
VU Research Portal

On the physiology and molecular genetics of salt tolerance in Salicornia

Katschnig, D.

2015

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Katschnig, D. (2015). On the physiology and molecular genetics of salt tolerance in Salicornia. [PhD-Thesis -
Research and graduation internal, Vrije Universiteit Amsterdam]. CPI - Koninklijke Wöhrmann.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 24. May. 2023

https://research.vu.nl/en/publications/4ed0ab05-ee9d-4f1e-94d8-889610f524aa


Chapter 1 

General introduction 
7 

 

 

 

 

 

 

Chapter 1.  General introduction 

             



Chapter 1 

General introduction 
8 

 

  

 



Chapter 1 

General introduction 
9 

 

Chapter 1. General introduction 

             

 

 

1.1. Impact of salinization on fresh water supply and food security 

 

Only one percent of the water in the world is fresh water. Ten percent of this fresh 

water resides in lakes and underground water storages; 90 percent is locked away in polar ice. 

We use fresh water for agriculture, industry and consumption. Agriculture uses the most, 

approximately 70 percent of the total fresh water consumption. Due to climate change, 

conditions will be warmer and drier in the future (IPCC 2013), therefore, agriculture will 

require even more fresh water in the future.  

The world population is growing. The United Nations forecasted that around 2050 the 

world population will have increased to 9.5 billion people (UN 2012). This requires a raise in 

food production of 70 percent by 2050 to secure feeding of the human population (FAO 

2009). Food production is threatened by salinization. FAO summarized that 19.5 percent of 

the 230 million hectare of irrigated agricultural land is salt affected (FAO 2014). Salt-affected 

soils are unsuitable for the growth of the majority of conventional crops.  

Two types of soil salinization have been distinguished. Primary salinization occurs 

naturally where the soil is rich in salts, such as in coastal environments, or due to the 

presence of a shallow saline groundwater table. Secondary salinization is caused by improper 

irrigation practices or land clearing under semi-arid and arid conditions. Salt-affected soils 

can roughly be categorized into two types: saline and sodic. Sodic soils have a high 

concentration of sodium carbonate (Na2CO3), which results in a high pH (> 8.5) and a poor 

soil structure. Saline soils have a high concentration of sodium chloride (NaCl) or sodium 

sulphate (Na2SO4) and a pH below 8.5. Sodium (Na
+
) is always the most abundant ion in salt-

affected soils.  

In The Netherlands, descending soils and sea water intrusion are the main threats 

leading to salinity-induced land degradation (Satijn and Leenen 2009). The threat of 

salinization is the highest in the coastal areas. Salinization may be mitigated by flushing with 

fresh water. This fresh water originates from the IJsselmeer and from the two big rivers Rhine 

and Meuse. The supply of fresh water by these rivers is predicted to be lower in the future, 

and some fresh water reserves are threatened by the intrusion of saline water. Therefore, also 
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in The Netherlands, it is necessary to develop additional strategies to deal with salinization in 

order to secure agriculture for the future. In addition to the preservation of fresh water, 

agricultural exploitation of brackish and saline water needs to be studied. 

 

1.2. Effects of salinity on plants 

 

Salinity negatively affects growth of the vast majority of our conventional crops. 

Some highly salt-sensitive crop species, such as beans (Phaseolus vulgaris), rice (Oryza 

sativa) and corn (Zea mays), show decreased growth at an electric conductivity lower than 2 

dS m
-1

, approximately equivalent to 20 mM NaCl, or 4% seawater salinity (Maas and 

Hoffman 1977). Negative effects of salinity are caused by the low water-potential of a saline 

environment, the direct toxic effects of high cellular Na
+
 concentrations, and ionic imbalance. 

Saline soils have a low water potential due to high concentrations of dissolved Na
+
 

and Cl
–
 ions, which hampers water uptake. A low water potential reduces the rate of cell 

expansion and decreases stomatal opening, which reduces water loss from the plant. A 

decrease in stomatal opening will also reduce CO2 influx, which will negatively influence 

photosynthesis and decrease plant growth. An additional effect of reduced photosynthesis is 

the rampant formation of Reactive Oxygen Species, such as hydroxyl radical (
•
OH), 

superoxide (O2
•–

), hydrogen peroxide (H2O2), and singlet oxygen (
1
O2). When ROS are 

produced in a controlled manner, they function as second messengers in signaling; however, 

when produced in excess, they become toxic, oxidizing proteins, carbohydrates, polynucleic 

acids and lipids (Demidchik 2015). 

