
 
 

     Institute of Plant Nutrition 

Justus Liebig University Giessen 

Prof. Dr. Sven Schubert 

 

 

 

Effects of the substitution of potassium by sodium on 

physiological processes and their responsible key 

enzymes in sugar beet 

 

 

A thesis submitted for the requirement of the 

 doctoral degree in agricultural sciences 

Faculty of Agricultural Sciences, Nutritional Sciences, 

 and Environmental Management 

Justus Liebig University Giessen 

 

 

 

Submitted by 

 

 

Franziska Eva Faust 

from Schweinfurt 

 

Giessen, August 2017 

  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supervisor:   Prof. Dr. Sven Schubert 

Co-supervisors: Prof. Dr. Bernd Honermeier 

   Prof. Dr. Rod Snowdon 

 

 



 
 

 

 

 

 

 

To my family 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

III 
 

Table of contents 

 

1 Introduction 1 
1.1 Soil salinity 1 
1.2 Salt stress of plants 2 
1.3 Three-phase model of salt stress 3 

1.3.1 Phase 0 4 
1.3.2 Phase 1 6 
1.3.3 Phase 2 7 

1.4 Substitution of potassium by sodium 
 

8 

2 Publication 1: Protein synthesis is the most sensitive 
process when potassium is substituted by sodium in the 
nutrition of sugar beet (Beta vulgaris) 
 

14 

3 Publication 2: In vitro protein synthesis of sugar beet (Beta 
vulgaris) and maize (Zea mays) is differentially inhibited when 
potassium is substituted by sodium 
 

26 

4 Discussion 34 
4.1 Net protein synthesis is the most sensitive process under 
substitution of K+ by Na+ in young sugar beet 

34 

4.2 The process of translation itself is inhibited due to the 
substitution of K+ by Na+ 

36 

4.3 Sugar beet ribosomes are less sensitive to the 
substitution of K+ by Na+ than ribosomes from maize 

37 

4.4 Is the dogma of Greenway and Munns (1980) still valid? 
 

38 

5 Conclusion 
 

44 

6 Summary 
 

45 

7 Zusammenfassung 
 

47 

8 References 
 

50 

9 Appendix 
 

58 

9.1 List of figures 58 
9.2 List of abbreviations 
 

58 

Acknowledgment IV 
Eidesstattliche Erklärung V 



 
 

1 
 

1 Introduction 

ñEach week the world loses an area larger than Manhattan to salt-degradation.ò 

(Adeel cited by United Nations University, 2017) 

This statement illustrates the significance of the increasing problem of soil 

degradation by salts. Soil degradation affects food production and contributes to the 

fact that almost 800 million humans worldwide suffer chronic hunger (FAO, 2015a). 

Worldwide about 1 billion hectares of soil are salt-affected (FAO, 2015b). Soil 

degradation by salinity and sodicity threatens not only food security of humans and 

animals in countries, whose economies are mainly based on agriculture, but the 

salinity-caused shortage of food can lead to civil disturbances. These disturbances 

contribute to political instability such as 2011 in Syria, which further worsen the living 

conditions of the population (Gleick, 2014). 

 

1.1 Soil salinity 

Salt-affected soils are impaired by salinity and/or sodicity. Soils are classified as 

saline, when the electrical conductivity (EC) of the saturated paste extract is higher 

than 4 dS m-1, which causes growth reductions of most crop species (United States 

Salinity Laboratory Staff, 1954). Sodic soils exhibit an exchangeable sodium 

percentage (ESP) higher than 15 (Qadir et al., 2007). Saline sodic soils, which 

comprise both problems, are characterized by an EC higher than 4 dS m-1 and an 

ESP higher than 15 (Schubert, 2015). 

