and prepared leaf mesophyll for ion flux measurements.  More details are 

provided in section 3.5.5 and 5.2.2 regarding sample preparation and sample size. 

Hydroponically grown 7 days old seedlings were used for ion flux measurement from different 

root zones (see 5.3.5 for more details). Three root zones (meristem zone-MeZ, elongation zone-

EZ, mature zone-MZ) were selected in this study. Prior to flux measurement, both root and leaf 

mesophyll samples were mounted in Perspex holder and then placed Perspex holder in a 5mL 

chamber containing fresh BSM solution (0.5mM KCl and 0.1mM CaCl2, pH 5.6 buffered with 

4mM MES) for 40-50 minutes to stabilize plants samples in bathing solution. Net ion flux 

measurements of K
+
 and Ca

2+
 was measured in this study in response to •OH and O2

 
stress. 

Details relating to microelectrode fabrication and calibration prior to actual ion flux 

measurements were mentioned in Chapter 3, section 3.5.4 and table no. 3.2. After measuring ion 

flux, data then tabulated in excel compatible file and plotted as graphs. •OH was generated by 

mixing solution of copper chloride and sodium ascorbate (Cu/Asc, 0.3/1mM) and added in BSM 

while O2

 was generated by the application of methyl viologen (MV, 3mM). All chemicals were 

purchased from Sigma-Aldrich Company.  

7.2.3 Statistical analysis 

All data were statistically analysed using Statistix v10 software and a level of 

significance was determined using the least significance test at p ≤ 0.05 and p ≤ 0.01. All figures 

contained mean values of data and error bars represent the standard error of means. Data labelled 

with different low-case letters above mean bars are significantly different at p ≤ 0.05. All graphs 

were made using the Sigma Plot v.10. 
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7.3 Results 

7.3.1 K
+
-efflux was accompanied by Ca

2+
-influx in leaf mesophyll in response to ROS stress 

A significant K
+
-efflux was observed from leaf mesophyll in both species in response to 

•OH and O2
 

stress, however degree of K
+
-efflux varied in both species over time. In response to 

O2

, peak K

+
-efflux was observed 10 minutes after treatment in both species (Fig 7.1A) while in 

response to •OH, peak K
+
-efflux was observed after 20 minutes of treatment (Fig 7.1B), 

suggesting ROS specific effects on K
+
 transport in leaf mesophyll. Among species, quinoa was 

able to retained more K
+
 in leaf mesophyll as compared with spinach in response to •OH (Fig 

7.1D) while under O2

, spinach showed less mean K

+
-efflux rate as compared with quinoa (Fig 

7.1C). Comparing steady state flux in response to •OH stress, spinach showed 73% high rate of 

K
+
-efflux as compared with quinoa, suggesting quinoa being a halophytic plant species was able 

to withstand the oxidative nature of •OH.  

To further underpin physiological mechanism behind above K
+
-flux responses to both 

radical, Ca
2+

 flux pattern was also examined from leaf mesophyll. A transient Ca
2+

-efflux was 

observed in both species in response to O2

 stress (Fig 7.2A), however quinoa showed Ca

2+
 

uptake as initial response to O2

 radical and then started losing Ca

2+
 while spinach showed a net 

Ca
2+

-efflux of 634 nmol m
-2

 s
-1

 just after 5 minutes of O2

 then started up taking Ca

2+
 as well but 

this stayed under negative values. Comparing steady state flux after O2
 

stress and initial flux 

before O2

 stress, quinoa restored its basal Ca

2+
 level after 35 minutes of stress while spinach a 

net Ca
2+

-efflux of 176 nmol m
-2

 s
-1

 after 35 minutes of O2

 stress (Fig 7.2 A). Furthermore mean 

Ca
2+

 uptake rate was 45% higher in quinoa as compared with control in response to O2

 

treatment while spinach showed 80% reduction in Ca
2+

 uptake as compared with control (Fig 7.2 

C). Contrary to O2

 radical, an obvious transition of •OH radical induced Ca

2+
-efflux into Ca

2+
-

influx was observed in both species, showing a tremendous Ca
2+

-leakage in both species as 

initial response (up to ~ 10 minutes after stress) however after 10 minutes of •OH treatment, net 

Ca
2+

-efflux was shifted to net Ca
2+

-influx and increased up to 70-80% in net Ca
2+

-influx after 35 

minutes of •OH treatment (Fig 7.2 B). Comparing mean Ca
2+

-flux rates in response to •OH 

treatment, quinoa showed mean Ca
2+

 uptake rate of 38 nmol m
-2

 s
-1

 after 35 minutes of •OH 

treatment, while spinach showed mean Ca
2+

 uptake rate of 49 nmol m
-2

 s
-1

 after 35 minutes of 



 
 

 132 
 

•OH treatment (Fig 7.2 D). These results are clearly indicating in leaf mesophyll, plants employ 

different ROS to shape different Ca
2+

 signatures, thus play an important role in stress adaptation.  

 

Fig 7.1: Kinetics of K
+
 fluxes from the leaf mesophyll of quinoa and spinach in response to (A) 

3mM MV (O2
-
) and (B) 0.3/1mM Cu/Asc mixture (•OH). Columns show the mean flux rate of 

K
+
 in response to (C) MV and (D) Cu/Asc mixture treatment. Legends – O2

-
 shows mean K

+
 flux 

before (0-5minutes) MV treatment and + O2
- 
shows mean K

+
 flux after (from 5min to 35 min) 

MV treatment and – •OH shows mean K
+
 flux before (0-5minutes) Cu/Asc mixture treatment 

and + •OH shows mean K
+
 flux after (from 5min to 35 min) Cu/Asc mixture treatment. Error 

bars are SE of means, and values labelled with different letters are significantly different from 

each other at p ≤ 0.05 significance level.  



 
 

 133 
 

 

Fig 7.2: Kinetics of Ca
2+

 fluxes from the leaf mesophyll of quinoa and spinach in response to (A) 

3mM MV (O2
-
) and (B) 0.3/1mM Cu/Asc mixture (•OH). Columns show the mean flux rate of 

Ca
2+

 in response to (C) MV and (D) Cu/Asc mixture treatment. Legends – O2
-
 shows mean K

+
 

flux before (0-5minutes) MV treatment and + O2
-
shows mean Ca

2+
 flux after (from 5min to 35 

min) MV treatment and – •OH shows mean K
+
 flux before (0-5minutes) Cu/Asc mixture 

treatment and + •OH shows mean Ca
2+

 flux after (from 5min to 35 min) Cu/Asc mixture 

treatment. Error bars are SE of means, and values labelled with different letters are significantly 

different from each other at p ≤ 0.05 significance level. 
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7.3.2 Quinoa showed better ability of K
+
 retention in MZ as compared with spinach in 

response to •OH and O2
 

stress 

A massive K
+
-efflux was observed from all root zones in both species in response to both •OH 

and O2
 

stress however degree of K
+
 loss was varied among plant species and root zone. In 

response to O2

 radical, K

+
 flux in quinoa was less sensitive of O2

 
radical however spinach was 

more sensitive and showed 2-3 fold high rate of K
+
-efflux from roots (Fig 7.3 A, B, C). 

Regardless of plant species, root apex (MeZ and EZ) was more sensitive to O2
 

radical as 

compared with MZ. Comparing mean K
+
 flux rate (~ 35 minutes after O2

 
stress), quinoa showed 

better ability to retain K
+
 in MZ as compared with spinach (Fig 7.3D).  

In response to •OH, both plant species showed transient K
+
-efflux from MeZ and EZ (Fig 7.4 A, 

B) but not from MZ (Fig 7.4 C). In MZ, quinoa showed an instantaneous K
+
 uptake as initial 

response to •OH radical and then net K
+
-efflux was observed with peak K

+
-efflux value of 167 

nmol m
-2

 s
-1

 at ~5 minutes after •OH treatment. On other hand, •OH induced K
+
 flux kinetics was 

tri-phasic, comprising a massive K
+
-efflux reaching peak K

+
-efflux of 678 nmol m

-2
 s

-1
 (~ 10 

minutes after •OH treatment) and an obvious transition of K
+
-efflux into K

+
-influx but still in 

negative values (10-25 minutes after •OH treatment) and a steady state K
+
-efflux of 213 nmol m

-

2
 s

-1
 (25-35 minutes after •OH treatment) (Fig 7.4 C). These results are suggesting that quinoa 

being halophytic species can tolerate more •OH induced detriment effects on K
+
 transport in 

roots and compared with spinach. Consistent with this and by comparing mean rate of K
+
 loss in 

response to •OH radical, quinoa showed less sensitivity of K
+
 loss from MZ as compared with 

spinach (Fig 7.4 D). 
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Fig 7.3: Kinetics of K
+
 fluxes from different root zones (A) meristem zone (MeZ), (B) 

elongation zone (EZ), and (C) mature zone (MZ) of quinoa and spinach in response to 3mM MV 

(O2
-
). Columns (D) show the mean flux rate of K

+
 from different root zones after treating roots 

with 3mM MV for 35 minutes. Error bars are SE of means, and values labelled with different 

letters are significantly different from each other at p ≤ 0.05 significance level. 
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Fig 7.4: Kinetics of K
+
 fluxes from different root zones (A) meristem zone (MeZ), (B) 

elongation zone (EZ), and (C) mature zone (MZ) of quinoa and spinach in response to Cu/Asc 

mixture (•OH). Columns (D) show the mean flux rate of K
+
 from different root zones after 

treating roots with Cu/Asc mixture (•OH) for 35 minutes. Error bars are SE of means, and values 

labelled with different letters are significantly different from each other at p ≤ 0.05 significance 

level. 

7.3.3 Differential Ca
2+

 flux pattern in different root zones in response to •OH and O2
 

stress 

The ROS induced K
+
-efflux is generally accompanied by Ca

2+
-influx to activate 

intracellular signalling and stress adaptation process (Wang et al. 2018). However we speculated 

that the sensitivity of Ca
2+ 

permeable channels differs among root zones and ROS types. Thus, 

Ca
2+

 flux in two root zones, EZ and MZ in quinoa and spinach were measured in response to O2

 

and •OH. It was observed that O2
 

significantly induced Ca
2+

-efflux from both roots zones in 

both species however the extent of efflux was more pronounced in spinach as compared with 
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quinoa (Fig 7.5). Contrary to this, •OH showed root zone specific Ca
2+

 flux pattern (Fig 7.6). 