High concentrations of Na
+
 in the cytoplasm are toxic for the plant. Na

+
 can compete 

with K
+
 for K

+
-binding sites in enzymes, due to its physical and chemical similarity with K

+
, 

and hence, disrupt the functioning of enzymes that need K
+
 binding for their activation (Wyn 

Jones and Gorham 2002). Salt tolerance focuses mostly on Na
+
 and not on Cl

–
, because Cl

–
 

cannot enter the epidermal root cells passively when the cell membrane is at its normal 

resting potential. Nevertheless, high concentrations of Cl
–
 in the cytoplasm are, like Na

+
, 

toxic (Teakle and Tyerman 2010).  

Salinity causes ionic imbalance in the plant. High external Na
+
 concentrations 

interfere with the uptake of essential nutrients. Na
+
 can directly compete with essential ions 

such as K
+
 for uptake binding sites (Horie et al. 2007). Furthermore, high internal Na

+
 

concentrations cause a depolarization of the root epidermal cell plasma membrane, which 
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inhibits K
+
 uptake. This depolarization brings about a massive efflux of K

+
 via depolarization 

activated outward rectifying K
+
 channels (cf. Shabala and Cuin 2007), which depletes 

cytoplasmic K
+
 (Cuin et al. 2003) and may trigger programmed cell death (Demidchik et al. 

2010). Last, high Na
+ 

concentrations in the soil reduce the activity of essential nutrients, 

which makes them less available for the plant.  

 

1.3. Salt tolerance and halophytes 

 

Plant species that are able to withstand saline conditions or even use them to their 

advantage are termed halophytes. Salt sensitive plants are named glycophytes. Flowers and 

Colmer (2008) suggested the following definition of halophytes: “Halophytes are salt tolerant 

plants capable of growth and reproduction at soil salinities greater than 200 mM NaCl under 

conditions similar to those that might be encountered in the natural environment” (Flowers 

and Colmer 2008). According to this definition less than one percent of all angiosperms are 

halophytes (Flowers et al. 2010). These halophytes occur among many different plant 

families, which makes it unlikely that they originate from a single salt-tolerant ancestor. It is 

more likely that halophytism evolved independently several times during evolution (Flowers 

et al. 2010, Bennett et al. 2013). This polyphyletic origin implies that halophytism probably 

evolved through alteration of gene expression regulation and not through evolution of new 

genes that are unique for halophytes (Rozema and Schat 2013).  

 Although halophytes are widely spread over plant orders, they are encountered more 

frequently in dicotyledonous orders than in monocotyledonous orders (Flowers et al. 2010). 

Among the monocotyledonous plants, halophytes are reported to be present in three different 

orders: the Poales, the Arecales and the Alismatales (Flowers et al. 2010), with the highest 

number (> 140 species) in the family of the Poaceae within the order of the Poales (Flowers 

and Colmer 2008). Dicotyledonous halophytes are present in 16 different orders (Flowers et 

al. 2010). The family of the Amaranthaceae within the order of the Caryophyllales has the 

highest number of halophytes (> 380 species) (Flowers and Colmer 2008). Several species in 

this family grow better under saline conditions than under non-saline conditions. For 

example, Suaeda maritima has its growth optimum around 200 mM NaCl (Yeo and Flowers, 

1980), Salicornia spp. between 100 and 300 mM NaCl (Katschnig et al. 2013) and 

Chenopodium quinoa between 100 and 200 mM NaCl (Hariadi et al. 2011). Very few 

monocotyledonous species grow better under saline conditions than under non-saline ones, 

and mostly this concerns NaCl levels below 50 mM (Glenn et al. 1999) with some exceptions 
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(Distichlis spicata, Flowers and Colmer, 2008; Triglochin maritima, Jefferies 1973). The fact 

that halophytes are more often present among dicotyledonous species than among 

monocotyledonous species likely reflects the presence of particular combinations of traits in 

dicots, for example traits related to the Na
+
 accumulation capacity or succulence, probably 

facilitating the evolution of salt tolerance.  