Soil salinity is a global problem, especially in arid and semi-arid regions. In these 

climate regions evaporation exceeds precipitation. Due to evaporation the 
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concentration of ions in the soil solution increases. Insufficient precipitation does not 

allow leaching of salts. Ascending water transports salts from deeper soil layers 

upwards in the soil profile. Salts accumulate in top layers and crystallize at the soil 

surface (Schubert, 2015). The intensity of this natural primary salinity is increased in 

vicinities of seas: Oceanic salts carried by rain and wind increase the salt load near 

coasts (Munns and Tester, 2008). Moreover, soluble salts released from parental 

rocks promote the accumulation of salts in upper soil layers. Soluble salts resulting 

from weathering of parental rocks are mainly chlorides of sodium, calcium, and 

magnesium and, to a lesser extent, sulfates and carbonates (Szabolcs, 1994). 

In addition to primary salinity, which is caused by natural factors, incorrect cultivation 

techniques lead to secondary salinity. When water with dissolved salts is used for 

irrigation, these additionally supplied salts accumulate after evaporation of the water 

in soil (Schubert, 2011; Szabolcs, 1994). Also poor drainage facilities or continuous 

irrigation over long periods are responsible for human-induced soil degradation (FAO, 

2015b). 

 

1.2 Salt stress of plants 

Plant growth is inhibited indirectly and directly by soil salinity. Plant growth is 

indirectly impaired by the degradation of the soil structure. Sodium ions (Na+) 

compete with calcium ions (Ca2+) for binding sites on soil particles. The Na+ cannot 

build bridges to soil particles such as Ca2+. The cohesion between the soil particles is 

disturbed by the large hydration shell of sodium ions; hence, Na+ shows a peptizing 

effect on soil structure and the stability of soil aggregates is lost. The water and air 
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supply of the soil is thereby impaired. Therefore, rooting, root respiration, and uptake 

of nutrients are disturbed (Qadir et al., 2007; Schubert, 2011). 

 

1.3 Three-phase model of salt stress 

Plant growth is also directly inhibited by soil salinity. The response of plants to salt 

stress can be described by the two-phase model of Munns (1993). This conceptual 

model differentiates the osmotic and ionic effects of salt stress on plant growth 

(Munns, 1993). However, the two-phase model excludes short-term effects of salt 

stress (Schubert, 2011). This immediate response of the plants to salt stress was 

integrated in the model by Schubert (2011). Therefore, the model was extended to a 

three-phase model by adding one more phase, which describes the short-term 

effects of salt stress (Phase 0) (Figure 1).  
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Figure 1: Modified model of the plant response to salt stress according to Munns 
(1993), Schubert (2011), and Julkowska and Testerink (2015). Phase 0 includes 
short-term effects of salt stress on plant growth. Phase 1 is characterized by osmotic 
stress, while plants are affected by ion toxicity in Phase 2. The red line illustrates the 
response of a genotype which is sensitive in Phase 1 and 2. The green line shows a 
genotype which is partially resistant in Phase 1 and fully resistant in Phase 2. 

 

1.3.1 Phase 0 

Phase 0 starts immediately after the supply of sodium chloride (Figure 1). Entry of 

Na+ into the root cells via nonselective cation channels (NSCC) and members of the 

high-affinity potassium transporter (HKT) family leads to depolarization of the 

membrane potential of root cells (Garciadeblás et al., 2003; Demidchik and Maathuis, 

2007). Moreover, plants suffer reduced water availability and turgor of plants is 

reduced in Phase 0. Sometimes wilting of plants is observed (Schubert, 2011). 
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Epidermal and cortical root cells sense the ionic and osmotic components of salt 

stress (Munns and Tester, 2008) and induce local signaling (Cheeseman, 2013). 

Transient membrane depolarization, which is caused by Na+ influx, and turgor loss, 

which is sensed by mechano- and osmosensitive receptors, lead to NaCl stress-

specific increase in cytosolic Ca2+ concentration and reactive oxygen species (ROS) 

production within seconds to few minutes after exposure to salt stress (Munns and 

Tester, 2008; Julkowska and Testerink, 2015). The Ca2+ signal and elevated ROS 

levels induce abscisic acid (ABA) synthesis within hours. ABA initiates the activation 

of transcriptional responses (Julkowska and Testerink, 2015). There are not only 

local signaling cascades in sensing root cells, but also systemic signaling ones which 

induce integrated plant-wide responses (Cheeseman, 2013). However, the precise 

nature and components of systemic signaling are not clear. This long-distance 

signaling is mediated at least partly by ABA (Munns and Tester, 2008). Besides ABA, 

gibberellic acid (GA), ethylene, and jasmonate are involved in the interconnected 

salt-activated signaling network (Achard et al., 2006; Golldack et al., 2014). Also Ca2+ 

waves are likely to contribute to the long-distance root-to-shoot signaling under saline 

conditions (Choi et al., 2014). 