Upon the addition of Cu/As mixture to induce •OH in BSM, an abrupt Ca
2+

-efflux was observed 

in both root zones in both species however in EZ, quinoa started up-taking Ca
2+

 and showed 

peak flux of 498 nmol m
-2

 s
-1

 after 6-8 minutes of •OH treatment while spinach showed peak flux 

of -165 nmol m
-2

 s
-1

 in response to •OH treatment (Fig 7.6 A). Contrary to EZ, there was also 

Ca
2+

-efflux in MZ in response to •OH but was less pronounced as was in EZ (Fig 7.6a). 

Comparing steady state Ca
2+

-flux in response to both O2
 

and •OH in both root zones in both 

species, 10 folds difference in Ca
2+

 flux was only observed in the EZ of quinoa and spinach in 

response to •OH. It can then be suggested that Ca
2+

-efflux systems play a major role in shaping 

stress-specific Ca
2+

 signatures in leaf and root tissues.  

 

Fig 7.5: Kinetics of Ca
2+

 fluxes from different root zones (A) elongation zone (EZ), and (C) 

mature zone (MZ) of quinoa and spinach in response to 3mM MV (O2
-
). Columns show the 

mean flux rate of K
+
 from (C) EZ and (D) MZ after treating roots with 3mM MV for 35 minutes. 
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Error bars are SE of means, and values labelled with different letters are significantly different 

from each other at p ≤ 0.05 significance level. 

 

Fig 7.6: Kinetics of Ca
2+

 fluxes from different root zones (A) elongation zone (EZ), and (C) 

mature zone (MZ) of quinoa and spinach in response to Cu/Asc mixture (•OH). Columns show 

the mean flux rate of K
+
 from (C) EZ and (D) MZ after treating roots with Cu/Asc mixture (•OH)  

for 35 minutes. Error bars are SE of means, and values labelled with different letters are 

significantly different from each other at p ≤ 0.05 significance level. 
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7.4 Discussion 

7.4.1 Differential K
+
 flux sensitivity to •OH and O2

 
 radicals in halophyte and glycophyte  

Cytosolic ROS production is an inevitable dilemma of salinity stress in plants and higher 

ROS accumulation leads to K
+
 leakage from tissues (Demidchik 2018). In barley Wang et al. 

showed that ROS stress induced considerable K
+
-efflux from roots. Similarly in Ipomoea trifida, 

ROS induced K
+
-efflux was more pronounced in root apex as compared with MZ. Consistent 

with these reports, we found in this study that both ROS (•OH and O2

) caused massive K

+
 

leakage in both quinoa and spinach however the degree of K
+
-efflux was tissue and root zone 

specific.  

In response to O2

, both species showed equal rate of K

+
-efflux as initial response 

however peak K
+
-efflux was higher in quinoa and compared with spinach while in response to 

•OH, peak K
+
-efflux from leaf mesophyll was higher in spinach as compared with quinoa (Fig 

7.1B). Moreover when we examined the kinetics of peak K
+
-efflux from leaf mesophyll we 

found that peak K
+
-efflux in response to O2


 was after 10 minutes of O2

 
treatment while in case 

of •OH, peak K
+
-efflux in both species was found after 20 minutes of •OH treatment (Fig 7.1). 

These results are clearly showing ROS specific nature of K
+
-efflux from leaf mesophyll 

determines K
+
 retention ability in leaf mesophyll (Khan & Panda 2008; Shabala & Pottison 

2014). Moreover in spite of this, quinoa showed higher SPAD values and biomass under saline 

conditions (Chapter 4, 5) as compared with spinach, but still quinoa showed higher K
+
-efflux 

upon O2

 treatment to leaf mesophyll than spinach. This provoked us to conduct a correlation 

analysis between Ca
2+

 flux and K
+
 flux from leaf mesophyll and analysis showed a positive and 

strong correlation (R
2
 = 0.82, p≤0.01) between Ca

2+
 flux and K

+
 flux from leaf mesophyll in 

quinoa, suggesting positive role of cytosolic Ca
2+

 as signalling moiety however spinach was 

unable to do so thus found non-significant correlation between Ca
2+

 flux and K
+
 flux from leaf 

mesophyll (Table 7.1).  

In case of root zones, more K
+
-efflux was observed from root apex as compared with MZ 

however ROS induced K
+
-efflux was more pronounced in glycophytic spinach plants. 

Halophytic quinoa showed better K
+
 retention in MZ in response to both O2


 and •OH stress (Fig 

7.3C & 7.4C). Several explanations can be suggested here; root apex is the most metabolically 
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active tissue (Baluška et al. 2010) and cells in root apex can quadruple their length in only few 

hours (Verbelen et al. 2006), this implies for massive and quick ion flux and water uptake to 

maintain osmotic and turgor pressure. Cell expansion and extension in root apex largely depends 

on the cell wall loosening and this mechanism in greatly influenced by ROS accumulation 

(Liszkay et al. 2004; Schopfer & Liszkay 2006). In maize, it was observed that •OH was directly 

responsible for cell extension in root elongation zone (Liszkay et al. 2004). In agreement with 

this, we can suggest that quinoa employed •OH in wall loosening to continue to grow under 

stress conditions. This can also be supported by the results from Chapter 4 that even under 

500mM NaCl stress level, quinoa was able to produce up to 46% higher fresh biomass as 

compared with spinach. Moreover root apex may work as ‗stress sensor‘ to activate signalling 

cascades and stress adaptation process (Wu 2017). In support to this, in current study we found 

that ROS induced K
+
-efflux was higher in the root apex of quinoa as compared with MZ, 

therefore, suggesting ROS induced K
+
-efflux from root apex may play ‗positive role‘ in 

switching metabolic to defence system in order to active stress adaptation process (Demidchik et 

al. 2014). A question may arise that spinach also showed high K
+
-efflux from root apex as 

compared with MZ in response to both ROS (Fig 7.3 & 7.4) then why does root apex of quinoa 

only work as ‗salt sensor‘. This is not true, root apex of spinach can also work however due to 

higher sensitivity of ion channels to ROS, and spinach could have less efficient in this process. 

This needs to be evaluated in future studies. Secondly spinach being salt sensitive species 

employed more energy (observed in Chapter 5-high rate of H
+
-efflux in response to salt stress) to 

cope salt stress induced membrane depolarization, thus suggesting glycophytic spinach was less 

efficient or unable to switch from metabolic phase to defence phase to pursue stress adaptation 

process.  
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Table 7.1: Correlation analysis between K
+
 and Ca

2+
 flux in leaf mesophyll and different root zones in response to •OH and O2


 

treatment 

                                •OH treatment 

 Ca
2+

-LM Ca
2+

-EZ Ca
2+

-MZ K
+
-LM K

+
-MZ 

 Q Sp Q Sp Q Sp Q Sp Q Sp 

Ca
2+

-LM 1 1         

Ca
2+

-EZ 0.86** 0.82** 1 1       

Ca
2+

-MZ ns ns 0.83** 0.74* 1 1     

K
+
-LM 0.62* 0.65* 0.45* 0.37* ns ns 1 1   

K
+
-MZ ns ns 0.67* 0.59* 0.71* 0.69* ns ns 1 1 

 O2
 

treatment 

 Q Sp Q Sp Q Sp Q Sp Q Sp 

Ca
2+

-LM 1 1         

Ca
2+

-EZ 0.78* 0.34* 1 1       

Ca
2+

-MZ ns ns 0.69* 0.72* 1 1     

K
+
-LM 0.82** ns 0.54* 0.49* ns ns 1 1   

K
+
-MZ ns ns 0.74* 0.67* ns ns ns ns 1 1 

Symbols * and ** are showing correlation between ion fluxes are significant at p ≤ 0.05 and p ≤ 0.01 level respectively. Q and Sp stay 

for quinoa and spinach,  Ca
2+

-LM, Ca
2+

-EZ and Ca
2+

-MZ stay for Ca
2+ 

flux from leaf mesophyll, elongation zone and mature zone 

respectively while K
+
-LM and K

+
-MZ stay for K

+
 flux from leaf mesophyll and mature zone respectively. 
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7.4.2 ROS induced Ca
2+

 flux system; an important mechanism in quinoa 

Cytosolic Ca
2+

 elevation is generally first permeating component of a complex signalling 

network in plant cells when exposed to stress conditions (Laohavisit et al. 2012; Kurusu et al. 

2015). Nonetheless such elevation varies among plant species, stress type and duration (Bose et 

al. 2011). Generally Ca
2+

-influx has been considered an important step in shaping Ca
2+

 

signatures however restoration of basal cytosolic Ca
2+

 is also important and therefore Ca
2+

-efflux 

system is another key player in maintaining equilibrium in cell. Here we speculated that quinoa 

being salt tolerant halophytic plant species not only relies on Ca
2+

-influx to activate stress 

adaptation process but can also use Ca
2+

-efflux systems play a major role in shaping stress-

specific Ca
2+

 signatures in leaf and root tissues. Also most of literature is available regarding 

H2O2 and •OH induced effects on Ca
2+

 flux response however limited information is available 

regarding the tissue specific sensitivity of Ca
2+

 permeable channels to O2

. Therefore current 

study was conduct to examine Ca
2+

 flux in response to O2

 and •OH in leaf mesophyll and root 

zones. 

In leaf mesophyll, O2

 treatment induced significant Ca

2+
-efflux in spinach however 

quinoa showed Ca
2+

-influx as an early response to O2

 treatment (Fig 7.5). After 2 to 3 minutes 

of O2

 treatment, spinach started up-taking Ca

2+
 but was still under negative values while quinoa 

starts losing Ca
2+

 and reached Ca
2+

 flux values equal to initial Ca
2+

 flux (under control 

condition), thus suggesting quinoa used Ca
2+

-efflux system to restore basal cytosolic Ca
2+

 level 

upon O2

 treatment while spinach tried to do so but was less efficient in achieving such goal. 

