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1.1. General introduction 

Secondary salinity (salinity caused by human activities) is a growing problem worldwide as 

pressure on agricultural land for food production increases. Increased seepage (from irrigation 

or removal of deep-rooted vegetation), development of a shallow water table, and 

remobilization of salt stored in the soil profile to the soil surface are important factors in 

increased soil salinity (Barrett-Lennard, 2003; Zörb et al., 2019). In recent years, due to the 

increasing industrial production, there has also been increased contamination of agricultural 

land with lithium (Li+) (Shahzad et al., 2016; Goonan, 2012), which does not naturally occur 

in soils due to its high reactivity (Shahzad et al., 2016). In addition, low groundwater levels or 

reduced infiltration of surface water due to sodicity cause waterlogging in a large portion of 

saline soils (Anderies et al., 2006; Carter et al., 2006), resulting in hypoxic conditions (Grable, 

1966). The study of physiological and metabolic adaptation of plants with tolerance to salinity 

and hypoxic conditions will enable us to breed plants that can better cope with these 

environmental conditions. 

1.2. Salt stress and tolerance mechanisms 

Soil salinity is one of the most detrimental abiotic stressors, severely damaging crops and 

resulting in significant yield losses (Munns et al., 2006). About 7% of the total land area (1,000 

million ha) and 20% of irrigated cropland is affected by salt stress (Li et al., 2014), resulting in 

drastic yield losses of 50-80% at moderate levels of salt stress (EC 4-8 dS m-1) (Panta et al., 

2014), as most common crops are salt-sensitive glycophytes (Zörb et al., 2019). Sodium 

chloride (NaCl) is often dominant in salinity stress but other ions can also contribute to the 

stress level, which directly or indirectly affect plant growth and health (Hasanuzzaman and 

Tanveer, 2020). 

Direct interactions can be divided into two phases. The first, osmotic phase, is characterized by 

a reduced osmotic potential of the soil caused by the accumulation of high salt concentrations 

in the root surrounding soil, limiting water and nutrient uptake by the roots (Munns and Tester, 

2008). The osmotic stress induces a rapid accumulation of abscisic acid (ABA), which causes 

a prompt closure of the stomata (Geilfus et al., 2018). By reducing transpiration, plants 

minimize ion uptake via the transpiration stream with the trade-off that fewer nutrients are taken 

up and photosynthesis is inhibited due to reduced gas exchange as the stomata are closed (Zhang 

et al., 2018). Plants can cope with osmotic stress by the compartmentation of excess ions into 

the vacuole (Shabala et al., 2020), thereby mitigating the effects of reduced soil water potential 
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under saline conditions. At cellular level, the osmotic balance is established by the 

accumulation of compatible solutes in the cytosol, which also stabilize the structure of proteins 

and membranes during salt stress (Muchate et al., 2016; Läuchli and Lüttge, 2004). 

During water uptake under saline conditions, plants must excrete up to 98% of the sodium (Na+) 

and chloride (Cl-) to avoid reaching concentrations that exceed those required for osmotic 

adjustment and cause toxic effects (Munns et al., 2020). The second, toxic phase occurs when 

a plant is exposed to saline conditions for an extended period of time and salt tolerance 

mechanisms are unable to mitigate the increasing ion uptake by the plant (Munns and Tester, 

2008). In salt-sensitive glycophytes, ion concentration increases rapidly after exposure to saline 

conditions due to their limited exclusion and compartmentalization capabilities, causing a 

disruption of the ionic equilibrium (Munns and Tester, 2008). Toxic levels of Na+ and Cl- in the 

cytoplasm can cause growth inhibition and the formation of leaf chlorosis and necrosis (Yeo 

and Flowers, 1983; Razzaque et al., 2019). Besides ROS formation and membrane damage, 

toxic effects of Na+ can be explained by an imbalance in the cation homeostasis caused by high 

Na+ concentrations in the cytoplasm. Due to similar properties, Na+, potassium (K+), and 

calcium (Ca2+) compete for uptake into the cell, reducing the uptake of K+ and Ca2+ at high salt 

concentrations (Yang and Guo, 2018). Furthermore, due to the similar physico-chemical 

properties of Na+ and K+, these two ions compete for enzymatic binding sites, resulting in 

disruption of essential cellular functions such as photosynthesis, respiration, carbohydrate 

metabolism, and nitrogen fixation (Flowers et al., 2015; Zörb et al., 2004; Richter et al., 2015; 

Liu et al., 2019). In addition, high Cl- concentrations impair nutrient uptake due to antagonistic 

competition between Cl- anions and nitrate and phosphate (Geilfus, 2018). High accumulation 

of Cl- in the chloroplast could lead to inhibition of photosynthesis by affecting the enzymes for 

photosynthetic CO2 fixation (Bose et al., 2017). As a consequence, photoinhibitory damage to 

PSII reaction centres can lead to the formation of reactive oxygen species (ROS) (Geilfus, 

2018). Salt stress induced ROS accumulation cause membrane peroxidation, DNA damage, 

protein denaturation, carbohydrate oxidation, pigment breakdown, and an impairment of 

enzymatic activity resulting in chlorotic lesions and necrotic tissues (Bose et al., 2014). To 

prevent cell degradation, the plant adjusts its metabolic profile by forming enzymes and 

molecules to scavenge ROS (Geilfus et al., 2015; Bose et al., 2014) and changing the lipid 

composition of cells and organelles to prevent membrane leakage (Liu et al., 2021). 

In addition to the direct toxic and osmotic effects of salt stress, there are also indirect effects of 

salt stress on plant growth, such as affecting the soil microbial community, especially 
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mycorrhizae, and the soil aggregation, with negative effects on the plants nutrient and water 

uptake (Bronick and Lal, 2005; Zhu et al., 2016; Wang et al., 2021). 

Besides Na+, other cations with similar physiochemical properties can also cause typical toxic 

reactions. In recent years, the use of Li+ in industry production increased drastically resulting 

in enhanced Li+ pollution of agricultural used land (Goonan, 2012; Shahzad et al., 2016). Li+ is 

an alkali metal with a similar ion radius of 0.71 Å (hydrated: 3.40 Å) and belongs to group IA 

like Na+ (0.97 Å/ hydrated: 2.76 Å) and K+ (1.41 Å/ hydrated: 2.32 Å) (Luo et al., 2019). Due 

to its smaller radius and high polarizing strength Li+ shows high affinity and similarity to some 

essential plant nutritional elements (Shahzad et al., 2017). Similar to Na+, Li+ can also occupy 

K+ enzyme binding sites (Birch, 1991), and thereby negatively influence enzymatic processes 

in the plant. Shahzad et al. (2016) proposed an alternative mechanism for Li+ toxicity, as the 

accumulation of Li+ in the cytoplasm could lead to conformational changes of enzymes that 

affect their activity. The activity of enzymes is highly dependent on the cationic environment, 

with many enzymes adapted to a K+-containing environment. Substitution of K+ by Li+ could 

interfere with this sensitive adaptation, as Li+ has a smaller ionic radius with a higher ionic 

charge and thus a larger hydrate shell compared to K+ (Sapse and Schleyer, 1995). In higher 

concentrations, Li+ is toxic to plants and inhibits plant growth (Hawrylak-Nowak et al., 2012). 

Initial studies have also shown that DNA condensation, which is partly determined by the 

Na+/K+ ratio, is disrupted by competition between K+ and Li+ ions, with the more rapid binding 

of lithium causing a change in DNA conformation (Shahzad et al., 2017; Weeks, 1968). A 

severe Li+ accumulation induces leaf necrosis and also the degradation of chlorophyll a, b and 

carotenoids due to a drastic increase of lipid peroxidase activity (Makus et al., 2006). 

Furthermore, Li+ stress has an influence on plant physiology and metabolism by altering the 

carbon assimilation, inducing ROS accumulation, and negatively effecting nucleic acids and 

protein metabolism (Tanveer et al., 2019). 

1.3. Hypoxia and tolerance mechanisms 

Soil waterlogging is an important abiotic stress that is becoming increasingly important and 

leads to significant yield losses in various crops. From 2010-2016, the cost of flood-related 

production losses in the United States was about $360 million per year, which was in fact higher 

than drought-related losses in three of the seven years (USDA, 2017; Ploschuk et al., 2018). 

Waterlogging events lead to a rapid decrease in the oxygen concentration in the root zone, as 

the oxygen diffuses much more slowly in water-filled pores compared to gas-filled pores 
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(Grable, 1966). The oxygen demand from respiration by roots and soil microorganisms exceeds 

by far the influx from the atmosphere, so that the waterlogged soil quickly becomes hypoxic 

(partial oxygen deficient), followed by anoxic conditions (total oxygen deficiency). 

Plants respond to soil oxygen deficiency with a range of anatomical, morphological, 

physiological and metabolic responses to mitigate the effects of soil oxygen depletion (Zahra 

et al., 2021). In some plants, aerenchyma tissue forms in the roots when exposed to hypoxic 

conditions, contributing to the maintenance of aerobic respiration by forming small zones of 

oxygenated soil around the roots (Colmer, 2003). Another strategy to prevent oxygen deficiency 

is to form a shallow adventitious root system to maximize the uptake of diffusing oxygen 

through the high root area near the soil surface (Pedersen et al., 2021). 