This early signaling response is followed by a quiescent phase (Figure 1) which is 

characterized by maintenance of a low growth rate (Deinlein et al., 2014; Julkowska 

and Testerink, 2015; Munns, 2002). Growth is reduced by the inhibition of cell 

division and cell extension. Cell division is inhibited due to ABA-mediated stabilization 

of DELLA proteins (Achard et al., 2006) which inhibit the growth-promoting action of 

GA (Ueguchi-Tanaka et al., 2007). Extension growth is reduced by the decrease of 

turgor and cell-wall extensibility, which may be caused by ROS-mediated crosslinking 
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of phenolic compounds and glycoproteins in the apoplast (Julkowska and Testerink, 

2015; Tenhaken, 2015). 

However, these changes in growth rate, membrane potential, and turgor are transient 

and recover after some time (Läuchli and Schubert, 1989; Thiel et al., 1988). In this 

recovery phase (Figure 1) turgor is restored by the sequestration of Na+ in vacuoles. 

Restored turgor allows turgor-driven extension growth (Julkowska and Testerink, 

2015). Moreover, extension growth is promoted by an increase in cell-wall 

extensibility. This increase in cell-wall extensibility could be explained with an excess 

of ROS (especially of OHĀ) over cross-linkable cell-wall compounds, which leads to 

the cleavage of cell-wall polysaccharides (Tenhaken, 2015). Growth recovery is also 

supported by activation of GA biosynthesis which enables reactivation of cell division 

(Yan et al., 2014). The extent of recovery depends on the sensitivity of early signaling 

and the capacity for acclimation (Munns and Tester, 2008; Julkowska and Testerink, 

2015). Due to its transient character Phase 0 is not physiologically relevant nor can it 

be used for breeding purposes. But it is important to avoid this phase when 

physiological experiments are carried out (Schubert, 2011). 

1.3.2 Phase 1 

Although growth recovers, the growth rate of not fully resistant plants does not reach 

the level of unstressed plants. Plants in this phase of salt stress (Phase 1) suffer 

osmotic stress (Figure 1) (Munns, 1993; Schubert, 2011). The lowered water 

availability imposes water stress on the plants. However, plants are adapted to the 

reduced water availability and do not suffer water stress due to osmotic adjustment. 

This is supported by the maintenance of turgor in Phase 1 (De Costa et al., 2007) 

and the absence of wilting symptoms (Schubert, 2011). Cell extension and cell 

division of sensitive plants are inhibited (Munns and Tester, 2008). Especially shoot 
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growth is strongly reduced in the first phase of salt stress (Fortmeier and Schubert, 

1995; Zörb et al., 2005; Hatzig et al., 2010; Hütsch et al., 2016). Therefore, plants 

show stunted growth and are sometimes dark-green color in Phase 1 (Schubert, 

2011). Moreover, osmotic stress can induce physiological calcium deficiency 

(Fortmeier and Schubert, 1995; Tavakkoli et al., 2010; Schubert, 2011). It was shown 

that genotypic differences exist also in the first phase of salt stress (Schubert et al., 

2009; Schubert, 2011). Plants resistant in Phase 1 show a better growth performance 

than sensitive plants (Figure 1). Genotypic differences in salt resistance in Phase 1 

can be partly ascribed to a different extent of apoplastic acidification in maize leaves 

(Zörb et al., 2005;Pitann et al., 2009). According to the acid-growth theory apoplastic 

acidification by plasma membrane (PM) H+-ATPase increases cell-wall extensibility 

and allows turgor-driven extension growth (Hager et al., 1971; Hager, 2003). 