Two questions may arise here that (1) if Ca
2+

-efflux is important in halophytes then why and 

how do they remove extra Ca
2+

 from cytosol? (2) Why quinoa showed Ca
2+

-influx as a very 

initial response to O2

 treatment and later showed Ca

2+
-efflux? Plants can export out extra Ca

2+
 

out of cell or into intracellular organelles such as vacuole (Berridge et al. 2000; Dodd et al. 

2010). To do so, Ca
2+

-ATPase pump in plasma membrane and tonoplast Ca
2+

/H
+
 exchangers are 

potential candidates. Upon O2

 treatment, quinoa might start up-taking Ca

2+
 in cytosol and few 

minutes after O2

 treatment, quinoa showed Ca

2+
-efflux, showing losing Ca

2+
 to restore basal 

Ca
2+

 concentration (observed by comparing steady state Ca
2+

-flux 30 minutes after O2

 treatment 

and initial Ca
2+

-flux before O2

 treatment). One possible explanation is that during initial O2


 

treatment quinoa started up-taking Ca
2+

 in order to activate signalling mechanism and once 
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signalling completed quinoa exported out excessive Ca
2+

 from cytosol into apoplast or into 

vacuole to maintain basal Ca
2+

 concentration. Keeping in view these results, when we observed 

the effects of •OH on Ca
2+

- flux in leaf mesophyll in both species, no significant difference was 

observed in Ca
2+

-flux from the leaf mesophyll of both species in response to •OH treatment. 

Both species showed a massive and instant Ca
2+

-efflux in response to •OH and then started 

gaining Ca
2+

 and reached almost 80% higher Ca
2+

-influx rate as compared with initial Ca
2+

-flux 

(Fig 7.5). These results suggested halophytes used different ROS to shape different Ca
2+

 

signature in order to activate stress adaptation process.  

In root zones, both EZ and MZ showed similar response in response to O2

 treatment, 

showing O2

 radical induced massive Ca

2+
-efflux but was more pronounced 2-3 fold higher in 

EZ in spinach as compared with quinoa (Fig 7.5 A). Contrarily, •OH treatment significantly 

stimulated net Ca
2+

-influx in EZ but resulted in a gradually decaying net Ca
2+

-efflux from MZ in 

both species (Fig 7.6 A). Moreover upon •OH treatment, an immediate Ca
2+

-efflux as observed 

from EZ for several minutes before turning into net Ca
2+

-influx (Fig 7.6A). It can be then 

suggested from these results that in case of O2

 radical, a passive Ca

2+
-efflux system might be 

involved while in case of •OH passive Ca
2+

-efflux is thermodynamically impossible therefore 

current data suggested a rapid activation of some active Ca
2+

-efflux by •OH in EZ. We then 

argued that under field conditions, how halophytes (or at least quinoa) cope with these ROS and 

how they use Ca
2+

 flux in stress adaptation. In order to underpin that a correlation analysis was 

carried out between Ca
2+

 flux from root and Ca
2+

 flux in leaf mesophyll and K
+
 retention in leaf 

mesophyll in response to both ROS (Table 7.1). In response to both ROS a strong and positive 

correlation was found between Ca
2+

-flux from EZ and Ca
2+

-flux from leaf mesophyll and 

between Ca
2+

-flux from EZ and K
+
 retention in leaf mesophyll (Table 7.1), suggesting the 

signalling role of Ca
2+

 from EZ which may control K
+
 retention in leaf mesophyll. Moreover 

comparing Ca
2+

 flux pattern from EZ in both species, it can be suggested there were ROS 

specific Ca
2+

 related stress signatures. For instance in response to O2

, Ca

2+
-efflux from EZ may 

play an important role in K
+
 retention in leaf mesophyll while in response to •OH, net Ca

2+
-

influx from EZ may play an important role in K
+
 retention in leaf mesophyll, suggesting tissue 

specific and ROS specific Ca
2+

 signalling in quinoa and spinach. Further molecular studies are 



 
 

 144 
 

required to confirm these results in order to further understand ROS specific Ca
2+

 signatures and 

their role in stress adaptation.  

7.5 Conclusion 

The highly tissue specific sensitivity of Ca
2+

 and K
+
 permeable channels to superoxide radical 

and hydroxyl radical was observed in both species. The difference in the sensitivity of K
+
 fluxes 

in response to both ROS was reflected by the sensitivity of Ca
2+

-fluxes. Application of O2
- 

resulted in tremendous K
+
-efflux in leaf mesophyll and roots in both species but a transient Ca

2+
 

uptake in quinoa and a net Ca
2+

-efflux was observed in spinach. Application of •OH also resulted 

in massive K
+
-efflux especially from root elongation zone but was accompanied with Ca

2+
-influx 

in all tissues and such repose was more pronounced in halophytic quinoa. Taken together, this 

data suggests that the patterns of ion flux responses to O2
-
 differ from those to hydroxyl radicals, 

and that Ca
2+

-efflux systems may play a major role in shaping stress-specific Ca
2+

 signatures in 

response to O2
- 
 while Ca

2+
-influx systems may play a major role in shaping stress-specific Ca

2+
 

signatures in response to •OH. These results also suggested that halophytes used different ROS 

to shape different Ca
2+

 signature in order to activate stress adaptation process. 
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Chapter 8 

Role of ROS signalling in acclimation to salinity stress in quinoa and 

spinach 

8.1 Introduction 

As plants are sessile organisms they had to evolve some sophisticated physiological and 

molecular mechanisms which could mediate their adaptation to hostile environments. One of 

such mechanisms is acclimation to the stress. Acclimation is an important component of the 

complex salinity tolerance mechanism in plant and is very important for the survival of plants 

(Tari 2002; Tanou et al. 2009). Upon stress imposition, primary tissues (which are exposed to 

stress first) start communicating and giving signals to other tissues in order to ‗prime‘ tissues in 

response to the localized stress stimulus (Baxter et al. 2014). In recent years, several players have 

been identified involved in such communication between above and below ground plant tissues. 

This includes chemical (hormones, nutrients or peptides), mechanical (hydraulics), physiological 

(electric; ROS, Ca
2+

) and molecular (RNA or proteins) signals (Karpinski et al. 2013, 

Wendehenne et al. 2014, Shabala et al. 2016b). However with most studies being done on 

Arabidopsis (Peng et al. 2007; Iglesias et al. 2014; Garcia de la Garma et al. 2015; Zhao et al. 

2019) little information is available regarding the signalling role of ROS in inducing acclimation 

to salinity in halophytes, naturally most tolerant species on a planet.  

Acclimation is induced by the exposure of plant tissues to low stress levels for short time 

in order to perform some internal adjustments in tissues and cells (Umezawa et al. 2000; 

Djanaguiraman et al. 2006; Demmig-Adams et al. 2008). Improved plant growth and yield has 

been reported in response to low level stress, suggesting low levels of stress conditions may 

activate defence system prior to the exposure to high levels of stress (Djanaguiraman et al. 

2006). Nonetheless, physiological mechanisms have not been clearly identified. Some 

contradictory reports showed that acclimated soybean showed reduced Na
+
 accumulation in plant 

leaves (Umezawa et al. 2000) while in Vigna radiata and Populus euphratica better performance 

during acclimation was related to the osmotic component of salinity stress. In pea plants, 

acclimation to salinity stress was not related to osmotic component but was related to ionic 

homeostasis (Pandolfi et al. 2012). More literature is available regarding the role of hormones 
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and mechanical players in inducing acclimation but little information is available relating to the 

role of ROS signalling in mediating ion transport during acclimation process. Therefore in 

current study, acclimation to salinity stress was assessed in terms of ion homeostasis, comparing 

contrasting quinoa and spinach species.  

ROS in cooperation with Ca
2+

 mediate signal transduction from one cell to another in 

order to propagate signals (Kurusu et al. 2015). An alteration in the cytosolic Ca
2+

 level in 

response to stress stimuli was considered as the first step in the initiation of stress signals (Kader 

& Lindberg 2010). Furthermore, H2O2 was shown to activate Ca
2+

-permeable channels in the 

plasma membrane (Pei 2000, Demidchik et al. 2007). Thus, ROS and Ca
2+

 waves are currently 

broadly accepted as the systemic acquired acclimation element, propagating signals throughout 

different tissues (Pitzschke et al. 2006). Thus, the specific questions addressed in this study 

where: (1) do halophytes employ ROS for their acclimation to salinity? (2) Do halophytes rely 

on enhanced proton pumping as an acclimation trait aimed to reduce membrane depolarization? 

(3) What could be tissue specific ionic responses to salinity stress during acclimation in 

halophyte and glycophytes?  

8.2 Materials and Methods 

8.2.1 Plant material and salinity treatment 

Seeds of quinoa and spinach were grown in 4L pot containing standard potting mixture in 

a glasshouse at the University of Tasmania, Australia. Three weeks old quinoa and spinach 

plants were pre-treated with two levels of salt stress (100mM NaCl and 300mM NaCl) for 10 

days. There were four replications per treatment and each replication contained 4 pots and each 

pot contained 4 plants. Leaf samples were taken for ion flux measurements using the MIFE 

system. 

8.2.2 MIFE experiment 

After 10 days of salinity pre-treatment, leaf samples from quinoa and spinach were harvested to 

excise and prepare leaf samples for ion flux estimation from leaf mesophyll. Leaf segments of 

6×8 mm size were excised and immersed in BSM solution (0.5mM KCl and 0.1mM CaCl2, pH 

5.6 non-buffered) and incubated in the dark overnight in order to reduce any possible physical 

damage to leaf tissues (for more details see Shabala and Newman 1999). The leaf segment was 
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then mounted in Perspex holder and placed in a 5mL chamber containing fresh BSM solution for 

40-50 minutes, to reach steady-state condition in the bathing solution. Two kinds of ion flux 

were measured (1) steady state flux rate of K
+
, H

+
 and Ca

2+
 from the leaf mesophyll quinoa and 

spinach grown for 10 days under saline conditions (2) transient ion fluxes in response to 

application of either 100mM NaCl or 5mM H2O2 from the leaf mesophyll of pre-treated quinoa 

and spinach plants. First flux measurements indicate effects of long term salinity stress on net ion 

transport and second indicate the sensitization of different membrane ion transporters in response 

to further salinity and ROS stress conditions after acclimation. All details related to 

microelectrode fabrication and calibration prior to actual ion flux measurements were given in 

Chapter 3, section 3.5.4 and Table 3.2. After measuring ion flux, data was then tabulated in an 

excel-compatible file and plotted as graphs. 