 

1.4. Salicornia 

 

Salicornia species being members of the family of the Amaranthaceae are interesting 

model species for salt tolerance research because of their high degree of salt tolerance. In 

combination with their high growth rate, they may represent, potentially, promising vegetable 

crops (Ventura and Sagi 2013), or oil seed crops (Glenn et al. 1991), and they can be used in 

treatment of aquaculture effluent (Buhmann et al. 2013).  

The genus Salicornia consist of 25 to 30 annual species, which occur in salt marshes 

worldwide, except Australia and South America (Kadereit et al. 2007). There is no general 

consensus of the number of species due to the large phenotypic variation within, and the 

morphological parallelism between species (Davy et al. 2001; Kadereit et al. 2007). 

Salicornia species do not possess salt gland or salt bladders, in contrast to other halophytic 

members of the Amaranthaceae family.  

Three species of the genus Salicornia are native to The Netherlands: two tetraploid 

Salicornia species belonging to the long branched clade of Salicornia dolichostachya, S. 

dolichostachya sensu stricta Moss and S. procumbens Sm. in Sowerby, and a diploid 

Salicornia species: Salicornia brachystachya (G.F.W. Meyer) König (Kadereit et al. 2007). 

S. dolichostachya and S. brachystachya species have a comparable degree of salt tolerance, 

although their zonation in the salt marsh is different, S. dolichostachya grows below the mean 

high water line (MHWL) in the lowest zone of the salt marsh, and S. brachystachya grows 

above MHWL in the higher zone of the salt marsh (Teege et al. 2011). Their different 

zonation in the salt marsh is attributed to differences in their root structure. S. dolichostachya 

possesses thicker and horizontally oriented root laterals, which prevents it from being washed 

away by the tides (Huiskes et al. 1985; Kadereit et al. 2007; Teege et al. 2011).  

Green tips of Salicornia represent a niche market as a vegetable crop. In the 

Netherlands, they can be bought year round in supermarkets. In the summer, they are 
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supplied from France and The Netherlands, where they are harvested from salt marshes. In 

the winter, they are imported from Israel and Mexico, where they are farmed.  

The research described in this thesis forms part of the theme “Climate proof fresh 

water supply”, funded by the Dutch National Research Program “Knowledge for Climate”, 

entitled: “Adaptation to dry and saline conditions by crop cultivation exploiting brackish 

water and saving fresh water”. The co-financing of Zilte Kennis Kring I (ZKK-I) to the 

project and the cooperation with Salicornia farmers has led to the choice of Salicornia 

species as the research species for this thesis. 

 

1.5. Improving salt tolerance in crops 

 

There is a growing need for salt tolerant crops. A higher salt tolerance level in crops 

can be achieved by two strategies: the domestication of halophytes and the increase of salt 

tolerance of conventional crops. Domestication of halophytes aims at improved yield, 

harvestability and, depending on their intended application, prune unwanted compounds, 

such as, for example, saponins in Salicornia bigelovii (Glenn et al. 1991). The domestication 

of halophytes has been reviewed ever and anon in the past decades (Flowers and Yeo 1995; 

Glenn et al. 1999; Colmer et al. 2005; Rozema and Flowers 2008; Shabala and Mackay 2011; 

Rozema and Schat 2013; Brown et al. 2014; Ventura et al. 2014). Besides the domestication 

of halophytes, research is needed to improve the technical aspects of irrigation with saline or 

brackish water in order to avoid soil degradation (Glenn et al. 1999).  

Strategies to increase salt tolerance of conventional crops can include, among others, 

conventional breeding, marker assisted selection (MAS) and genetic engineering. 

Conventional breeding and MAS are commonly used strategies in improving plants for 

agricultural purposes. However, these strategies might be less suitable for increasing salt 

tolerance in crops, because variation of salt tolerance between different cultivars is in general 

relatively low (Rozema and Schat 2013). Munns et al. (2012), however, successfully applied 

MAS, using the ancestral gene pool, and increased the grain yield of durum wheat by 25% 

compared with near isogenic lines at salinities of around 15 dS/m (about 150 mM NaCl) 

under field conditions.  