Genotypic differences in apoplastic acidification may rely on different sensitivity of 

phytohormonal signaling, on the differential expression of efficient isoforms or on 

posttranslational modifications of PM H+-ATPase in Phase 1 of salt stress (Zörb et 

al., 2005; Pitann et al., 2009; Naeem, 2011). Genotypic differences also exist in the 

composition of cell walls and development of cell-wall maturation of maize leaves 

(Eitenmüller, 2016; Uddin et al., 2013). These differences affect cell-wall extensibility 

and, hence, the growth of maize leaves (Eitenmüller, 2016). 

1.3.3 Phase 2 

However, osmotic stress is not the only problem that arises from salt stress. Phase 1 

is followed by Phase 2 that causes further growth reductions (Figure 1) (Munns, 

1993). Due to high concentrations of salts in soil or nutrient solution plants cannot 

avoid a gradual accumulation of ions of these salts. This high cytoplasmic 

accumulation of ions leads to the disturbance of plant metabolism. Toxicity symptoms 
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(chlorosis, necrosis) are observed firstly on old leaves, since they are exposed 

longest to the transpiration stream and maturation of old leaves does not allow 

diluting of incoming ions (Munns, 1993; Munns and Tester, 2008). Especially Na+ and 

chloride (Cl-) can accumulate to toxic levels (Munns, 1993; Fortmeier and Schubert, 

1995). The accumulation of Na+ also induces a deficiency of potassium. Whereas Cl- 

is considered to be the more harmful ion for lemon, soybean, and grapevine (Munns 

and Tester, 2008), it was shown that Na+ is the most toxic ion in Phase 2 for most 

crops e.g. maize (Fortmeier and Schubert, 1995). Sümer et al. (2004) showed that 

effects of ion toxicity can also occur in the first phase of salt stress. However, the 

effects are quantitative negligible (Schubert, 2011). It was shown that genotypic 

differences in salt resistance of Phase 1 and 2 exist (Figure 1) (Munns, 1993; Pitann 

et al., 2013). Therefore, the Phases 1 and 2 are physiologically relevant and 

important for breeding purposes. The combination of resistance traits of Phase 1 and 

2 in salt-resistant (SR) maize hybrids was successfully achieved by conventional 

breeding methods (Schubert et al., 2009). 

 

1.4 Substitution of potassium by sodium 

Although the ñtwinsò K+ and Na+ (Benito et al., 2014) show many similarities, their role 

in plant nutrition differs. Whereas K+ is a macronutrient of all higher plants, Na+ is 

only essential in traces for some halophytes and C4 plants (Adams and Shin, 2014). 

As a macronutrient potassium fulfills three key functions in plants: Charge balance, 

osmotic functions, and enzyme activation. Due to the large diameter of the hydrated 

Na+ these key functions of potassium cannot completely be fulfilled by sodium 

(Schubert, 2015). Especially specific functions of K+ such as enzyme activation  

cannot be taken over by Na+ (Evans and Wildes, 1972). Hence, it is important for 
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cells to maintain K+ homeostasis in the cytoplasm under salt stress (Anschütz et al., 

2014). 

The accumulation of Na+ and the displacement of K+, which occur in Phase 2 of salt 

stress, can be simulated by the cultivation of plants in nutrient solution in which K+ is 

substituted by Na+. By using this experimental approach, the replaceability of K+ by 

Na+ can be tested by avoiding Phase 1 effects. By keeping the sum of supplied K+ 

and Na+ constant at the level of optimal K+ supply, additional effects caused by 

osmotic stress are deliberately excluded (Faust and Schubert, 2016, 2017). 

It is well known that K+ can be replaced by Na+ to a great extent in Beta vulgaris 

(Troug et al., 1953). However, the possible extent of substitution of K+ by Na+ is also 

limited in sugar beet. It was not clear which process is most sensitive towards the 

substitution of K+ by Na+ and, therefore, limits the extent of substitution (Faust and 

Schubert, 2016). Hence, one aim of this thesis was to identify the process which is 

most sensitive to the substitution of K+ by Na+ in sugar beet.  