8.2.3 Laser scanning confocal imaging and fluorescence quantification 

To examine the root zone- specific K
+
, Ca

2+
 and Na

+
 distribution after acclimation, 7 days old 

quinoa and spinach seedlings were preconditioned with 100mM NaCl for 3 days. After 

preconditioning, roots were incubated with different dyes in measuring buffers (see details in 

Table 3.3) for 3hours and then the fluorescence intensity of Na
+
, K

+
 and Ca

2+
 signals was 

measured using Leica Application Suit X software (see section 3.6 for all details). The 

fluorescent intensities of Na
+
, K

+
 and Ca

2+
 dyes were measured after 20 min, 2 hours and 24 

hours of further 5mM H2O2 treatment. One out of 12 typical images is presented in the results 

section.  

For fluorescence quantification, images were then analysed with Image J software (NIH, 

USA). For measuring the total cell fluorescence, intensity of the fluorescent signal from 25-35 

cells per individual plant root with at least 10 replications was quantified and plotted by Sigma 

Plot v.10.  

8.2.4 Statistical analysis 

All data were statistically analysed using Statistix v10 software and level of significance 

was determined using least significance text at p ≤ 0.05 and p ≤ 0.01. All figures contained mean 

values of data and error bars represent the standard error of means. Different letters above mean 

bars are showing mean values that are significantly different from at p ≤ 0.05. All graphs were 
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made using Sigma Plot v.10 software. Statistical analysis has been performed independently for 

each species and letters above errors bars shows statistical difference among salinity stress 

separately in each species. A paired T-test was performed to examine the statistical difference for 

a particular parameter in both plant species subjected to same salinity stress level at same time 

point. ‗*‘ and ‗**‘ above two bars are indicating the statistical difference at p≤ 0.05 and p≤ 0.01, 

respectively, for a particular parameter at one specific time point and under same salinity stress 

level. 

8.3 Results 

8.3.1 K
+
 and H

+
 fluxes from acclimated leaf mesophyll cells in response to external salt 

treatment  

Steady state K
+
 and H

+
 fluxes from the leaf mesophyll after 10 days of pre-treatment with 

100mM NaCl and 300mM NaCl (Fig 8.1) were examined. It was found that 100mM NaCl is a 

concentration that is inhibitory to spinach growth (Fig 4.1 & 5.1-Chapter 4 & 5) but optimal for 

quinoa while 300mM reduces growth in both species. Results obtained showed that under low 

salinity treatment (100mM NaCl), K
+
 transport across the plasma membrane of the leaf 

mesophyll of quinoa was not affected and  was the same as observed in control (without pre-

treatment). In spinach, however, steady state K
+
-efflux rate was shifted from 27 nmol m

-2
 s

-1 

(non-acclimated) to -131 nmol m
-2

 s
-1 

(pre-treated with 100mM NaCl), indicating negative 

impact of exposure to 100mM salinity for K
+
 homeostasis in leaf mesophyll in spinach (Fig 8.1). 

Comparing steady state K
+
-efflux of quinoa and spinach pre-treated with 300mM NaCl (acute 

salinity), both species showed massive K
+
-efflux but was 3 folds higher in spinach (Fig 8.1). 

Next net H
+
 fluxes as a proxy of H

+
-ATPase activity was also examined, which is considered to 

be critical for membrane potential maintenance (ref to Palmren‘s lab) and K
+
 retention (Shabala 

et al. 2015, 2016a). Results showed that there was an up-regulation of H
+
-efflux in quinoa during 

acclimation process while in spinach net H
+
-influx was observed when pre-treated with acute 

salinity level (300mM NaCl) (Fig 8.1). These results are clearly suggesting that during the 

acclimation process, quinoa reduces membrane depolarization by energizing H
+
-ATPase while 

spinach was unable to do that, thus explaining massive K
+
 loss in the latter species.  
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Fig 8.1: Steady state fluxes of K
+
 (A), H

+
 (B) and Ca

2+
 (C) from leaf mesophyll of quinoa and 

spinach. Plants were grown at 100mM and 300mM NaCl for 10 days and steady state flux was 

measured for 30 minutes. Error bar above each bar is showing standard error and different letters 

are showing data were significantly different at p ≤ 0.05.  

Besides examining the steady state ion flux measurements from leaf mesophyll after 

acclimation, sensitivity of K
+
, and H

+
 permeable channels to external salinity was examined. To 

do so, salinity acclimated leaf mesophyll cells were exposed to 100mM NaCl and transient net 

flux of K
+
, and H

+
 was measured. Such addition of 100mM NaCl to the bath solution mimicked 

an increase in apoplastic concentrations of Na
+
 in plants exposed to long-term salinity 

treatments. Upon exposure to 100mM NaCl, transient K
+
-efflux was observed from mesophyll 

cells in both species but was more pronounced in spinach. Moreover, quinoa showed reduced 

sensitivity of K
+
 flux to additional 100mM NaCl treatment during both pre-treatments levels but 

this was not in case of spinach (Fig 8.2), suggesting desensitization of K
+
 permeable channels 

during acclimation may help quinoa to perform better under saline conditions. Data relating to 
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H
+
-flux showed that during acclimation a net transient H

+
-efflux was observed in both species in 

response to external 100mM NaCl treatment but was higher in halophytic quinoa as compared 

with spinach (Fig 8.3). Comparing mean rate of K
+
-efflux during external 100mM NaCl 

exposure (~ 35 minutes) from acclimated leaf mesophyll cells, it was found that mean K
+
-efflux 

rate was reduced up-to 79% in quinoa and up-to 45% in spinach during acclimation (Fig 8.4), 

indicating quinoa exhibits better K
+
 retention ability in leaf mesophyll as compared with spinach, 

as a result of such acclimation. 

 

Fig 8.2: Effect of NaCl treatment on the transient K
+
 flux kinetics from leaf mesophyll of quinoa 

and spinach grown under (A) 100mM NaCl and (B) 300mM NaCl for acclimation. Error bars are 

SE of means, and values labelled with different letters are significantly different from each other 

at p ≤ 0.05 significance level. Quinoa and spinach were grown at 100mM NaCl and 300mM 

NaCl for 7 days and then ion flux was measured in response to 100mM NaCl added to the bath 

in the MIFE experiment.  
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Fig 8.3: Effect of NaCl treatment on the transient H
+
 flux kinetics from leaf mesophyll of quinoa 

and spinach grown under (A) 100mM NaCl and (B) 300mM NaCl for acclimation. Error bars are 

SE of means, and values labelled with different letters are significantly different from each other 

at p ≤ 0.05 significance level. Quinoa and spinach were grown at 100mM NaCl and 300mM 

NaCl for 7 days and then ion flux was measured in response to 100mM NaCl added to the bath 

in the MIFE experiment. 

 

Fig 8.4: Mean fluxes of K
+
 (A) and H

+
 (B) in response to NaCl treatment (100mM) from leaf 

mesophyll of quinoa and spinach grown at 100mM and 300mM NaCl. Mean flux was taken as 

an average of ion flux measured up to 35 minutes after 100mM NaCl treatment to non-
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acclimated (control) and acclimated (grown at 100mM and 300mM NaCl). Error bars are 

standard errors and different letters are showing data that were significantly different at p ≤ 0.05.  

8.3.2 Kinetics of K
+
 and Ca

2+
 flux kinetics in acclimated leaf mesophyll cells in response to 

external ROS treatment  

From above results, it can be concluded that quinoa retains better K
+
 in the leaf 

mesophyll during acclimation by increasing H
+
-ATPase activity (to restore membrane potential) 

while spinach is inefficient in doing so. However, the depolarization-activated K
+
-efflux is only 

one of the known pathways for K
+
 loss; the other one is via activation of K

+
-permeable-efflux 

channels by ROS (Wu et al. 2018). Is there any beneficial effect of acclimation on ROS 

sensitivity of K
+
 channels? If the answer is yes – is there any difference between two species? To 

answer these questions, a comparison was made between net K
+
 flux responses from acclimated 

leaf mesophyll of both species after its exposure to physiologically relevant levels of H2O2. 

Similar to previous observations on other species (Demidchik et al. 2003), mesophyll cells 

responded to ROS by losing K
+
 (Fig 8.5). Surprisingly, results from Chapter 5, fig 5.7 indicated 

that ROS induced K
+
-efflux was higher in non-acclimated (control plants) quinoa plants rather 

than spinach, suggesting that ROS-induced K
+
 loss may play positive signalling role in 

mediating plant adaptations to saline conditions. This is consistent with the concept of the 

―metabolic switch‖ suggested recently in the literature (Demidchik et al 2014, Shabala et al 

2016). However in a current study, quinoa plants grown under higher NaCl levels showed much 

reduced responses to external H2O2, suggesting desensitization of K
+
-permeable ion channels to 

ROS. Comparing initial K
+
 flux (or steady state flux), plants pre-treated with 100mM NaCl did 

not show any significant difference in net K
+
 flux rate in both plant species. However, pre-

treatment with 300mM NaCl resulted in 1.5 fold difference in net K
+
-flux response among both 

plant species (Fig 8.5). Among plant species, a higher net transient K
+
-efflux to external H2O2 

treatment was observed in spinach, reaching a peak value of -157 nmol m
-2

 s
-1 

and -289 nmol m
-2

 

s
-1 

 in spinach pre-treated with 100mM NaCl and 300mM NaCl respectively; however in quinoa 

a transient K
+
-influx was noted (Fig 8.5). Based on results from Chapter 5 (Figs 5.4 and 5.7) and 

current results, it can be suggested that under control or non-acclimated conditions, halophytes 

(or at least quinoa) prefer to employ ROS in controlling ionic homeostasis rather than spending 

too much energy to energize energy expensive ion transporters under saline conditions. During 

acclimation, halophytes may increase H
+
-ATPase activity for the maintaining more negative 
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membrane potential purpose and may employ ROS to activate other signalling cascades. In order 

to examine this, we then looked at Ca
2+

 flux responses from acclimated leaf mesophyll cells to 

H2O2 treatment (Fig 8.6). Data relating to steady state Ca
2+

 flux showed that there was a 

significant increase in net Ca
2+

 uptake in quinoa during acclimation (Fig 8.1). Results from 

Chapter 5 (Fig 5.8) showed that under control conditions strongest Ca
2+

 flux responses to H2O2 

were measured in halophytic quinoa, suggesting the important role of ROS-induced cytosolic 

Ca
2+

 elevation in stress signalling and adaptive cascade (Bose et al. 2011). However during 

acclimation, strongest ROS-induced Ca
2+

 flux response was observed only in quinoa grown 

under 100mM NaCl only; when both plant species were grown under 300mM NaCl,  Ca
2+

 flux 

responses were much reduced (Fig 8.6), suggesting either desensitization or inactivation of Ca
2+

 

permeable channels under long term saline conditions.  