Hypoxic conditions at the root level induce abscisic acid accumulation in higher leaves causing 

stomata closure and a reduced carbon fixation in plants sensitive for hypoxia (Bai et al., 2013; 

Pan et al., 2019). The inhibition of the photosynthesis can damage the photosystem II caused 

by ROS formation, which can subsequently lead to chlorophyll degradation and leaf chlorosis 

(Nishiyama et al., 2006; Araki et al., 2012). 

Under hypoxic conditions at the root, ATP production via oxidative phosphorylation is 

inhibited because less and less oxygen is available as a substrate for the cytochrome c-oxidase 

(Gibbs and Greenway, 2003). Cells can cope with the reduced ATP:ADP ratio under hypoxic 

conditions by relying mainly on glycolysis. Due to the low ATP yield of 2-4 ATP units by 

glycolysis compared to oxidative phosphorylation with a maximum production of about 36 ATP 

units, glycolysis has to be strongly upregulated to meet the cellular demand for ATP (van 

Dongen and Licausi, 2015). To prevent inhibition of glycolysis by low NAD+ availability, 

NAD+ is recovered from NADH by lactate and ethanol fermentation (Bailey-Serres and 

Voesenek, 2008). Under hypoxic conditions, lactate dehydrogenase initially converts pyruvate 

to lactate, which leads to a decrease of the cellular pH over time (Dolferus et al., 2008). To 

prevent over-acidification of the cell, ethanol fermentation is activated, where pyruvate is first 

reduced to acetaldehyde and finally to ethanol (Colmer et al., 2020). Additionally, NAD+ can 

be recycled from NADH by the nitric oxide (NO) cycle: During hypoxia, nitrate is reduced by 

the nitrate reductase, increasing the NO production. Class-1 nonsymbiotic hemoglobins, which 

are enhanced expressed at low oxygen levels, oxidize NO back to nitrate with NADH as a co-

substrate (van Dongen and Licausi, 2015; Igamberdiev, 2004). 

Hypoxia is also associated with increases of alanine, γ-aminobutyric acid (GABA), succinate, 

and malate (Miyashita and Good, 2008; Borella et al., 2017; Vitor and Sodek, 2019). A 

discussed reaction of primary metabolism to provide NAD+ under hypoxic conditions is the 
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splitting of the tricarboxylic acid (TCA) cycle into an oxidative and a reductive branch, both 

commencing from oxaloacetate (Rocha et al., 2010; Sweetlove et al., 2010; Narsai et al., 2011). 

One branch proceeds in the common oxidative direction, whereas the second branch follows 

the opposite reductive direction. It is hypothesized that the switch between these two fluxes is 

fluid, theoretically controlling the ratio of NAD(P)+ to NAD(P)H in mitochondria (van Dongen 

and Licausi, 2015). Rocha et al. (2010) proposes a link between the glycolysis and the TCA 

cycle fuelled by the GABA shunt. Pyruvate reacts with glutamate to form alanine and 

oxoglutarate via alanine aminotransferase. In the oxidative branch of the TCA cycle, the 

resulting oxoglutarate is processed in the mitochondria to succinate, producing one ATP 

molecule. The NAD+ required for this reaction is provided by the reductive branch by 

processing oxaloacetate to malate. Then malate either reacts with NAD+ via malic enzyme to 

form pyruvate, which can then be used for alanine synthesis. Alternatively, malate may react 

via fumarate to form succinate (Rocha et al., 2010; Narsai et al., 2011). The amino acids and 

intermediate products of the TCA cycle accumulated under hypoxic conditions serve as a 

quickly available carbon and nitrogen source during reoxygenation (León et al., 2021). 

1.4. Combined effects of salinity and hypoxia 

Salinity and waterlogging, causing hypoxic conditions in the root zone, are abiotic stresses that 

often occur together in areas near floodplains, on agricultural land with secondary salinity 

(dryland and irrigated land), and in areas irrigated with water containing high levels of sodium 

(Barrett-Lennard and Shabala, 2013). The combination of salinity and hypoxia generates an 

intense stress for the plant: on the one side, hypoxic conditions at the root cause a severe energy 

deficit due to the inhibition of oxidative phosphorylation, and on the other side, energy-

consuming tolerance mechanisms against salt stress have to be maintained. For glycophytes 

such as Zea mays and Phaseolus vulgaris, Barrett-Lennard (2003) summarises that hypoxic 

conditions combined with salt stress enhance growth reduction and increase Na+ accumulation 

in the shoot by up to 6-fold compared to aerated (normoxic) plants in saline conditions. The 

author assumes that the low energy availability in the root tissue during hypoxia impairs the ion 

uptake by roots, resulting in increased Na+ (and Cl-) accumulation in the shoot. Low ATP supply 

leads to a decrease in ATPase activity and thus to a lower proton gradient at root cell 

membranes, which reduces the capacity for ion transport across the membranes and inhibits 

both K+ uptake and Na+/Cl- exclusion (Flowers and Colmer, 2008). As a result, glycophytes 

can accumulate high Na+ concentrations in the shoot even under mild salt stress, leading to 
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impaired photosynthetic rate and accumulation of stress-associated proline (Horchani et al., 

2008).  

Although, tolerance mechanisms of salt stress and hypoxic conditions have been highlighted 

individually in several studies, a general metabolic analysis linking the physiological response 

to these two environmental factors is still missing. According to Flowers (1985), halophytes 

are defined as plants that can complete their life cycle in salt concentrations of at least 200 mM 

NaCl under conditions similar to those that might be encountered in the natural environment. 

Unlike most salt sensitive glycophytic crops, halophytes and crops of halophytic origin, such 

as sugar beet (Beta vulgaris), have highly developed tolerance mechanisms to salinity. 

Additionally, some halophytes can tolerate waterlogging and salinity with little or no increase 

in shoot Na+ concentration (Flowers and Colmer, 2008). Species that tolerate a combination of 

waterlogging and salinity, such as Suaeda maritima, typically live in flooded saline soils, 

making them an ideal model organism to study the combined effects of salinity and hypoxia. A 

comparison with the closely related B. vulgaris will reveal the extent to which metabolic 

adaptation mechanisms are also present in the domesticated crop. 

1.5. Objectives & main findings 

A better understanding of tolerance mechanisms to salt stress and hypoxia is crucial to ensure 

yield stability, as these two stressors become more frequent in the future, both separately and 

in combination. In this thesis, the halophyte ‘S. maritima’ and the closely related crop 

‘B. vulgaris’ were used to analyse the tissue specific physiological and metabolic adjustment to 

hypoxia and salt stress as well as the competitive ion toxicity between Na+, K+ and Li+. 

The following research questions and answers will be addressed: 

 Is the osmotic adjustment of S. maritima affected by hypoxia under different salt 

concentrations? 

 The combination of high salinity and hypoxia caused an ionic imbalance and an increase 

of proline, caused by a disruption of the proline degradation in the roots under hypoxic 

conditions. 

 

 Are toxic effects caused by the uptake of lithium impacted by the accumulation of other 

cations? 

 The presence of cations with similar physico-chemical properties did not mitigate Li+ 

toxicity. 
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 Is there a tissue specific metabolic response of B. vulgaris to salinity and hypoxia? 

 Young and mature leaves were affected the most by salt stress and showed a similar 

metabolic response, accumulating sugars and osmoprotectants, whereas roots were 

mainly affected by hypoxia, with a partial flux of the TCA cycle associated with the 

GABA shunt. 

 In the shoot, proline biosynthesis reduces ROS formation caused by high salinity, while 

inhibition of proline degradation in the roots enhances proline accumulation under 

hypoxic conditions. 
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Supplementary  material 

Supplementary material 

Figure S1. Clustered heatmap of metabolites in roots of S. maritima under different salt 

treatments and normoxic or hypoxic conditions. Individual metabolites are represented by 

rows and different salt treatments with normoxic or hypoxic conditions by columns. Heatmap 

visualisation of the different metabolites is based on log10-transformed and centred data. Bluish 

colours indicate decreased concentrations of metabolites, yellowish colours increased 

metabolite levels (n=5). 
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Figure S2. Clustered heatmap of metabolites in shoots of S. maritima under different salt 

treatments and normoxic or hypoxic conditions. Individual metabolites are represented by 

rows and different salt treatments with normoxic or hypoxic conditions by columns. Heatmap 

visualisation of the different metabolites is based on log10-transformed and centred data. Bluish 

colours indicate decreased concentrations of metabolites, yellowish colours increased 

metabolite levels (n=5). 
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Table S1. Identified metabolites in shoots and roots of S. maritima under different salt 

levels and normoxic or hypoxic conditions. Plants were grown for six weeks in a hydroponic 

culture with low-, medium-, and hight-salt concentrations (n=5). Normoxic and hypoxic 

conditions were imposed for five days (SE, standart error; ND, not detectable). 