Based on findings in the literature, we identified the processes of transpiration, 

growth, and net protein synthesis as possible processes which could suffer from the 

substitution. Hence, the following hypotheses (Faust and Schubert, 2016) were set 

up and tested in a substitution approach:  

1. K+ is important for opening and closing of stomata. Na+ disrupted the ability 

of stomatal closure in Vicia faba (Slabu et al., 2009). It is hypothesized that 

transpiration is most sensitive to the substitution of K+ by Na+ (Faust and 

Schubert, 2016). 
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2. K+ fulfills many functions in the process of plant growth (Hawkesford et al., 

2012). It is hypothesized that the growth of young sugar beet plants is most 

sensitive to the substitution of K+ by Na+  (Faust and Schubert, 2016). 

3. K+ deficiency reduced significantly the protein content of maize (Hsiao et al., 

1969). It is hypothesized that protein synthesis is most sensitive to the 

substitution of K+ by Na+ (Faust and Schubert, 2016). 

The first study of this thesis (Faust and Schubert, 2016) showed that net protein 

synthesis is the most sensitive process under substitution of K+ by Na+. However, net 

protein synthesis was not inhibited due to substrate limitation (Faust and Schubert, 

2016). Therefore, the following hypothesis was set up and tested in an in vitro 

approach (Faust and Schubert, 2017): 

4. It is hypothesized that the process of translation itself is inhibited due to the 

substitution of K+ by Na+ (Faust and Schubert, 2017). 

The observed sensitivity of protein synthesis towards the substitution of K+ by Na+ 

(Faust and Schubert, 2017, 2016) underlines the importance of avoidance of Na+ 

accumulation and maintenance of a high K+/Na+ ratio in the cytoplasm (Blumwald et 

al., 2000). There are two strategies for maintenance of ion homeostasis: minimizing 

the entry of Na+ (exclusion) and sequestration of Na+ in vacuoles (inclusion) (Munns, 

2002; Schubert, 2015). 

The strategy to keep the entry of Na+ into the plant as low as possible is achieved by 

passive and active exclusion of Na+ at the root surface (Greenway and Munns, 1980; 

Schubert, 2015). Passive exclusion of Na+ is achieved by ion channels that 

discriminate K+ and Na+ and do not allow Na+ to pass. It was shown that low passive 

Na+ permeability leads to reduced Na+ influx rates in maize (Schubert and Läuchli, 
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1990). However, it is not clear which root cell types (epidermal, cortical, or 

endodermal) enable selectivity (Munns, 2002). In addition to passive exclusion of Na+ 

due to the specificity of cation channels, the casparian band prevents the unselective 

entry of ions into the root stele. However, this endodermal barrier is not perfect. The 

casparian band is interrupted at the sites of secondary root formation and in the 

apical region in some plant species ( Robards and Jackson, 1976; Peterson et al., 

1981; Faiyue et al., 2010). It was shown that apoplastic bypass flow across the 

endodermis can contribute significantly to the amount of Na+ which enters the xylem 

under saline conditions (Yeo et al., 1987). Krishnamurthy et al. (2009) showed that 

an increased thickness of the casparian band, which blocks the bypass flow of water 

and solutes, contributes to the salt-resistance of some rice genotypes. 

A further possibility to avoid Na+ accumulation is the export of Na+ taken up. The only 

transporter enabling active Na+ efflux is the Na+/H+ antiporter Salt Overly Sensitive 1 

(SOS1). The pH gradient necessary for Na+ export is provided by PM H+-ATPase. 