 

Fig 8.5: Effect of H2O2 on the transient K
+
 flux kinetics from leaf mesophyll of quinoa and 

spinach grown under different salinity levels (100mM NaCl and 300mM NaCl). Error bars are 

SE of means, and values labelled with different letters are significantly different from each other 

at p ≤ 0.05 significance level. Quinoa and spinach were grown at 100mM NaCl and 300mM 

NaCl for 7 days and then ion flux was measured in response to 5mM H2O2 treatment during 

MIFE experiment. 
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Fig 8.6: Effect of H2O2 on the transient Ca
2+

 flux kinetics from leaf mesophyll of quinoa and 

spinach grown under different salinity levels (100mM NaCl and 300mM NaCl). Error bars are 

SE of means, and values labelled with different letters are significantly different from each other 

at p ≤ 0.05 significance level. Quinoa and spinach were grown at 100mM NaCl and 300mM 

NaCl for 7 days and then ion flux was measured in response to 5mM H2O2 treatment during 

MIFE experiment. 

8.3.4 K
+
 distribution in different root zones during acclimation 

Based on above results, two questions were raised. (1) Does K
+
 retention ability differ among 

anatomically different root zones (MeZ, EZ and MZ)? (2) How K
+
 content in these three root 

zones was regulated by stress-induced ROS accumulation during acclimation? To answer these 

questions, 7 days old quinoa and spinach seedlings were pre-treated with 100mM NaCl for three 

days and then treated with 5mM H2O2 to measure potassium distribution before acclimation, 

after acclimation and 20 minutes, 2 hours and 24 hours after H2O2 treatment using K
+
 

fluorescence dye  (Fig 8.7 & 8.8).  

In both species, root apex (especially MeZ) did not show any significant difference in K
+
 

signal intensities before and after acclimation. However upon exposure to H2O2, both root zones 

(MeZ and EZ) showed distinct behaviour in both plant species (Fig 8.7 & 8.8). In the MeZ of 

quinoa after 20 min of H2O2 treatment, K
+
 signal intensity was increased by 42% and then K

+
 

signal intensity declined after 2h and 24h of H2O2 treatment while spinach showed reduction in 

K
+
 signal intensity from MeZ by 25% just after 20 minutes of H2O2 treatment. Similar trend was 
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also noted in EZ.  In the MZ of quinoa, however, K
+
 fluorescent intensity was increased by 42% 

after pre-treating with 100mM NaCl while in spinach this increase was only 19%, suggesting 

quinoa increased K
+
 uptake during acclimation more efficiently then glycophytic spinach. Pre-

treated quinoa MZ when treated with H2O2 showed a decline in K
+
 fluorescent intensity only up 

to 2h of H2O2 treatment and then it increased and reached to a value equal to the value of K
+
 

fluorescent intensity of non-acclimated quinoa (Fig 8.7). In contrast to this, spinach MZ showed 

a significant decline K
+
 fluorescent intensity even after 24h of H2O2 treatment (Fig 8.7). These 

results are clearly showing that each root zone behaves distinctly during acclimation and 

responds to or employs ROS in different way to regulate K
+
 homeostasis in roots. These results 

also suggested that quinoa accumulated more K
+
 in MZ during acclimation and store it to survive 

under acute saline conditions while spinach did not have such mechanism, thus was unable to 

retain much K
+
 in MZ and showed high sensitivity to H2O2 treatment.  
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Fig 8.7: Relative K
+
 fluorescence signal intensity in meristem zone, elongation zone and mature 

zone in quinoa and spinach in response to H2O2 treatment. Roots were preconditioned with 

100mM NaCl for 3 days and following pre-conditioning time dependence response of K
+  

was 

examined in meristem, elongation zone and mature zone after 20 min, 2h and 24h of H2O2 

(5mM) treatment. Error bars are standard errors and data labelled with different letters are 

significantly different at p ≤ 0.05. 
*
Significant at p ≤ 0.05 and 

**
Significant at p ≤ 0.01. 
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Fig. 8.8: Visualization of the K
+
 fluorescence intensity in different root zones in quinoa and 

spinach. Seven days old roots were pre-treated with 100mM NaCl and K
+
 fluorescent signals 

were measured using Asante Potassium Green-2 dye from meristem zone, elongation zone and 

mature zone of acclimated (after pre-condition) and non-acclimated (before pre-condition) 

quinoa and spinach root after 20 minutes, 2 hours and 24 hours of 5mM H2O2 treatment. One out 

of 12 typical images is provided in each line.  

8.3.5. Coordinated regulation of Na
+
 and Ca

2+
 in quinoa and spinach during acclimation  

To further gain insights into acclimation to salinity stress and its regulation by ROS in 

roots, root zone specific distribution of Na
+
 and Ca

2+
 was examined using Na

+
 and Ca

2+
 

fluorescent dye. Results showed that halophytic quinoa accumulated more Na
+
 in roots 

especially in MZ as compared with glycophytic spinach after acclimation. In root apex, quinoa 

showed relatively higher Na
+
 signal intensity after acclimation as compared with spinach (Fig 

8.9 & 8.10), suggesting the role of the root apex as salt sensor in activating stress responsive 

processes (Baluška et al. 2010). On other hand, in the EZ and MZ of both species, significantly 
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higher Na
+
 fluorescent intensity was observed (Fig 8.9 & 8.10). Data relating to Ca

2+
 fluorescent 

signal intensity showed that after acclimation Ca
2+

 fluorescent intensity was increased in all root 

zones especially much higher in root apex (increase up to 39%) and such increase in  Ca
2+

 

fluorescent intensity was only observed in quinoa (Fig 8.11 & 8.12). These results are consistent 

with the reported role of Ca
2+

 signalling in response Na
+
 sensing under saline conditions and 

suggesting halophytic quinoa employ Ca
2+

 signalling in order to induce acclimation while 

glycophytic spinach lacked such mechanism, or was inefficient in implementing it.  

Treating acclimated quinoa and spinach roots with 5mM H2O2 revealed interesting results 

relating to Na
+
 and Ca

2+
 profiles (Fig 8.9 & 8.11). In the root apex of acclimated quinoa, Na

+
 

fluorescent signal intensity decreased significantly after H2O2 treatment and reached a value 

equal to the value of the intensity of Na
+
 fluorescent signals of non-acclimated root apex. 

However, in spinach fluorescent Na
+
 signal intensity decreased only after 20 min of H2O2 

treatment and then showed increment in Na
+
 uptake after 2h of H2O2 and then remained stable 

after 24h of H2O2 treatment (Fig 8.9 & 8.10). Contrary to the root apex, quinoa showed an 

increase of 29% in the fluorescent Na
+
 signal intensity in MZ just after 20 min of H2O2 treatment 

and then reduced by 8% after 2h and 19% after 24h of H2O2 treatment as compared Na
+
 

fluorescent intensity of acclimated quinoa MZ. In the MZ of spinach, fluorescent Na
+
 signal 

intensity continuously increased even after 24h of H2O2 treatment (Fig 8.9 & 8.10). Concurrent 

to this, Ca
2+

 fluorescent intensity was increased in quinoa root MZ only up to 2h of H2O2 

treatment and then declined after 24h of H2O2 treatment (Fig 8.11 & 8.12) while in the MZ of 

spinach Ca
2+

 fluorescent intensity increased 20 minutes after H2O2 treatment and then decreased 

2 and 24h after H2O2 treatment (Fig 8.11). This is clearly indicating how halophytic quinoa 

employ H2O2 as signalling moiety to control Na
+
 sequestration in roots and also indicating the 

efficient system of Ca
2+

 signalling in extruding Na
+
 from roots.  
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Fig 8.9: Relative Na
+
 fluorescence signal intensity in meristem zone, elongation zone and mature 

zone in quinoa and spinach in response to H2O2 treatment. Roots were preconditioned with 

100mM NaCl for 3 days and following pre-conditioning time dependence response of Na
+  

was 

examined in meristem, elongation zone and mature zone after 20 min, 2h and 24h of H2O2 

(5mM) treatment. Error bars are standard errors and data labelled with different letters are 

significantly different at p ≤ 0.05. 
*
Significant at p ≤ 0.05 and 

**
Significant at p ≤ 0.01. 
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Fig 8.10: Visualization of the Na
+
 fluorescence intensity in different root zones in quinoa and 

spinach. Seven days old roots were pre-treated with 100mM NaCl and K
+
 fluorescent signals 

were measured using CoroNa Green dye from meristem zone, elongation zone and mature zone 

of acclimated (after pre-condition) and non-acclimated (before pre-condition) quinoa and spinach 

roots after 20 minutes, 2 hours and 24 hours of 5mM H2O2 treatment. One out of 12 typical 

images is provided in each line. 
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Fig 8.11: Relative Ca
2+

 fluorescence signal intensity in meristem zone, elongation zone and 

mature zone in quinoa and spinach in response to H2O2 treatment. Roots were preconditioned 

with 100mM NaCl for 3 days and following pre-conditioning time dependence response of Ca
2+  

was examined in meristem, elongation zone and mature zone after 20 min, 2h and 24h of H2O2 

(5mM) treatment. Error bars are standard errors and data labelled with different letters are 

significantly different at p ≤ 0.05. 
*
Significant at p ≤ 0.05 and 

**
Significant at p ≤ 0.01. 
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Fig 8.12: Visualization of the Ca
2+

 fluorescence intensity in different root zones in quinoa and 

spinach. Seven days old roots were pre-treated with 100mM NaCl and K
+
 fluorescent signals 

were measured using Calcium Green-5N dye from meristem zone, elongation zone and mature 

zone of acclimated (after pre-condition) and non-acclimated (before precondition) quinoa and 

spinach root after 20 minutes, 2 hours and 24 hours of 5mM H2O2 treatment. One out of 12 

typical images is provided in each line. 
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8.4 Discussion 

8.4.1 H
+
-efflux and K

+
 retention in mesophyll; two important components of acclimation in 

halophytic quinoa 

Maintenance of higher negative membrane potential via active H
+
 pumping (or H

+
-efflux) 

is beneficial for pant growth (Yang et al. 2007) and under saline conditions up-regulation of the 

plasma membrane H
+
-ATPase is required to restore depolarized membrane potential and to 

improve salinity stress tolerance (Ayala et al. 1996; Kerkeb et al. 2001; Bose et al. 2014b). 