 

Table S1. (Continued) 
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Table S1. (Continued) 
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Table S1. (Continued) 
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Table S2. Ion concentrations in shoots and roots of S. maritima. Plants were grown for six 

weeks in a hydroponic culture with low-, medium-, and high-salt concentrations (n=5; SE, 

standard error). Normoxic and hypoxic conditions were imposed for five days. 

 

Table S3. Fresh weight increase of S. maritima under different salt concentrations and 

normoxic and hypoxic conditions. Plants were grown for six weeks in a hydroponic culture 

with low-, medium, and high-salt concentrations (n=5). Plants were weight before hypoxic 

conditions were established and after five days of hypoxia. 
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Supplementary  material 

Supplementary material 

SUPPLEMENT 1 Mean values of Beta vulgaris plant growth. Plants were grown under low 

salt and high salt concentrations. Roots were imposed to normoxic and hypoxic conditions for 

4 d. Values are presented as mean ± s.d. of four replicates each (n=4). 

 

Shoot DW 

[g] 
 

Root DW  

[g] 

Low Salt Normoxia 8.34 ± 0.64  1.13 ± 0.12 

 Hypoxia 4.28 ± 0.83  0.60 ± 0.24 

High Salt Normoxia 5.63 ± 0.72  0.86 ± 0.24 

 Hypoxia 4.45 ± 0.77  0.40 ± 0.11 

 

SUPPLEMENT 2 Plant growth and water content (WC) of sugar beet grown under different 

salt concentrations combined with normoxic and hypoxic conditions. B. vulgaris plants were 

grown in a hydroponic culture for 6 weeks. The fresh (FW) and dry weight (DW) of all leaves, 

petioles and the roots was determined 4 d after applying hypoxic conditions. The water content 

of the plants was calculated based on the fresh and dry weight. Values are presented as adjusted 

mean ± s.e. of four replicates each (n=4). Different letter indicates significant differences of the 

means according to post-hoc Tukey test (P≤ 0.05). 

 FW [g] DW [g] WC [%] 

Leaves Low Salt Normoxia 55.3 ±0.8 a  5.4 ±0.2 a  90 ±0.3 NS 

Hypoxia 23.1 ±3.4 bc  2.3 ±0.3 c  90 ±1.0 NS 

High Salt Normoxia 32.1 ±2.6 b  3.6 ±0,2 b  89 ±0.3 NS 

Hypoxia 15.6 ±3.5 c  2.8 ±0.2 bc  82 ±4.9 NS 
              

Petioles Low Salt Normoxia 42.0 ±1.1 a  3.0 ±0.1 a  93 ±0.3 a 

Hypoxia 18.4 ±2.7 b  2.0 ±0.2 b  89 ±0.8 b 

High Salt Normoxia 20.4 ±2.0 b  2.0 ±0.1 b  90 ±0.5 b 

Hypoxia 13.5 ±1.1 b  1.7 ±0.2 b  87 ±0.5 b 
              

Roots Low Salt Normoxia 30.0 ±2.6 a  1.1 ±0.2 a  96 ±0.2 NS 

Hypoxia 10.2 ±1.8 bc  0.6 ±0.1 bc  94 ±0.5 NS 

High Salt Normoxia 16.9 ±1.7 b  0.9 ±0.1 ab  94 ±0.3 NS 

Hypoxia 6.6 ±0.5 c  0.4 ±0.1 c  94 ±0.9 NS 
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SUPPLEMENT 3 Mean values of ion concentrations in young leaves, mature leaves and roots 

of Beta vulgaris. Quantification of sodium, potassium, magnesium and calcium of plants grown 

under low salt and high salt concentration combined with normoxic and hypoxic conditions. 

Values are presented as mean ± s.d. of four replicates each (n=4). 

 Sodium Potassium Magnesium Calcium 

 
[mmol g-1 

DW] 
[mmol g-1 

DW] 
[mmol g-1 

DW] 
[mmol g-1 

DW] 

Mature Leaf 

Low Salt 
Normoxia 1.86 ± 0.30 1.71 ± 0.29 0.40 ± 0.17 0.23 ± 0.03 

Hypoxia 1.45 ± 0.38 1.43 ± 0.28 0.36 ± 0.18 0.18 ± 0.02 

High Salt 
Normoxia 4.09 ± 0.30 0.76 ± 0.29 0.34 ± 0.15 0.09 ± 0.03 

Hypoxia 4.84 ± 0.56 0.97 ± 0.14 0.41 ± 0.04 0.12 ± 0.03 
 

 
             

Young Leaf 

Low Salt 
Normoxia 0.74 ± 0.16 1.26 ± 0.08 0.27 ± 0.01 0.15 ± 0.01 

Hypoxia 1.03 ± 0.34 1.10 ± 0.16 0.16 ± 0.06 0.13 ± 0.03 

High Salt 
Normoxia 2.55 ± 0.23 0.75 ± 0.06 0.25 ± 0.02 0.05 ± 0.01 

Hypoxia 3.46 ± 0.15 0.86 ± 0.20 0.16 ± 0.02 0.06 ± 0.01 
               

Root 

Low Salt 
Normoxia 0.61 ± 0.24 1.16 ± 0.28 0.31 ± 0.04 0.11 ± 0.06 

Hypoxia 0.37 ± 0.04 0.31 ± 0.32 0.08 ± 0.04 0.08 ± 0.08 

High Salt 
Normoxia 3.03 ± 0.48 1.85 ± 0.61 0.12 ± 0.01 0.15 ± 0.09 

Hypoxia 1.26 ± 0.53 0.51 ± 0.28 0.06 ± 0.04 0.14 ± 0.01 
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SUPPLEMENT 4 P values of selected metabolites showing the main effect and interaction of 

the stressors salt stress and hypoxia. P values were calculated by ANOVA. 

  Root  Young Leaf  Mature Leaf 
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C
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b
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d
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Sucrose 0.39 0.02 0.29  0.09 0.93 0.22  0.05 0.50 0.56 

Glucose 0.04 0.35 0.06  >0.001 0.51 0.34  0.04 0.93 0.65 

Glucose-6-P 0.19 0.37 0.93  >0.001 0.34 0.40  >0.001 0.12 0.10 

Fructose 0.03 0.76 0.77  >0.001 0.86 0.40  >0.001 0.24 0.34 

Fructose-6-P 0.07 0.81 0.73  >0.001 0.28 0.14  >0.001 0.55 0.47 

Ribose 0.43 0.25 0.40  0.24 0.51 0.93  >0.001 0.001 0.09 

Xylose 0.83 0.71 0.32  0.01 0.50 0.98  >0.001 0.06 0.85 

Trehalose >0.001 >0.001 >0.001  0.01 >0.001 0.01  0.001 0.47 0.49 

Melibiose 0.03 0.96 0.14  0.001 0.30 0.34  0.007 0.17 0.04 

PEP 0.28 0.28 0.28  0.002 0.44 0.44  >0.001 0.03 0.03 

Pinitol 0.29 0.27 0.03  0.12 0.02 0.92  0.10 0.01 0.08 

Mannitol 0.66 0.34 0.66  >0.001 0.55 0.16  >0.001 0.33 0.33 

             

A
m

in
o

 A
ci

d
s 

Proline 0.04 0.02 0.02  0.10 0.10 0.10  0.01 0.01 0.02 

Tryptophan 0.84 >0.001 0.77  0.17 0.85 0.51  0.39 >0.001 0.39 

Valine 0.007 >0.001 0.007  0.11 0.03 0.45  0.39 0.02 0.57 

Leucine 0.006 0.001 0.007  0.25 0.03 0.39  0.84 0.01 1.0 

Allysine 0.02 >0.001 0.007  1.00 0.16 0.16  0.11 0.01 0.08 

Isoleucine >0.001 >0.001 >0.001  0.11 0.01 0.29  0.11 0.01 0.24 

Norleucine 0.07 >0.001 0.15  0.11 0.19 0.71  0.24 0.16 1.0 

Homoserine 0.25 >0.001 0.33  0.64 0.93 0.29  0.11 0.01 0.13 

G
ab

a 
sh

u
n

t 

GABA 0.04 >0.001 0.25  0.20 0.39 0.51  0.40 0.01 0.06 

Alanine 0.03 0.51 0.51  0.05 >0.001 0.47  0.93 0.51 0.13 

Glutamine 0.67 0.84 0.18  >0.001 0.003 0.02  0.001 0.98 0.46 

Aspartate 0.53 0.003 0.29  0.01 0.11 0.71  0.64 0.52 0.85 

Glycine 0.07 >0.001 0.24  >0.001 >0.001 0.04  0.003 >0.001 0.06 

Serine 0.06 >0.001 0.04  0.13 0.39 1.00  0.30 0.29 0.71 

 Glutamate 0.83 0.83 0.32  0.71 0.03 0.11  0.07 0.31 0.12 

             