Genetic engineering might be a promising strategy to increase salt tolerance in crops, 

although it is complicated by the fact that salt tolerance is a multigenic trait (Flowers and 

Flowers 2005). Most probably, several genes have to be altered in combined action to 

accomplish substantially increased tolerance for salinity. Yet, it is striking that increased salt 
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tolerance by alteration of a single gene has been claimed several times (Apse et al. 1999; 

Zhang and Blumwald 2001; Shen et al. 2002; Wu et al. 2010; Lan et al. 2011; Panta et al. 

2014). This may be taken to suggest that salt tolerance is a quantitative trait, contributed by a 

number of genes with more or less additive effects. Transcription factors might be promising 

targets for engineering salt tolerance, since they orchestrate the regulation of multiple genes 

(Cominelli et a. 2010). However, the genetic complexity of salt tolerance and the current lack 

of understanding of traits necessary for salt tolerance obstruct the development of salt-

tolerant crops. Identification of the genetic pathways that confer the traits required for salt 

tolerance is likely needed before major progress can be made. 

 

1.6. Salt tolerance: adaptive plant traits in response to salinity 

 

1.6.1. Lowering the water potential: uptake of inorganic ions and synthesis of 

compatible solutes 

 

Plants need to lower their water potential in a saline environment in order to secure 

water uptake and growth. They can lower their water potential by the accumulation of 

inorganic ions and compatible solutes. These solutes are synthesized by the plant and their 

compatibility implies that enhanced concentrations do not inhibit metabolic and enzymatic 

processes. They can be amino acids, such as proline, quaternary ammonium compounds, such 

as glycine betaine, and polyols, such as inositol, pinitol, mannitol and sorbitol (Chen and 

Murata 2002). Compatible solutes serve additional functions, besides osmotic adjustment, in 

the stabilization of enzymes (Jolivet et al. 1982; Pollard and Wyn Jones 1979), as ROS 

scavenger (cf. Bohnert et al. 1995), or ion channel regulator (Cuin and Shabala 2007). The 

synthesis of compatible solutes is energetically expensive, which means that producing a 

significant amount of compatible solutes would leave less energy for other processes (Yeo 

1983; Shabala 2013).  

  Accumulation of inorganic ions, mostly Na
+
 and Cl

-
, is a ‘cheap’ way for the plant to 

adjust to the low water potential of the external environment. In contrast with compatible 

solutes, high concentrations of inorganic ions are toxic inside the cytoplasm. Therefore, 

plants need to store these ions in the vacuole, thus, preventing them from interfering with 

essential cellular processes. Some highly tolerant salt accumulating halophytes can store up 

to 1200 mM of Na
+
 inside the vacuole (Flowers 1985, Flowers et al. 2014). Cytoplasmic Na

+
 

 



Chapter 1 

General introduction 
15 

 

concentrations that can be tolerated by plants – both halophytes and glycophytes – have been 

estimated to be less than 200 mM (Flowers and Yeo 1986; Kronzucker and Britto 2010; 

Flowers et al. 2014). When storing high concentrations of inorganic ions inside the vacuole, 

compatible osmolytes need to be synthesized, and accumulated inside the cytoplasm to 

maintain osmotic equilibrium within the cell. However, because the volume of the cytoplasm 

is much smaller – approximately 10 percent of the volume of an elongated cell (Hajibagheri 

et al. 1984) – the amount of compatible solutes needed to adjust the cellular water potential is 

much lower than without accumulation of inorganic ions in the vacuole. Not all cells have 

large vacuoles, meristematic cells for example do not have vacuoles, which stresses the 

importance of proper transportation of ions to the correct cell types and tissues. Accumulation 

of inorganic ions in response to salinity is a trait that is mainly associated with 

dicotyledonous halophytes. Monocotyledonous halophytes limit the entry of inorganic ions to 

the root and shoot, and, instead, rely more on the accumulation of compatible solutes for 

osmotic adjustment. Succulence, the water content per unit stem or leaf area, is, in general, 

greater in dicotyledonous halophytes than in monocotyledonous halophytes (Flowers and 

Colmer 2008). Succulence might contribute to salt tolerance in salt accumulating halophytes 

by increasing the storage area for ions (Jennings 1986). Furthermore, succulence increases 

photosynthesis per unit leaf area, which leads to a higher water use efficiency (WUE). 