Under non-acclimated condition, higher activity of H
+
 pumping was observed from the 

mesophyll of glycophytic as compared with halophytic quinoa upon salinity stress (Chapter 5, fig 

5.4). However, after acclimation, we observed an opposite trend regarding the regulation of H
+
-

flux from acclimated leaf mesophyll cells. Higher steady state H
+
-efflux was observed from the 

mesophyll cells of acclimated halophytic quinoa as compared with acclimated glycophytic 

spinach (Fig 8.1). Moreover, the sensitivity of H
+
-flux from acclimated quinoa was more 

sensitive to external salt treatment was higher while spinach did not show any significant 

response to external salt treatment after acclimation (Fig 8.3). These results are suggesting that 

during sudden salinity treatment or sudden salt shock, glycophytic spinach needs more energy to 

restore membrane potential and to activate Na
+
/H

+
 exchanger to exclude Na

+
 from cytosol. At 

the same time, halophytic quinoa potentially uses NHX exchanger to store excessive Na
+
 in 

vacuole or employs Ca
2+

 as signalling element to mediate SOS1 mediated Na
+
 exclusion and use 

available energy in activating plant defence system. During long term salinity conditions, 

however, halophytic quinoa may reverse ‗metabolic switch‘ mechanism and direct more H
+
 

towards the maintenance of more negative membrane potential after activating defence system 

(as a response to sudden salt shock). Since the H
+
-efflux was higher from acclimated quinoa leaf 

mesophyll, one may question that such higher H
+
-efflux would not jeopardize the energy status 

of plants, which may results in poor growth under saline conditions (Bose et al. 2014b). However 

halophytes deal with this problem by increasing the affinity for substrate (lower Km) to increase 

H
+
-efflux (higher Vmax) under saline condition (Wu & Seliskar 1998). Consequently, halophytes 

can negate salinity stress more efficiently under long term salinity conditions as compared with 

glycophytes. Current results are supported by number of studies, indicating salinity stress 

increases H
+
-pumping in plants (more efficiently in halophytes) to energize Na

+
/H

+
 exchanger 

(Niu et al. 1993; Vera-Estrella et al. 2005; Shabala & Mackay 2011). According to Bose et al. 
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(2014b), up-regulation of H
+
-ATPase upon salinity treatment is important for superior K

+
 

retention, and for the maintenance of more negative membrane potential. These possible 

explanations need to be thoroughly investigated using mutants in future studies.  

H
+
-ATPase regulation also plays an important role in acclimation to salinity tolerance, 

thus sensitivity of Ca
2+

 and K
+
 flux also observed as important components of acclimation in 

both species. Similar to previous observations on other species (Demidchik et al 2003), 

mesophyll cells responded to ROS by losing K
+
 and by up taking Ca

2+
. Surprisingly, in non-

acclimated plants these responses were higher in halophytic quinoa rather than glycophytic 

spinach (Fig 8.1 & 8.2), suggesting that ROS-induced regulation of K
+
 and Ca

2+
 transport may 

play a positive signalling role in mediating plant adaptations to saline conditions. Moreover, 

quinoa grown under higher NaCl levels showed much reduced responses to external H2O2, 

suggesting desensitization of K
+
-permeable ion channels to ROS during acclimation (Fig 8.5 & 

8.6).  

Cytosolic K
+
 retention in leaf mesophyll is an important physiological trait and is 

required to continue optimal carbon assimilation process under saline conditions (Percey et al. 

2016). Under saline conditions, glycophytes showed massive K
+
 loss by the activation of Na

+
 

induced depolarization GORK channels (Shabala & Pottosin 2014, Wu et al. 2018), while in 

halophytes, higher K
+
 retention in leaf mesophyll is positively associated with the increased H

+
-

efflux from leaf mesophyll (Bose et al. 2014 a,b). Thus increased activity of H
+
-ATPase is 

required as negative feedback mechanism to prevent K
+
-efflux via GORK channels (Wu et al. 

2015c). Similar results were observed in current studies, where higher K
+
 retention in acclimated 

quinoa leaf mesophyll was associated with higher H
+
-efflux especially when pre-treated with 

acute saline conditions (300mM NaCl). This was further supported by the fact that the sensitivity 

of K
+
-flux was higher in acclimated glycophytic spinach as compared with acclimated quinoa 

leaf mesophyll (Fig 8.2). These results are suggesting that after acclimation, when quinoa was 

treated with additional salt stress, reduced K
+
-efflux could be due to reduction in the sensitivity 

of GORK channels, while acclimated spinach leaf mesophyll cells still can lose K
+
, thus 

suggesting the reduction the sensitivity of GORK channels in quinoa leaf mesophyll during 

acclimation may determine the K
+
 retention ability in quinoa as compared with spinach.  
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8.4.3 Physiological mechanisms in root are involved in plant acclimation 

Acclimation to salinity stress encompasses the modifications or alterations in operation of ion 

channels involved in maintaining optimal K
+
/Na

+
 ratio in roots (Pandolfi et al. 2012). The 

maintenance of such equilibrium is very critical for plants to survive under saline conditions 

(Qian et al. 2001; Cuin et al. 2003; Nasim et al. 2008). Several physiological mechanisms can be 

involved in disturbing such equilibrium during acclimation. K
+
 is an essential mineral nutrient 

and is an important part of numerous metabolic processes in plants and under saline conditions 

this element can be replaced with Na
+
 due to similar physical and chemical properties (Wakeel et 

al. 2011). Under saline conditions, Na
+
 depolarizes plasma membrane which results in the 

activation of voltage dependent K
+
 outward rectifying channels (e.g. GORK), thus inducing K

+
-

efflux from the cytosol (Adams & Shin 2014). Such K
+
 leakage depends on plant species and is 

tissue- and root zone- specific (Shabala 2003; Shabala et al. 2006). After acclimation, however, 

plants increased K
+
 accumulation and performed better rather than non-acclimated conditions, as 

observed in in rice (Djanaguiraman et al. 2006) or in pea (Pandolfi et al. 2012). Thus, pre-

treating plants with low or sub lethal NaCl level improves overall plant growth and K
+
 

accumulation in root and shoot. This can suggest that during acclimation either the sensitivity of 

K
+
 permeable ion channels to membrane depolarization might be reduced or either plant may 

reduce the overall density of depolarization activated cation channels in roots as an adaptive 

mechanism. This is what was observed in current results that acclimated roots showed higher K
+
 

fluorescent signal intensity as compared with non-acclimated and the magnitude of K
+
 signal 

intensity was more pronounced in halophytic quinoa than glycophytic spinach (Fig 8.7). 

Likewise during acclimation, higher Na
+
 fluorescent signal intensity was observed in acclimated 

roots (Fig 8.9). This suggests a complex mechanism involved in regulating ionic homeostasis 

during acclimation.  

In current results, K
+
 and Na

+
 accumulation (based on their fluorescent signal intensities) 

was root zone specific in both halophytic quinoa and glycophytic spinach roots. Quinoa showed 

32% increase in K
+
 fluorescent intensity in MZ and in spinach this increase was only 19%, while 

there was no significant difference in K
+
 fluorescent intensity in the root apex of both species 

after acclimation (Fig 8.7). Similarly, quinoa showed relatively higher Na
+
 fluorescent intensity 

in MZ as compared with spinach after acclimation however in root apex Na
+
 fluorescent 

intensity was increased only in quinoa (Fig 8.9). These results are clearly suggesting that during 
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acclimation, an increase in Na
+
 profile in root apex could be an essential component of salt 

sensing in root apex which then increases the longitudinal transport of Na
+
 from root apex to root 

MZ for the purpose of either efficient vacuolar Na
+
 sequestration or for osmotic adjustment (Wu 

et al. 2018). This is also explaining why quinoa was able to retain or accumulate more K
+
 in root 

MZ as compared of spinach regardless of this that there was no difference in K
+
 profile in the 

root apex of both species. Another possibility for the different K
+
 and Na

+
 fluorescent intensities 

after acclimation in different root zones can be that there might be different osmotic pressure and 

thus can be differentially regulated by different mechano-sensitive cation channels (MSCCs) 

(Peyronnet et al. 2014; Demidchik et al. 2018). MSCCs can be possible candidates for sensing 

Na
+
 in root apex, as they can convert mechanical changes (induced by turgor pressure) into 

electrical signals and are highly selective in their conductance from non-selective to K
+
 and Ca

2+
 

selective channels (Monshausen et al. 2013; Shabala et al. 2015). Future studies are required to 

confirm their role in regulating ionic homeostasis during acclimation.  