 Shikimate 0.79 0.18 0.87  >0.001 0.59 0.50  0.002 0.09 0.58 

T
C

A
-C

y
cl

e
             

Succinate 0.07 >0.001 0.07  0.01 >0.001 >0.001  >0.001 >0.001 0.004 

Fumarate 0.01 >0.001 0.01  0.22 >0.001 0.19  0.49 0.01 0.64 

Citrate 0.01 0.49 0.08  0.03 >0.001 0.256  >0.001 0.001 0.08 

Isocitrate 0.01 0.84 0.28  0.65 >0.001 0.65  >0.001 >0.001 >0.001 

Malate 0.06 0.06 0.56  0.04 0.05 0.45  >0.001 0.02 0.58 
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SUPPLEMENT 5 Schematic illustration of the experimental design. Sugar beet plants were 

germinated in sand and transferred to hydroponic culture 10 days after germination. The 

concentration of the nutrient solution was gradually doubled every second day until the full 

strength of the nutrient solution was reached. High salt treatment was applied gradually in 25% 

increments every second day. Seven days after the final sodium concentration was reached, 

plants in each salt treatment (4 mM = low salt, 200 mM = high salt) were divided into two 

groups with different levels of aeration for four days: normoxia and hypoxia. Under normoxic 

conditions, the nutrient solution was aerated. To create hypoxic conditions, the nutrient solution 

was mixed with 0.1% (w/v) agar to minimize oxygen input and diffusion at the surface of the 

liquid and flushed with nitrogen for 30 minutes before being added to the nutrient solution. The 

containers were topped up to a constant level with deionized water to compensate for 

evaporation and transpiration losses. 
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SUPPLEMENT 6 List of reference compounds used for metabolite identification. The 

identification of metabolites in plant samples was based on the retention time (RT) and MS data 

recorded on the same instrument (Red numbers indicate calculated values. * Compounds that 

are not measured, **Compounds that have been measured but whose mass and RT were 

unknown). 

RT 
Polaris 

RT 
ITQ 

RT  
LECO 

Name Mass Origin  

7.64 5.98 6.64 Pyruvate 174 Mix I 

8.86 7.19 7.84 Alanine 116 Mix I + AS 

10.63 8.9 9.56 β-Aminoisobutyric acid 130 AS 

11.66 9.96 10.64 a-Ketocaproat 110 Mix XI 

11.7 9.98 10.69 Valine 144 Mix I + AS 

12.6 10.84 11.4 Urea 189 Mix V + AS 

13.05 11.28 12.05 Ethanolamine 174 AS 

13.21 11.45 12.21 Leucine 158 Mix II + AS 

13.76 12 12.76 Isoleucine 158 Mix III + AS 

13.83 12.07 12.79 Proline 142 Mix VII + AS 

14.05 12.29 13.02 Maleic acid 245 Mix V 

14.08 12.3 13.08 Glycine 174 Mix II + AS 

14.36 12.58 13.33 Succinate 247409 Mix II 

14.48 12.7 13.43 Norleucine 158 Mix IV 

14.77 12.98 13.75 Glycerate 189292 Mix IX 

14.89 13.13 13.87 Uracil 255241 Mix VII 

15.32 13.53 14.31 Fumarate 245 Mix I 

15.55 13.77 14.5 Serine 204 Mix I + AS 

16.2 14.42 15.19 Threonine 101 Mix I + AS 

16.51 14.72 15.48 Thymine 255 Mix VI 

17.08 15.25 16.02 S-Methylcysteine 218 Mix IX 

17.26 15.4 16.23 ß-Alanine 248 Mix VI + AS 

17.84 15.99 16.81 Homoserine 218 Mix III 

18.36 16.56 17.31 Glutamine 155 Mix V + X 

18.83 16.97 17.79 Malate 245307 Mix XI 

19.49 17.63 18.44 Methionine 176 Mix V + AS 

19.54 17.72 18.48 Cytosine 240254 Mix XI 

19.58 17.72 18.54 L-Aspartate 100188232 Mix II + AS 

19.68 17.82 18.64 Hydroxyproline 230 AS 

19.75 17.87 18.71 GABA 174304 Mix X 

20.36 18.5 19.36 Cysteine 220 Mix III 

20.81 18.9 19.76 2-Isopropylmalate 275 Mix X 

20.92 19.03 19.86 a-Ketoglutarate 198 Mix II 

20.89 19.03 19.87 a-Hydroxyglutarate 203247 Mix VI 

21.39 19.52 20.34 PEP 369 Mix XI 
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21.81/2
2.15 

19.90/2
0.26 

20.75/21.
05 

Asparagine(4TMS) 
 

216 Mix XI + X 

21.79 19.9 20.74 Ornithin_Citrullin_Argenin_3T
MS 

216348 Mix III + AS 

21.92 20.01 20.82 Glutamate 230246 Mix VI + AS 

21.99 20.08 20.92 Phenylalanine 192 Mix IV + AS 

22.87 21.02 21.88 Homocysteine 128234 Mix VIII + AS 

22.53/2
2.77 

20.61/2
0.87 

21.49/21.
72 

Xylose 217307 Mix V 

22.95 21.02 21.88 Arabinose 217307 Mix VIII 

23.03 21.13 21.93 Asparagine(3TMS) 231 Mix XI + X 

23.25 21.34 22.21 Ribose 217 Mix IV 

24.07 22.13 23 2-Aminoadipate 260 Mix IX 

24.11/2
4.22 

22.17/2
2.29 

23.05/23.
17 

Rhamnose 277 Mix VI 

24.3 22.34 23.23 Ribitol 217 Probe 

24.87 22.9 23.77 cis-Aconitate 229 Mix VI + AS 

24.67/2
4.91 

22.74/2
2.98 

23.59/23.
84 

Dihydroacetone 
phosphate(DHAP) 

400 Mix III 

25.09 23.15 24.03 Glycerol-3-P 357 Mix XI 

25.27 23.35 24.19 N-Acetylglutamic acid/N-
Acetylglucosamine (Glutamine 
3TMS?) 

156274 Mix V 

25.46 23.52 24.38 Glycerate-2-P 299315459 Mix V 

25.94 23.94 24.86 1-Methyl-L-histidine(TMS) 196 AS 

26.07 24.1 24.97 Glycerate-3-P 227299459 Mix XI 

26.23 24.25 25.15 Citrullin_Ornithin_Argenine_4T
MS 

142 MixIV + MixIII 
+ AS 

26.21 24.21 25.11 Shikimate 204 Mix VI/PPP-
PM  

26.3 24.33 25.24 Citrate 257 Mix I 

26.39 24.41 25.31 Arginine 157256 Mix III + X + 
AS 

26.36 24.37 25.27 Isocitrate 245319 Mix IV 

26.52 24.51 25.44 Pinitol 260 Mix IX 

26.46/2
6.52 

24.44/2
4.52 

25.35/25.
43 

2-Methylcitrate 287 Mix IX 

27.15 25.31 26.22 Adenine 264 Mix IV 

27.38/2
7.60 

25.38/2
5.59 

26.30/26.
50 

Fructose 307 Mix II 

27.62 25.65 26.53 Gluconolactone 129220 MixXI 

27.76/2
8.18 

25.75/2
6.16 

26.67/27.
08 

Galactose 319 Mix III 

27.86/2
8.21 

25.89/2
6.22 

26.80/27.
15 

Glucose 319 Mix I 

28.25 26.34 27.26 Histidine 154 Mix V + X + 
AS 

28.39 26.34 27.26 Lysine 156 AS 

28.55 26.51 27.46 Mannitol 217319 Mix XI 

28.63 26.61 27.53 Erythrose-4-P 357 Mix XI 

28.68 26.68 27.59 Tyrosine 218 Mix III + AS 

28.63/2
8.91 

26.61/2
6.87 

27.54/27.
80 

Glucuronic acid 333 Mix XI 
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29.76 27.73 28.66 Pantothenic acid 201 Mix VII 