Although many plants, both halophytes and glycophytes, increase their succulence in 

response to salinity, the existence of non-succulent halophytes, mainly in the family of the 

Poaceae, implies that the ability to increase succulence is not universally essential for salt 

tolerance.  
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1.7. Regulation of ion transport at the whole plant, tissue and cellular level 

 

1.7.1. Genes involved in the regulation of Na
+
 entry into the root and shoot  

 

Na
+
 mainly enters the plant at the root epidermis. In A. thaliana, Non-Selective Cation 

Channels (NSCC’s) and class II members of the High-affinity K
+
 Transporter family (HKT2) 

are the two main transporters by which Na
+
 enters the root. The NSCC’s can be divided into 

categories based on their response to changes in the electrochemical potential of the 

membrane: depolarization activated NSCC’s, hyperpolarization activated NSCC’s and 

voltage-insensitive NSCC’s; or they can be classified based on their response to different 

stimuli: cyclic nucleotide gated NSCCs, amino acid gated NSCC’s and ROS activated 

NSCC’s. The estimated number of NSCC’s in plants is around 40, although, so far, their 

molecular identity is not known. NSCC’s function in low-affinity transport of cations across 

the plasma membrane. They are believed to be the major entry point of Na
+
 into the root 

(Amtmann and Sanders 1999, Demidchik and Maathuis 2007) (Fig. 1). 

Transporters of the HKT gene family can be divided into class I and class II HKT’s. 

Members of the HKT1 gene family encode plasma membrane transporters functioning as 

low-affinity Na
+
 influx transporters, and members of the HKT2 gene family encode plasma 

membrane transporters functioning as Na
+
-K

+
 co-transporters (Platten et al. 2006; Almeida et 

al. 2013). Until now, Class II members have been exclusively found in monocotyledonous 

plants. They are thought to be involved in Na
+
 and K

+
 entry into the root epidermal cells (cf. 

Almeida et al. 2013). A. thaliana possesses only one member of the HKT family: a class I 

member called AtHKT1;1. The in planta role of AtHKT1;1 has been a subject of discussion. 

The first role suggested for AtHKT1;1 was Na
+
 influx into the roots (Rus et al. 2001). 

However, Essah et al. (2003) observed that root Na
+
 influx was not lower in athkt1;1 mutants 

than in wild type plants. Thereafter, based on the observation that athkt1;1 mutants had less 

Na
+
 in the phloem and the localization of AtHKT1;1 expression to both the xylem and 

phloem parenchyma cells, the ‘recirculation model’ was proposed (Berthomieu et al. 2003). 

In this model ATHKT1;1 functions in reloading excessive shoot Na
+
 into the phloem 

(Berthomieu et al. 2003). However, Na
+
 tracer flux studies provided evidence against this 

model (Tester and Davenport 2003; Davenport et al. 2007), which lead to the ‘exclusion 

model’ (Sunarpi 2005). Sunarpi et al. (2005) showed that athkt1;1 mutants accumulated more 

Na
+
 in xylem sap and shoots than wild type plants and localized AtHKT1;1 to the plasma 
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membrane of xylem parenchyma cells. The ‘exclusion model’ suggests that AtHKT1;1 

prevents excessive Na
+
 from reaching the photosynthetic tissues by retrieving Na

+
 from the 

xylem into the xylem parenchyma cells (Sunarpi et al. 2005). Support for the ‘exclusion 

model’ was provided by Moller et al. (2009) and Plett et al. (2010). They cell-specifically 

overexpressed AtHKT1;1 in the mature root stele (Moller et al. 2009) and root cortex (Plett et 

al. 2010), which resulted in lower Na
+
 concentrations inside the shoot (Moller et al. 2009; 

Plett et al. 2010). Constitutive expression of HKT1;1, under the CaMV 35S promoter, was 

detrimental to plant growth (Moller et al. 2009; Plett et al. 2010), which stressed the 

importance of cell-type specific expression of HKT1;1 to reduce Na
+
 concentrations inside 

the shoot. In conclusion, the main function of HKT1;1 in A. thaliana is currently believed to 

be in Na
+
 retrieval from the xylem into the xylem parenchyma cells (cf. Almeida et al. 2013) 

(Fig. 1).  