After acclimation, sensitivity of acclimated roots to H2O2 was examined by measuring 

fluorescent intensities of K
+
, Na

+
 and Ca

2+
 in different root zones. Results showed that in quinoa, 

K
+
 fluorescent intensity increased in root apex (MeZ and EZ) just after 20 min of H2O2 treatment 

and then reduced significantly after 24h of H2O2 treatment while in the MZ of quinoa K
+
 

fluorescent intensity was declined up to 2h after H2O2 treatment and then started regaining after 

24h of H2O2 treatment (Fig 8.7 & 8.8). These results are suggesting that during sudden salt shock 

root K
+
 leakage from root apex may be recovered by the radial K

+
 transport from MZ but under 

long stress conditions MZ might retain more K
+
 in bulk of roots to perform metabolic processes 

(Russell & Clarkson 2016; Shabala 2017). On other hand, spinach showed continuous decline in 

K
+
 fluorescent intensity in all root zones after H2O2 treatment (Fig 8.7). Data relating to Na

+
 

fluorescent intensity in different root zones showed that in the MZ of quinoa Na
+
 fluorescent 

intensity decreased after 2h of H2O2 treatment while in root apex, Na
+
 fluorescent intensity 

decreased after 20 min H2O2 treatment. In spinach Na
+
 fluorescent intensity was increased after 

20min of H2O2 treatment and then declined after that in all root zones. These contrasting results 

relating to K
+
 and Na

+
 distribution in different root zones were then further supported by 

examining the distribution of Ca
2+

 in these root zones. It was observed that upon H2O2 treatment, 

K
+
 fluorescent intensity decreased in the root apex of both species but Ca

2+
 fluorescent intensity 

was increased only in quinoa root apex (Fig 8.11). Likewise, variation in the profile of K
+
 and 
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Na
+
 fluorescent intensities in the acclimated MZ of both species can also be explained by a 

variation in Ca
2+

 fluorescent intensities after different timings of H2O2 treatment, suggesting a 

very clear role of H2O2 and Ca
2+

 signalling in regulating K
+
/Na

+
 ratio in plants. A possible 

physiological role of SOS1 can be proposed here and its molecular identity should be identified 

in future studies. SOS1 is an important mechanism, involves in Na
+
 exclusion from root to 

rhizosphere or from roots to xylem (Shabala 2013). SOS1 is regulated by Ca
2+

 dependent binding 

protein (SOS3), which then activates serine/threonine based kinase protein (SOS2), then SOS2 

and SOS3 developed a SOS2-SOS3- complex and activates SOS1 mediated Na
+
 exclusion 

(Quintero et al. 2011; Maathius et al. 2014). Different studies showed that the overexpression of 

SOS1 improves salinity tolerance in different plant species (Shi et al. 2003; Yang et al. 2009, 

Yue et al. 2012; An et al. 2014). Besides excluding Na
+
, SOS1 also plays an important role in 

regulating K
+
 uptake by maintaining plasma membrane K

+
 permeability under saline conditions 

(Qi & Spalding 2004). In Arabidopsis, Ca
2+

 dependent SOS1 activation was responsible for 

activating inward-rectifying K
+
 channels in various plant systems (Li et al. 2006). Thus it can be 

suggested from our results that after acclimation regulation of K
+
/Na

+
 ratio in roots is highly 

sensitive to ROS and is potentially controlled by Ca
2+

 signalling; such Ca
2+

 signalling was more 

efficient in halophytic quinoa as compared with glycophytic spinach. Another possibility for 

explaining reduced sensitivity of acclimated quinoa root to external H2O2 can be a smaller 

population of ROS activated GORK or NSCC mediating K
+
-efflux, or higher activation of 

endogenous antioxidant defence system (Wang et al. 2018). The molecular evidences of this 

possibility should be exposed in future electrophysiological and molecular experiments.  

8.5 Conclusion 

Acclimation is an important component of complex salinity stress tolerance in plants. 

Halophytic and glycophytic species respond differently to the presence of high NaCl 

concentration in leaf mesophyll apoplast and ROS stress. This difference includes (1) better K
+
 

retention in the leaf mesophyll of acclimated quinoa resulting from higher H
+
-pumping (2) more 

efficient Ca
2+

 signalling essential for excluding Na
+
 from quinoa root (3) an efficient ability to 

retain higher K
+
/Na

+
 ratio in roots made quinoa perform better after acclimation, and (4) the role 

of H2O2 in activating ion channels and inducing acclimation in halophytic quinoa. Further studies 

are required to identify molecular players behind these physiological responses in order to 
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further understand the novel role of ROS signalling in inducing acclimation to salinity stress. 

Further studies are also required to examine the role of ROS signalling in improving stress 

tolerance under other abiotic stress conditions such as drought or high temperature.  
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Chapter 9 

General Discussion 

The current project was a part of the joint project between University of Tasmania (Australia) 

and Qatar University on exploring the diversity of salinity stress tolerance mechanisms in 

halophytes vs. glycophytes. The idea of this project was to increase our understanding of 

complex salinity tolerance mechanisms in halophytes. Gaining such knowledge may be 

instrumental in assisting in improving salinity tolerance in glycophytes in order to meet projected 

increase in food demand. Halophytes have always been a focus of attention for plant scientists, 

because of their incredible ability to cope with salinity stress and due to the fact that they show 

better growth under saline conditions. This makes them very potential candidates to understand 

the nature and the existence of complex salinity tolerance mechanism in plants. At the very least, 

halophytes may provide genes that allow transgenic conference of salinity tolerance to crops. 

Besides salt loving nature of halophytes, some halophytes are being used for edible purpose as 

oilseed crops or vegetables for human and as forage for livestock (Panta et al. 2014; 2016). 

Maintaining optimal K
+
/Na

+
 ratio in plants is a key determinant of salinity stress tolerance and 

reduction in this ratio results in salt sensitive phenotype (Liu et al. 2019; Wang et al. 2019). 

Halophytes also show strong drought stress tolerance (Rangani et al. 2018; Rakhmankulova et al. 

2020) and maintains higher K
+
/Na

+
 ratio to avoid drought stress (Wang et al. 2004; Jdey et al. 

2014). Numerous factors may influence Na
+
 and K

+
 homeostasis in plants, and the process of its 

regulation needs to be considered in a very strict tissue-specific context. The efficiency of 

maintaining optimal K
+
/Na

+
 varies among plant species and such variation was also observed 

from different members of same plant family. For instance, salinity tolerance in salicornia was 

associated high SOS1 mediated Na
+
 extrusion from root to xylem but not in spinach (Katschnig 

et al. 2015). Likewise salinity tolerance in Brassica napus was associated with its higher K
+
 

retention ability in root mature as compared with its salt sensitive counterpart (Brassica 

oleracea) from same Brassicaceae family (Chakraborty et al. 2016a;b). Thus, investigating and 

comparing such diversity in stress tolerance mechanisms among different plant species will 

further enhance our knowledge of salinity tolerance but will also shed some light on potential 

physioloigcla mechanisms conferring drought stress tolerance. This project has shed a light over 
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the rationale of such variation by examining the salinity tolerance in halophytic quinoa and 

glycophytic spinach from Chenopodiaceae family.   

This project was designed to (i) to understand the physiological basis of differential 

growth responses to salinity stress in quinoa and spinach; (ii) to investigate the role of tissue- 

specificity of K
+
 homeostasis and intracellular Na

+
 sequestration in overall salinity stress 

tolerance; (iii) to understand the causal link between xylem ion loading and K
+
 retention leaf 

mesophyll cells; (iv) to investigate the role of the tissue- specific intracellular K
+
 and Na

+
 

distribution in different root zones in response to H2O2 stress; (v) to investigate the role of ROS 

signalling in acclimation to salinity. The major findings of this project are discussed below. 

 Our results revealed the high the tissue- specificity of ionic homeostasis in different root 

zones in quinoa and spinach and the important signalling role of H2O2 and Ca
2+

 in 

mediating intracellular K
+
 and Na

+
 sequestration under salinity stress. Upon salinity 

stress, salinity- induced K
+
-efflux (or K

+
 leakage) was higher in glycophytic spinach as 

compared with halophytic quinoa plants (Chapter 4). Salinity tolerance in quinoa (judged 

in terms of higher biomass production and higher stomatal conductance and higher 

photosynthetic pigments) was associated with better K
+
 retention ability in 

photosynthetically active leaf mesophyll cells and root mature zone (Chapter 4, 5). The 

importance of K
+
 retention in leaf mesophyll in the context of salinity tolerance has also 

been reported in many other plant species (Wu et al. 2015a; Percey et al. 2016; 

Chakraborty et al. 2019; and Feng et al. 2019). Spinach was unable to retain K
+
, 

potentially due to high sensitivity of K
+
 permeable channels to salinity stress and higher 

cytosolic Na
+
 toxicity and/or in-efficient vacuolar Na

+
 sequestration via NHX at tonoplast 

or Na
+
 extrusion from roots via SOS pathway (Chapter 4). Overexpression of NHX gene 

and SOS1 improved salinity tolerance in numerous glycophytic plant species (Table 2.2), 

thus indicating the reasons behind the inefficiency of the glycophytic spinach to cope 

with cytosolic Na
+
 toxicity.   

 

 Under saline conditions, translocation of Na
+
 from root to shoot via xylem is an 

important component of salinity tolerance. Halophytes accumulate relatively higher Na
+
 

contents in the shoot, for both osmotic adjustment and to reduce Na
+
 toxicity in roots by 
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lowering Na
+
 concentration. They also rely on Na

+
 sequestration in specialized cells such 

as epidermal bladder cells to handle salt load (Flowers & Colmer 2008; Tran et al. 2019). 

In this project, xylem Na
+
 concentration increased proportionally to increasing salinity 

levels in both species but was highest in halophytic quinoa (Fig 5.2). However, Na
+
 

contents in leaves were not different between salt-sensitive spinach and salt-tolerance 

quinoa plants at highest (500mM NaCl) salinity level, despite a major difference in their 

growth responses (Fig 5.2). Furthermore, keeping in view the importance of K
+
 for the 

activation of different enzymes involved in plant metabolism (Cakmak 2005), K
+
 

accumulation in spinach and quinoa leaves were also observed. In salt-sensitive spinach 

leaf K
+
 contents declined with increasing salinity levels while in quinoa K

+
 contents 

increased with increasing salinities. Hence, it can be suggested  it is the superior ability of 

halophytes to retain/uptake K
+
 and to sequester Na

+
 in vacuole rather than exclude Na

+
 

that confers high salinity stress tolerance in quinoa (Chapter 5). 