29.89 27.84 28.78 Gluconate 333 Mix VIII 

31.63 29.52 30.49 myo-Inositol 305 Mix VII 

31.94 29.87 30.8 Ribose-5-P 299315 MixXI 

32.15 30.08 31.01 Ribulose-5-P 357 Mix XI 

33.54 31.47 32.38 Spermidine 201 Mix VIII 

33.74 31.68 32.58 Tryptophane 202 Mix VIII + AS 

33.77 31.67 32.6 L-Cystathionine_4TMS 128218245 AS + Mix XI 

35.17 33.1 34 Cystine 266218 AS 

35.43 33.3 34.27 Fructose-6-P 315 Mix II  

35.63/3
5.92 

33.50/3
3.76 

34.46/34.
73 

Glucose-6-P 387 Mix VII + IX 

37.1 34.95 35.95 myo-Inositol-P 318 Mix IX 

37.29 35.1 36.1 Gluconate-6-P 333387 Mix III + X 

40.54 38.44 39.4 Adenosine 236 Mix I 

40.7 38.48 39.48 Saccharose 361 Mix I 

41.73 39.48 40.46 Cellobiose 361 Mix V 

42.15 39.89 40.88 Maltose 480 Mix II 

42.24 39.95 40.98 Trehalose 361 Mix III 

44.24/4
4.65 

41.95/4
2.35 

42.98/43.
38 

Melibiose 204361 Mix VII 

32,37     Xylulose-5-P* 315 Kruse 

43,17     Squalene* 81 121 Kruse 

16,57     O-Acetylserine* 174 Mix XI 

19,16     O-Acetyl-Homoserine* 128 Mix XI 

23,11     L-Homoserine 4TMS* 290 Mix XI 

28,61/2
9,75 

    Diaminopimelate* 200 
Mix XI 

35,26     Mannose-6-P* 387 allein 

43,07     5-Methylthioadenosine* 236 Mix XI 

51,30     S-Adenosyl-Homocysteine* 128208 Mix XI 

07,89     Lactic Acid* 219191 Schokoufeh 

16,31     Lactic Acid Dimer* 290219191 Schokoufeh 

18,07     a-Ketoaminobutyrate*  100218 Mix XII 

33,09     L-Cystathionine 3TMS* 128 Mix XI 

26,99     2-Methylisocitrate* 259  

24,28     Glycerol-2-P* 243299  

7,71     Lactate (contamination)* 191  

38,69     L-Cystathionine* 128278  

19,07     Putrescine_3TMS* 174  

24,20     Putrescine_4TMS* 174  

19,65     Pyroglutamate* 156  

51,02     Raffinose* 361  

19,83     Salic acid_2TMS* 267  

41,43     Spermine_Meox1* 144  

41,93     Spermine_Meox2* 144  
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17.43     Orcinol* 253268  

19.6     Cinnamic acid/trans- Cinnamic 
acid* 

131161205  

25.51     Syringaldehyde* 253283  

28.29     p-Cumaric acid* 219249293,3
08 

 

28.30/2
8.47 

    Coniferylaldehyde* 2172182482
78279 

 

28.83/2
9.80 

    trans-Chalcone* 206236  

28.49     dihydro-Caffeic acid* 179398  

30.84     3-Hydroxy-4-methoxy-cumaric 
acid * 

2492933083
23338 

 

31.25     Ferulic acid* 2492933083
23338 

 

31.37     trans-3.5-dimethoxy-4-
hydroxy- cumaric acid 
/Sinapaldehyde* 

174248  

32.11     Caffeic acid* 219381396  

33.96     Sinapinic acid* 323338368  

43.51     Naringenin* 545  

43.79     Daidzein* 383398  

43.68     (-)-epicatechin* 355368  

46.02     Coumesterol* 412  

47.1     Apigenin* 471  

47.81     Quercetin* 647  

49.01     Luteolin* 559  

19.78     Tris_HCl?* 306  

      3-Methyl-L-histidine**    

      Ammoniumchloride**    

      d-Hydroxylysine**    

      g- Aminobutyric acid**    

      L-a- Aminobutyric acid**    

      L-Anserine**    

      L-Carnosine**    

      L-Creatinine**    

      Sarcosine**    

      Taurine**    

      a-Ketoisovalerate**    

      Glucosamine-6-P**    

      AMP**    

      cAMP**    

      Abscisic acid(ABA)**    

 

 

 



Chapter 4 

53 
 

Chapter 4   

Interactive effect of lithium on concentration of alkali cations in 

sugar beet (Beta vulgaris L.) under saline conditions 

Jan Helge Behr, Christian Zörb 

 

This article has originally been published in Journal of Plant Nutrition and  

Soil Science 00: 1– 12, 2022 

DOI: 10.1002/jpln.202200079 

This article has been republished with kind permission of John Wiley and Sons 

(https://www.wiley.com) 

 



Chapter 4 – Interactive effect of lithium on concentration of alkali cations in sugar beet under saline conditions 

54 
 

Introduction 

Abstract 

 

  



Chapter 4 – Interactive effect of lithium on concentration of alkali cations in sugar beet under saline conditions 

 

55 
 

Materials and Methods 

  



Chapter 4 – Interactive effect of lithium on concentration of alkali cations in sugar beet under saline conditions 

 

56 
 

Results 

  



Chapter 4 – Interactive effect of lithium on concentration of alkali cations in sugar beet under saline conditions 

 

57 
 

 

  



Chapter 4 – Interactive effect of lithium on concentration of alkali cations in sugar beet under saline conditions 

 

58 
 

 

  



Chapter 4 – Interactive effect of lithium on concentration of alkali cations in sugar beet under saline conditions 

 

59 
 

 

  



Chapter 4 – Interactive effect of lithium on concentration of alkali cations in sugar beet under saline conditions 

 

60 
 

 

 

  



Chapter 4 – Interactive effect of lithium on concentration of alkali cations in sugar beet under saline conditions 

 

61 
 

Discussion 

 

  



Chapter 4 – Interactive effect of lithium on concentration of alkali cations in sugar beet under saline conditions 

 

62 
 

 

 

  



Chapter 4 – Interactive effect of lithium on concentration of alkali cations in sugar beet under saline conditions 

 

63 
 

Conclusion 

 

  



Chapter 4 – Interactive effect of lithium on concentration of alkali cations in sugar beet under saline conditions 

 

64 
 

 

 

  



Chapter 4 – Interactive effect of lithium on concentration of alkali cations in sugar beet under saline conditions 

 

65 
 

 

 

  



Chapter 4 – Interactive effect of lithium on concentration of alkali cations in sugar beet under saline conditions 

 

66 
 

Supplementary material 

 

  



Chapter 4 – Interactive effect of lithium on concentration of alkali cations in sugar beet under saline conditions 

 

67 
 

 

 

  



Chapter 4 – Interactive effect of lithium on concentration of alkali cations in sugar beet under saline conditions 

 

68 
 

 

 

  



Chapter 4 – Interactive effect of lithium on concentration of alkali cations in sugar beet under saline conditions 

 

69 
 

 

 

  



Chapter 4 – Interactive effect of lithium on concentration of alkali cations in sugar beet  

70 
 

 



Chapter 4 – Interactive effect of lithium on concentration of alkali cations in sugar beet under saline conditions 

 

71 
 

 



Chapter 4 – Interactive effect of lithium on concentration of alkali cations in sugar beet under saline conditions 

 

72 
 

 

  



Chapter 5 

73 
 

 

Chapter 5  

 General Discussion 



Chapter 5 – General discussion 

74 
 

5.1. General discussion 

Understanding tolerance mechanisms to salt stress and hypoxia is crucial for maintaining yield 

stability, as both stressors will become increasingly common in the future, both individually 

and in combination. In this work, the physiological and metabolic adaptation to salt stress and 

hypoxia was analysed in the halophyte S. maritima and the closely related crop B. vulgaris. 

Additionally, the effects of the competitive uptake of Na+, K+ and Li+ and ion toxicity was 

evaluated in B. vulgaris.  

5.2. Energy limitation under hypoxic conditions causes biomass decrease and ionic 

imbalance in salt-tolerant plants  

Yeo and Flowers (1980) showed that NaCl optimally stimulated S. maritima growth at salt 

concentrations of 170-340 mM, corresponding to the medium salt treatment (one-half artificial 

see water, ASW) in our experimental design with the highest growth increase after 5 days of 

salt treatment. High (full strength ASW) and low (one-tenth ASW) salt treatments decreased 

the growth rate of S. maritima plants (Chapter 2, Tab. 1). In contrast to S. maritima, B. vulgaris 

showed optimal growth at low salt concentrations (4 mM NaCl). High salt concentrations (200 

mM NaCl) had no significant effect on root and shoot biomass (Chapter 3, Fig. 1). Previous 

studies have shown that the growth of sugar beet is stimulated by low salt concentrations and 

even high salt concentrations are tolerated by the plant (Marschner et al., 1981). 

To tolerate high salt concentrations in the soil, halophytes have evolved various adaptive 

strategies to cope with osmotic stress and reduce toxic effects caused by excessive ion 

accumulation. Salt tolerant plants must eliminate excess ions either by the exclusion back into 

the soil or by the compartmentation of ions into cell organelles such as the vacuole to avoid 

toxic concentrations of Na+ and Cl- in the cytoplasm (Munns et al., 2020). Under normoxic 

conditions, Na+ concentration in shoots increases with increasing salt treatment while K+ 

concentration decreases in both S. maritima (Chapter 2, Fig. 2) and B. vulgaris (Chapter 3, Fig. 

3) without developing salt-induced leaf necrosis (Chapter 2, Fig. 1; Chapter 3, Fig. 1). 

Therefore, both S. maritima and B. vulgaris are able to efficiently compartmentalize Na+ in 

order to prevent toxic Na+ concentrations in the cytoplasm and maintain K+ homeostasis. 