The plasma membrane located Na
+
/H

+
 antiporter SOS1 primary functions in 

secondary active Na
+
 efflux across the plasma membrane out of the cytoplasm into the 

apoplast (Shi et al. 2002, Oh et al. 2010, Ji et al. 2013) (Fig. 1). However, additional cellular 

functions for SOS1 in Ca
2+

 and H
+
 homeostasis, membrane trafficking and signaling 

transduction have also been proposed (cf. Kronzucker and Britto 2010). In Arabidopsis 

thaliana, SOS1 has been localized to the epidermal cells of the root tips and to parenchyma 

cells surrounding the vasculature of roots and shoots (Oh et al. 2009). Depending on its 

localization in the root, SOS1 increases or decreases the Na
+
 concentrations in the shoot. 

Expression of SOS1 in epidermal cells of the roots tips lead to lower Na
+
 concentrations in 

the root by extruding Na
+
 from the root to the external environment (Shabala et al. 2005). 

Expression of SOS1 in the xylem parenchyma cells leads, by SOS1 mediated Na
+
 loading 

into the root xylem, to increased Na
+
 concentrations in the shoot (A. thaliana; Shi et al. 

2002). Additionally, SOS1 has been suggested to be involved in Na
+
 xylem unloading 

(Tomato; Olias et al. 2009). However, SOS1 mediated Na
+
 unloading from the xylem in the 

roots is thermodynamically highly unlikely (Munns and Tester 2008). 

 

1.7.2. Genes involved in ion transport within cellular compartments 

 

The tonoplast Na
+
, K

+
/H

+
 antiporter (NHX1) was first discovered in A. thaliana, and 

has been characterized as a Na
+
/H

+
 antiporter by heterologous expression in oocytes (Gaxiola 

et al. 1999; Venema et al. 2002). Later, Bassil et al. (2011) showed that NHX1 could also 

function as a K
+
/H

+
 antiporter dependent on the prevailing concentrations of Na

+
 and K

+
. 
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NHX1 plays a role in Na
+
 and K

+
 compartmentalization into the vacuole (Fig. 1). The 

potential energy for NHX1 mediated Na
+
 or K

+
 transport into the vacuole is provided by the 

electrochemical H
+
 gradient generated by two tonoplast proton pumps: the V-H

+
-ATPase and 

H
+
-PPase (Silva and Geros 2009). The compartmentalisation of Na

+
 into the vacuole is, 

therefore, not only dependent on the activity of the NHX1 antiporter but also on the 

magnitude of the electrochemical potential.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Different transporters and pumps involved in Na
+
 transport in the plant. The Non-Selective Cation 

Channels (NSCC) and High-affinity K
+
 Transporters (HKT2) function in Na

+
 entry in the root epidermal cells. 

HKT2 family members have only been found in root epidermal cells of monocotyledonous species. HKT1 has 

been implicated to function in Na
+
 retrieval from the xylem. Salt Overly Sensitive 1 (SOS1) probably functions 

in Na
+
 excretion from the root and in Na

+
 loading into the xylem. The Na

+
, K

+
/H

+
 antiporter (NHX1) plays an 

important role in intercellular compartmentalisation of Na
+
 into the vacuole. 
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1.8. Aims and outline of this thesis 

 

The main aim of this thesis is to increase our current understanding of salt tolerance 

mechanisms in plants. The comparison between glycophytes and halophytes offers 

possibilities to identify traits that are involved in salt tolerance in halophytes. Much of the 

current salt tolerance literature focusses on A. thaliana and its more salt tolerant taxonomic 

relative Eutrema halophilum (= Thellungiella halophila) (Inan et al. 2004; Taji et al. 2004; 

Gong et al. 2005; Kant et al. 2006; Aleman et al. 2009). Because of the high genetic 

similarity of A. thaliana and E. halophilum, molecular genetic resources available for A. 

thaliana can also be used for E. halophilum, which facilitates research considerably. 