 

 Increased NaCl concentration in the apoplast of leaf mesophyll (based on MIFE data) 

altered ion transport and induced higher K
+
-efflux in leaf mesophyll in a glycophytic 

spinach as compared with halophytic quinoa (Chapter 5). NaCl induced K
+
-efflux has 

been negatively correlated with salinity tolerance in the mesophyll of different plant 

species (Wu et al. 2013) and, indeed, this relationship was also found to be true among 

quinoa and spinach contrasting in their salinity tolerance (Chapter 5). Salinity induces 

H
+
-efflux by activating H

+
-ATPase at plasma membrane. Higher activation of H

+
-efflux 

is required to restore membrane potential and to reduce K
+
-efflux (Shabala et al. 2016) 

via depolarization-activated GORK-like channels. Activation of H
+
-efflux was found to 

be positively correlated with salinity tolerance in different plant species and reduction in 

H
+
-efflux results in higher K

+
-efflux (Janicka-Russak 2011; Bose et al. 2014b). 

Nonetheless, the activation of H
+
-ATPase requires energy and its up-regulation results in 

abnormal growth and yield penalties. Therefore, it can be suggested that salt tolerant 

plant species possesses better ability of maintaining higher cytosolic K
+
 along with 

reduced reliance on H
+
-ATPase activity (Bose et al. 2014b). This notion is further 

confirmed by the results in Chapter 5 that salinity tolerant quinoa showed less H
+
-efflux 

as compared with salt sensitive spinach.  
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 Calcium (Ca
2+

) is an important secondary messenger and plays very a critical role in 

stress sensing and signal transduction (Tuteja & Mahajan 2007; Seifikalhor et al. 2019). 

Intracellular Ca
2+

 concentration can be influenced by different environmental stimuli, 

which activate different Ca
2+

 permeable channels, transporters and pumps to generate 

‗Ca
2+

 signatures‘ (Demidchik & Shabala 2018). An stress-induced elevation in the 

cytosolic free Ca
2+

 is an ubiquitous response that results in the activation of numerous 

mechanisms involved in salinity tolerance, such as activation of SOS1 pathway to reduce 

cytosolic Na
+
 toxicity or higher activation of AKT1 to increase K

+
 uptake (Ji et al. 2013; 

Assaha et al. 2017). Nonetheless, higher accumulation of cytosolic Ca
2+

 also causes 

cytosolic toxicity, thus plants also exhibit Ca
2+

-efflux system to restore the basal 

cytosolic Ca
2+

 concentration (Bose et al. 2011). The results of present work showed the 

existence of tissue- and ROS- specific Ca
2+

 signatures in regulating intracellular K
+
 and 

Na
+
 homeostasis in quinoa and spinach. Amongst most important findings from the 

current work, the following should be mentioned: (i) sensitivity of Ca
2+

 permeable 

channels to ROS was higher in the root apex as compared with mature zone in both 

species (Chapter 4 & 6), (ii) an elevation in the cytosolic Ca
2+

 induced higher Na
+
 

exclusion from the cytosol of a mature root zone in quinoa only, suggesting a possible 

causal relationship between Na
+
 homeostasis and Ca

2+
 accumulation in halophytes under 

saline conditions (Chapter 4), (iii) in quinoa, salinity induced K
+
-efflux was accompanied 

by Ca
2+

-influx, most likely via NSCC channels, in the leaf mesophyll. Glycophytic 

spinach, however, showed least sensitivity of Ca
2+

 flux to H2O2  (Chapter 5), (iv) Ca
2+

-

efflux systems play a major role in shaping stress-specific Ca
2+

 signatures in leaf and root 

tissues in response to O2
 

and •OH. Accordingly, the role of Ca
2+

-ATPase located at the 

plasma membrane and Ca
2+

/H
+
 exchange located at tonoplast should be investigated in 

future studies (Chapter 7). Taken together, our data suggest that stress-specific Ca
2+

 

signatures operate in halophytes in a tissue-specific manner, to confer salinity stress 

tolerance.  

 

 Kinetics of intracellular K
+
 and Na

+
 sequestration under salinity stress revealed tissue-

specific regulation of ionic homeostasis in root zones. For instance, after 24h of NaCl 
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stress, cytosolic K
+
 accumulation was 1.1 folds higher in the MZ of quinoa while spinach 

showed progressive decline in cytosolic K
+
 after different time points of salinity stress 

(Chapter 4). Moreover, quinoa was able to sequester more Na
+
 in the vacuole after 24h of 

salinity treatment while spinach showed less vacuolar sequestration and kept higher 

proportion of Na
+
 in the cytosol in all root zones. Quinoa accumulated more Na

+
 in the 

root apex as compared to spinach, indicated the role of root apex a ‗salt sensor‘ in 

halophytic quinoa.  

 The last experimental chapter of this thesis (Chapter 8) was dealing with the role of ROS 

signalling in acclimation to salinity stress. This study provided direct electrophysiological 

evidence for ROS-mediated ionic homeostasis during acclimation. The major findings 

are: (i) in leaf mesophyll, sensitivity of K
+
 flux from acclimated spinach to external NaCl 

and H2O2 stress was higher as compared with quinoa; (ii) an up-regulation of H
+
-efflux 

was observed in quinoa during acclimation process while in spinach net H
+
-influx was 

measured from plants pre-treated with 300mM NaCl (Fig 8.1). This suggests that during 

the acclimation process, quinoa reduces membrane depolarization by energizing H
+
-

ATPase while spinach was unable to do that, thus explaining massive K
+
 loss in the latter 

species; (iii) reduced sensitivity of K
+
 permeable channels to external NaCl in acclimated 

quinoa leaf mesophyll explained the ability of quinoa to retain or uptake more K
+
; (iv) 

reduced sensitivity of K
+
 permeable channels to external H2O2 in acclimated quinoa leaf 

mesophyll suggested the desensitization of K
+
-permeable ion channels to ROS during 

acclimation; (v) quinoa accumulated more K
+
 in MZ during acclimation as compared 

with spinach; and (vi) treatment of acclimated roots with 5mM H2O2 showed tissue-

specific role of H2O2 in controlling intracellular Na
+
 sequestration and this was more 

efficient in halophytic quinoa as compared with glycophytic spinach.  

In summary, the results of this project revealed important aspects of ROS signalling in 

mediating ionic homeostasis in a halophytic quinoa to cope with salinity stress. The obtained 

results also emphasized a need to look at other members of the Chenopodiaceae family to further 

explore complex salinity tolerance mechanism in halophytes. The finding of this work could be 

also useful to reveal the physiological and molecular basis of drought stress tolerance in plants.  
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Future research: A summary of major findings obtained from in this project is given in 

figure 9.1. Conclusively, higher salinity stress tolerance in quinoa was due to (i) higher K
+
 

retention in leaf mesophyll and root mature zone, (ii) less activation of H
+
-ATPase during short 

term salinity stress, (iii) an efficient use of ROS in mediating intracellular K
+
/Na

+
 ratio, and (iv) 

better Na
+
 extrusion from roots and vacuolar sequestration ability. These results can be used to 

target key traits conferring salinity tolerance in halophytes and then can be transferred to 

glycophytes using genetic engineering approach. Current results can also assist in designing 

project on the improvement of other abiotic stresses such as drought along with salinity. 

Significant breakthroughs have been made on the mechanisms of salinity tolerance.  

Nonetheless, numerous suggestions and questions still remain to be revealed in future studies:  

1. Kinetics of intracellular K
+
 accumulation in response to salinity and ROS stress indicated 

that stress treatment reduces cytosolic K
+
; however, halophytic quinoa was able to restore 

cytosolic K
+
 from vacuolar pool while glycophytic spinach was unable to do that. The 

possible role of ROS signalling can be inferred here but its validity needs to be examined 

in future studies. 

2. Some components of stress signalling pathways involved in mediating intracellular 

K
+
/Na

+
 has been revealed. However it will be rather naïve to assume that quinoa only 

relies on K
+
-efflux as signalling element to activate ‗metabolic switch‘ and saves energy 

for stress adaptation. So, what could be the possible players involved in K
+
-efflux 

mediated activation of stress adaptation? 

3. Analysis of xylem ion loading and ionic homeostasis in leaves indicated that not Na
+
 

accumulation but K
+
 retention was a major factor conferring salinity tolerance in quinoa. 

Quinoa may use Na
+
 for osmotic adjustment while spinach does not have such 

mechanism. Advanced physiological and molecular studies are required to underpin such 

responses. 

4. Analysis of intracellular Na
+
 contents in different root zones in response to salinity stress 

revealed that quinoa accumulated more Na
+
 in the cytosol of root meristem zone to 

initiate salt stress signalling under short term salinity treatment (for 2 hours). However, 

under long term (24hours after NaCl treatment) higher vacuolar Na
+
 sequestration was 

observed in quinoa. On other hand, spinach showed cytosolic Na
+
 toxicity throughout the 
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experiment, suggesting the role of root meristem zone as ‗salt sensor‘ in halophytes. The 

question of how does root meristem zone sense Na
+
 and initiate stress signalling 

remained to be explored in future studies.  

5. Different Ca
2+

 flux responses were observed in response to different ROS in both quinoa 

and spinach and found that both species showed different Ca
2+

 flux pattern in response to 

ROS. Given that halophytes can employ ROS as signalling element more efficiently then 

what could be the molecular basis of such Ca
2+

 flux responses in halophytes? This should 

be addressed in future studies.   

6. Quinoa showed a better ability to retain K
+
 in different tissues and higher vacuolar 

sequestration during acclimation while spinach displayed cytosolic Na
+
 toxicity. The 

possible role of H2O2 in mediating such mechanism has also been revealed in this project, 

suggesting the involvement of H2O2 signalling in maintaining higher K
+
/Na

+
 ratio during 

acclimation. However, it is highly unlikely that only H2O2 plays such role. The possible 

role of Ca
2+

 signalling need to be investigated in this context.   
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Fig 9.1: Summary of major findings explaining the differential regulation of ion transport under salinity stress in halophytic quinoa 

and glycophytic spinach 
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