Besides the induction of ROS formation and a disturbance of the stomata regulation, a high 

Na+/K+ ratio is also considered to be toxic for most plants because the functionality of enzymes 

might be impaired by high Na+ concentrations in the cytoplasm (Slabu et al., 2009; Kumar et 

al., 2021). Although the impairment of enzyme activity by Na+ is controversial, in vitro 
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experiments have shown that enzymes in halophytes are more tolerant to the substitution of K+ 

by Na+ compared to enzymes isolated from glycophytes (Flowers et al., 2015). This may 

contribute to the high tolerance to ion toxicity of S. maritima and B. vulgaris in our experiments 

(Behr et al., 2021; Behr et al., 2017). 

Regulation of the transpiration under saline conditions is critical for salt tolerance because, on 

the one side, toxic ion concentrations accumulate in leaves over time via the transpiration 

stream, on the other side, essential water is transported (Hedrich and Shabala, 2018; Flowers 

et al., 1989). Halophytes have a much lower ABA content under saline conditions compared to 

glycophytes, suggesting that stomata of halophytes are affected by ABA content to a much 

lesser extent (Reef et al., 2012; Kefu et al., 1991). In a recent study, Alhdad and Flowers (2021) 

showed a high stomatal conductivity of S. maritima plants growing optimally at 200 mM NaCl 

indicating that nutrient and ion uptake is not limited at these conditions. Guard cells of 

S. maritima can substitute K+ with Na+, thus using this "cheap" osmolyte to operate stomata 

under salt conditions (Hedrich and Shabala 2018). This might explain the constitutive high 

stomatal conductance of S. maritima even at high salinity and reduced K+ uptake. In our study 

(Chapter 4, Fig. 2 & 3), B. vulgaris showed a strongly reduced stomatal conductivity at high 

salt concentrations (200 mM NaCl), indicating that salt stress reduces the transpiration rate of 

B. vulgaris and thus lowering the water and ion uptake. The reduction of the stomatal 

conductivity might partly be explained by a disruption of the K+ homeostasis as plants treated 

with high concentrations of KCl showed a higher stomatal conductivity compared to plants 

treated with NaCl. 

Under hypoxic conditions, biomass of B. vulgaris decreases at low and high salt concentrations 

(Chapter 3, Fig. 1), whereas a significant biomass reduction of S. maritima was only observed 

at high salt concentrations combined with hypoxia (Chapter 2, Tab. 1). This indicates that 

S. maritima has a higher tolerance to hypoxic conditions without additional salt stress compared 

to sugar beet. The Na+ accumulation in roots was increased at hypoxic conditions for both 

S. maritima and B. vulgaris (Chapter 2, Fig. 2; Chapter 3, Fig. 2). Low ATP availability in root 

cells, caused by the disruption of the oxidative phosphorylation under hypoxia, inhibits the 

ATPase activity at the cell membrane and tonoplast (Barrett-Lennard, 2003). As a 

consequence, the maintenance of the proton gradient at these membranes is disturbed (Figure 

1). Na+/H+ antiporter such as SOS1 can therefore no longer exclude or compartmentalize Na+ 

in sufficient quantity across membranes (Munns et al., 2020), causing a greater net Na+ influx 

(Fig. 1). 
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Since the backflow of Na+ from the xylem into the cells is also driven by the proton gradient, 

more Na+ is transported via the transpiration stream, increasing the accumulation of Na+ in the 

shoot (Munns and Tester, 2008). 

 

Fig. 1 Model of the dynamics between primary metabolism and the regulation of ion 

homeostasis under normoxic and hypoxic conditions. Under normoxic conditions, sucrose is 

metabolized by glycolysis and oxidative phosphorylation to yield ATP, which promotes the 

generation of a proton gradient used for the exclusion and compartmentation of Na+ and Cl-. 

Under hypoxia, ATP availability is reduced due to inhibition of the mitochondrial electron 

transport chain during oxidative phosphorylation (red bars), resulting in lower proton pump 

activity (gray arrow) and limited Na+/Cl- exclusion and compartmentation (red bars) (modified 

after Munns et al. (2020)). This figure was created using biorender.com. 

Roots under normoxic conditions showed enhanced K+ concentrations with increasing salt 

treatment (Chapter 2, Fig. 2F; Chapter 3, Fig. 2). However, when exposed to hypoxia, this 

enhanced K+ accumulation in the root is inhibited, suggesting that salt tolerant plants use 

energy-consuming processes to actively take up K+ by K+/H+ symporter from the 

HAK/KUP/KT family and thereby maintain their K+ homeostasis at high salinity (Tascón et al., 

2020; Li et al., 2018; Cai et al., 2021). 

5.3. Ion toxicity caused by lithium accumulation cannot be mitigated by other cations 

To analyse the impact of different cations with similar physico-chemical properties on their 

accumulation pattern and ion toxicity, B. vulgaris plants were grown in a hydroponic culture 

with equimolar amounts of Li+, K+, and Na+ at low (4 mM) and high (200 mM) concentrations 

in various combinations for 7 days. Salt sensitive glycophytes such as Zea maize show ion 

toxicity symptoms at low shoot Li+ concentrations of 0.003 - 0.6 mg g-1
 DW (Hawrylak-Nowak 

et al., 2012). In contrast to glycophytes, adaption mechanisms to ion toxicity, such as the 
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accumulation of ROS scavenging components and enzymes (Hossain et al., 2017), allow 

B. vulgaris to tolerate relatively high Li+ accumulation (1.5 – 5.5 mg g-1 DW) at low salt 

concentrations without the development of toxic symptoms such as leaf chlorosis or necrosis 

(Chapter 4 Fig. 1). 

The Li+ accumulation is not affected by the presence of other cations since the percentage of 

Li+ to the total cation amount in the leaves increases linearly with increasing Li+ concentrations 

in the nutrient solution (Chapter 4 Fig. 3). To avoid excessive Li+ accumulation in the leaves, 

B. vulgaris limits the transpiration stream by a strict stomata closure when exposed to Li+ 

(Chapter 4 Fig. 2). As a consequence, the shoot water content is reduced (Kalinowska et al., 

2013), explaining the slight fresh weight reduction at Li+ treatments. At high salt concentration, 

a Li+ content greater than 7% of the total cation amount resulted in the formation of leaf 

necrosis, indicating that salt tolerance mechanisms were unable to reduce toxic effects caused 

by Li+. Due to the similar physico-chemical properties Li+ can occupy binding sites of K+
, but 

also Mg2+ on enzymes, which can lead to a strong interference of metabolic processes in the 

cell (Birch, 1991; Kabata-Pendias and Mukherjee, 2007). Increased Mg2+ accumulation during 

Li+ treatments (Chapter 4, Fig. 3) could be induced by the plant to attenuate toxic effects by 

occupying binding sites. Although B. vulgaris has the ability to partially substitute K+ with Na+ 

(Pi et al., 2016; Wakeel et al., 2010), the toxicity of Li+ is higher compared to Na+, which did 

not induce ion toxicity at the applied concentrations. The addition of Na+ or K+, which should 

reduce the uptake and binding probability of Li+ to enzymatic binding sites, did not affect Li+ 

toxicity. Thus, we conclude that the leaves of B. vulgaris have a low tissue tolerance to Li+ 

accumulation and that the toxic effect of Li+ is not due to a reduction of the general enzyme 

activity caused by a displacement of the co-factor K+ by Li+. 

5.4. The metabolic profile is mainly determined by salt tolerance mechanisms and 

energy deficits 

High salt concentrations combined with hypoxic conditions strongly affect the metabolic profile 

of S. maritima and B. vulgaris. The metabolic profile of the upper parts of the plants reflects 

metabolic adaptations to increasing ion accumulation at high salinity (Chapter 2, Tab. 3; 

Chapter 3, Fig. 4 b & c), which is mainly determined by the accumulation of compatible solutes 

for osmotic adjustment and an increased energy demand to maintain salt tolerance mechanisms 

(Chapter 2, Tab. 2, Chapter 3, Fig. 3). Young and mature leaves of B. vulgaris showed similar 

metabolic adaptations to salt treatment, with mature leaves showing a more pronounced 

metabolic response to salt treatment as higher ion concentrations accumulated over time 
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(Chapter 3 Fig.2). To maintain turgor in the face of high soil salinity, halophytes accumulate 

large amounts of Na+ and Cl- as ‘cheap osmolytes’ in their vacuoles (Munns and Tester, 2008). 

A side effect of this cellular compartmentation is the need for accumulation of metabolically 

‘compatible’ solutes in the cytoplasm to balance the osmotic potential of Na+ and Cl- 

accumulated in the vacuole. Glycine betaine serves as the major compatible solute in 

S. maritima with constitutively high accumulation even under low salinity and hypoxic 

conditions (Chapter 2, Tab. 3 & 4). Previous studies also showed high glycine betaine 

accumulation in B. vulgaris under non-saline conditions, which increased under salt stress (Choi 

et al., 2016), suggesting that glycine betaine also functions as a compatible solute and ROS 

scavenging mechanism in sugar beet (Chen and Jiang, 2010; Annunziata et al., 2019). Pinitol, 

a sugar alcohol, is increased in leaves of B. vulgaris in response to osmotic stress and hypoxia, 

suggesting that pinitol has a general stress mitigation function by ROS scavenging under 

stressful conditions (Orthen et al., 1994). The polyol hydroxyl groups of the pinitol molecule 

allow the replacement of water molecules to stabilize the structure of membranes and enzymes 

at stressful conditions (Barnawal et al., 2019; Sánchez-Hidalgo et al., 2021). In contrast to 

pinitol, mannitol, an important osmolyte in glycophytes, is reduced in B. vulgaris under saline 

conditions (Chapter 3, Fig. 3). This might be explained by the reduced availability of fructose-

6-P under saline conditions (Chapter 3, Tab. 1), which is required for mannitol biosynthesis 

(Patel and Williamson, 2016). 