However, the precise function of this PM-located antiporter and its physiological 

significance contributing to Na+ exclusion under saline conditions are not fully 

understood (Britto and Kronzucker, 2015). Since SOS1 activity is dependent on the 

pH gradient established by PM H+-ATPase, the contribution of SOS1 to Na+ extrusion 

in alkaline saline soil is supposed to be low due to the lack of H+ (Schubert, 2015; 

Falhof et al., 2016; Hamam et al., 2016). Experiments of Kiegle and Bisson (1996) 

demonstrated that Na+/H+-antiport systems contribute to Na+ efflux in Chara algae at 

pH 5-7, but not at pH 9. Whereas SOS1 is highly expressed in parenchyma cells at 

the xylem/symplast boundary of roots, stems, and leaves and seems to be able to 

retrieve Na+ from the xylem sap depending on severity of salt stress (Shi et al., 

2002), expression of SOS1 in roots is reported only for cells of root tips (Shi et al., 
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2002). Also experiments of Hamam et al. (2016) support the role of SOS1 in the 

export Na+ from distal regions of the root, and not from the bulk root. Since 

meristematic cells do not have the possibility to sequester Na+ in vacuoles, the 

activity of SOS1 could be necessary to maintain a high K+/Na+ in the cytosol of root-

tip cells (Shi et al., 2002; Britto and Kronzucker, 2015).  

A possibility to allow Na+ export under alkaline conditions would be the export of Na+ 

by Na+-ATPases. The presence of Na+-ATPases has been suggested for algae 

(Blumwald et al., 2000). The marina alga Heterosigma akashiwo possess a Na+-

ATPase (HANA) which shows similarities with the Na+/K+-ATPase in animals. HANA 

enables the alga to maintain a low intracellular Na+ concentration in its saline habitat 

(Wada et al., 1989, 1992; Shono et al., 2001). The presence of an Na+-ATPase, 

which shows similarity with fungal ENA (exitus natrium)-type Na+-ATPases, was 

identified in the moss Physcomitrella patens (Benito and Rodríguez-Navarro, 2003). 

However, Na+ pumps have not (yet) been identified in higher plants. 

The second strategy to maintain a high K+/Na+ ratio in the cytoplasm is the exclusion 

of Na+ from cytoplasm by sequestration of Na+ in vacuoles. This strategy is used 

efficiently by halophytes (Munns, 2002). Sodium is sequestered in vacuoles by 

means of Na+/H+-antiporter NHX in the tonoplast (Adler et al., 2010). Na+ efflux from 

vacuole into cytoplasm is prevented by efficient control of slow (SV) and fast (FV) 

vacuolar channels in the halophyte Chenopodium quinoa (Bonales-Alatorre et al., 

2013).  

The successful compartmentalization of Na+ (and Cl-) is responsible for the increased 

salt resistance of halophytes compared to glycophytes (Greenway and Munns, 1980; 

Munns, 2002). This was supported by the findings of Flowers (1972) and Greenway 

and Osmond (1972). They showed that cytosolic enzymes from halophytes exhibited 
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a similar sensitivity to high Na+ concentrations as those from glycophytes. The tested 

enzymes from halophytes did not show a higher tolerance to elevated Na+ 

concentrations. These findings led Greenway and Munns (1980) to the postulation of 

the dogma that the basis for the salt resistance of halophytes is the successful 

compartmentalization of Na+ and that halophytic enzymes are not adapted to high 

Na+ concentrations. 

More than thirty years later, we questioned whether this dogma is still valid. Reason 

for the doubt of validity of the dogma was provided by the results of Wakeel et al. 

(2011). These authors showed that the key enzyme PM H+ -ATPase of sugar beet is 

significantly less susceptible to the substitution of Na+ by K+ than the key enzyme 

from maize. Based on the results of Wakeel et al. (2011), the following hypothesis 

was set up (Faust and Schubert, 2017): 

5. It is hypothesized that the activity of sugar beet ribosomes, which also play 

key role in the plant organism, are less susceptible to the substitution of K+ by 

Na+ than the ribosomes of maize (Faust and Schubert, 2017). 
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2 Publication 1: Protein synthesis is the most sensitive process 

when potassium is substituted by sodium in the nutrition of sugar 

beet (Beta vulgaris)* 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* Faust, F., Schubert, S., 2016. Protein synthesis is the most sensitive 

process when potassium is substituted by sodium in the nutrition of sugar 

beet (Beta vulgaris). Plant Physiol. Biochem. 107, 237ï247. 
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