However, E. halophilum, like A. thaliana, has the drawback that it is a multiple stress 

tolerator. Moreover, its salt tolerance is based on ‘endurance’ of periods of high salinity and 

avoidance of salt accumulation, rather than on its ability to maintain growth under high levels 

of salt exposure. Its growth is strongly reduced at relatively low salinity levels (below 200 

mM NaCl) (Inan et al. 2004), in comparison with many coastal halophytes (Flowers and 

Colmer 2008), therefore, its salt tolerance is limited. In addition to E. halophilum, it would 

thus be interesting to study more extreme halophytes, such as those belonging to the family of 

Amaranthaceae, which combine high levels of salt tolerance with high salt accumulation in 

the shoot (Flowers et al. 2010), for example, the species of the genus Salicornia (Katschnig et 

al. 2013). In addition to the many halophytes within the family of the Amaranthaceae there 

are also some relatively salt sensitive species, such as Spinacia oleracea. Whereas Salicornia 

species undergo a growth ‘stimulation’ upon salinity, growth of S. oleracea is reduced in 

response to salinity (Robinson et al. 1983). By studying salt tolerance mechanisms in highly 

salt-tolerant halophytic species, such as Salicornia (both S. dolichostachya and S. 

brachystachya), and comparing these mechanisms with mechanisms in glycophytic 

taxonomically related species, such as S. oleracea, this thesis aims at increasing the 

understanding of salt tolerance mechanisms. First, growth, morphological traits and 

physiological traits of S. dolichostachya in response to salinity were studied, and thereafter 

enzyme activities and gene expression levels in response to salinity were analyzed, in 

comparison with S. oleracea. Finally, a de novo draft genome assembly of S. brachystachya 

and a bioinformatics analysis of the SOS1 promoter, in comparison with A. thaliana, were 

performed. The contents of the different chapters are as follows: 
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Chapter 2.  

In this chapter the optimal salinity for growth of S. dolichostachya in hydroponics in a 

greenhouse study was determined. An outdoor growth experiment was conducted, which 

compared the growth of S. dolichostachya in the greenhouse experiment with its growth in an 

outdoor setting. Moreover, a literature survey on all indoor growth experiments of Salicornia 

published up to the moment of analysis was performed. To understand what kind of traits 

underlie the growth response of S. dolichostachya to salinity, several morphological traits 

(succulence, leaf water content, stem diameter) and physiological traits (carbon isotope 

discrimination, osmotic potential, Na
+
, Cl

–
, K

+
 and glycine betaine concentrations, Na

+
:K

+
 

ratio and K
+
 selectivity) were measured in response to the salt treatment.  

 

Chapter 3.  

In this chapter the differences in proton pumping and Na
+
/H

+ 
exchange at the leaf cell 

tonoplast between S. dolichostachya and S. oleracea were investigated. The question of 

whether the higher capacity to accumulate Na
+
 inside the vacuole of S. dolichostachya, 

compared with S. oleracea, is due to the activity of the Na
+
, K

+
/H

+
 antiporter (NHX1), or to 

the activity of the V-H
+
-ATPase or to the V-H

+
-PPase was considered? Tonoplast membranes 

from S. dolichostachya and S. oleracea grown at different salinities were isolated and the 

activity of the tonoplast H
+
 pumps and the Na

+
/H

+
 antiporter was studied. 

 

Chapter 4.  

In this chapter candidate genes involved in salt tolerance and salt accumulation in the 

S. dolichostachya were studied. The orthologs of SOS1, HKT1, NHX1, AVP and VHA subunit 

C were cloned, and the differences in expression of these genes between S. dolichostachya 

and S. oleracea in response to salinity were studied. By relating the gene expression 

differences between the species to differences in growth and ion concentration, a framework 

of the potential functioning of these genes in salt tolerance in S. dolichostachya was 

constructed. 
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Chapter 5.  

In this chapter the differences in SOS1 expression between S. dolichostachya and S. 

oleracea, observed in chapter 4 were analysed in more detail. The copy numbers of SOS1 

were determined in both species and, using bioinformatics tools, several differences in the 

cis-regulatory DNA elements in the SOS1 promoters between S. dolichostachya and A. 

thaliana were established. In order to accomplish this, a de novo draft genome assembly of S. 

brachystachya was made. 

 

Chapter 6.  

In this chapter the conclusions of the preceding chapters are synthesized, and 

evaluated with regard to the progress of salt tolerance research. This chapter concludes with 

prospects for future salt tolerance research and development of salt-tolerant crops. 
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