Highly available metabolites of the primary metabolism such as glucose-6-P, fructose-6-P and 

PEP are reduced in response to salt stress (Chapter 3 Tab. 1), to meet the higher energy demand 

caused by enhanced activity of salt tolerance mechanisms. Adenosine, a component of ATP, 

was increased in young and mature leaves of B. vulgaris in response to high salinity (Chapter3, 

Fig. 3), indicating a higher energy demand at stressful conditions (Sobhanian et al., 2010). 

Metabolites of the Calvin cycle are also reduced under saline conditions to compensate for a 

higher energy demand (Kumari et al., 2015). As a result of high energy consumption to achieve 

tolerance to high salinity, the increase in biomass of B. vulgaris stagnates (Chapter 3 Fig. 1) 

whereas S.  maritima has its growth optimum at this salt level (200 mM NaCl) (Chapter 2 Tab. 

1), reflecting the higher capability of the halophyte to adjust to saline conditions. 

The metabolic profile of roots is mainly influenced by hypoxic conditions (Chapter 2 Fig. 3 B, 

Chapter 3 Fig. 4 A), as oxygen deficiency causes a reduced activity of the oxidative 

phosphorylation and the TCA cycle with simultaneous activation of fermentative processes 

(Colmer et al., 2020; Mustroph et al., 2014). In addition to lactate and ethanol fermentation, 

hypoxic conditions lead to the accumulation of metabolites associated with the TCA cycle 
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(Chapter 2 Tab. 4, Chapter 3 Tab. 1), suggesting that B. vulgaris and S. maritima can recover 

reduction equivalents through increased activity of a reductive branch of the TCA cycle 

(Sweetlove et al., 2010; Narsai et al., 2011). An enhanced activity of the GABA-shunt is 

proposed to fuel the TCA cycle (Rocha et al., 2010), resulting in an enhanced accumulation of 

glutamine, alanine and GABA (Chapter 2 Fig. 4). Amino acids and intermediate products of 

the TCA cycle which accumulated under hypoxic conditions serve as a quickly available carbon 

and nitrogen source during reoxygenation (León et al., 2021). 

5.5. High salinity and hypoxia trigger different proline accumulation mechanisms in 

shoots and roots 

Under normoxic conditions, proline concentration in shoots of S. maritima increased slightly in 

response to increasing salt treatment (Chapter 2 Tab. 3), suggesting that proline is used to 

scavenge ROS formed at higher levels with increasing salt concentration. Photoinhibitory ROS 

formation caused by excessive Cl- accumulation in the chloroplast (Geilfus, 2018) can be 

mitigated by the singlet oxygen quenching function of proline (Matysik et al., 2002). As a result, 

pigment degradation under normoxic conditions is minimal (Chapter 2 Tab. 2), even at high 

salt concentrations. 

Under hypoxic conditions, proline accumulation in the shoot is enhanced since proline 

biosynthesis could contribute to the stabilization of redox balance in chloroplasts (Shafi et al., 

2019). Alhdad and Flowers (2021) showed that waterlogging in S. maritima leads to the closure 

of stomata and inhibition of photosynthesis, diminishing the rate of the Calvin cycle, which 

prevents oxidation of NADPH and recovery of NADP+ in chloroplasts. Due to the reduced 

NADP+ pool, fewer electron acceptors are available so that electrons from the electron transport 

chain in PSI are redirected to O2, resulting in the formation of reactive superoxide (Szabados 

and Savouré, 2010; Hare and Cress, 1997; Zhan et al., 2014; Chaux et al., 2015). Proline 

accumulation can contribute to prevent harmful ROS formation because the biosynthesis of 

proline in chloroplasts, which uses NADPH to reduce glutamate to proline via the intermediate 

P5C (1-pyrroline-5-carboxylate) (Figure 2), regenerates NADP+ that can be used as an electron 

acceptor to maintain electron flow between the photosynthetic excitation centres (Szabados and 

Savouré, 2010; Hare and Cress, 1997). Thus, enhanced proline biosynthesis, indicated by the 

reduced glutamate reservoir in the shoots, prevents severe pigment degradation at low and 

medium salt concentrations under hypoxic conditions (Chapter 2 Tab. 2 & 3). However, the 

fact that the combination of high salinity and hypoxia leads to severe pigment degradation 

suggests that ion toxicity is also involved in pigment degradation (Chapter 2, Tab. 2). The 
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ability of S. maritima to maintain a non-toxic Cl- concentration in the chloroplast may be 

impaired at a low energy available under hypoxic conditions. As a consequence, the increasing 

Cl- concentration in the chloroplast impairs the enzyme activity for photosynthetic CO2 fixation, 

leading to additional massive ROS formation (Geilfus, 2018), which cannot be counteracted by 

increased proline accumulation.  

 



Fig. 2 Proposed mechanisms of proline accumulation in shoots and roots under hypoxic 

conditions. In shoots, a low CO2/O2 ratio restricts the Calvin cycle, resulting in reduced 

recovery of NADP+ from NADPH. Due to the shortage of electron acceptors, the electrons of 

the electron transport chain are transferred to O2, resulting in ROS at high light intensity. Proline 

biosynthesis reduces ROS formation by providing NADP+ as an electron acceptor for the PSI. 

In roots, proline catabolism in mitochondria is inhibited by the low availability of reduction 

equivalents at hypoxic conditions. The biosynthesis of proline in the root might be supported 

by the ornithine pathway to reduce ATP demand for the synthesis of the proline intermediate 

P5C (1-pyrroline-5-carboxylate) via P5C-synthase. This figure was created using 

biorender.com. 

Roots of B. vulgaris and S. maritima showed a similar pattern of proline accumulation, with 

high proline levels under high salinity combined with hypoxia (Chapter 2 Tab. 4) serving as a 

ROS scavenging mechanism or to buffer the redox state under stress conditions. The high 

proline accumulation is most likely caused by a disruption of the proline catabolism in 

mitochondria (Figure 2), as the degradation of proline to glutamate via proline dehydrogenase 
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consumes limited reduction equivalents (Servet et al., 2012). An increased concentration of 

ornithine and arginine under hypoxic conditions suggests that the ornithine metabolic pathway 

may also play a role in proline accumulation (Chapter 2 Fig. 4), since the synthesis of proline 

via glutamate is ATP-dependent (Lehmann et al., 2010). 
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Summary 

Soils with high salinity are often also affected by waterlogging with hypoxic conditions in the 

root zone, which severely reduces plant growth and crop yield. The combination of salinity and 

hypoxia generates an intense stress for the plant: On the one hand, hypoxic conditions at the 

root level cause a severe energy deficit due to the inhibition of oxidative phosphorylation, on 

the other hand, energy-consuming tolerance mechanisms have to be maintained to cope with 

salt stress. To better understand the tolerance mechanisms to combined saline and hypoxic 

conditions, the metabolic and physiological adaptation capacity of the model halophyte 

Suaeda maritima, typically found in flooded saline soils, and the closely related sugar beet 

(Beta vulgaris L.) were analysed. 

Salt tolerant plants are characterised by their ability to tolerate high Na+ and Cl- concentrations 

without being damaged by ion toxicity. The basis of this tolerance is primarily osmotic 

adaptation, the compartmentalisation of ions in cell organelles and the ability to replace K+ with 

Na+ in important cellular processes. Li+ has similar physico-chemical properties to Na+ and K+, 

but forms complexes with organic and inorganic anions more readily than other alkali metals. 

Therefore, Li+ can displace metals during the uptake and translocation by the plant and at 

enzymatic binding sites, which impairs enzyme activity and can lead to toxic effects. The effects 

of different cations with similar physicochemical properties on their accumulation pattern at 

high and low osmolarity were investigated to determine whether Li+ toxicity could be mitigated 

by competitive uptake of K+ and Na+. 

Hydroponic culture experiments with increasing salt concentration demonstrated the ability of 

S. maritima and B. vulgaris to tolerate high salt concentrations by maintaining ion homeostasis 

and high tissue tolerance to Na+ accumulation. An increased Na+/K+ ratio under hypoxic 

conditions indicates that an energy shortage caused by oxygen depletion in the root impairs Na+ 

exclusion and K+ uptake, thereby increasing the ionic imbalance under hypoxic conditions. 

The metabolic profile showed a tissue-specific response to salinity and hypoxia: The root 

metabolism is mainly influenced by hypoxia, inhibiting oxidative phosphorylation, while at the 

same time glycolysis is enhanced to maintain ATP production. The enhanced accumulation of 

amino acids and TCA cycle intermediates suggests that a partial flow of the TCA cycle fuelled 

by the GABA shunt may play a crucial role in the recovery of reduction equivalents for ATP 

production by glycolysis, thereby sustaining energy-intensive cellular processes under hypoxic 

conditions. As a consequence to the high Na+ accumulation in the shoots, the metabolic profile 
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of young and mature leaves is mainly influenced by salt stress, which triggers the accumulation 

of compatible solutes for osmotic adjustment and ROS scavenging mechanisms. To achieve 

tolerance to high salinity, energy consumption rises. Hence, the biomass increase of B. vulgaris 

stagnates at 200 mM NaCl. In contrast, S. maritima shows its optimal growth at the same 

salinity range, which reflects the higher adaptability of the halophyte to saline conditions. 

Different mechanisms in the shoot and root lead to an accumulation of proline, which 

contributes to the increased tolerance to combined salinity and hypoxia, as proline stabilises 

membranes and proteins under salt stress and scavenges increased ROS formation induced by 

hypoxia. High ion accumulation in combination with hypoxic conditions enhances ROS 

formation in the shoots, leading to light-induced pigment degradation in S. maritima, which is 

mitigated by enhanced proline biosynthesis in the chloroplasts. In contrast, proline 

accumulation in the root is not exclusively the result of enhanced proline biosynthesis, but of 

inhibited proline degradation due to the low availability of reduction equivalents when salinity 

and hypoxia are combined.  

The accumulation of Li+ is relatively low in comparison to Na+ and K+, as B. vulgaris strongly 

limits the Li+ uptake via the transpiration stream to avoid toxic Li+ concentrations in the leaves. 

High concentrations of Li+ combined with Na+/K+, increase Li+ accumulation in leaves and 

cause growth inhibition as well as the formation of necrotic tissue, indicating low tissue 

tolerance to Li+ and severe stress. The application of equimolar concentrations of Na+ and K+ 

has no effect on Li+ accumulation and ion toxicity, suggesting that Li+ uptake is independent of 

Na+ and K+ cation channels and that Li+ toxicity is not mainly caused by the displacement of 

K+ at enzymatic binding sites. 
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Zusammenfassung 

Böden mit hohem Salzgehalt sind häufig auch von Staunässe mit hypoxischen Bedingungen in 

der Wurzelzone betroffen, was das Pflanzenwachstum und den Ertrag stark beeinträchtigt. Die 

Kombination von Salzgehalt und Hypoxie stellt für die Pflanze einen intensiven Stress dar: 

Einerseits verursachen die hypoxischen Bedingungen an der Wurzel ein starkes Energiedefizit 

aufgrund der Hemmung der oxidativen Phosphorylierung, andererseits müssen 

energieaufwendige Resistenzmechanismen gegen Salzstress aufrechterhalten werden. Um die 

Mechanismen der Toleranz gegenüber kombinierter Salinität und hypoxischen Bedingungen 

besser zu verstehen, wurde die metabolische und physiologische Anpassungsfähigkeit des 

Modellhalophyten Suaeda maritima, der typischerweise in überfluteten salzhaltigen Böden 

vorkommt, und der eng verwandten Zuckerrübe (Beta vulgaris) analysiert.  

Salztolerante Pflanzen zeichnen sich durch ihre Fähigkeit aus, hohe Na+ und Cl- 

Konzentrationen zu tolerieren, ohne durch Ionentoxizität geschädigt zu werden. Die Grundlage 

dieser Toleranz ist in erster Linie die osmotische Anpassung, die Kompartimentierung von 

Ionen in Zellorganellen und die Fähigkeit K+ durch Na+ bei wichtigen zellulären Vorgängen zu 

ersetzen. Li+ hat ähnliche physikalisch-chemische Eigenschaften wie Na+ und K+, reagiert aber 

leichter als andere Alkalimetalle mit organischen und anorganischen Anionen. Daher kann Li+ 

andere Metalle bei der Aufnahme und Verlagerung in die Pflanze und an enzymatischen 

Bindungsstellen verdrängen, was die Enzymaktivität beeinträchtigt und toxisch wirken kann.  

In einer weiteren Studie wurden die Auswirkungen verschiedener Kationen mit ähnlichen 

physikalisch-chemischen Eigenschaften auf ihr Akkumulationsmuster bei hoher und niedriger 

Osmolarität untersucht, um festzustellen, ob die Toxizität von Li+ durch die konkurrierende 

Aufnahme von K+ und Na+ abgeschwächt werden kann. 

Experimente in Hydrokulturen mit steigender Salzkonzentration zeigten die Fähigkeit von 

S. maritima und B. vulgaris, hohe Salzkonzentrationen zu tolerieren, indem sie die 

Ionenhomöostase aufrechterhalten und eine hohe Gewebetoleranz gegenüber Na+-

Akkumulation aufweisen. Ein erhöhtes Na+/K+-Verhältnis unter hypoxischen Bedingungen 

deutet darauf hin, dass der durch die Reduzierung des Sauerstoffs in der Wurzel verursachte 

Energiemangel den Na+ Ausschluss und die K+ Aufnahme beeinträchtigt, wodurch das ionische 

Ungleichgewicht unter hypoxischen Bedingungen verstärkt wird. Das Stoffwechselprofil zeigte 

eine gewebespezifische Reaktion auf Salinität und Hypoxie: In den Wurzeln wird der 

Stoffwechsel hauptsächlich von Hypoxie beeinflusst, bei der die oxidative Phosphorylierung 

gehemmt wird, während gleichzeitig eine höhere Aktivität der Glykolyse zur Aufrechterhaltung 

der ATP-Produktion stattfindet. Die verstärkte Anhäufung von Aminosäuren und 
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Zwischenprodukten des TCA-Zyklus deutet darauf hin, dass ein Teilfluss des TCA-Zyklus, der 

durch den GABA-Shunt gespeist wird, eine entscheidende Rolle bei der Wiedergewinnung von 

Reduktionsäquivalenten für die ATP-Produktion durch die Glykolyse spielen könnte, wodurch 

energieintensive zelluläre Prozesse unter hypoxischen Bedingungen aufrechterhalten werden 

können. Als Folge der hohen Na+ Akkumulation im Spross wird das Stoffwechselprofil junger 

und voll entwickelte Blätter hauptsächlich durch Salzstress beeinflusst. Kompatible Osmolyte 

werden zur osmotischen Anpassung und ROS Abwehr akkumuliert. Diese 

Toleranzmechanismen führen zu einem erhöhten Energieverbrauch, welcher zu einer 

Stagnation der Zunahme der Biomasse von B. vulgaris bei 200 mM NaCl führt. Bei einem 

identischen Salzgehalt zeigt hingegen S. maritima ihr Wachstumsoptimum, was die höhere 

Anpassungsfähigkeit des Halophyten an salzige Bedingungen widerspiegelt. 

Unterschiedliche Mechanismen in Spross und Wurzel führen zu einer Anhäufung von Prolin, 

was zur erhöhten Toleranz gegenüber einer Kombination aus Salinität und Hypoxie beiträgt, da 

Prolin die Membranen und Proteine unter Salzstress stabilisiert und die durch Hypoxie 

induzierte erhöhte ROS-Bildung abfängt. Eine hohe Akkumulation von Ionen in Kombination 

mit hypoxischen Bedingungen erhöht die ROS-Bildung im Spross, was zu einem 

lichtinduzierten Pigmentabbau bei S. maritima führt. Dies wird durch eine verstärkte Prolin 

Biosynthese in den Chloroplasten abgemildert. In der Wurzel hingegen, wird der Abbau von 

Prolin durch die geringe Verfügbarkeit von Reduktionsäquivalenten gehemmt, wodurch Prolin 

in der Wurzel bei der Kombination von Salinität und Hypoxie anreichert wird. 

Im Vergleich zu Na+ und K+ ist die Akkumulation von Li+ relativ gering, da B. vulgaris die Li+ 

Aufnahme über den Transpirationsstrom stark begrenzt, um toxische Li+ Konzentrationen in 

den Blättern zu vermeiden. Hohe Li+-Konzentrationen in Kombination mit Na+/K+ erhöhen die 

Li+-Akkumulation in den Blättern und bewirken eine Wachstumshemmung sowie die Bildung 

von nekrotischem Gewebe, was auf eine geringe Gewebetoleranz gegenüber Li+ und schweren 

Stress hinweist. Die Anwendung äquimolarer Konzentrationen von Na+ und K+ hatte keine 

Auswirkungen auf die Li+ Akkumulation und die Ionentoxizität, was darauf hindeutet, dass die 

Li+ Aufnahme unabhängig von Na+ und K+ Kationenkanälen abläuft und dass Li+ Toxizität 

nicht durch die Verdrängung von K+ an enzymatischen Bindungsstellen verursacht wird. 
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